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Abstract

The E3 ubiquitin ligase and tumor suppressor SCFFbw7 exists as three isoforms that govern the 

degradation of a host of critical cell regulators, including c-Myc, cyclin E, and PGC-1α. 

Peroxisome proliferator activated receptor-gamma coactivator 1α (PGC-1α) is a transcriptional 

coactivator with broad effects on cellular energy metabolism. Cellular PGC-1α levels are tightly 

controlled in a dynamic state by the balance of synthesis and rapid degradation via the ubiquitin-

proteasome system. Yet, isoform-specific functions of SCFFbw7 are yet to be determined. Here, we 

show that the E3 ubiquitin ligase, SCFFbw7, regulates cellular PGC-1α levels via two independent, 

isoform specific, mechanisms. The cytoplasmic isoform (SCFFbw7β) reduces cellular PGC-1α 

levels via accelerated ubiquitin-proteasome degradation. In contrast, the nuclear isoform 

(SCFFbw7α) increases cellular PGC-1α levels and protein stability via inhibition of ubiquitin-

proteasomal degradation. When nuclear Fbw7α proteins are redirected to the cytoplasm, cellular 

PGC-1α protein levels are reduced through accelerated ubiquitin-proteasomal degradation. We 

find that SCFFbw7β catalyzes high molecular weight PGC-1α-ubiquitin conjugation, whereas 

SCFFbw7α produces low molecular weight PGC-1α-ubiquitin conjugates that are not effective 

degradation signals. Thus, selective ubiquitination by specific Fbw7 isoforms represents a novel 

mechanism that tightly regulates cellular PGC-1α levels. Fbw7 isoforms mediate degradation of a 

host of regulatory proteins. The E3 ubiquitin ligase, Fbw7, mediates PGC-1α levels via selective 

isoform-specific ubiquitination. Fbw7β reduces cellular PGC-1α via ubiquitin-mediated 

degradation, whereas Fbw7α increases cellular PGC-1α via ubiquitin-mediated stabilization.
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INTRODUCTION

Fbw7 (F-box, WD repeat domain containing 7) is an E3 ubiquitin ligase and a component of 

SCF (complex of SKP1, CUL1, and F-box protein) that regulates via ubiquitination a 

network of proteins with central roles in cell growth control and cell cycle progression, as 

well as tumor suppression. It is evolutionarily conserved from yeast, nematode, fly and man 

(Cdc4, lin-12, Archipelago, and Fbw7, respectively) (Welcker and Clurman, 2008).

Within the ubiquitin-proteasome pathway, the conjugation of ubiquitin to its protein 

substrate proceeds via a three-step cascade mechanism involving ubiquitin activation, 

transfer to a ubiquitin-conjugating enzyme, and ultimately covalent linkage to a substrate via 

a ubiquitin-protein ligase, such as Fbw7. Fbw7 functions as a homodimer and recruits its 

own E2 ubiquitin-conjugating enzymes (Welcker and Clurman, 2008). In successive 

reactions, a polyubiquitin chain is synthesized by progressive transfer of additional activated 

ubiquitin moieties to the previously conjugated ubiquitin molecule. This polyubiquitin chain 

is a recognition marker for the 26S proteasome. Following conjugation of ubiquitin, the 

target protein is therefore degraded by the proteasome, and free ubiquitin is released and 

recycled (Schwartz and Ciechanover, 2009). Substrates of Fbw7 include c-Myc, c-Jun, 

Notch, and cyclin E (Welcker and Clurman, 2008).

Human Fbw7 encodes three transcripts (Fbw7α, Fbw7β, and Fbw7γ) that are generated 

through alternative splicing. Each isoform contains a unique, isoform-specific first exon, 

which determines distinct subcellular localizations. Fbw7α is nuclear, whereas Fbw7β is 

cytoplasmic and Fbw7γ nucleolar. The majority of cellular Fbw7 is the alpha isoform, with a 

relative isoform mRNA abundance of ~1:0.07:0.01 (α: β: γ) (Grim et al., 2008). Isoform 

expression is differentially regulated by cell cycle and various stimuli (Sionov et al., 2013). 

Studies of cells lacking specific Fbw7 isoforms suggest that Fbw7α accounts for almost all 

Fbw7 activity toward cyclin E and c-Myc (Grim et al., 2008), whereas Fbw7β degrades 

Notch/NICD (Sancho et al., 2013). However, the outcomes of substrates targeted by the 

various Fbw7 isoforms are not well understood, nor are the mechanisms of Fbw7 isoform 

action and regulation. One such bona fide substrate is PGC-1α.

Members of the PPAR-γ (peroxisome proliferator activated receptor-gamma) coactivator-1 

(PGC-1) family of transcriptional coregulators serve as inducible coactivators of nuclear 

receptor and non-nuclear receptor transcription factors involved in the control of 

mitochondrial biogenesis and cellular energy metabolic pathways. Dysregulation of PGC-1α 

has been implicated in the pathogenesis of diabetes and insulin resistance (Lin et al., 2005; 

Handschin and Spiegelman, 2006). PGC-1α was identified through its functional interaction 

with the nuclear receptor PPAR-γ in brown adipose tissue (Puigserver et al., 1998). PGC-1α 

and its homologue, PGC-1β, are preferentially expressed in tissues with high oxidative 

capacity such as heart and skeletal muscle, and serve critical roles in the regulation of 

mitochondrial function and cellular energy metabolism, as does a naturally occurring 270 
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amino acid 3′ splice variant (NT-PGC-1α) recently described by Zhang et al. (2009). The 

docking of PGC-1 coactivators to specific transcription factors provides a key platform for 

the recruitment of regulatory protein complexes that exert powerful effects on gene 

transcription triggering biological responses that equip the cell to meet the energy demands 

of the changing environment (Finck and Kelly, 2006). PGC-1α is a potent co-activator of 

multiple nuclear receptor transcription factors including PPAR-γ, PPAR-α, PPAR-β, RXRα, 

and the glucocorticoid receptor. In addition, several non-nuclear receptor PGC-1 partners 

have been identified, including nuclear respiratory factors 1 and 2 (NRF-1 and 2) and 

Foxhead Box (01) (Kelly and Scarpulla, 2004; Puigserver and Spiegelman, 2003). A variety 

of physiological and dietary factors induce PGC-1α mRNA expression. For example, 

PGC-1α expression is stimulated by exercise and by fasting (Lin et al., 2005; Finck and 

Kelly, 2006) and PGC-1α has recently been linked to regulation of angiogenesis (Arany et 

al., 2008). PGC-1α thus serves as an inducible regulator of metabolism and tissue 

homeostasis.

