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Abstract

As a signaling hub, p62/sequestosome plays important roles in cell signaling and degradation of

misfolded proteins. p62 has been implicated as an adaptor protein to mediate autophagic clearance

of insoluble protein aggregates in age-related diseases, including age-related macular degeneration

(AMD), which is characterized by dysfunction of the retinal pigment epithelium (RPE). Our

previous studies have shown that cigarette smoke (CS) induces oxidative stress and inhibits the

proteasome pathway in cultured human RPE cells, suggesting that p62-mediated autophagy may

become the major route to remove impaired proteins under such circumstances. In the present

studies, we found that all p62 mRNA variants are abundantly expressed and upregulated by CS

induced stress in cultured human RPE cells, yet isoform1 is the major translated form. We also

show that p62 silencing exacerbated the CS induced accumulation of damaged proteins, both by

suppressing autophagy and by inhibiting the Nrf2 antioxidant response, which in turn, increased

protein oxidation. These effects of CS and p62 reduction were further confirmed in mice exposed

to CS. We found that over-expression of p62 isoform1, but not its S403A mutant, which lacks

affinity for ubiquitinated proteins, reduced misfolded proteins, yet simultaneously promoted an

Nrf2-mediated antioxidant response. Thus, p62 provides dual, reciprocal enhancing protection to

RPE cells from environmental stress induced protein misfolding and aggregation, by facilitating

autophagy and the Nrf2 mediated antioxidant response, which might be a potential therapeutic

target against AMD.
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1. Introduction

The scaffolding adaptor protein p62/SQSTM1 (p62) is a stress-inducible intracellular

protein. Because it contains several protein-protein interaction domains, p62 influences

multiple functions by regulating various signal transduction pathways. In addition, it is

involved in protein trafficking, aggregation, and degradation. Efficient removal of damaged

or misfolded proteins is crucial for maintaining cellular homeostasis and survival, yet

proteasomes, the primary machineries for the degradation of polyubiquitinated proteins, are

unable to digest stable protein complexes or aggregates[1]. Thus, p62-mediated selective

autophagic clearance of aggregated proteins (aggrephagy) via its ubiquitin-associated (UBA)

domain[2], provides an important compensatory mechanism, especially when organisms are

under the influence of mutation, aging, and/or environment stress. Its protective role has

been previously investigated in a number of age-related neurodegenerative diseases, such as

Alzheimer’s and Parkinson’s disease, where oxidative stress leads to protein misfolding and

their toxic accumulation in the cytosol and within intracellular inclusions[3-6].

Age-related macular degeneration (AMD), the most common cause of blindness among the

elderly, shares several clinical and pathological features with age-related neurodegenerative

diseases, and likewise, is thought to develop through a complex interaction of genetic and

environmental factors. AMD mainly involves the degeneration of neurosensory retinal

photoreceptors and the retinal pigment epithelium (RPE). The RPE, a single layered

epithelium, is located on Bruch’s membrane between the photoreceptors and the

choriocapillaris. The RPE has multiple functions that maintain photoreceptor health,

including the daily phagocytic uptake, degradation, and recycling of 30,000 shed apical

photoreceptor outer segments (POS)[7, 8]. POS phagocytosis is a metabolically expensive

process, requiring high oxygen consumption. Combined with the unique, constant exposure

to light that generates photo-oxidative stress, the RPE is under heavy oxidative challenge,

making it an ideal model for studying the cell’s response to oxidative stress. One

consequence of this high oxidative stress environment is the accumulation of oxidized/

damaged protein complexes, which is a recurrent event in many age-related diseases,

including AMD and AD[9]. RPE homeostasis is therefore, dependent upon the efficient

removal of harmful protein aggregates via the proteasomal and autophagic protein clearance

systems, both of which gradually decline with aging[10-13].

Cigarette smoking is the single most important environmental risk factor for developing

AMD in part, by adding to the high oxidative burden[14]. Through generating oxidative

stress, it is known to damage proteins, lipids, and DNA of RPE cells. In response to cigarette

smoke, the antioxidant transcription factor nuclear factor erythroid-2 related factor 2 (Nrf2)

is activated in the RPE, which regulates a comprehensive and coordinated transcriptional

program that helps to maintain cellular redox homeostasis and mitigates against oxidative

injury[15]. Nrf2 activates transcription by specific binding to antioxidant response elements

(ARE) in the promoters of target genes. In the absence of stress, Nrf2 is sequestered in the

cytosol by Kelch-like ECH-associated protein 1 (Keap1), and is subsequently targeted to the

proteasome for degradation. Interestingly, p62 can compete with Nrf2 for Keap1 interaction,

resulting in Nrf2 stabilization, and the activation of Nrf2 downstream genes[16].
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Meanwhile, p62 itself, contains ARE sites, and can be transcriptionally upregulated by

Nrf2[17].

We previously showed that a non-lethal dose of cigarette smoke extract (CSE), inhibited

proteasome activity, but as part of a comprehensive cytoprotective response by RPE cells,

up-regulated a series of antioxidant and autophagy related genes, including p62[18]. p62 has

two protein isoforms that are generated by three mRNA variants due to alternative splicing.

Transcript variant 1 encodes p62 isoform1, while variant 2 and 3, having the same coding

sequence and differing slightly in their 5′ UTR, encode isoform2. Currently, the expression

pattern and functional differences of these isoforms are unknown. While previous reports

have identified multiple functions of p62, studies of these functions simultaneously when a

cell is under stress, are lacking. Given the high oxidative stress of the RPE, we are

particularly interested in determining the extent that p62 influences both the removal of

damaged proteins and the antioxidant response. In this manuscript, we address the

hypothesis that cigarette smoking leads to an accumulation of misfolded/damaged proteins

in the RPE, and activates the differential expression of p62 isoforms, which on the one hand,

helps to activate the Nrf2 antioxidant response via its interaction with Keap1, and on the

other hand, facilitates aggrephagy via its UBA domain interaction with polyubiquitinated

proteins. Understanding the molecular mechanisms for RPE dysfunction and pathology,

which are caused by environmental stress, will enhance our ability to design potential

therapeutic strategies for AMD.

