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Summary

Coordinated expression of mitochondrial and nuclear genes is required to maintain proper 

mitochondrial function. However, the precise mechanisms that ensure this coordination are not 

well defined. We find that signaling from mitochondria to the nucleus is influenced by mammalian 

target of rapamycin (mTOR) activity via changes in autophagy and p62/SQSTM1 turnover. 

Reducing mTOR activity increases autophagic flux, enhances mitochondrial membrane potential, 

reduces reactive oxygen species within the cell, and increases replicative life span. These effects 

appear to be mediated in part by an interaction between p62/SQSTM1 and Keap1. This interaction 

allows nuclear accumulation of the nuclear factor erythroid 2-like 2 (NFE2L2, also known as 

nuclear factor related factor 2 or NRF2), increased expression of the nuclear respiratory factor 1 

(NRF1), and increased expression of nuclear-encoded mitochondrial genes, such as the 

mitochondrial transcription factor A, and mitochondrial-encoded genes involved in oxidative 

phosphorylation. These findings reveal a portion of the intracellular signaling network that couples 

mitochondrial turnover with mitochondrial renewal to maintain homeostasis within the cell and 

suggest mechanisms whereby a reduction in mTOR activity may enhance longevity.
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Introduction

Impaired mitochondrial function is associated with aging and age-related disease, and 

decreased mitochondrial function can have a significant impact on ATP production, 

maintenance of NAD/NADH ratios, and reactive oxygen species (ROS) production, 

processes that are critical to cellular function. To preserve mitochondrial function and ensure 

that metabolic activity is adequately maintained, a decline or loss of mitochondrial 

membrane potential acts as a trigger to promote fission of damaged mitochondrial regions. 

These regions are subsequently recycled through fusion events or removed via autophagy 

(Twig et al., 2008a,b; Westermann, 2010). However, the clearance of mitochondrial 

components via autophagy must be balanced by mitochondrial gene expression, which 

maintains mitochondrial mass, and it would be expected that these two processes would be 

linked.

Mitochondrial biogenesis involves the expression of genes in both the nuclear and 

mitochondrial genomes. In the yeast Saccharomyces cerevisiae, a retrograde signaling 

response involving the transcription factors Rtg1p and Rtg3p is induced following 

mitochondrial damage (Parikh et al., 1987). Impaired mitochondria activate the transcription 

factors Rtg1p and Rtg3p, whose activity is modulated by the nutrient-sensing target of 

rapamycin (TOR) complex (Liu & Butow, 2006). Because TOR activity also modulates 

autophagy, this process links autophagy to mitochondrial biogenesis in yeast.

In mammalian cells, the mitochondrial retrograde response is not well defined. However, 

critical factors that regulate mitochondrial components have been identified. For example, 

the transcription activators nuclear respiratory factor 1 and GA-binding protein transcription 

factor (NRF1 and GABPA, also known as NRF2) regulate expression of the nuclear-encoded 

mitochondrial genes as well as the mitochondrial transcription factor (TFAm), which is 

required for both mitochondrial DNA replication and mitochondrial gene expression 

(Scarpulla, 2008). Additional transcription factors regulating mitochondria-related gene 

expression include the estrogen receptor-related receptor (ERR), yin-yang 1 (YY1), and the 

cyclic AMP response element binding protein (CREB; Hock & Kralli, 2009). In addition, 

the structurally related transcription coactivators PGC-1α, PGC-1β, and PRC can increase 

the expression of nuclear-encoded mitochondrial genes (Wu et al., 1999). However, the 

mechanisms linking these nuclear factors to mitochondrial turnover are not well defined.

In yeast, the TOR intracellular signaling cascade has been implicated in the control of 

mitochondrial function and autophagy. The TOR pathway (mTOR in mammalian systems) is 

an evolutionarily conserved intracellular network that serves to couple nutrient availability 

with cellular metabolism and cell division (Ma & Blenis, 2009). Two distinct complexes 

containing mTOR (mTORC1 and mTORC2) exist in mammalian cells and are distinguished 

by differential sensitivity to inhibition by rapamycin. The mTORC1 complex is primarily 

involved in the regulation of protein translation and growth (Ma & Blenis, 2009). It has been 
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reported that mTOR activity is required to maintain oxidative phosphorylation (Schieke et 
al., 2006; Cunningham et al., 2007) and a chronic suppression of the mTOR complex over 

longer periods may also improve mitochondrial function (Bitto et al., 2010). In the current 

study, we examined the effects of reduced mTOR activity in both quiescent and proliferating 

nonimmortalized human fibroblasts to identify a novel mechanism linking mitochondrial 

clearance with mitochondrial gene expression. This link involves an interaction between 

p62/SQSTM1 and Keap1, which is driven by an increased rate of autophagy. This 

association promotes the accumulation of nuclear factor erythroid 2-like 2 (NFE2L2, also 

known as Nrf2) in the nucleus and increases mitochondrial gene expression, potentially 

through expression of NRF1 and the mitochondrial transcription factor TFAm. This process 

provides physiologic benefit to the cell as demonstrated by enhanced mitochondrial 

membrane potential, resistance to oxidative stress, and a delay in the onset of replicative 

senescence.

Results

Long-term exposure to rapamycin increases mitochondrial gene expression and reduces 
cellular ROS in quiescent human fibroblasts

We have previously reported that inhibition of mTOR with rapamycin provides relief from 

stress induced by unopposed IGF-1 signaling (Bitto et al., 2010) and considered the 

possibility that this reduced cellular stress may be due to changes in mitochondrial 

homeostasis. To explore this possibility, we exposed quiescent human WI-38 fibroblasts to 

rapamycin over a period of 7 days and examined both mitochondrial mass and the levels of 

proteins involved in the regulation of mitochondrial gene expression. Mitochondrial mass 

was increased by 28% in cells exposed to 10 nM rapamycin relative to controls (Fig. 1A). 