The molecular aspects that govern PGC-1α turnover are poorly understood. Cellular 

PGC-1α levels vary dynamically and are tightly controlled by the balance between its 

synthesis and degradation. Several studies have addressed determinants of PGC-1α 

synthesis. However, there is relatively little understanding of the mechanism(s) and 

regulation of PGC-1α protein dynamics and degradation. Cytokines and phosphorylation 

have been implicated in the control of PGC-1α degradation rates (Puigserver et al., 2001). 

Puigserver’s group has shown that acetylation is involved in the post-transcriptional control 

of PGC-1α (Dominy et al, 2010). Recently, Sano et al. (2007), Anderson et al. (2008), and 

we (Trausch-Azar et al., 2010) proposed that PGC-1α degradation involves the ubiquitin-

proteasome pathway.

We recently demonstrated that PGC-1α is localized to the nucleus, where it is rapidly 

degraded (t½ 0.3–0.5 hours) via the ubiquitin-proteasome system (Trausch-Azar et al., 

2010). However, a naturally occurring N-terminal splice variant of 270 residues (NT-

PGC-1α) is cytoplasmic and stable (t½ >7 hours). Our results strongly suggest that an N-

terminus-dependent ubiquitin-proteasome pathway governs at least some aspects of PGC-1α 

cellular degradation (Trausch-Azar et al., 2010). Olson et al. (2008) has suggested that Fbw7 

may serve as an E3 ubiquitin ligase for phosphorylated-PGC-1α via recognition of a 

conserved phospho-motif.

Here we investigated the ubiquitin-dependent regulation of PGC-1α by specific Fbw7 

isoforms. We show that the E3 ubiquitin ligase, Fbw7, regulates cellular PGC-1α levels via 

two independent mechanisms. Fbw7β, a cytoplasmic isoform, reduces cellular PGC-1α 

levels via accelerated ubiquitin-proteasomal degradation. In contrast, Fbw7α, a nuclear 

isoform increases cellular PGC-1α levels via a decrease in ubiquitin-proteasomal 

degradation. Fbw7 mutants with distinct subcellular localizations show that cytoplasmic 

Fbw7 is associated with accelerated ubiquitin-proteasomal degradation. In addition, Fbw7β 

catalyzes high molecular weight PGC-1α-ubiquitin conjugates as intermediates in 

degradation, whereas Fbw7α catalyzes low molecular weight PGC-1α-ubiquitin conjugates 

that are likely not effective degradation intermediates. Thus, Fbw7 isoforms regulate cellular 

PGC-1α levels via discrete mechanisms via the ubiquitin system.
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MATERIALS AND METHODS

Cell culture, reagents and plasmids

The human HeLa cell line, 293T and U20S cells were obtained from the American Type 

Culture Collection. C2C12 and their differentiation into myotubes has been described earlier 

(Sun et al., 2005). Cells were maintained under standard conditions using MEM containing 

10% FBS. HCT116+/+ (Fbw7+/+) wild type cells and HCT116−/− (Fbw7−/−) cells in which 

the entire Fbw7 genetic locus has been disrupted were generous gifts of Bert Vogelstein and 

Kenneth W. Kinzler (Johns Hopkins University and Howard Hughes Medical Institute) 

(Rajagopalan et al., 2004). Briefly, cells were propagated in McCoy’s 5A medium (Gibco) 

supplemented with 10% FBS and maintained in a humidified chamber at 37°C with 5% 

CO2. Isoform-specific Fbw7 targeted cell lines were derived from HCT116 and were 

generous gifts of Bruce Clurman (University of Washington) (Grim et al., 2008).

Transient transfections of HeLa and Fbw7 cells were performed using X-tremeGENE 9 

DNA Transfection Reagent (Roche) according to the manufacturer’s instructions. MG132 

was purchased from Peptides International. Primary antibodies used in this study: anti-

FLAG (M2; Sigma), anti-actin (Sigma), anti-HA (Clone 16B12) (Covance), and anti-c-Myc 

(Santa Cruz Biotechnology). Anti-PGC-1α was kindly provided by Dan Kelly (Sanford-

Burnham Medical Research Institute at Lake Nona) and HA-ubiquitin was generously 

provided by Aaron Ciechanover (Technion-Israel Institute of Technology, Haifa, Israel).

Full-length PGC-1α in the pSV-SPORT vector has been previously described (Trausch-Azar 

et al., 2010; Puigserver et al., 1998). Fbw7 isoforms were cloned into 3pX-FLAG-myc-

CMV-24 expression vector (Sigma) as described in (Welcker et al., 2004). All deletions, 

mutations and insertions to the Fbw7α construct (Fbw7α-NLSmut; Fbw7α-NLSdel; Nβ-

Fbw7α, Fbw7−ex1) were generated using the QuikChange Site-Directed Mutagenesis Kit 

(Stratagene) and fully sequenced.