2. Materials and Methods

2.1 Reagents and antibodies

Cell culture media, Phosphate Buffered Saline pH 7.4, EDTA solution, and DNase/RNase

free water were from Life Technologies (Carlsbad, CA). Cigarette smoke extract, containing

40mg/ml condensate and 6% nicotine, was purchased from Murty Pharmaceuticals

(Lexington, KY), and was prepared by smoking University of Kentucky’s 3R4F Standard

Research Cigarettes on an FTC Smoke Machine[15]. The smoke on the filter is calculated

by the weight gain of the filter after smoking. The amount of DMSO is calculated that will

dissolve a 4% (40mg/mL) solution. DMSO and Bafilomycin A1 were purchased from

Sigma-Aldrich, Inc. (St. Louis, MO).

For Western blot and immunohistochemistry analysis, the following primary antibodies

were used: anti-human polyubiquitin mouse monoclonal IgG1 antibody (1:1000; Enzo Life

Sciences, Farmingdale, NY), anti-mouse polyubiquitin antibody (1:1000; Millipore Inc.,

Billerica, MA); anti-p62 mouse monoclonal IgG1 antibody (1:2000; MBL Technologies,

Arlington VA); guinea pig polyclonal anti-p62 C-terminus antibody (1:2000; American

Research Products, Waltham, MA), rabbit polyclonal anti-LC3B antibody (1:1000; Sigma-

Aldrich, St. Louis, MO); anti-V5 mouse monoclonal IgG2a antibody (1:1000; Life

Technologies); rabbit polyclonal anti-αB crystallin (1:200; Abcam, Inc., Cambridge, MA),

anti-beta actin mouse monoclonal [AC-15] (1:2000; Abcam, Inc), and anti-guinea pig IgG

(Alexa Fluor 594), HRP-conjugated anti-rabbit IgG and anti-mouse IgG antibodies, were

also purchased from Abcam.
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2.2 Cell Culture and transfection

The established human ARPE-19 cell line[19] was maintained in Dulbecco’s Modified

Eagle Medium:F12 50/50 mix, supplemented with 10% inactivated fetal bovine serum and 2

mM L-glutamine, at 37°C in a humidified atmosphere containing 5% CO2. Cells were

seeded at 50,000 cells/cm2 in 12-well plates for 16hrs, and transfected using Lipofectamine

2000 transfection reagent (Life Technologies) in OPTI-MEM media, according to the

manufacturer’s instructions. Briefly, for gene knockdown studies[20], 5nM non-targeting

control siRNA or siRNA targeting human Nrf2 or human p62 were used to transiently

transfect ARPE-19 cells, by incubating for 8hrs, using our published protocol[21]. For gene

over-expression studies[15], 0.5-1.0μg of plasmid DNA was used for transfection, and

incubating for 24 hrs. Cells were collected 48hrs after transfection, and RNA was isolated

for RT-qPCR, or protein was extracted for immunoblotting or ELISA.

2.3 Real-time RT-qPCR

Total RNA from cultured ARPE-19 cells or mouse tissue (retina or RPE/choroid) was

isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA), with on-column DNA digestion

by RNase-free DNase (Qiagen), following the manufacturer’s instructions. cDNA was

synthesized using a High Capacity cDNA Reverse Transcription kit using random hexamers

(Applied Biosystems, Foster City, CA). Each real-time PCR reaction consisted of 10μl of

cDNA template, 10μl of SYBR green master mix (ABI), and 4pmol of forward and reverse

primers on an ABI’s StepOne Plus (Applied Biosystems) for 40 cycles (95°C for 3sec, 60°C

for 30sec) after an initial 20sec of incubation at 95°C. The primers used for real-time PCR

are listed in Table 1. Amplicon size and reaction specificity were confirmed by melting

curve analysis and DNA agarose gel electrophoresis. The percentage change in expression

of each gene was calculated using the comparative Ct method, with cyclophilin A (PPIA) as

internal control.

2.4 RT-PCR

Total RNA was prepared from cultured ARPE-19 cells, using Qiagen’s RNeasy Mini Kit

according to the manufacturer’s instructions, and cDNA was synthesized using the

SuperScript III First Strand Synthesis System for RT-PCR kit (Life Technologies). In a total

volume of 20μl, 1μg of total RNA was incubated with 200U SuperScript III reverse

transcriptase and 0.5μg Oligo(dT)12-18 primer, at 50°C for 50min. Heating to 85°C for

10min stopped the reaction, and 1μl first-strand product was amplified in 25μl Platinum

PCR SuperMix High Fidelity (Life Technologies) plus 10pmol forward and backward

primers. After 35 cycles (denaturation at 94°C for 30sec, annealing at 55°C for 40sec,

extension at 72°C for 2min, and a final extension at 72°C for 5min after the last cycle) of

amplification on a PTC-200 Pettier Thermal Cycler (MJ Research, Waltham, MA), 10μl of

PCR product was separated in a 1% agarose gel, and stained with ethidium bromide.