We next examined the steady-state mRNA and protein levels of genes involved in 

mitochondrial biogenesis including NRF1, PGC-1α, TFAm, and NFE2L2. Steady-state 

protein levels were stabilized over a period of 72–96 h following the addition of rapamycin 

and were consistently elevated or maintained in rapamycin-treated cultures relative to 

control cells after this initial period (Fig. 1B, densitometry measurements presented in Fig. 

S2A). Additionally, mRNA levels of PGC-1, TFAm, and NFE2L2 were also elevated in 

cultures exposed to rapamycin (Fig. S2B). Furthermore, the mRNA levels of several 

mitochondrial DNA-encoded genes that are known targets of TFAm are increased in 

response to rapamycin treatment (Fig. 1C). Together, these data suggest that prolonged 

exposure to rapamycin increases the steady-state levels of several proteins involved with 

mitochondrial biogenesis and at least a subset of mitochondrial-encoded genes in human 

fibroblasts.

Long-term exposure to rapamycin increases life span of human fibroblast cells

We next examined the influence of rapamycin on mitochondrial membrane potential during 

replicative life span of human fibroblasts. The concentration of rapamycin was reduced in 

this set of experiments (1 vs. 10 nM in the experiments outlined in Fig. 1) to allow cell 

proliferation while maintaining an inhibition of mTOR activity as judged by S6 

phosphorylation (demonstrated in Fig. 3A,B). Cell cultures grown under standard conditions 

showed an accumulation of cells with depolarized mitochondria over time (Fig. 2A, 
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Spearman’s ρ = 0.855, P = 0.002). In contrast, cultures grown in medium supplemented 

with rapamycin preserved mitochondrial membrane potential (Fig. 2A, Spearman’s ρ = 

0.224, P = 0.533). Although there was an increase in the number of cells which had lost 

mitochondrial membrane potential with increased population doublings, the percentage of 

the total population remained far below the control cultures. Live cell imaging of JC-1-

stained cells revealed that in cultures treated with rapamycin, cells maintained a more 

polarized mitochondrial network compared with control cultures (see Fig. S3A for examples 

of mitochondrial staining by flow cytometry and Fig. S3B for examples of live cell 

fluorescent microscopy). Similar results were obtained by flow cytometry using either JC-1 

or TMRE as indicators of mitochondrial membrane potential (TMRE data not shown). We 

next examined oxygen consumption rates and extracellular acidification, as indirect 

measures of mitochondrial activity in control and rapamycin-treated cultures. Mitochondrial 

respiration rate was reduced by rapamycin treatment (Fig. S3C) and extracellular 

acidification was increased, consistent with enhanced glycolysis (not shown). However, cells 

grown in rapamycin-supplemented medium retained higher levels of both basal and ATP-

coupled mitochondrial respiration when challenged with H2O2 (Fig. 2B). In addition, 

rapamycin-treated cultures were resistant to mitochondrial depolarization from exogenous 

H2O2 exposure (Fig. 2C). Consistent with a reduction in intracellular stress, ROS levels 

were reduced in rapamycin-treated cells (Fig. 2D).

We also examined the life span of cells grown in the presence of rapamycin compared to 

control (Fig. 3). Addition of rapamycin increased the maximum life span of WI-38 

fibroblasts by 14%, a result which was consistent in three independent trials (Fig. 3A, S5A). 

To more clearly define the effect of rapamycin on the senescent arrest, several cellular events 

associated with senescence were examined. The protein levels of both p21Cip1/Waf1 and 

p16INK4a were reduced in rapamycin-treated cultures at high cumulative population 

doubling levels relative to controls (Fig. 3B). Furthermore, chromatin remodeling events 

associated with senescence (Adams, 2007) were reduced, as evidenced by a decreased 

localization of the histone chaperone HIRA to PML bodies (Fig. 3C,D). The number of cells 

positive for senescence-associated beta-galactosidase (SA beta-gal) activity at high 

population doublings was decreased by rapamycin (Fig. 3E, F). Additionally, the percentage 

of cells that continued to incorporate BrdU in the rapamycin-treated cultures was increased 

relative to control cultures as they approached senescence (Fig. 3G,H). These findings are 

consistent with increased proliferation at late passages in the rapamycin-treated cultures 

relative to the control cultures.

We postulated that the alleviation of mitochondrial dysfunction and endogenous ROS 

production through rapamycin treatment might reduce the endogenous stress response and 

that this might underlie the increased life span observed in rapamycin-treated cultures. The 

p38 MAPK is a marker of endogenous stress associated with senescence arrest in response 

to telomere attrition, and genotoxic and oxidative stress (Wang et al., 2002; Iwasa et al., 
2003). To determine the activity of the p38 MAPK pathway, we measured the 

phosphorylation status of the downstream target HSP27 (Beyaert et al., 1996) at early, 

middle, and late passage. As expected, human fibroblasts exhibited increased 

phosphorylation of HSP27 during life span, consistent with an activation of the p38 MAPK. 

Conversely, cells treated with rapamycin showed a reduced level of HSP27 phosphorylation 
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relative to controls until the end of their life span (Fig. 3I), suggesting a reduced activity of 

p38 MAPK. Consistent with reduced p38 MAPK activity, the production of IL-6, part of the 

SASP known to be dependent upon p38 (Freund et al., 2011), was significantly reduced in 

rapamycin-treated cultures relative to controls (1 ng mL−1 vs. > 2.5 ng mL−1 respectively, P 
< 0.05).