RNA Extraction, cDNA Synthesis and qPCR

Reverse transcriptase qPCR was used for analysis of the mRNA levels. RNA was isolated 

using the RNeasy Mini Kit (Qiagen). Super-Script III First-Strand Synthesis System for RT-

PCR (Life Technologies, Carlsbad, CA) was used to generate cDNA using 2 ug of RNA and 

oligo dT primer, according to the manufacturer’s instructions. Equal amounts of cDNA were 

mixed with 10 ul of iTAQ Universal SYBR Green Supermix (Bio-Rad) and 250 nM of both 

forward and reverse primers. Beta-actin was amplified as an internal control.

qPCR reactions were conducted in triplicate using the MiniOpticon Real-Time PCR 

Detection System (Bio-Rad). Thermocycling conditions included a denaturation step at 

95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for one 

minute. Data was processed using Bio-Rad CFX Software Version 1.5 (Bio-Rad). Gene 

expression was quantified using the comparative Ct method. Primer sequences are available 

upon request.
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Immunofluorescence

Subcellular localization of PGC-1α, Fbw7α, Fbw7β, and Fbw7α mutants was determined by 

indirect immunofluorescence in HeLa cells. Briefly, cells were seeded onto glass coverslips 

in 6 cm dishes and transfected the following day using X-tremeGENE 9 Transfection 

Reagent (Roche). 16–20 hours after transfection, cells were washed with PBSc, a phosphate-

buffered saline solution (DPBS, Cellgro) supplemented with 100mM CaCl2 and 50mM 

MgCl2, fixed with ice-cold methanol:acetone (1:1) for 10 minutes on ice and air dried. After 

blocking in 1% BSA/PBSc, coverslips were immunostained with primary antibody to 

determine subcellular localization. After washing with PBSc, coverslips were incubated with 

the appropriate AlexaFluor 488 or 568 secondary antibodies (Invitrogen/ Molecular Probes) 

and mounted using Mowiol containing 2.5% 1,4-diazobicyclo-[2.2.2]-octane (DABCO, 

Sigma). Images were captured using an Olympus FluoView 1000 confocal laser scanning 

microscope, and Olympus FV10-ASW software v3.0.

Determination of Protein Half Life

As previously described (Trausch-Azar et al., 2010), 16–20 hours after transfection, HeLa or 

Fbw7 cells were incubated with cycloheximide (100 μg/ml, Sigma) to inhibit further protein 

synthesis. MG132 (20 μM) was added along with cycloheximide as noted. An equal number 

of cells was then lysed after 0, 0.5, 1, 2, and 3 hours in PBS containing 5% Igepal, Complete 

Protease Inhibitor Cocktail (Roche), and 1 mM DTT, for at least 30 minutes after which 

cells were sonicated, then centrifuged at 14,000 rpm for 10 minutes at 4°C in an Eppendorf 

microcentrifuge to remove cellular debris. The lysates were mixed with an equal amount of 

reducing Laemmli sample buffer (Bio-Rad) and equal amounts of sample were run on a 10% 

TGX gel (Bio-Rad) and electroblotted onto nitrocellulose (Osmonics). Blots were blocked 

with 5% milk and probed with primary antibody followed by incubation with a secondary 

horseradish peroxidase-conjugated antibody and detection by chemiluminescence (GE 

Healthcare). Actin served as an internal control. The resulting bands were quantitated using 

the Kodak EDAS system and the data was graphed using the Excel graphing program 

(Microsoft). Protein degradation rate is expressed as half-life (t½), the time for degradation 

of 50% of the protein. Half-life data reported was evaluated by ≥ 3 independent 

determinations.

Immunoprecipitation and detection of ubiquitylated proteins

Fbw7−/− cells were transfected with PGC-1α, HA-ubiquitin and Fbw7α or Fbw7β or Fbw7α 

mutants in a 1:1:1 ratio. 16–20 hours after transfection, cells were lysed in freshly prepared 

lysis buffer containing 50 mM Tris pH 8.0, 0.5% SDS, 10 mM EDTA, 0.1 mM N-

ethylmaleimide, 20 mM DTT and Complete Protease Inhibitor Cocktail (Roche), and boiled 

for 5 minutes at 95°C. Following brief sonication, cells were spun at 14,000 rpm at 4°C for 

10 minutes to remove cellular debris. Supernatants were diluted 10-fold in TNN buffer (50 

mM Tris-HCl, 120 mM NaCl, 5 mM EDTA and 0.5% Igepal). Direct immunoprecipitation 

of ubiquitinylated proteins was performed using 20 ul of EZview Red Anti-HA Affinity Gel 

(Sigma). The gel was washed, and following the addition of reducing Laemmli sample 

buffer (Bio-Rad) the immunoprecipitates were run on a 10% TGX gel and analyzed via 

Western blot. The blots were probed with polyclonal anti- PGC-1α antibody (1:1000 
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dilution) followed by incubation with a secondary horseradish peroxidase-conjugated 

antibody and detected by chemiluminescence (GE Healthcare).

Fbw7 in Fbw−/− and Fbw7+/+ Cells

Detection of endogenous and exogenous Fbw7 by Western blots of immunoprecipitates. 

Fbw7+/+ cells, Fbw7−/− cells and Fbw−/− cells transfected with Fbw7α and Fbw7β were 

lysed in RIPA buffer containing 50 mM Tris, pH 6.8, 150 mM NaCl, 1% Igepal (Sigma), 

0.5% deoxycholate and Complete Protease Inhibitor Cocktail (Roche) for 30 minutes on ice. 

Following brief sonication, cells were spun at 14,000 rpm at 4°C for 10 minutes to remove 

cellular debris. 1 mg protein of cleared supernatent was diluted to 1 ml in RIPA buffer and 

added to PureProteome Protein A Magnetic beads (Millipore) bound with 6 μg of anti-Fbw7 

antibody (Bethyl, A310–720A) per manufacturer’s instructions. Following an overnight 

incubation at 4°C, beads were washed, eluted with reducing Laemmli sample buffer (Bio-

Rad) and eluates were run on a 10% TGX gel. Proteins were transferred to nitrocellulose 

and Western blots were probed with anti-Fbw7 antibody (Bethyl, A310–720A) at 1 μg/ml 

followed by incubation with a secondary horseradish peroxidase-conjugated antibody and 

detected by chemiluminescence (GE Healthcare).