2.5 Western blot analysis

ARPE-19 cells were washed with cold PBS, scraped off wells into RIPA buffer containing

Sigma FAST Protease Inhibitor, and lysed on ice. Dissected mouse tissues (retina or RPE/

choroid) were sonicated in cold RIPA buffer (Sigma) containing Sigma FAST Protease
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Inhibitor. Protein content from ARPE-19 cells or mouse tissue (retina or RPE/choroid) was

quantified using the BioRad DC Protein Assay kit (Hercules, CA). For immunoblotting,

5-20μg protein per lane was separated by 4-12% Bis-Tris SDS-PAGE (Life Technologies)

and transferred to 0.2μm pore nitrocellulose membranes. Membranes were blocked with 5%

non-fat milk (BioRad) at room temperature for 1hr and then incubated with primary

antibodies at 4°C overnight. After washing with 1×TBS-T (20mM Tris, 136.8mM NaCl,

pH7.6, with 0.1% v/v Tween 20) three times for 10min, the blots were incubated with

secondary antibodies (1:5000) at room temperature for 45min, and blots were visualized

with enhanced chemiluminescence (ECL; Thermo Fisher Scientific, Inc., Waltham, MA).

Images were captured and analyzed using GE Healthcare’s ImageQuant LAS 4010 Digital

Imaging System (Pittsburgh, PA).

2.6 Protein Carbonyl ELISA

ARPE-19 cells were washed with cold PBS once and sonicated in Buffer A (25mM HEPES,

150mM NaCl, 10mM MgCl2, 1mM EDTA, 2% Glycerol, pH7.5), supplemented with Sigma

FAST Protease Inhibitor. After quantification using the BioRad DC Protein Assay kit, cell

lysates were diluted to 5μg/ml and coated onto the 96-well OxiSelect Protein Carbonyl

ELISA plate (Cell Biolabs, Inc., San Diego, CA). Protein carbonyls were derivatized by 2,

4-dinitrophenylhydrazine (DNPH) to DNP hydrazone, and then probed with an anti-DNP

antibody, followed by an HRP conjugated secondary antibody. The luminescence was

measured at 450nm on a Synergy HT plate reader (BioTek, Winooski, VT).

2.7 Assessment of autophagy by Cyto-ID staining

Cells were seeded at 50,000 cells/cm2 in 6-well glass bottom plates coated with laminin

(MatTek Corporation, Ashland, MA), grown, and transfected, as described earlier. After

incubation with 125μg/ml CSE for 24hrs, the cells were rinsed and incubated with a 1:2000

dilution of Hoechst 33342 Nuclear Stain, and a 1:500 dilution of Cyto-ID Green Detection

Reagent (Endo Life Sciences), which specifically stains autophagic vacuoles so that cells

were examined at 48 hours[22, 23]. After 30min incubation at 37°C, cells were rinsed and

observed under a confocal microscope (ZEN LSM 710, Carl Zeiss Microscopy, LLC,

Thornwood, NY).

2.8 Plasmid constructs and site-directed mutagenesis

Human p62 mRNA sequences were retrieved from the NCBI GenBank (http://

www.ncbi.nlm.nih.gov/genbank/) and analyzed using the Vector NTI software (Life

Technologies). Two sets of PCR primers were designed to clone p62 variant 1 and variant 2

into pcDNA3.1D/V5-HIS-TOPO vector, using the V5-HIS Directional TOPO Cloning Kit

(Invitrogen, Grand Island, NY) according to the manufacturer’s instructions. For cloning

p62 variant 1, the following primers were used: hP62T1fTO forward, 5′-CCAC

CCTCCGCGTTCGCTACAAAA-3′, hP62T1r reverse, 5′-

TGGCTTCTTGCACCCTAACC-3′. For cloning p62 variant 2, the primers were:

hP62T2fTO forward, 5′-CCAC TGCAACATGGGGCTTGAGAA-3′, hP62T2r reverse, 5′-

CCCTGATCCTGGAAGAAGGC-3′. Recombinant plasmids were verified by sequencing

(DNA Core Facility, Johns Hopkins Univ., Baltimore, MD). For p62 variant 1, an alanine

substitution mutation was introduced using the Quick Change Site-directed Mutagenesis Kit
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(Stratagene, La Jolla, CA), with the primer sets: P62S403Af, 5′-

ctctcccagatgctggccatgggcttctctg-3′, P62S403Ar, 5′-cagagaagcccatggccagcatctgggagag-3′.

Mutation on the plasmid was then verified by DNA sequencing.

2.9 Animals and treatments

All experimental protocols used in this study were in accordance with National Institute

Health (NIH) guidelines, and were approved by the Johns Hopkins University Animal Care

and Use Committee. Briefly, 2-month old Nrf2 competent (WT) and Nrf2 deficient

(Nrf2−/−) mice[24] in a C57BL/6J background were placed in a smoking chamber for 2.5

hours per day, 5 days per week, as described previously[25], or raised in a filtered air

environment for 3 weeks. After sacrifice, eyes were enucleated. The RPE/choroid was

removed, and either protein or RNA was extracted.

2.10 Statistical analysis

Statistical analysis was carried out using the unpaired t test, with GraphPad software

(GraphPad Software, Inc., San Diego, CA). Each experiment was repeated at least three

times. Blots are selected as the representative one of specific group of experiments, and

graphs represent the mean±SEM of at least three independent experiments.

3 Results

3.1 Expression of alternatively spliced p62 mRNA variants in RPE

Human p62 pre-mRNA is alternatively spliced and generates three mature mRNA

transcripts (Fig. 1A), of which, p62 mRNA variant1 (p62 v1) is the longest and encodes a

440-aa protein. The other two mRNA variants 2 and 3 (p62 v2/3), differ slightly in their

5′UTR regions, and encode p62 isoform2, which is 84 amino acids shorter than isoform1 at

the N terminus (Fig.1B). Unlike p62 isoform1, which is abundant in various cell types[26,

27] including RPE cells[11], p62 isoform2’s existence and distribution remain unknown.

Previous studies have indicated that the rat expresses three p62 isoforms, and that the

isoforms have common interacting partners within the same cell type[28, 29], raising the

possibility that human p62 isoforms may be co-expressed in the RPE. Before examining the

protective role of p62, we first determined whether human p62 mRNA variant 2/3 is

expressed in RPE cells, and whether its expression is coordinately regulated with the p62

mRNA variant1. Total RNA was extracted from cultured ARPE-19 cells and reverse

transcribed to amplify the full length coding sequences of p62 variants. As shown in Fig.