If rapamycin attenuates endogenous stress associated with mitochondrial function, one 

might predict that telomere attrition would proceed in a manner similar to control cultures, 

in cells exposed to rapamycin. To test this possibility, telomere length was examined using 

quantitative PCR (Cawthon, 2002) during life span in cultures grown in control medium or 

medium supplemented with 1 nM rapamycin (Fig. 3J). Telomere DNA content decreased 

with increasing population doublings in both control and rapamycin-treated cultures. This 

suggests that the observed increase in replicative life span with rapamycin treatment was not 

due to an attenuation of telomere attrition.

Autophagy and p62/SQSTM1 mediate the mitochondrial response induced by rapamycin

Levels of LC3 and the accumulation of LC3 puncta were examined in cultures grown in the 

presence of rapamycin to determine whether the rate of autophagy was altered under these 

conditions. Exposure of these cultures to lysosomal inhibitors revealed that LC3 

accumulated in both control and rapamycin-treated cultures consistent with an ongoing 

autophagy process. However, the relative increase in LC3 was greater in the rapamycin-

treated cultures, suggesting increased autophagic flux (Fig. S4A). We then examined the 

presence of LC3 puncta in WI-38 cells transduced with a viral expression vector that 

produces an LC3-GFP fusion protein. The number of LC3 puncta was significantly greater 

in rapamycin-treated cells (Fig. S4B, S4C), further supporting an increase in autophagy in 

cells exposed to rapamycin.

Next, we examined PGC-1α, Keap1, NFE2L2, NRF1, and TFAm expression in the human 

fibroblasts throughout their replicative life span. Similar to the quiescent cells examined in 

Fig. 1, we found increased steady-state levels of NFE2L2, NRF1, PGC-1α, and TFAm 

proteins in cells exposed to rapamycin while Keap1 levels were reduced (Fig. 4A). The 

steady-state mRNA levels of NFE2L2, NRF1, and PGC-1α were also increased while Keap1 

mRNA levels were unaffected (Fig. S3D–S3G). To determine why Keap1 protein levels 

were decreased despite no change in mRNA level, we examined the role of both the 

proteasome and the autophagy pathway in modulating Keap1 levels in our system. 

Interestingly, Keap1 levels increased following the inhibition of either autophagy (Fig. 4B) 

or proteasome activity (Fig. 4C), suggesting that either pathway may degrade Keap1. 

However, in cultures exposed to rapamycin, proteasome inhibition had a more pronounced 

effect on Keap1 levels, while in control cultures targeting autophagy by ATG5 inhibition had 

a stronger effect. Based on the known interaction between Keap1 and NFE2L2 (Motohashi 

& Yamamoto, 2004), we examined the nuclear localization of NFE2L2 in rapamycin-treated 

cultures using both indirect immunofluorescence (Fig. 4D,E) and biochemical fractionation 

of nuclear proteins (Fig. 4F,G). Both methods indicated that nuclear localization of NFE2L2 

increased in cultures treated with rapamycin. Interestingly, both the biochemical 

fractionation and the immunofluorescence analysis revealed that the majority of NFE2L2 is 

Lerner et al. Page 5

Aging Cell. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



localized to the nucleus in WI-38 cells, suggesting that the differences in NFE2L2 

abundance we observed in total cell lysates reflects differences in active NFE2L2.

Rapamycin increases p62 turnover through the autophagy machinery

The autophagy adaptor p62/SQSTM1 has been involved in the clearance of depolarized 

mitochondria (Geisler et al., 2010) and in the activation of NFE2L2 (Komatsu et al., 2010). 

To determine whether p62/SQSTM1 is required for the changes in mitochondrial membrane 

potential and gene expression that occur in response to rapamycin, we first examined the 

steady-state levels of p62/SQSTM1 in cultures treated with rapamycin and controls. Protein 

levels of p62/SQSTM1 were reduced in rapamycin-treated cultures while mRNA levels were 

increased (Fig. 5A,B). Despite the reduced protein levels of p62/SQSTM1, rapamycin-

treated cultures contained a number of prominent p62/SQSTM1-positive foci that were less 

pronounced and fewer in number in control cultures, and which colocalized with LC3 in all 

cases (Fig. 5C–E). In addition, we examined the colocalization of these p62/SQSTM1 

puncta with cytochrome C. Rapamycin- treated cells contained a significantly greater 

number of cytochrome C-positive p62/SQSTM1 puncta compared to controls (Fig. 5F–H).

We hypothesized that increased degradation of p62/SQSTM1 might account for reduced 

protein levels of p62/SQSTM1 in the cells treated with rapamycin and examined the half-life 

of the protein. The half-life of p62/SQSTM1 was dramatically reduced in cells that were 

exposed to rapamycin (Fig. 5I). The calculated half-life in cells exposed to rapamycin was 

11.5 h, while in control cultures, the half-life was > 24 h. The half-life of VDAC, a resident 

mitochondrial protein, was decreased to 13 h in cultures exposed to rapamycin consistent 

with an increased turnover of mitochondrial components through mitophagy (see Table 1). 

