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Abstract

Control of cellular proliferation is critical to cell viability. The F-box protein Fbw7 (hAgo/hCdc4/FBXW7) functions as a
specificity factor for the Skp1-Cul1-F-box protein (SCF) ubiquitin ligase complex and targets several proteins required for
cellular proliferation for ubiquitin-mediated destruction. Fbw7 exists as three splice variants but the mechanistic role of each
is not entirely clear. We examined the regulation of the Fbw7-c isoform, which has been implicated in the degradation of c-
Myc. We show here that Fbw7-c is an unstable protein and that its turnover is proteasome-dependent in transformed cells.
Using a two-hybrid screen, we identified a novel interaction partner, SLP-1, which binds the N-terminal domain of Fbw7-c.
Overexpression of SLP-1 inhibits the degradation of Fbw7-c, suggesting that this interaction can happen in vivo. When
Fbw7-c is stabilized by overexpression of SLP-1, c-Myc protein abundance decreases, suggesting that the SCFFbw7-c complex
maintains activity. We demonstrate that Cdk2 also binds the N-terminal domain of Fbw7-c as well as SLP-1. Interestingly, co-
expression of Cdk2 and SLP-1 does not inhibit Fbw7-c degradation, suggesting that Cdk2 and SLP-1 may have opposing
functions.
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Introduction

Ubiquitin-mediated proteolysis is critical for cellular prolifera-

tion and proteins that function in this pathway often contribute to

tumorigenesis. The F-box protein Fbw7 (hAgo/hCdc4/FBXW7)

functions as a specificity factor for the modular Skp1-Cul1-F-box

protein (SCF) ubiqutin ligase complex. Fbw7 is a tumor suppressor

and the Fbw7 locus is mutated in many human cancer cell lines

and primary tumors (reviewed in [1]). In mice, the FBXW7 locus

is required for viability [2,3] but Fbxw7+/2 heterozygotes exhibit

increased incidence of tumor formation relative to wildtype

animals [4].

The SCFFbw7 complex targets a number of proteins required for

cellular proliferation for ubiquitination and subsequent degrada-

tion by the proteasome, including cyclin E, c-Jun, c-Myc, mTOR,

Notch, PGC1a, and SREBP [5–17]. The domain structure of

Fbw7 includes the conserved F-box domain, required to bind Skp1

for SCF complex assembly, and eight WD40 repeats in the C-

terminus [5–7]. The interaction of Fbw7 with its substrates is

mediated through a phosphodegron motif first identified in cyclin

E [18]. Structural studies show that conserved arginine residues in

the WD40 repeat region of both Fbw7 as well as Cdc4, the yeast

ortholog of Fbw7, are important for binding to the phosphodegron

motif [19,20]. The N-terminus of Fbw7 contains residues

important for cellular localization [12,21], but is not well studied.

Fbw7 is conserved from yeast to humans, but only mammals

exhibit splice variants. In humans, there are three splice variants

of Fbw7, a, b, and c, which arise from the use of independent

first exons [22]. Thus, each isoform has a unique N-terminus.

The a isoform is widely expressed at high levels in many tissues,

whereas the b and c isoforms are expressed at high levels in

brain and skeletal muscle and in low levels in many other

tissues [22]. Nevertheless, the precise role and significance of

each Fbw7 splice variant is not well understood. Since Fbw7-a
is the most highly expressed Fbw7 variant in most tissues [22],

it is widely thought that this isoform is largely responsible for

the ubiquitination of most Fbw7 targets, although there is

evidence indicating that Fbw7-c may be the key isoform in

specific situations. A recent study in which isoform-specific

knockout cell lines were generated is consistent with the Fbw7-a
is primary model [21]. By contrast, other work suggests that

Fbw7-c is specific for the ubiquitination of c-Myc [12], whereas

Fbw7-a is prevented from targeting c-Myc for degradation

because of the action of a de-ubiquitinating enzyme [23]. In

addition, there is evidence that Fbw7-a is key to a proline

isomerization step that is required for the recognition of cyclin

E by Fbw7-c. In this model, the binding of cyclin E to Fbw7-a
is simply a precursor to ubiquitination via Fbw7-c [24]. Finally,

expression levels of cyclin E may also play a role in determining

which Fbw7 variant is utilized [25].