1A, primer h-p62T1f is located in the unique 5′UTR of p62 mRNA variant1, while primer

h-p62T2f is complementary to a 5′UTR region common in p62 mRNA variant2 and

variant3. Primers h-p62T1r and h-p62-T2r are located in the 3′UTR that is common for all

three mRNA transcripts. Using primers h-p62T1f and h-p62T1r, a 1533 bp DNA fragment

was obtained, and amplification of same cDNA sample with primer h-p62T2f and h-p62T2r

generated a product of 1257 bp (Fig. 1C, lanes 2, 4). In both cases, fragments were not

obtained using the negative controls, for which the reverse transcriptase was omitted during

cDNA synthesis. The PCR products were purified and sequence analysis confirmed that they

were identical to the published p62 cDNA sequences. We then conducted SYBR-based

qPCR to examine the extent that p62 mRNA variants are differentially expressed by
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oxidative stress. ARPE-19 cells were treated with DMSO or 125μg/ml CSE, a sublethal

dose, for 24hrs. Using primers that specifically amplify p62 v1 or both p62 v2 and p62 v3,

we found that the mRNA levels of both p62 v1 and p62 v2/3 variants increased in response

to the CSE treatment, suggesting that they are coordinately regulated (Fig. 1D).

Although the calculated M.W. of p62 isoform1 and isoform2/3 are 47 kDa and 38 kDa

respectively, due to complex covalent modifications, the p62 protein band observed in

immunoblot analysis is larger than 60 kDa[26]. It is unclear whether this band represents

p62 isoform1 or both isoforms. We therefore, cloned p62 v1 and p62 v2/v3 coding

sequences into the pcDNA3.1D/V5-HIS-TOPO vector, and over-expressed V5-tagged p62

isoforms in ARPE-19 cells. Whole cell lysates were subjected to immunoblot analysis. Fig.

1E shows that the V5-tagged isoform2 is minimally expressed, with M.W. 10 kDa less than

that of V5-tagged isoform1. Endogenous p62 was examined using an antibody against the

C-terminus of p62, thus recognizing both isoforms, and a predominant band was present at

around 60 kDa, suggesting that isoform2, either tagged or untagged, is barely detectable in

ARPE-19 cells. These findings indicate that p62 mRNA variants are present and

coordinately stimulated by CSE in RPE cells, yet the p62 v2/3 variants do not generate a

significant amount of translational product.

We speculate that translationally inactive p62 v2/3 mRNA transcripts in RPE cells may

influence the expression of p62 isoform1 under certain physiological or pathological

conditions. To investigate this possibility, we transfected ARPE-19 cells to overexpress p62

v2/3 transcripts, and then treated cells with either DMSO or CSE. By RT-qPCR, we

observed that p62 v2/3 variants were highly abundant at the mRNA level (data not shown),

yet by western blot, we observed a single p62 band that corresponded to the size of p62

isoform1 (Fig. 2A), which is in accordance with our finding in earlier experiments (Fig. 1E).

Our data also show that overexpression of p62 v2/3 transcripts suppressed the expression of

endogenous p62 under stress, such as after CSE treatment, but not under basal conditions

(Fig. 2A-B), which suggests that these translationally inactive mRNA transcripts have a

regulatory role in RPE cells. In all subsequent text, p62 refers to p62 isoform1.

3.2 p62 promotes autophagic clearance of protein aggregates and reciprocally regulates
Nrf2 signaling in RPE cells

The removal of modified/misfolded proteins relies on several mechanisms, including heat-

shock proteins, proteasomes, and autophagy, which are interdependent with one another. An

earlier study demonstrated that inhibiting the ubiquitin-proteasome pathway increased p62,

which co-localized with polyubiquitinated protein aggregates in ARPE-19 cells[11]. These

results suggest that p62-mediated autophagy assumes a central role in processing

polyubiquitinated proteins when another clearance mechanism has become dysfunctional.

To extend the concepts from this study further, we examined, without completely blocking

the proteasome pathway, the extent that p62, and specifically isoform1, actively protects

ARPE-19 cells by facilitating autophagy and reciprocal activation of Nrf2 mediated

antioxidant responses. After treatment with a sublethal dose of CSE (125μg/ml), ARPE-19

cells had increased protein oxidation, as measured by carbonyl ELISA (Fig. 3A), which was

accompanied by an accumulation of polyubiquitinated proteins and αB crystallin (Fig. 3B-
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D). We chose αB crystallin because it is a chaperone that is induced and becomes

aggregated during stress[30, 31], and accumulates in drusen, a hallmark sign of AMD[32],

thus, serving as a relevant biomarker for RPE stress. Cells exhibited a protective, activated

autophagic response to CSE, as determined by LC3 conversion, rather than accumulation of

LC3 by blocking autophagy (Fig. 3E), with the appearance of autophagic vesicles by Cyto-

ID labeling (Fig. 4).

To determine the functional impact of p62 after CSE induced oxidative stress, we conducted

loss- and gain-of-function studies. Under stressed conditions, p62 silencing increased

protein carbonylation (Fig. 3A), the aggregation of polyubiquitinated proteins and αB

crystallin production (Fig. 3B-D), and reduced the LC3 conversion (Fig. 3F) and Cyto-ID

labeled autophagic vesicles (Fig. 4) over control siRNA treatment. The addition of

bafilomycin to cells treated with CSE did not alter the reduced LC3 conversion induced by

p62 silencing (Fig. 2S). These results suggest that p62 silencing exacerbates cellular stress

by impairing autophagic removal of damaged proteins.