In addition, treatment of cells with lysosomal inhibitors known to block autophagosome 

degradation resulted in a relatively greater accumulation of p62/SQSTM1 in cultures treated 

with rapamycin relative to cultures maintained under control conditions (Fig. 5J,K).

p62/SQSTM1 protein complexes contain K63-linked ubiquitin conjugates

Given that rapamycin increases expression and turnover of p62/SQSTM1, we hypothesized 

that p62/SQSTM1 associates with Keap1, potentially allowing its degradation and activating 

NFE2L2. To determine whether p62/SQSTM1 and Keap1 associate when mTOR activity is 

reduced, we concentrated p62/SQSTM1 protein complexes by immunoprecipitation in cells 

treated with rapamycin and looked for the levels of Keap1 in the complex via Western blot 

(Fig. 6). A stronger Keap1 signal was detected associated with p62/SQSTM1 in cell lysates 

from cultures treated with rapamycin, despite the fact that the steady-state levels of p62/

SQSTM1 are reduced in these cells relative to control cultures (Fig. 6A). Interestingly, the 

major band for Keap1 in the immunoprecipitate appeared to have a slightly higher molecular 

weight in the rapamycin-treated cultures which suggests that the protein might be modified 

in these cells (see Fig. 6A, dashed arrow). Furthermore, in rapamycin-treated cells, we also 

found enrichment in a Keap1-positive band associated with p62/SQSTM1 that migrated at a 

higher molecular weight than the major Keap1 protein detected in whole cell lysates (~80 

kD; Fig. 6A, full arrow). This high molecular weight form of Keap1 can be detected with at 

least two commercial antibodies, suggesting it is not due to nonspecific interaction or 

antibody cross-reactivity. To determine whether this larger form of Keap1 might be the result 
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of ubiquitin conjugation, we probed the immunoprecipitates with a set of linkage-specific 

anti-polyubiquitin antibodies. An 80-kD band appeared positive for K63-linked 

polyubiquitin in the p62/SQSTM1 complex in the rapamycin-treated cells, suggesting that 

this 80-kD Keap1 reactive band represented Keap1 that had been modified by ubiquitin 

conjugation with this specific linkage. Consistent with this interpretation, there was no 

reactivity with an antibody specific to the K-48 ubiquitin linkage (not shown). We next 

determined whether Keap1 could be detected when ubiquitin-conjugated proteins were 

concentrated. Proteins collected by immunoprecipitation using anti-polyubiquitin antibodies 

were probed by immunoblotting for the presence of Keap1. We were able to detect a higher 

level of Keap1 among the polyubiquitin-conjugated proteins isolated from rapamycin-treated 

cultures but not from the control cultures (Fig. 6B). Additionally, antibodies specific for the 

K-63 ubiquitin linkage detected a band of molecular weight similar to Keap1 among the 

polyubiquitin-conjugated proteins isolated from rapamycin-treated cultures but not from 

control cultures (Fig. 6B).

To test the role of p62/SQSTM1 in the mitochondrial changes induced by rapamycin, we 

stably reduced p62/SQSTM1 levels through the introduction of an shRNA targeting vector 

(Fig. 6C). Following p62/SQSTM1 reduction, the accumulation of cells with depolarized 

mitochondria and the levels of NFE2L2, NRF1, and TFAm were examined. Knockdown of 

p62/SQSTM1 greatly increased the subpopulation of cells with depolarized mitochondria 

(Fig. 6D), consistent with previously reported observations on the role of p62/SQSTM1 in 

mitochondrial clearance (Geisler et al., 2010). In addition, reduction of p62/SQSTM1 

abrogated the beneficial effects of rapamycin on the mitochondrial profile (Fig. 6D) and 

reduced the protein levels of TFAm, NRF1, and NFE2L2 (Fig. 6C). In contrast, knockdown 

of NFE2L2 reduced the levels of TFAm and NRF1 without reducing the accumulation of 

cells with depolarized mitochondria (Fig. S6A, S6B). It was not possible to serially passage 

the shRNAp62-expressing cells for life span analysis. The growth of these cultures was 

initially suppressed, but after a period of 10–20 days, proliferation resumed and immunoblot 

analysis revealed a loss of p62/SQSTM1 silencing (not shown). However, we examined 

markers of senescence in the cells prior to 20 days and found an increase in p16 levels and a 

higher level of SA beta-gal staining (Fig. 6C,E).

Discussion

Our results suggest that a reduction in mTOR activity leads to increased turnover of p62/

SQSTM1, allowing displacement of Keap1 from NFE2L2 and increased expression of 

NFE2L2 target genes. These results are consistent with the concept that the p62/SQSTM1 

protein serves as a bridge between autophagosomes and cellular components destined for 

lysosomal degradation (Bjorkoy et al., 2005; Pankiv et al., 2007). However, p62/SQSTM1 

also serves as a docking protein for signaling complexes that have a role in NFkB and 

mTOR signaling as well as apoptosis (Moscat & Diaz-Meco, 2009; Duran et al., 2011). Our 

results bridge these two functions of p62/SQSTM1 providing a physiologic feedback from 

mitochondrial clearance to mitochondrial biogenesis. The results are supported by previous 

studies indicating that NFE2L2 activation can occur through impairment of autophagy, due 

to an accumulation of p62/SQSTM1 (Komatsu et al., 2010), and that deletion of the Sqstm1 
gene leads to an accumulation of Keap1 and inhibition of NFE2L2 in mice (Kwon et al., 
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2012). In addition, p62−/− mice show a striking loss of mitochondrial integrity and decreased 

life span (Kwon et al., 2012), while in Caenorhabditis elegans, SKN1/NFE2L2 has been 

implicated as a common regulator of life span extension in response to reduced mTOR 

signaling, starvation, and reduced INS/IGF signaling (Tullet et al., 2008; Paek et al., 2012; 

Robida-Stubbs et al., 2012). These observations are fully consistent with our findings, 

providing strong evidence that p62/SQSTM1 is required for mitochondrial integrity. Our 

results extend these observations demonstrating that reduced mTOR creates the proper 

conditions for Keap1 displacement from NFE2L2, potentially through clustering of 

p62SQSTM1 at sites of mitochondrial clearance. Interestingly, the route of Keap1 clearance 

appears to shift in the presence or absence of rapamycin and Keap1 levels decrease 

following targeting of p62 through shRNA (see Fig. 4B,C). These results suggest that the 

interaction between p62 and Keap1 serves to modulate Keap1 levels in a manner that is 

dependent upon multiple inputs.