To better understand the function of Fbw7-c, we examined

the regulation of this protein. We found that Fbw7-c is an

unstable protein, consistent with a recent report [21]. We show

here that Fbw7-c turnover is proteasome-dependent in trans-
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formed cells. We have identified a novel interaction partner

called SLP-1 that binds the unique N-terminal domain of Fbw7-

c and inhibits its degradation when overexpressed. The

abundance of c-Myc significantly decreases when SLP-1

overexpression inhibits Fbw7-c degradation, suggesting that

SLP-1 interaction with Fbw7-c does not inhibit SCF activity.

Both SLP-1 and Fbw7-c also co-immunoprecipitate with Cdk2.

Interestingly, SLP-1 overexpression cannot inhibit Fbw7-c
degradation when Cdk2 is also overexpressed, suggesting that

Cdk2 and SLP-1 may have opposing regulatory roles with

respect to Fbw7-c.

Materials and Methods

Cell Culture and Reagents
HEK293T and Hela cells (obtained from ATCC) were

maintained in Dulbecco’s Modified Eagle’s Medium (HyClone)

with 10% Newborn Bovine Serum (Atlanta Biologicals), with 5%

CO2.

Cell Transfection and Infection
HEK293T cells were transfected with Lipofectamine2000

(Invitrogen) according to manufacturer’s instructions. 40 hours

after transfection, cells were washed with PBS (137 mM NaCl,

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) and collected.

Generation of Expression Constructs
Fbw7 isoform constructs have been described [26]. SLP1 was

cloned using EcoRI and SalI sites in the p3xFlag-CMV 7.1 vector

(Sigma). Myc-tagged SLP1 and Fbw7 were cloned into

pCS2+Myc vector or pcDNA3.1Myc/His vector. The deletion

mutants of Fbw7-c were cloned into p3X FLAG-CMV 7.1

expression vector (Sigma) by two-step PCR. A complete list of the

constructs used in this study is shown in Table 1.

Western Blot Analysis and Reagents
Cell lysates were prepared in NETN buffer (20 mM Tris

pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40) containing

1 mM NaF, 2.5 mM b-glycerophosphate and protease inhibitor

cocktail (Roche Applied Science). Protein concentrations were

determined by the Bio-Rad protein assay (Bio-Rad Laboratories,

Inc). Cell lysates were resolved by SDS-PAGE and electrophoret-

ically transferred to nitrocellulose membrane. Membranes were

blocked in PBST (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 2 mM KH2PO4, 0.5% Tween-20) containing 5%

milk for at least 40 minutes at room temperature. Blots were

probed with primary antibodies followed by labeling with

horseradish peroxidase conjugated anti-mouse or anti-rabbit

secondary antibody (Jackson Immunoresearch). Following anti-

body incubation, blots were developed on film using an Enhanced

Chemiluminescence kit (PIERCE) according to the manufacturer’s

instructions. Densitometry of immunoblot bands was measured

using NIH ImageJ. The primary antibodies used included: anti-

Cdk2 antibody (M2, Santa Cruz), anti-Flag M2 antibody (Sigma),

anti-HA (HA.11, Covance Research), anti-Myc (9E10, Covance

Research), anti-GAPDH (Abcam), and anti-tubulin (a generous

gift from Dr. Sean Conner).

Two-hybrid Screen
The screen used the pretransformed HeLa cDNA library with

the Matchmaker kit (Clontech) and was performed according to

manufacturer’s instructions. Beta-galactosidase assays were per-

formed as described [27].

Co-immunoprecipitation Assays
Cells were lysed with NETN lysis buffer, and 200–500 ml of cell

lysate was incubated with antibody at 4uC for 4 hours, then 20 ml

of protein A/G agarose slurry (Santa Cruz Biotechnology) was

added for another 2 hours or overnight. The beads were washed

three times with at least 10 volumes of NETN lysis buffer before

resolving by SDS-PAGE.

Protein Stability Assays
HEK293T cells were transfected with the construct(s) of

interest. 36 to 40 hours after transfection, cycloheximide (Sigma)

was added to a final concentration of 20 mg/ml to stop protein

synthesis. Cell extracts from each time point were analyzed by

Western blotting. For proteasome inhibition, LLnL was added to

the cells at 50 mg/ml (Sigma) 5 hours before the stability assay.