In contrast, over-expression of p62 isoform1, the main isoform produced by RPE cells,

reduced protein carbonylation (Fig. 5A), polyubiquitinated proteins, and αB crystallin (Fig.

5B-C), thus rescuing cells from CSE induced stress, compared to empty vector controls

treated with CSE. Interestingly, under basal conditions, neither p62 knockdown nor over-

expression led to significant changes in the above markers compared to controls, suggesting

that p62 mediated autophagy is a proteolytic mechanism that deals with excessive modified/

damages proteins exclusively under stressed conditions.

Matsumoto et al. reported that phosphorylation of p62 at S403, which is located in the UBA

domain (Fig. 1B), is crucial for its affinity to polyubiquitinated proteins[1]. Lau et al showed

that p62 regulates Nrf2 signaling by interacting with Keap1 through a region mapped to

349-DPSTGE-354 (Fig. 1B)[33]. We first wanted to determine the extent that p62 mediated

autophagic clearance relies on phosphorylation in its UBA domain under CS induced

oxidative stress, and secondly, to test the hypothesis that a nonphosphorylated mutation

(S403A) will negatively affect p62’s ability to rescue RPE cells through autophagy without

influencing p62’s activation of Nrf2 signaling during CS induced oxidative stress. ARPE-19

cells were treated with CSE or DMSO for 24hrs. While over-expression of wild type p62

isoform1 reduced protein carbonylation, polyubiquitination, and αB crystallin accumulation,

in contrast, ARPE-19 cells that over-expressed the p62 S403A non-phosphorylated mutant

were unable to reduce the levels of protein carbonylation, polyubiquitination, and αB

crystallin (Fig. 5A-C). These results indicate a crucial role for phosphorylation in p62-

mediated autophagy in RPE cells.

In our previous studies, we showed that CSE transiently induced Nrf2 mediated antioxidant

responses in RPE[21]. While p62 has been reported to contain ARE sites in its

promoter[34], it also interacts with the Nrf2-binding site on Keap1, a component of

Cullin-3-type ubiquitin ligase for Nrf2, thus enhancing the Nrf2 signaling, and possibly

generating a positive feedback loop. We predict that p62, in additional to its role in

autophagic clearance, also protects the RPE by reciprocally activating Nrf2 signaling.

Again, using a loss- and gain-of-function strategy, under both basal and stressed conditions,
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p62 silencing reduced Nrf2 signaling, as measured by the expression of Nrf2 downstream

genes – Nqo1 and Gclm (Fig. 6A-B). In contrast, under both basal and stressed conditions,

over-expression of p62 isoform1 significantly enhanced the expression of Nqo1 and Gclm

(Fig. 6C-D). Likewise, Nrf2 silencing in ARPE-19 cells decreased p62 expression (Fig. 6F),

and Keap1 silencing, which enhances Nrf2 signaling, drastically increased p62 expression

(Fig. 6F). These results highlight the interdependent interaction between p62 and Nrf2 that

results in an Nrf2 mediated antioxidant response. Based on these data, we conclude that p62

protects against CSE induced oxidative stress by clearing oxidized/misfolded proteins and

mediating activation of the Nrf2 antioxidant system.

We then examined the effect of p62 S403A overexpression on Nrf2 signaling, and observed

upregulation of both Nqo1 and Gclm (Fig. 6C-D), which indicates that p62 activated Nrf2

signaling in the RPE is independent of the S403 site, and hence, p62 mediated autophagic

clearance. Importantly, these results also highlight how p62 augments the Nrf2 mediated

antioxidant response to a stressor like CSE, with magnified expression of Nqo1 and Gclm

over cells without p62 transfection and treatment with CSE.

3.3 Examination of the protective role of p62 in vivo

To extend our findings to a complex biological environment as in vivo, we examined the

extent that cigarette smoke (CS) exposure induces aggregation of misfolded proteins in

mouse RPE, and whether p62 modulates the autophagic clearance of these proteins. Two-

month old WT mice were then exposed to CS in a smoking chamber or filtered air

environment for 3 weeks. We first examined the expression of p62 in the fundus of 2-month

old C57Bl6/J wild type (WT) mice by Western blot analysis, and found that p62 expression

was 7.1-fold (p=0.0008; n=4 eyes per group) and 6.9-fold (p=0.0001; n=4) higher in the

RPE than in the adjacent neurosensory retina of mice raised in air and CS for 3 weeks,

respectively, (Fig. 7A), which is consistent with the RPE’s well known powerful antioxidant

system and its role in phagocytosis of photoreceptor outer segments. The RPE of mice

exposed to CS had increased protein polyubiquitination, and activated autophagic

protection, as measured by LC3 conversion (Fig. 7B-C), compared to mice kept in air. To

test the interaction between p62 and Nrf2 signaling, we exposed WT mice and mice

deficient in Nrf2 signaling (Nrf2−/−) for 3 weeks in air or CS. With RT-qPCR and western

blot, we observed that smoking enhanced p62 expression in both WT and Nrf2−/− mice (Fig.

7D-E). In Nrf2−/− mice, p62 abundance is significantly lower than in WT mice, as are the

expression of Nqo1 and Gclm (Fig. 7F-G), which suggests that p62 is regulated in part,

through Nrf2 signaling. These in vivo observations correlate with the response seen in

ARPE-19 cells, where p62 mediated cytoprotection is in part, through Nrf2 signaling. Our

data show that p62 is increased after exposure to CS, and is associated with a cytoprotective

response in the RPE against smoking in vivo.

4 Discussion

p62 binds to ubiquitinated proteins and facilitates degradation through autophagic clearance

since the proteasome is incapable of removing large protein aggregates[1]. For many age-

related diseases including AMD, oxidative stress causes protein misfolding/damage, and

Wang et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



upon polyubiquitination, these proteins aggregate and accumulate in cytoplasmic inclusions.