RESULTS

As an initial step toward defining the role of Fbw7 isoforms in ubiquitin-proteasome 

mediated degradation of PGC-1α, we examined the effect of Fbw7α or Fbw7β on 

endogenous PGC-1α steady state levels in HCT116 in which the entire Fbw7 genetic locus 

has been disrupted (i.e., Fbw7−/−, 17). As seen in Figure 1A, exogenous expression of 

Fbw7α substantially increases the steady state levels of endogenous PGC-1α. In contrast, 

expression of the cytoplasmic isoform, Fbw7β, significantly decreases the steady state levels 

of PGC-1α. Expression of Fbw7α or Fbw7β has a similar effect on steady state levels of 

exogenously expressed PGC-1α in all cell types examined (Fbw7−/−, wild type Fbw7+/+, 

HeLa (Figure 1B), 293 (see below), and U20S (not shown). These observations suggest that 

cellular PGC-1α protein levels are modulated differently by distinct Fbw7 isoforms, such 

that Fbw7α increases PGC-1α levels and Fbw7β decreases PGC-1α levels.

In order to determine whether the changes in PGC-1α levels are the result of changes in 

PGC-1α degradation rates, we examined the effect of Fbw7α or Fbw7β on PGC-1α half-life. 

As seen in Figure 2, in Fbw7−/− cells PGC-1α is rapidly degraded with half-life (t½) ~ 0.6h. 

Incubation with MG132, a potent and selective inhibitor of the proteasome, markedly 

slowed the rate of PGC-1α degradation, as we have shown earlier (Trausch-Azar et al., 

2010). Cotransfection of Fbw7−/− cells with Fbw7α resulted in a markedly slower rate of 

PGC-1α degradation (t½ ~ 1.8 hours). This is observed in all cell types studied (Figure 2; 

Table 1). In contrast, co-expression of Fbw7β resulted in either similar or more rapid 

degradation (t½ ~ 0.5 hours) (Figure 2, Table 1). In many experiments (see below and 

subsequent Figures) PGC-1α is often seen as a doublet, the upper band likely 

phosphorylated, as described earlier (Olson et al., 2008). In all cases, the degradation rate 

was markedly prolonged by MG132. A summary of numerous PGC-1α degradation studies 

in HeLa and Fbw7−/− cells is shown in Table 1. In both cell lines, Fbw7α stabilizes PGC-1α, 
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while Fbw7β accelerates ubiquitin-proteasome dependent degradation of PGC-1α. These 

results correlate with the effects of Fbw7α and Fbw7β on PGC-1α steady state levels.

We next examined the effect of Fbw7α or Fbw7β on endogenous PGC-1α or exogenously 

expressed PGC-1α levels in cells where either Fbw7α or Fbw7β were specifically targeted. 

Endogenous Fbw7 protein expression is seen in Fbw7+/+ cells, but not in Fbw−/− cells as 

shown previously by Welcker et al (Welcker et al., 2013; Welcker et al., 2004). Transfection 

with Fbw7 increases Fbw7 protein expression 102–103-fold (supplemental Figure 1). As 

seen in Figure 3, Fbw7α markedly increases endogenous PGC-1α levels in cells in which 

either Fbw7α or Fbw7β is targeted (Figure 3A). In contrast, expression of Fbw7β 

consistently reduces PGC-1α, albeit to a small degree (Figure 3A). When PGC-1α is 

exogenously expressed, Fbw7α increases PGC-1α levels in cells in which either Fbw7α or 

Fbw7β is targeted (Figure 3B). In contrast, Fbw7β expression markedly decreases PGC-1α 

levels in both cell types (Figure 3B). As seen earlier (Grim et al., 2008), and as expected, in 

Fbw7α targeted cells, Fbw7α mRNA is decreased and Fbw7β mRNA increased, whereas in 

Fbw7β targeted cells Fbw7β mRNA is decreased (data not shown). These data are consistent 

with our other findings that suggest Fbw7α stabilizes PGC-1α and Fbw7β accelerates 

PGC-1α degradation.

Our observations are distinct from those of Olson et al. (2008) who reported a limited (~5%, 

see Discussion) effect of Fbw7 on PGC-1α degradation. However, the N-terminus of 

PGC-1α appears to be important for its regulation and Olson et al. (2008) utilized an N-

terminally FLAG-tagged PGC-1α. In order to determine the effect of an N-terminal FLAG-

tag on Fbw7 isoform-mediated degradation of PGC-1α, we examined the effect of Fbw7α 

and Fbw7β on FLAG-PGC-1α steady state levels. As seen in supplemental Figure 2, in this 

case Fbw7α and Fbw7β each reduced cellular FLAG-PGC-1α levels 10–20%. Fbw7α and 

Fbw-7β minimally increased the rate of FLAG-PGC-1α degradation (t½~0.4 hours), as seen 

in supplemental Figure 3. Thus, a distinct free N-terminal region of PGC-1α is important for 

isoform specific regulation and N-terminal-FLAG-tagged PGC-1α degradation is not 

modulated in the same manner as non-tagged PGC-1α. Taken together, we conclude that 

Fbw7α stabilizes while Fbw7β accelerates PGC-1α degradation.

Fbw7α and Fbw7β are nuclear and cytoplasmic, respectively (Welcker and Clurman, 2008). 

We hypothesized that the different degradation rates of PGC-1α are dependent upon the 

distinct subcellular localization of Fbw7 isoforms. These isoforms differ in exon 1: Fbw7α 

contains two nuclear localization sequences (exon 1 aa 11–14 and BD1 aa 2–4). Fbw7β exon 

1, in contrast, contains a hydrophobic amino acid sequence which confers membrane 

association (Welcker et al., 2004). In order to determine if localization of Fbw7 was a 

significant determinant of PGC-1α degradation rate, we generated three Fbw7α chimeric 

proteins: Fbw7α-NLSmut (in which the two NLS residues were substituted with alanine), 

Fbw7α-NLSdel (in which the two NLS were deleted), and Nβ-Fbw7α (in which exon 1 of 