Consistent with the association between p62/SQSTM1 and Keap1, we detect increased 

levels of K-63-linked ubiquitin conjugation of Keap1 in cells exposed to rapamycin. Using 

two separate antibodies to Keap1, we were able to visualize a high molecular weight form of 

Keap1 in association with p62/SQSTM1 that also reacts with an antibody specific for the 

K-63 ubiquitin linkage. Given the relatively greater affinity of p62/SQSTM1 for K-63-linked 

ubiquitin conjugates (Seibenhener et al., 2004), the results suggest that this modification of 

Keap1 provides an additional binding site for p62/SQSTM1 on Keap1, effectively disrupting 

the Keap1/NFE2L2 association. A model for the influence of reduced mTOR1 activity on 

mitochondria and life span in relation to proliferation rate is presented in Fig. S1 

(Supporting information).

The connection between mitochondrial integrity and senescence appears to be a bidirectional 

relationship. Telomerase activity and the nontelomeric function of telomerase influence 

mitochondrial biogenesis and function potentially via a p53-mediated pathway (Sahin & 

DePinho, 2012), while dysfunctional mitochondrial have been shown to contribute to 

senescence in vitro and generate telomere attrition in vivo (Liu et al., 2002; Passos et al., 
2007). Consistent with these observations, modeling theories predict that both mitochondrial 

and nuclear damage is likely to contribute to senescence (Sozou & Kirkwood, 2001), 

potentially involving p38 activity, which has been implicated as a common element in the 

senescence program (Iwasa et al., 2003). Thus, the increase in dysfunctional mitochondria 

that accumulate with senescence may be related to the gradual erosion of telomeres. 

Interestingly, both mTOR activity and autophagy have also been linked to the senescence 

arrest (Young et al., 2009; Kang et al., 2011; Leontieva et al., 2011) and the clearance of 

dysfunctional mitochondria may be one aspect of the connection between senescence and 

these processes.

A delay in the onset of senescence may have important implications at the organism level, 

given the long-lived phenotype of mice engineered to clear senescent cells as they arise 

(Baker et al., 2011). Senescent cells accumulate in the body with age and contribute to the 

aging phenotype. It is an intriguing hypothesis that a reduced accumulation of senescent 

cells, similar to our in vitro results, may contribute to the long-lived phenotype seen in mice 

treated with rapamycin (Harrison et al., 2009) or with reduced activity in signaling pathways 
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upstream of mTOR, such as the GH/IGF-I axis (Bartke, 2011). Studies are beginning to 

emerge suggesting that rapamycin feeding may reduce senescence in mice (Hinojosa et al., 
2012), although further work is required in this area. Future studies may reveal whether a 

reduction in the burden of cellular senescence contributes to the long life of these 

experimental models and may provide a target to ameliorate the aging process.

Methods

Cell culture

All culture reagents were from Cellgro (Manassas, VA, USA), unless otherwise stated. 

WI-38 human diploid fibroblasts were grown in MEM supplemented with 10% fetal bovine 

serum, 1% L-Glutamine, MEM nonessential amino acids, and MEM vitamins according to a 

standard culture protocol for life span analysis of human diploid fibroblasts (Cristofalo & 

Charpentier, 1980). For growth studies, rapamycin was added at 1 nM, a concentration that 

effectively reduces S6 phosphorylation but does not prevent cell growth (see Fig. 3). Studies 

using quiescent cells in MCDB105 in Fig. 1 were performed as described previously (Bitto 

et al., 2010). Briefly, cells were seeded at 1×104 cm−2 in complete growth medium that 

consisted of MEM containing 10% FBS (single lot MediaTech premium USA derived 

serum; endotoxin tested) and allowed to attach for 24–48 h. At this time, cells were placed 

into MCDB105 medium with no additions or with 10 nM rapamycin. Culture medium was 

replaced every 72 h for the duration of each experiment. Cell cycle analysis on cultures 

maintained in MCDB105 demonstrated that these cultures were quiescent (data not shown). 

For rapamycin studies on proliferating cells, 1 nM rapamycin (Enzo Biologicals, Plymouth 

Meeting, PA, USA) was added to the culture medium prior to feeding and passaging 

cultures.