As a result, p62 has gained attention as a potential therapeutic target for age-related diseases

that would facilitate autophagy, and reduce toxic protein accumulations. p62 however, is a

multifunctional protein that mediates different cellular events under different conditions, and

therefore, requires more study before it can be considered a therapeutic target. p62 was

originally studied because of its tight association with Ser/Thr kinase[26], and has since

been found to be involved in diverse signaling events, including phosphorylation of

potassium channels in neurons[28] and promoting caspase-8 aggregation during

apoptosis[35]. Thus, p62 is a multi-dimensional protein that acts as a signaling hub,

interacting with different protein partners to regulate multiple cellular functions, including

cell survival, inflammation, apoptosis, and autophagy.

Our investigation of p62 has two purposes. Since the human p62 isoform expression patterns

are unknown, we first wanted to examine the expression of these isoforms in RPE cells, and

then investigate their individual functional impact in response to oxidative stress. Our results

demonstrate that while all three alternatively spliced transcripts of p62 are abundantly

expressed in ARPE-19 cells, at the translational level, isoform1, encoded by p62 v1 mRNA,

is predominant, and isoform2 protein remained at minimal levels under both basal and

stressed conditions. The rat expresses three p62 isoforms[28, 29] in the hippocampus, of

which isoform1 differs from isoform2 by 27 amino acids. The ratio of rat p62 isoform1/

isoform2 is not only tissue specific, but is also dynamically regulated in response to

stimulation within the same cell type[28]. We acknowledge that the distribution of human

p62 isoforms in other tissues is unknown, and that these isoforms could have different

functions under different physiological and pathological conditions. In our experiments,

overexpression of p62 v2/3 suppressed the protein levels of p62 isoform1, but only under the

stressed condition of CSE exposure. Human p62 isoform1 and isoform2 are identical, except

that isoform2 is missing 84 residues within a major portion of the PB1 domain at the N

terminus. Maintenance of a gene that is transcriptionally active, but translationally inactive,

may provide a mechanism that facilitates adaptation to environmental stress[36, 37]. The

p62 isoforms v1 and v2 have calculated molecular weights of 47 kDa and 38 kDa

respectively, yet the predominant p62 isoform1 band was larger than 60 kDa, indicating that

it undergoes covalent modification. Since both p62 isoforms undergo covalent modification,

we hypothesize that p62 isoform2, due to its missing PB1 domain at N-terminus, might be

improperly modified, and thus has a shorter half-life compared to isoform1. Our observation

that p62 isoform2 over-expression led to suppression of isoform1 protein could be explained

by their competition for common chaperones or enzymes that facilitate protein

modifications. This hypothesis will be investigated in future work.

The structure and functional domains of p62 have been identified, and this information can

help us unravel the multifunctional nature of p62[38, 39]36,37. Past investigations however,

have studied each single p62 function separately, and not in combination. To address this

shortcoming, the second purpose of this study was to determine the extent that two of p62’s

functions together, provide cytoprotection. We chose p62’s role in aggrephagy and the

antioxidant response due to the high oxidative stress burden and phagocytic role of the RPE.

Using loss- and gain-of-function studies, we found that p62 isoform1 is critical for

promoting autophagic clearance of polyubiquitinated proteins and protein aggregates.
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Phosphorylation of the UBA domain is crucial for p62 to guide polyubiquitinated protein

aggregates to the autophagy machinery[1]. Within the UBA domain, serine 403 is in

particular, important for determining the binding affinity of p62 to ubiquitin. By introducing

a mutation at S403 that prevents phosphorylation, we showed that p62 mediated autophagic

clearance was abrogated. Since the KEAP1 interacting region, which is upstream of the

UBA domain35,36, was unaffected by this mutation, Nrf2 signaling was activated after

overexpressing this non-phosphorylated p62 mutant, supporting the notion that these two

protective mechanisms rely on distinct functional domains of p62. Importantly, we found

that p62 loss- and gain-of-function experiments decreased and increased Nrf2 signaling,

respectively. Because p62 contains ARE sites in its promoter[17], it can be reciprocally

activated by Nrf2 signaling, forming a positive feedback loop by enhancing both p62

production and Nrf2 signaling in RPE cells. These results support the concept that p62

functions as a signaling hub, and through its different functional domains, interacts with

different partners mediating separate cellular events. In particular, p62 has a positive impact

on autophagy and the Nrf2 mediated antioxidant response under oxidative stress.

The difference between p62 isoform1 and isoform2 is that the majority of the PB1 domain is

absent from isoform2 (Fig. 1B). The PB1 domain is involved with p62’s role in activating

NF-kB signaling[40, 41]. Since NF-kB activation generates inflammation during age-related

diseases[42], including AMD[43-45], it is possible that suppression of isoform1 by isoform2

in RPE cells might be a response to prevent unwanted inflammation without interfering with

Nrf2 signaling. Since isoform2 is devoid of the PB1 domain that activates NF-kB, it raises

the possibility of facilitating autophagy and Nrf2 mediated antioxidant responses without

generating excessive inflammation. When autophagy fails, p62 accumulates in perinuclear

inclusions in several neurodegenerative diseases, as well as in macular RPE of AMD

samples[4, 10, 46, 47]. If this accumulation is composed predominantly of isoform1, as our

results suggest, then this accumulation could foster an Nrf2 cytoprotective response and

induce unwanted NF-kB mediated inflammation, including the production of pro-

inflammatory cytokines IL-1b and TNF-alpha[48]. On the other hand, if there would be an

accumulation of isoform2, then the accumulation could induce Nrf2 signaling without

activating NF-kB mediated inflammation. A better understanding of both the isoform

distribution and their function will help to provide a greater understanding of the role of p62,

whether protecting or contributing to age-related disease.