Fbw7β was placed N-terminal to Fbw7α) (Figure 4A). We determined the subcellular 

localization of the three mutants, as well as Fbw7α and Fbw7β, by confocal 

immunofluorescence. As seen in Figure 4B, Fbw7α is nuclear and Fbw7β is cytoplasmic, as 

expected. Both Fbw7α-NLSmut and Fbw7α-NLSdel were largely nuclear with many cells 

demonstrating cytoplasmic staining. Importantly, Nβ-Fbw7α was largely cytoplasmic with 
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little nuclear staining. Quantification of Fbw7α chimeric protein localization is seen in Table 

2. Thus, these chimeric proteins demonstrate a gradient of nuclear/cytoplasmic localization 

from Fbw7α to Fbw7β (Figure 4A, 4B). We next examined the colocalization of PGC-1α 

with each of the five Fbw7 species. Regardless of which Fbw7 isoform was expressed, 

PGC-1α was localized to the nucleus (Figure 4C). Colocalization of Fbw7 and PGC-1α 

depended on the degree of nuclear location of each Fbw7 isoform. With nuclear Fbw7α, 

PGC-1α and Fbw7α colocalized well. With Fbw7β, PGC-1α was nuclear whereas Fbw7β 

was cytoplasmic with essentially no colocalization. With Fbw7α-NLSmut and Fbw7α-

NLSdel, there was substantial colocalization in the nucleus, whereas with Nβ-Fbw7α there 

was not.

In order to determine if PGC-1α subcellular localization was altered in cells lacking Fbw7, 

we examined PGC-1α subcellular distribution in Fbw7+/+ and Fbw7−/− cells in the absence 

or presence of MG132. As seen in Table 3, PGC-1α localization was unaltered by Fbw7 

expression.

We next examined if changing the cellular localization of Fbw7α impacts the steady state 

level of PGC-1α. As seen in Figure 5, cellular PGC-1α level was increased by Fbw7α and 

markedly decreased by Fbw7β, similar to that seen in Figure 1. Nβ-Fbw7α, a “cytosolic” 

Fbw7α, had an effect closely similar to that of Fbw7β resulting in the destabilization of 

PGC-1α. Both Fbw7α-NLSmut and Fbw7α-NLSdel had effects intermediate between those 

of Fbw7α and Fbw7β but much closer to that of Fbw7α. The steady state levels of PGC-1α 

correlated strongly with the degree of cellular colocalization with Fbw7. When Fbw7 is 

cytosolic, PGC-1α was destabilized. When Fbw7 was nuclear, PGC-1α, also nuclear, was 

stabilized. Thus, Fbw7 isoform localization appears to be a major determinant of its ability 

to modulate PGC-1α cellular levels.

We also examined the effect of these Fbw7 chimeric proteins on PGC-1α degradation rate. 

As seen in Figure 6, Fbw7α decreased and Fbw7β increased the rate of PGC-1α 

degradation, similar to that seen in Figure 2. Nβ-Fbw7α had an effect closely similar to that 

of Fbw7β (Figure 6F), whereas both Fbw7α-NLSmut and Fbw7α-NLSdel (Figure 6D, 6E) 

had effects intermediate between those of Fbw7α and Fbw7β but much closer to that of 

Fbw7α. Thus, as with the results seen at steady state (Figure 5), Fbw7 isoform localization 

appears to be a major determinant of its ability to modulate PGC-1α degradation.

As Fbw7α and Fbw7β differ only in exon 1, we examined the effect of exon1-less Fbw7α 

(Fbw7−ex1) on the steady state level of PGC-1α, the PGC-1α degradation rate, and 

subcellular localization. As seen in supplemental Figure 4, cellular PGC-1α level was 

markedly decreased by Fbw7−ex1. Under these conditions, PGC-1α degradation rate was 

t½~0.5 hours. As expected, Fbw7−ex1 was diffusely present throughout the nucleus and 

cytoplasm, since the nuclear localization sequence of Fbw7α-exon1 was deleted and the 

minor nuclear localization within exon 2 was still present. Thus, Fbw7 isoform localization 

appears to be a major determinant of its ability to modulate PGC-1α degradation.

We next evaluated whether the isoform-specific effects of Fbw7 were confined to PGC-1α 

or were more general. Welcker et al. (Sun et al., 2005; Welcker et al., 2004) and Wei et al. 
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(2005) have shown that Fbw7α and Fbw7β each accelerate ubiquitin-proteasome-dependent 

degradation of c-Myc and c-Jun, respectively. We examined the degradation of c-Myc 

(supplemental Figure 5), and find that cellular (c-Myc) levels are reduced by both Fbw7α 

and Fbw7β, with the Fbw7α effect greater than the Fbw7β effect. Thus, the differential 

isoform specific impact of Fbw7α and Fbw7β on PGC-1α degradation is substrate-specific 

and does not appear to be universal among all Fbw7 substrates.

Among the possibilities that confer localization-specific effects of Fbw7 on PGC-1α 

ubiquitin-proteasome dependent degradation are differences in the composition of the E2 

and accessory proteins that will determine the pattern of substrate-ubiquitin conjugates (i.e., 

PGC-1α-ubiquitin conjugates), as well as differences in isopeptidase processing of the 

substrate-ubiquitin conjugates and subsequently proteasomal recognition and degradation. 

As an initial step to approach these issues we examined the pattern of cellular PGC-1α-

ubiquitin conjugates formed in the presence of Fbw7α, Fbw7β or their derived chimeric 

proteins. Using immunoprecipitation-Western blot analysis we examined specifically 

PGC-1α-ubiquitin conjugates. Cellular PGC-1α ubiquitin conjugates formed in cells in the 

presence of Fbw7β are typical of the “high molecular weight” conjugates formed with 

substrates as intermediates in their degradation (Finley, 2009; Finley et al., 2012). In 

contrast, PGC-1α ubiquitin conjugates formed in the presence of Fbw7α are mostly low 

molecular weight species and far less “high molecular weight” conjugates are observed. 