Mitochondrial potential, mitochondrial function, ROS production, and mitochondrial mass 
evaluation

For mitochondrial potential studies, cells were incubated with 5 μg mL−1 JC-1 or 25 nM 

TMRE (Molecular Probes, Carlsbad, CA, USA) at 37 °C in 5% CO2 for 30 min and 

harvested in 2.5% trypsin–EDTA. Following the addition of four volumes of serum-

containing medium, cells were analyzed immediately with a Guava EasyCyte Mini using the 

Guava Express Plus program (Guava Technologies, Millipore, Hayward, CA, USA). Gating 

was performed on the cell population by forward scatter and emission at 525 nm. JC-1 

aggregate accumulation in the polarized environment of the mitochondria display maximal 

emission at 580 nm and were detected on the 583 (yellow channel) of the Guava EasyCyte 

to distinguish them from the JC-1 monomers that have maximal emission at 500 nm. The 

main population of cells is visualized as indicated in Fig. S3A (Supporting information), and 

cells that display JC-1 staining that is below the main population of cells are taken as those 

with loss of mitochondrial membrane potential. The number of cells in this population as a 

percentage of the total cell population is presented in Figs 2A,C, 6D, and S6B. Live cell 

imaging was performed using an EVOS FL microscope (AMG, Bothell, WA, USA) 

immediately following the 30-min incubation period. For mitochondrial mass evaluation, 

cells were incubated for 30 min in 100 nM Mitotracker Green FM or nonyl Acridine Orange 

(Molecular Probes) at 37 °C, harvested in 2.5% trypsin-EDTA, resuspended in 200 μL 

Lerner et al. Page 9

Aging Cell. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complete growth medium, and analyzed immediately with a Guava EasyCyte Mini. ROS 

accumulation was measured as previously described (Torres & Perez, 2008). Oxygen 

consumption rates were measured with a Seahorse XF analyzer (Seahorse Bioscience, North 

Billerica, MA, USA) as previously described (Diers et al., 2010). H2O2 treatments were 

performed using 200 μM H2O2 for 30 min. Culture medium was removed; the cells were 

washed three times with fresh medium and allowed to recover for 24 h prior to 

mitochondrial analysis. ROS accumulation was measured immediately after H2O2 treatment.

Western blotting and immunoprecipitation

For Western blot analyses, 30 μg of protein extracts was run on SDS-PAGE and transferred 

onto Immobilon P PVDF (EMD Millipore, Billerica, MA, USA) or nitrocellulose (Biorad, 

Hercules, CA, USA) membranes. Blots were incubated with antibodies specific for LC3B, 

beta-tubulin, Keap1, Phospho-S6, ribosomal protein S6 (Cell Signaling, Danvers, MA, 

USA), p62/SQSTM1 (Biomol, Plymouth Meeting, PA), beta-actin (Sigma, St Louis, MO, 

USA), Keap1, TFAm, p16, p21, p62/SQSTM1, NRF1 (Santa Cruz Biotechnologies, Santa 

Cruz, CA, USA), or NFE2L2 (Epitomics, Burlingame, CA, USA). For immunoprecipitation, 

0.5 mgof protein extracts was incubated with anti-p62/SQSTM1 rabbit polyclonal antibody 

(Biomol International) at a 1:75 weight per volume ratio or an anti-ubiquitin antibody (Santa 

Cruz Biotechnologies) at a 1:50 weight per volume ratio, overnight at 4 °C, and the 

immunocomplexes were precipitated with 100 μL of protein A/G agarose beads (Santa Cruz 

Biotechnologies).

RNA interference

Mission Short hairpin RNA lentiviral plasmids against Atg5 (cat. TRCN0000150645) and 

p62 (cat. TRCN0000007234 and TRCN0 000007236) were obtained from Sigma-Aldrich. 

The scramble shRNA plasmid (cat. 1864) was purchased from Addgene (Cambridge, MA, 

USA; Bitto et al., 2010). Lentiviral particles were produced in HEK 293T cells. All 

experiments were performed following a selection period of 72 h using 2 μg mL−1 

puromycin (Sigma-Aldrich).

Quantitative PCR

Total RNA was isolated following standard guanidinium isothiocyanate extraction. For 

quantitative real-time PCR (QRT-PCR), the following primers were used: mitochondrial 

gene mRNA array (ND1-6, COI-III, ATP6/8, CytB) previously described (Nagao et al., 
2008). SYBR Green-based QRT-PCR was performed on Stratagene mx3000p with Verso 1-

Step RT-qPCR reagents (ThermoFisher Scientific, Pittsburgh, PA, USA). Single products for 

each reaction were verified by dissociation curve analysis and by gel electrophoresis. 

Telomere PCR was performed by the University of Washington genomic core facility on 

total DNA isolated from control or rapamycin-treated cultures at the population doublings 

indicated (Cawthon, 2002). Telomere content was normalized to signal derived from the 

beta-globin gene locus.
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Fluorescence microscopy

Cells seeded on coverslips at 1–2 × 104 cells cm−2 were fixed in 4% paraformaldehyde after 

48 h. Cells were permeabilized in 0.25% Triton X-100 prior to staining, incubated overnight 

with rabbit anti-LC3B, mouse anti-p62, goat anti-PML (Santa Cruz Biotechnologies), rabbit 

antip62 (Biomol), mouse anti-cytochrome C (Millipore, Billerica MA, USA), or mouse anti-

HIRA (kindly provided by Dr. Peter Adams, University of Glasgow, Scotland), stained with 

goat anti-rabbit Alexa Fluor 488, donkey anti-mouse Alexa Fluor 555, and/or donkey anti-

goat Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA), counterstained with DAPI (Sigma-

Aldrich). Images were acquired using an Olympus BX61 fluorescence deconvolution 

microscope via a Hamamatsu CCD camera and Slidebook 4 (version 4.0.1.44) software 

(Olympus America, Center Valley, PA, USA). Confocal images of nuclear localization of 

NFE2L2 were obtained using a Leica laser scanning spectral confocal microscope TCS SP2 

AOBS. Images were quantified using Image J software and were normalized to DAPI 

intensity. Live cell imaging was performed using an EVOS FL microscope (AMG).