In conclusion, our study for the first time, shows that in response to a complex oxidant such

as CS, p62 protects the RPE by reducing protein aggregates and contributes to activating an

Nrf2 antioxidant response. Our in vitro experimental results were strengthened by similar

findings in the complex biological environment of mouse experiments, and suggest that both

models are suitable for further investigating the protective roles of p62 in response to stress.

In our studies, we found that p62 isoform1 was the predominant protective factor, while p62

isoform2 is transcriptionally active but translationally inactive. Our studies were conducted

in the ARPE-19 cell line, which is derived from a 19 year old donor. Likewise, our

experiments were conducted in young mice. We acknowledge that the responses we report

herein could be different in either old cells or old mice. Considering p62’s very diverse roles

by interacting with multiple partners, we will further investigate the functional roles of p62
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isoforms under different stressed conditions and with aging, aiming to elucidate the precise

connection of p62 with the inability of the RPE to manage damaged proteins at different

stages of AMD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• p62 mRNA variants are expressed by RPE cells

• p62 isoform2 is not translated, but regulates isoform1 abundance with stress

• p62 has dual, reciprocal enhancing protection through its different binding

domains
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Figure 1.
p62 mRNA variants are expressed in the RPE and up-regulated by CSE. (A) Schematic

representation showing the structure of human p62 mRNA variants, and the positions of the

primers used. The C-terminal regions of all three mRNA variants are transcribed from 7

common exons, as shown in the figure. (B) Schematic representation showing the structure

of human p62 isoform 1. S403 phosphorylation site, positions of PB1 domain, TRAF6

binding site and UBA domain are indicated in the figure. (C) Ethidium bromide-stained gel

showing the PCR products for p62. Total RNA from ARPE-19 cells was reverse transcribed
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and amplified using primers h-p62T1f and h-p62T1r (lane 1 and 2), or primers h-p62T2f and

h-p62T2r (lane 3 and 4). Negative controls, with reverse transcriptase omitted during cDNA

preparation, are shown in land 1 and 3. (D) ARPE-19 cells were treated with 125μg/ml CSE

or an equal volume of DMSO for 24hrs. Total RNA was extracted and RT-qPCR was

conducted to quantify the mRNA levels of p62 variant 1, and p62 variants 2/3. Expression

was normalized to PPIA and graphed as percent of ctrl (DMSO treated). The graph

represents the mean values ± SEM (n=3). *p<0.05. (E) ARPE-19 cells were transfected with

empty vector (lane 1), p62 v1 (lane 2), or p62 v2/3 (lane 3) plasmids. The whole cell lysates

were subjected to 4-12% SDS-PAGE and immunoblotted with antibody against V5, p62 C-

terminus, or beta actin.
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Figure 2.
Over-expression of p62 variant 2/3 suppresses the endogenous p62 expression in RPE, under

stressed conditions. (A) ARPE-19 cells were transfected with empty vector, or p62 v2/3

plasmid, and treated with 125ug/ml CSE or an equal volume of DMSO for 24hrs. The whole

cell lysates were subjected to 4-12% SDS-PAGE and immunoblotted with antibody against

p62. (B) Band intensity was quantified using GE Healthcare ImageQuant TL software. Data

were normalized for the amount of beta actin in each sample and graphed as percent of ctrl

(transfected with ctrl siRNA, DMSO treated). Each point represents the average ± SEM of

three independent experiments. Asterisk, p < 0.05.
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Figure 3.
Effect of p62 silencing on the CS-induced protein damages and autophagic protection in

RPE. (A) ARPE-19 cells, after transfection with ctrl or p62 siRNA, were treated with

125μg/ml CSE or an equal volume of DMSO for 24hrs. Whole cell lysates, prepared in

Buffer A, were diluted to 5μg/ml and coated onto the protein carbonyl ELISA plate. Data are

presented as the mean±SEM of three independent experiments. *p<0.05. (B) ARPE-19 cells,

after transfection with ctrl or p62 siRNA, were treated with 125μg/ml CSE or an equal

volume of DMSO for 24hrs. Whole cell lysates were subjected to 4-12% SDS-PAGE and

immunoblotted with antibodies against p62, polyUb, αB crystallin, or beta actin. (C, D)

Quantification of polyubiquitinated proteins and αB crystallin. Band intensities were

quantified using GE Healthcare ImageQuant TL software. Data were normalized using beta

actin and graphed as percent of ctrl (transfected with ctrl siRNA, DMSO treated). The
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graphs represent the mean±SEM of three independent experiments. *p<0.05. (E) ARPE-19

cells were treated with 125μg/ml CSE or an equal volume of DMSO for 24hrs, in the

absence or presence of 50nM BfA, an autophagy inhibitor. Whole cell lysates were

subjected to 4-12% SDS-PAGE and immunoblotted with antibodies against LC3 or beta

actin. (F) ARPE-19 cells, after transfection with ctrl or p62 siRNA, were treated with

125μg/ml CSE or an equal volume of DMSO for 24hrs. Whole cell lysates were subjected to

4-12% SDS-PAGE and immunoblotted with antibody against LC3. Band intensities were

quantified using GE Healthcare ImageQuant TL software. The LC3-II/C3-I ratio was

calculated and graphed as percent of ctrl (transfected with ctrl siRNA, DMSO treated). The

graph below represents the mean±SEM of three independent experiments. *p<0.05.
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Figure 4.
p62 silencing reduces autophagosomes. ARPE-19 cells, grown on glass bottom plates, were

transfected with ctrl or p62 siRNA and then treated with either 125μg/ml CSE or DMSO for

24hrs. Cells were co-stained with Hoechst 33342 for nuclei (blue) and Cyto-ID (green) for

autophagosomes, and viewed with a confocal microscope. Bar=25μm.
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Figure 5.
Over-expression of p62 rescues RPEs by reducing protein damages, and phosphorylation at

S403 is crucial for the protection. ARPE-19 cells were transfected with empty vector or

wild-type/mutant p62 plasmids, and treated with 125μg/ml CSE or an equal volume of

DMSO for 24hrs. (A) Whole cell lysates, prepared in Buffer A, were diluted to 5μg/ml and

coated onto the protein carbonyl ELISA plate. Data are presented as mean±SEM of 3

independent experiments. *p<0.05. (B) Whole cell lysates were subjected to 4-12% SDS-

PAGE and immunoblotted with antibodies against p62, polyUb, αB crystalline or beta actin.