Conjugates formed in the presence of Fbw7α-NLSmut or Fbw7α-NLSdel are intermediate 

between those found with Fbw7β and with Fbw7α with substantial low molecular weight 

species. Conjugates formed in the presence of Nβ-Fbw7α are also intermediate between 

Fbw7β and Fbw7α, but with an abundance of “high molecular weight” species. As seen in 

Figure 7, ubiquitin-protein conjugates were readily detected under all experimental 

conditions examined; as expected ubiquitin-protein conjugates were more abundant in the 

presence of MG132. This pattern of PGC-1α-ubiquitin conjugates precisely correlates with 

the levels of PGC-1α and the nuclear/cytoplasmic localization of the five Fbw7 species. 

Thus, distinct Fbw7 isoforms localized to specific subcellular compartments provide 

specificity for ubiquitin-conjugates of PGC-1α. Future experiments will examine these 

regulatory pathways in physiologically relevant tissues (e.g., skeletal muscle, adipose tissue, 

and heart).

DISCUSSION

PGC-1α is an inducible master regulator of cellular energy metabolism. Cellular PGC-1α 

levels are controlled in a dynamic state dictated by the balance of its synthesis and 

degradation. PGC-1α is rapidly degraded (t½ ~ 0.3–0.5 hours) in the nucleus via the N-

terminus-dependent ubiquitin-proteasome pathway (Trausch-Azar et al., 2010). Our 

investigation of the molecular mechanisms underlying PGC-1α degradation revealed a key 

isoform- and localization-specific role for Fbw7, an E3 ubiquitin ligase. The following lines 

of evidence support this conclusion: (i) expression of Fbw7β markedly reduces steady state 

PGC-1α cellular levels; (ii) expression of Fbw7β increases the degradation rate of PGC-1α; 

(iii) this accelerated degradation rate is proteasome (i.e., MG132)-dependent; (iv) Fbw7β is 

associated with a “high molecular weight” PGC-1α-ubiquitin conjugate pattern; (v) chimeric 

protein mutants of Fbw7 which contain the β-specific exon 1 fused to Fbw7α correlate with 
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PGC-1α enhanced degradation. Furthermore, Fbw7α confers stability (i.e., decreased 

degradation rate) on PGC-1α. The following lines of evidence support this conclusion: (i) 

expression of Fbw7α increases steady state PGC-1α cellular levels; (ii) expression of 

Fbw7α decreases the degradation rate of PGC-1α; (iii) Fbw7α is associated with a PGC-1α-

ubiquitin conjugate pattern with low molecular weight species; (iv) mutants of Fbw7α, a 

nuclear protein, which are localized to the cytoplasm (where Fbw7β is localized) increase 

PGC-1α degradation.

PGC-1α is a ubiquitin-dependent rapidly degraded protein; yet the E3 ubiquitin ligase(s) 

which govern ubiquitin conjugation to PGC-1α have remained elusive. We have herein 

described the role of Fbw7 isoforms in PGC-1α degradation. Fbw7, a component of SCF 

ubiquitin ligases, promotes ubiquitin-proteasome dependent degradation of the nuclear 

oncoproteins c-Myc and c-Jun, the Notch intracellular domain (NICD) and cyclin E 

(Welcker and Clurman, 2008). Fbw7 isoform-specific cellular localization is conferred by α- 

and β-specific first exons with Fbw7α localized to the nucleoplasm and Fbw7β localized to 

the ER/Golgi within the cytoplasm (Welcker et al., 2004). As described herein we find that 

Fbw7β is associated with accelerated ubiquitin-proteasome dependent degradation on 

PGC-1α whereas Fbw7α is associated with stabilized PGC-1α. Yet, both Fbw7α and Fbw7β 

promote c-Myc and c-Jun ubiquitination and degradation despite the localization of Fbw7α 

to the nucleus and Fbw7β to the cytoplasm (Welcker et al., 2004) (supplemental Figure 5).

There are many classic PGC-1α targets that are reported to be affected by changes in 

cellular PGC-1α levels. Others have shown an increase in mRNA levels of downstream 

targets of PGC-1α (including ERRα and MCAD (medium chain acyl CoA dehydrogenase)) 

following its expression in C2C12 myotubes and cardiac myocytes using Northern blots 

(Wu et al., 1999; Huss et al., 2002). Using qPCR, we found that Fbw7α- and Fbw7β-

mediated changes in cellular PGC-1α levels induced minor increases in ERRα and MCAD 

expression in C2C12 myotubes, Fbw7−/− and HeLa cells (not shown). Fbw7α had a greater 

effect than Fbw7β (supplemental Figure 6).

Nonetheless, the difference in the Fbw7β versus Fbw7α effect on PGC-1α degradation 

appears to be directly related to the cellular localization of the Fbw7 species. This is seen 

with Fbw7α, Fbw7β, and the chimeric protein mutants (Figures 4, 5, 6, and 7). Cytoplasmic 

localization is associated with rapid degradation, whereas nuclear localization is associated 

with stability.

Interestingly, the yeast ortholog of Fbw7 is Cdc4 which functions within the SCFCdc4 

complex and is exclusively localized to the nucleus. Cdc4 is required for the ubiquitin-

proteasome-dependent degradation of Far1 (Henchoz et al., 1997). In the nucleus SCFCdc4 

ubiquitinates Far1, which is then degraded by nuclear proteasomes while cytoplasmic Far1 

is stabilized (Blondel et al., 2000). Thus, as for PGC-1α, subcellular localization of Cdc4 

restricts degradation of Far1 to the nucleus. Interestingly, and along this line, in flies mutant 

for the Drosophila Fbw7 ortholog Archipelago (Ago), dMyc accumulates in the cytoplasm 

(Moberg et al., 2004).
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Nuclear PGC-1α is likely to be tightly regulated by multiple ligases under different 

physiological conditions, as we find that PGC-1α is rapidly degraded in a ubiquitin-

proteasome-dependent manner in Fbw7−/− cells (Figure 2). Furthermore, we have previously 

identified an N-terminal-dependent ligase with function predominantly within the nucleus, 

which is involved in targeting active PGC-1α for degradation (Trausch-Azar et al., 2010). 