Statistical analysis

Unless otherwise stated, results are representative of three independent experiments and 

statistical significance was assessed with unpaired, two-tailed, Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Inhibition of mammalian target of rapamycin (mTOR) promotes the expression of 

mitochondrial genes. WI-38 fibroblasts were placed into serum-free medium (MCDB-105) 

in the presence or absence of rapamycin (10 nM). (A) Mitochondrial mass in WI-38 

fibroblasts. MitoTracker Green-associated fluorescence as measured by flow cytometry is 

presented in cells grown in MCDB-105 with or without 10 mM rapamycin for 2 weeks. Bars 

are average ± standard deviation of three independent samples. (B) Representative 

immunoblot examining steady-state protein levels of NFE2L2, NRF1 and TFAm in 

quiescent cells maintained in MCDB-105 with or without 10 mM rapamycin. Total protein 

lysates were analyzed at the indicated time point. (C) QRT-PCR of mitochondrial-encoded 

genes after 6 days’ treatment with 10 mM rapamycin. Bars are average ± standard deviation 

of three independent experiments. In all cases, measurements that differ significantly (P < 

0.05) are marked with an asterisk. Differences marked with two asterisks are significant at 

the P < 0.01 level. Densitometry for the Western blot is provided in Fig. S2 (Supporting 

information).
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Fig. 2. 
Improved mitochondrial profile upon inhibition of mammalian target of rapamycin (mTOR) 

with rapamycin. (A) Mitochondrial membrane potential was assessed by JC-1 staining and 

flow cytometry at the indicated time points during replicative life span of cells grown with or 

without 1 nM rapamycin (Life span curve presented in Fig. 3). The percentage of cells with 

depolarized mitochondria was calculated at each population doubling as described in 

Methods and in the legend for Fig. S3 (Supporting information). Vehicle-treated cells show a 

significant increase in the number of cells with reduced mitochondrial membrane potential 

with increasing population doubling (Spearman’s ρ = 0.855, P < 0.01), while the correlation 

between population doublings and percent of cells with depolarized mitochondria was not 

significant in cells maintained in the presence of 1 nM rapamycin (P = 0.533). WI-38 

fibroblast cells were maintained in complete growth media for life span analysis as described 

in Methods. Cells were maintained in either normal growth media or in media containing 

rapamycin (1 nM). Rapamycin was present in culture media at all times during propagation. 

(B) Relative oxygen-coupled respiration (OCR) of cells growing in control and 1 nM 

rapamycin-supplemented medium upon exposure to H2O2 (200 μM for 30 min). Basal, ATP-

coupled, and reserve OCR were measured using a Seahorse XF Analyzer. An average of 

three independent measurements is presented. C) Mitochondrial membrane potential of 

vehicle and rapamycin-treated cells 24 hours after exposure to H2O2 (100μM for 60 

minutes) as measured by JC-1 staining. Mitochondrial membrane potential was determined 

as described in Methods and in the legend for Figure S3. The percentage of cells with 

depolarized mitochondria within the population are presented. Bars are average +/− standard 

deviation of 3 independent samples. (D) Accumulation of ROS as measured by DCFDA 

staining and fluorescence spectroscopy. Bars are average +/− standard deviation of 3 

independent samples normalized for protein content. In all cases, measurements that differ 

significantly (P < 0.05) are marked with an asterisk. Differences marked with two asterisks 

are significant at the P < 0.01 level.

Lerner et al. Page 15

Aging Cell. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Rapamycin delays the onset of senescence and reduces the presence of senescence-

associated markers. (A) Cumulative population doubling (CPD) curve of control and 1 nM 

rapamycin-supplemented WI-38 fibroblasts. Arrow indicates onset of senescence in control 

cells after 84 days in culture. The curve is representative of three independent experiments 

(see Fig. S5 for additional life span curves). Cells were cultured in control medium or 

medium supplemented with 1 nM rapamycin for life span analysis as described in Methods. 

Rapamycin was continuously present in culture medium during these analyses. (B) Levels of 

p21Cip1, p16INK4A, phospho-S6, and total S6 assayed by Western blot on proliferating cells 

and senescent cells. ‘Sen’: Senescent cells. (C) Representative fluorescence micrograph of 

HIRA/PML foci in control and CPD-matched rapamycin-supplemented cells. Blue: DAPI, 

Green: PML, Red: HIRA. (D) Number of HIRA/PML foci per cell in senescent and CPD-

Lerner et al. Page 16

Aging Cell. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



matched rapamycin-supplemented cells. Bars are average ± standard deviation of three 

independent samples (**P < 0.01). (E) Representative SA beta-gal staining in control and 

rapamycin-treated cultures at CPD 57 and CPD 56, respectively. Control cultures have 

entered senescence at this point. (F) Quantification of SA beta-gal-positive cells in control 

and rapamycin-treated cultures. (G) Representative flow cytometry analysis of control and 

rapamycin-treated cultures at CPD 57 and CPD 56, respectively, following BRDU labeling 

to measure percentage of cells in S phase. (H) Quantification of BRDU staining in control 

and rapamycin-treated cultures at CPD 57 and CPD 56, respectively. (I) Levels of phospho-

Hsp27 and total Hsp27 assayed by Western blot on proliferating and senescent cells. (J) 

Relative telomere repeat content in control and rapamycin-treated cultures as a function of 

life span. Telomere DNA content quantified relative to a single gene locus is plotted against 

population doublings.
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Fig. 4. 
Inhibition of mammalian target of rapamycin (mTOR) increases the levels of proteins 

associated with mitochondrial biogenesis and activation of NFE2L2. (A) Representative 

Western blots of the steady-state levels of PGC-1α, TFAm, NFE2L2, NRF1, and Keap1 in 

cultures grown in the presence of 1 nM rapamycin during the life span experiments outlined 

in Fig. 2. Cells were grown in the presence of 1 nM rapamycin for 10–14 days prior to 

analysis and were then continued for life span analysis as in Fig. 3. Similar increases in 

these proteins have been obtained in at least three independent measurements at different 

points during life span. (B) Representative levels of Keap1 following knockdown of Atg5. 