(C) Quantification of polyubiquitinated proteins and αB crystallin. Band intensities were

quantified using GE Healthcare ImageQuant TL software. Data were normalized using beta

actin and graphed as percent of ctrl (transfected with ctrl siRNA, DMSO treated). The graph

represents the mean±SEM of three independent experiments. *p<0.05.
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Figure 6.
Reciprocal regulation of p62 expression and Nrf2 signaling, under basal and stressed

conditions. ARPE-19 cells were transfected for p62 silencing (A, B), over-expression of

wild type/mutant p62 (C, D), or silencing of Nrf2 or Keap1 (E). After transfection, cells

were treated with 125μg/ml CSE or an equal volume of DMSO for 24hrs. Total RNA was

extracted for RT-qPCR to quantify the expression of Nqo1, Gclm or p62. Mean values

±SEM (n=3 independent experiments) were normalized to PPIA and graphed as percent of

ctrl (transfected with ctrl siRNA/DNA, DMSO treated). *p<0.05.
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Figure 7.
CS-induced protein damage and protective responses in mouse RPE/choroid. 2-mo old WT

and Nrf2−/− mice were raised in a smoking chamber or filtered air environment for 3 weeks

and then sacrificed, and eyes were enucleated. (A) Whole cell lysates from RPE/choroid and

retina of WT mice were subjected to 4-12% SDS-PAGE and immunoblotted with antibodies

against p62 or beta actin. (B) Whole cell lysates from RPE/choroid of WT and Nrf2−/− mice

were subjected to 4-12% SDS-PAGE and immunoblotted with antibodies against polyUb,

LC3, or beta actin. (C) Quantification of polyubiquitinated proteins and LC3. Lane and
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Band intensity were quantified using GE Healthcare ImageQuant TL software. The amount

of polyubiquitinated proteins was normalized using beta actin, and graphed as percent of

control (ctrl; WT raised in air). *p<0.05. The LC3-II/LC3-I ratio was calculated, and

graphed as percent of control (ctrl; WT raised in air). *p<0.05. (D) Total RNA was extracted

from RPE/choroid of WT and Nrf2−/− mice, and RT-qPCR quantified the expression of p62.

Mean values±SEM (n=3 independent experiments) were normalized to PPIA and graphed as

percent of control (ctrl; WT raised in air). *p<0.05. (E) Whole cell lysates from RPE/choroid

of WT and Nrf2−/− mice were subjected to 4-12% SDS-PAGE and immunoblotted with

antibodies against p62 or beta actin. Band intensity was quantified using GE Healthcare

ImageQuant TL software. Data were normalized using beta actin and graphed as percent of

control (ctrl; WT raised in air). Data represent the mean±SEM of three independent

experiments. *p<0.05. Total RNA was extracted from RPE/choroid of WT and Nrf2−/−

mice, and RT-qPCR quantified the expression of Nqo1 (F) and Gclm (G). Mean values

±SEM (n=3 independent experiments) were normalized to PPIA and graphed as percent of

control (ctrl; WT raised in air). *p<0.05.
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Table 1

The Sequences of primers used in the SYBR based real-time PCR.

Gene Name Primer Name and Sequence

mouse Nqo1 mNqo1-523f
mNqo1-642r

5′_GGCATCCTGCGTTTCTGTG_3′
5′_GGTTTCCAGACGTTTCTTCCAT_3′

mouse Gclm mGclm-431f
mGclm-661r

5′_AGCCTTACTGGGAGGAATTAGAG_3′
5′_GCAGTTCTTTCGGGTCATTGTG_3′

mouse p62 mP62-346f
mP62-424r

5′_GAGGCACCCCGAAACATGG_3′
5′_ACTTATAGCGAGTTCCCACCA_3′

mouse PPIA mPPIA-67f
mPPIA-191r

5′_GAGCTGTTTGCAGACAAAGTTC_3′
5′ CCCTGGCACATGAATCCTGG 3′

human Nqo1 Nqo1-11f
Nqo1-206r

5′_GAAGAGCACTGATCGTACTGGC_3′
5′_GGATACTGAAAGTTCGCAGGG_3′

human Gclm Gclm-204f
Gclm-421r

5′_TGTCTTGGAATGCACTGTATCTC_3′
5′_CCCAGTAAGGCTGTAAATGCTC_3′

human Nrf2 Nrf2.1-364f
Nrf2.1-446r

5′_CTTTTGGCGCAGACATTCCC_3′
5′_GACTGGGCTCTCGATGTGAC_3′

human p62 p62-528f
p62-672r

5′_TGCCCAGACTACGACTTGTG_3′
5′_AGTGTCCGTGTTTCACCTTCC_3′

human p62
variant1

p62v1-153f
p62-328r

5′_ATTCGCCGCTTCAGCTTCT_3′
5′_GAAAAGGCAACCAAGTCCCC_3′

human p62
variant2

p62v2-291f
p62-366r

5′_ TGCAACATGGGGCTTGAGAA_3′
5′_GGCCATTGTCAATTCCTCGTC_3′

human PPIA PPIA-77f
PPIA-374r

5′_CAGACAAGGTCCCAAAGACAG_3′
5′_TTGCCATCCAACCACTCAGTC_3′
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