Thus, under the normal physiological state Fbw7 is not the major ligase responsible for 

PGC-1α degradation. Indeed, it is possible that the Fbw7 effects are indirect, whereby Fbw7 

could promote the degradation of another protein which either accelerates or stabilizes the 

degradation of PGC-1α. Furthermore, combining our data with that of Olson et al. (2008), it 

is likely that the N-terminal region of PGC-1α mediated isoform selectivity. However, their 

studies were performed with N-terminally FLAG-tagged PGC-1α. In order to determine the 

effect of an N-terminal-FLAG-tag on Fbw7 isoform-mediated degradation of PGC-1α, we 

examined the effect of Fbw7α or Fbw7β on FLAG-PGC-1α steady state levels. As seen in 

supplemental Figure 2, Fbw7α and Fbw7β each reduced cellular FLAG-PGC-1α levels 10–

20%. Fbw7α and Fbw7β minimally increased the rate of FLAG-PGC-1α degradation (t½ ~ 

0.4 hours) as seen in supplemental Figure 3. Thus, N-terminal-FLAG-tagged PGC-1α 

degradation is not modulated in the same manner as PGC-1α.

Compartmentalized degradation provides one mechanism whereby specific protein 

substrates are degraded dependent upon their subcellular localization (Blondel et al., 2000; 

Lingbeck et al., 2003; Lingbeck et al., 2005; Sun et al., 2008; Putters et al., 2011). Herein, 

localized degradation may be a general mechanism to regulate various biological processes 

in a spatial and temporal manner. Our observations with Fbw7β and Fbw7α present an 

interesting paradigm, wherein PGC-1α’s interaction with Fbw7 appears to be atypical of 

many other Fbw7 substrates and, thus, may offer additional insights into regulation of the 

ubiquitin-proteasome system and compartmentalized degradation. Herein, Fbw7α actively 

stabilizes PGC-1α within the nucleus and this is associated with differential ubiquitination. 

It should be noted, however, that this effect may not be direct, i.e., some factor in the 

nucleus may either prevent the formation of high molecular weight conjugates or trim large 

to small conjugates. This mechanism of enhancing or regulating nuclear protein stability via 

differential ubiquitination may well impact a variety of cellular processes.

The roles of Fbw7α in substrate degradation are complex. Recently, Welcker et al. (2013) 

have shown that the dimerization of Fbw7 via multiple interaction sites provides an 

additional degree of control by regulating Fbw7 stability and thus substrate recognition and 

degradation. However, while many substrates (e.g., c-Myc, c-Jun) appear to be ubiquitinated 

by Fbw7α, for other substrates (e.g., cyclin E) Fbw7α serves as a co-factor for subsequent 

ubiquitination via Fbw7γ. In in vitro reconstitution studies, Bhaskaran et al. (2013) suggest 

that Fbw7α facilitates isomerization of a non-canonical proline-proline bond in the cyclin E 

degron by prolyl cis-trans isomerase Pin1. This isomerization is required for subsequent 

binding and ubiquitination by SCFFbw7γ and proteasome-dependent degradation within the 

cell nucleolus. Furthermore, Min et al. (2012) provide evidence that Pin1 interacts directly 

with Fbw7α in a phosphorylation-dependent manner, disrupting Fbw7α dimerization and 

promoting Fbw7α self-ubiquitination and subsequent degradation. In this regard, it is 

possible that Pin1 interacts with Fbw7α such that Fbw7α is unable to generate “high 
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molecular weight” ubiquitin conjugates with PGC-1α (Figure 7). Future studies will address 

the roles of Pin1 and Fbw7γ in Fbw7α-mediated PGC-1α stability.

Thus, while the precise molecular details remain to be established, these studies provide 

evidence that the mechanisms responsible for Fbw7α interactions with itself and its 

substrates are regulated at several levels including those of ubiquitination, phosphorylation, 

and dimer formation.

We observe that while Fbw7β promotes PGC-1α ubiquitination and proteasomal 

degradation, Fbw7α stabilizes PGC-1α. This is seen not only in Fbw7−/− cells lacking 

endogenous Fbw7 isoforms, but in Fbw7 expressing Fbw7+/+ and HeLa cells, independent 

of the level of Fbw7 expression. Thus, while the Fbw7α-dependent machinery is involved in 

active nuclear stabilization of selected proteins, the mechanism(s) is yet to be elucidated. 

Until recently, the generally accepted paradigm had been that “high molecular weight,” 

polyubiquitin-tagged substrates are recognized and degraded by the 26S proteasome. The 

minimal ubiquitin oligomer required for proteasomal recognition was shown to be a tetra-

ubiquitin chain (Thrower et al., 2000). Recently, however, monoubiquitination, as well as 

multiple monoubiquitination recognition and degradation, has been demonstrated (e.g., 

PAX3 (Boutet et al., 2007)). Most recently Shabek et al. (2012) have shown that a single 

ubiquitin moiety fused to a polypeptide of ~150 residues is sufficient for proteasomal 

targeting and degradation. These observations thus suggest that the ubiquitin signal for 

proteasomal recognition is adaptable and context dependent, and that chain structure and 

internal ubiquitin linkage (i.e., Lys48, Lys 63, etc.) are critical determinants for the fate of 

ubiquitylated proteins. Indeed, our observation that PGC-1α-ubiquitin conjugates generated 

in vivo with Fbw7α differ dramatically from those generated with Fbw7β (Figure 7) is 

consistent with this notion. Yet to be resolved is whether these ubiquitin conjugates of 

PGC-1α are polyubiquitin chains, multiple monoubiquitinations (PGC-1α contains 50 lysine 

residues) or some combination. These differences may also stem from distinct nuclear 

interactions of Fbw7α with ubiquitin conjugating proteins (E2s), chain linkage specificity, 

or lack of chain elongation, such as those catalyzed by HUL5-like enzymes that are required 

for processive degradation of substrates for the proteasome (Aviram and Kornitzer, 2010) or 

that enhance nuclear retention of active PGC1α or both. Importantly, these observations 

have discovered a novel layer of regulation of the tumor suppressor Fbw7 that is both 

isoform specific and substrate specific. Understanding the molecular details surrounding this 

selectivity, the ubiquitin machinery involved and the identification of similar substrates have 

implications for further understanding Fbw7 biology, possibilities that will be evaluated in 

future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Differential effect of Fbw7α and Fbw7β on PGC-1α protein steady state levels
A. To examine endogenous PGC-1α, Fbw7−/− cells were transfected with empty vector, 