Analysis was performed 10 days following transduction with lentiviral vectors expressing 

shRNA targeting ATG5. (C) Representative levels of Keap1 following 24-h treatment with 

10 nM epoxomicin. Results shown are representative of two independent experiments. (D) 

Representative fluorescence micrographs of NFE2L2 localization in vehicle and rapamycin-

treated cells. (E) Quantification of Panel C. Bars are average ± standard deviation of three 

independent samples. At least 200 cells per sample were analyzed (**P < 0.01). (F) Steady-

state levels of NFE2L2 in nuclear and cytoplasmic extracts of WI-38 fibroblasts grown in 

the presence or absence of rapamycin. Equal protein loading was verified using GAPDH for 

cytosolic extracts and lamin A/C for nuclear extracts. (G) Densitometric analysis of Western 
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blot analysis from Panel F. Results are representative of three independent experiments. 

Differences marked with an asterisk are significantly different from control at P < 0.05.
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Fig. 5. 
Rapamycin improves mitochondrial homeostasis by altering p62/SQSTM1 turnover. (A) 

Steady-state protein levels of p62/SQSTM1 in WI-38 fibroblasts grown in the presence or 

absence of rapamycin. (B) Relative mRNA levels of p62/SQSTM1 in vehicle and 

rapamycin-treated cells, measured by QRT-PCR. (C) Immunofluorescent staining for p62/

SQSTM1 puncta in cells grown in the presence or absence of rapamycin. (D) Colocalization 

of p62/SQSTM1 and LC3 in WI-38 fibroblasts grown in the presence or absence of 

rapamycin. (E) Quantification of p62 puncta presented in Panel C. Immunostaining for 

p62SQSTM1 and LC3 was performed in three independent experiments and a minimum of 

100 cells were examined for quantification of puncta. Differences that are significant (P < 

0.05) are marked with an asterisk. (F) Colocalization of p62/SQSTM1 puncta and 

cytochrome C. (G) Enlarged area from Panel F demonstrating colocalization of p62/

SQSTM1 and cytochrome C. (H) Quantification of the number of p62/SQSTM1/cytochrome 
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C colocalization events in cells grown in growth medium without or with the addition of 

ramamycin (1 nM). (I) Representative Western blot of p62/SQSTM1 and VDAC upon 

exposure to cycloheximide in cultures maintained in standard culture medium with or 

without rapamycin (1 nM). (J) Representative Western blot of p62/SQSTM1 levels upon 

exposure to rapamycin and/or 0.1 mM leupeptin/20 mM NH4Cl. (K) Graphical 

representation of densitometry data depicting the rate of accumulation of p62/SQSTM1 in 

rapamycin-treated or control cultures following addition of leupeptin/20 mM NH4Cl.
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Fig. 6. 
p62/SQSTM1 associates with K63- ubiquitin-conjugated Keap1 and is required for 

increased levels of mitochondrial biogenesis factors in response to rapamycin. (A). 

Representative Western blot of Keap1, K63-Ubiquitin, and p62/SQSTM1 in p62/SQSTM1 

immunoprecipitates from control and rapamycin-treated cells. Full arrow: K63-Ubiquitin-

associated Keap1 (~80 kD). Dashed arrow: Keap1 (~64 kD). Full arrowhead: IgG (~50 kD). 

(B) Representative Western blot of Keap1, K63-Ubiquitin, and p62/SQSTM1 in 

antiubiquitin immunoprecipitates from control and rapamycin-treated cells. Full arrow: K63-

Ubiquitin-associated Keap1 (~80 kD). (C) Representative Western blot showing the steady-

state levels of p62/SQSTM1, TFAm, Keap1, NFE2L2, and NRF1 in cells treated with 1 nM 
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rapamycin for 2 weeks and infected with either a scramble sequence or an shRNA targeting 

p62/SQSTM1. (D) The percentage of cells with depolarized mitochondria was examined in 

cultures following targeted knockdown of p62/SQSTM1. Cells were infected with a 

lentiviral-targeting vector containing an shRNA that targets p62/SQSTM1 or an shRNA 

containing a scrambled sequence. Following selection with puromycin and 10 days’ 

acclimatization to rapamycin, cells were loaded with JC-1 stain, as described in material and 

methods, and analyzed using flow cytometry. Results shown represent an average of three 

independent samples (*P < 0.05, **P < 0.01, n.s. = not significant). (E) SA beta-gal activity 

in cells expressing an shRNA targeting p62/SQSTM1. Results are presented as the 

percentage of the population staining positive for SA beta-gal and are representative of two 

independent experiments. Cells harboring the p62/SQSTM1 shRNA were distinctly more 

positive than cells harboring the scramble shRNA. Differences that are significant at P < 

0.05 are marked by an asterisk.
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Table 1

Half-life of p62/SQSTM1 and VDAC. Protein half-life was calculated from immunoblot analysis presented in 

Fig. 5I of cell grown in the presence or absence of rapamycin. Cultures were early passage, at population 

doubling 35 during these experiments.

Protein half-life

p62/SQSTM1 (h) VDAC (h)

Control >24 > 24

Rapamycin 11.5 13
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