Fbw7α or Fbw7β. 18h later cells were lysed and evaluated via SDS-PAGE and Western 

blotting for endogenous PGC-1α and actin (upper panel). Quantification of seven 

independent experiments (lower panel). B. HeLa, Fbw7−/− or Fbw7+/+ cells were transfected 

with PGC-1α with or without Fbw7α or Fbw7β. 18h later cells were lysed and evaluated via 

SDS-PAGE and Western blotting for PGC-1α and actin (as a loading control) (upper panel). 

Quantification of six independent experiments (lower panel).
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FIGURE 2. Fbw7 isoform specific impact on PGC-1α degradation rate
18h after transfection with the indicated plasmids, Fbw+/+ (A) or Fbw7−/− (B, C, D) cells 

were treated with CHX +/− MG132. Cells were thereafter lysed at 0, 0.5, 1, 2, and 3h and 

were evaluated for PGC-1α degradation via SDS-PAGE, Western blotting for PGC-1α. The 

pixels for each band were measured and normalized so that the number of pixels at t=0 was 

100%. The log10 of the percent of pixels was plotted versus time for each time point and the 

t½ was calculated from the log of 50%.
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FIGURE 3. Effect of Fbw7α and Fbw7β on PGC-1α steady state levels in isoform-specific Fbw7 
targeted cells
A. Effects of Fbw7α and Fbw7β on endogenous PGC-1α in Fbw7α-targeted and Fbw7β-

targeted cells. B. Effects of Fbw7α and Fbw7β on exogenously expressed PGC-1α in 

Fbw7α-targeted and Fbw7β-targeted cells. Details are provided in legend to Figure 1.
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FIGURE 4. Confocal microscopic localization of Fbw7 isoforms in the absence and presence of 
exogenous PGC-1α

18h after transfection with Fbw7 isoforms alone or cotransfected with PGC-1α, HeLa cells 

were fixed and localization of Fbw7 isoforms and PGC-1α was visualized with anti-FLAG 

(Fbw7) (B, C) and anti-PGC-1α via double-label confocal immunofluorescence (C). Panel A 

diagrams the Fbw7 isoforms examined in B and C and indicates the subcellular localization 

as shown in Table 2.
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FIGURE 5. Effect of Fbw7α chimeric protein mutants on PGC-1α steady state levels
Fbw7−/− cells were transfected with PGC-1α with or without Fbw7α, Fbw7β, or Fbw7α 

mutants (Fbw7α-NLSmut; Fbw7α-NLSdel; Nβ-Fbw7α). 18h later cells were lysed and 

evaluated via SDS-PAGE and Western blotting as described in Figure 1.
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FIGURE 6. Effect of Fbw7 chimeric protein mutants on PGC-1α degradation rate
18h after transfection of the indicated plasmids, Fbw7−/− cells were treated with CHX and 

thereafter lysed at 0 or 2h and evaluated for PGC-1α degradation via SDS-PAGE, Western 

blotting for PGC-1α as described in Figures 2 and 4.
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FIGURE 7. Effect of Fbw7α and Fbw7β on ubiquitin conjugates of PGC-1α

Fbw7−/− cells, +/− MG132, were transfected with PGC-1α, Fbw7α, Fbw7β, Fbw7α mutants 

and HA-ubiquitin, as noted. 18h later, cells were lysed, aliquots were Western blotted with 

anti-HA (panel A, B) to detect total cellular ubiquitin-protein conjugates or with anti-

PGC-1α (panel C, D) to detect total cellular PGC-1α. Additional aliquots were 

immunoprecipitated with anti-HA and thereafter Western blotted for PGC-1α (panel E) to 

determine specific ubiquitin-PGC-1α conjugates. Ubiquitin-PGC-1α conjugates are marked 

by bracket. Low molecular weight conjugates are seen below ~225 kDa.

Trausch-Azar et al. Page 22

J Cell Physiol. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trausch-Azar et al. Page 23

Table 1

Summary of Fbw7α or Fbw7β on PGC-1α degradation rates.

PGC-1α +Fbw7α +Fbw7β

HeLa 0.3 +/− 0.02h (38) 2.9 +/− 0.4h (17) 0.2 +/− 0.02h (7)

Fbw7−/− 0.8 +/− 0.09h (18) 2.0 +/− 0.5h (10) 0.6 +/− 0.04h (9)

PGC-1α degradation rates in the presence of Fbw7α or Fbw7β were determined as described in Figure 2. Figures indicate mean +/− SEM (number 
of independent determinations).
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Table 2

Subcellular distribution of Fbw7α chimeric proteins.

% Nuclear % N≫C % N~C % Cyto

Fbw7α 88 12 0 0

Fbw7α-NLSmut 0 77 5 18

Fbw7α-NLSdel 0 73 4 23

Nβ-Fbw7α 0 10 6 84

Fbw7β 0 3 6 91

Subcellular localization of each Fbw7α chimeric protein was quantified and expressed as % nuclear, % N≫C, % N~C, and % cytoplasmic. 
Localization of Fbw7α and Fbw7β served as controls.
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Table 3

Subcellular distribution of PGC-1α in Fbw7+/+ and Fbw7−/− cells.

% Nuclear % N≫C % N~C % Cyto

Fbw7+/+ 0 93 7 0

Fbw7+/+ + MG132 0 95 5 0

Fbw7−/− 0 90 9 1

Fbw7−/− + MG132 0 96 3 1

Subcellular localization of PGC-1α protein +/− MG132 was quantified and expressed as % nuclear, % N≫C, % N~C, and % cytoplasmic. Fbw7α 

and Fbw7β served as controls.
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