Table 1. Plasmids used in this study.

Name Description Reference

pFlag-Fbw7-b CMV promoter, Flag-Fbw7-b [40]

pFlag-Fbw7-c CMV promoter, Flag-Fbw7-c [40]

p3xFlag-Fbw7-c unique CMV promoter, Flag-Fbw7-c residues 1–49 This study

p3xFlag-Fbw7-c K-A CMV promoter, Flag-Fbw7-c K3A K6A K19A K22A K32A This study

p3xFlag-Fbw7-c DF-box CMV promoter, Flag-Fbw7-c D166–206 This study

p3xFlag-Fbw7 common CMV promoter, Flag-Fbw7 residues 50–589 This study

pCS2+MT Fbw7-c CMV promoter, 6MYC-Fbw7-c This study

pCS2+MT Fbw7-c Nterm CMV promoter, 6MYC-Fbw7-c residues 1–49 This study

p3xFlag-SLP-1 CMV promoter, Flag-SLP-1 This study

pCS2+MT-SLP-1 CMV promoter, 6MYC-SLP-1 This study

HA-Cdk2 CMV promoter, HA-Cdk2 [41]

HA-Cdk2-DN CMV promoter, HA-Cdk2 D146N [41]

pAS2-Fbw7-c N-term ADH1 promoter, GAL4(1–147)HA-Fbw7-c residues 1–49 TRP1 This study

c-Myc CMV promoter, c-Myc K. Conklin (U. Minnesota)

doi:10.1371/journal.pone.0047736.t001
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Protein Fractionation Assay
26106 transfected cells were harvested and washed twice with

ice-cold PBS followed by resuspension in buffer A (10 mM

HEPES-K+ pH7.5, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT)

in the presence of protease inhibitor cocktail (PIC). Cells were

pelleted by spinning at 10006rpm 5 min and lysed in ice-cold

buffer A containing 0.5% NP-40 with PIC on ice for 10 min. The

nuclei were pelleted at 3,000 rpm for 2 min at 4uC. The

supernatant was collected as the cytoplasmic fraction. Nuclear

pellets were washed with buffer A and then resuspended in buffer

C (20 mM HEPES-K+ pH 7.9, 420 mM NaCl, 0.2 mM EDTA,

1.5 mM MgCl2, 0.5 mM DTT, 25% Glycerol) with PIC. Nuclei

were incubated on ice for another 30 min with occasional vortex.

Supernatant containing nuclear protein was collected by spinning

at 14,500 rpm for 10 min at 4uC.

Immunofluorescence Microscopy
HEK293T cells transfected with epitope-tagged expression

constructs were grown on cover slides for 40 h. Cells were fixed

with a 3% paraformaldehyde 2% sucrose solution for 10 min at

room temperature. Cells were permeabilized in ice-cold 0.5%

Triton X-100 solution (0.5% Triton X-100, 20 mM HEPES

pH 7.4, 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose) on ice for

5 min. and blocked with 1% bovine serum albumin in PBS

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4)

at 37uC for 30 min. Cells were incubated with anti-Flag (1:2000),

anti-Myc (9E10, 1:1000) or anti-HA (HA.11, 1:1000) antibodies at

37uC for 30 min. followed by incubation with anti-mouse FITC-

conjugated secondary antibodies (1:5000) for 20 min at 37uC.

Images were collected on a Zeiss Axioskop 2 microscope equipped

with a Zeiss Axiocam R2 digital camera using Zeiss Axiovision

software release 3.1 (Carl Zeiss, Thornwood, NY).

Results

Fbw7-c Proteolysis is Regulated by a Unique N-terminal
Domain and Cell Cycle Stage

The Fbw7 isoforms (Figure 1A) exhibit differences in protein

stability. Previous work indicated that the b and c isoforms were

unstable proteins, whereas the a isoform is stable [21]. We observe

similar results in a protein stability assay using epitope-tagged

Fbw7 constructs expressed in human HEK293T cells (Figure 1B,

lanes 1–4). Briefly, cells expressing the indicated Fbw7 isoform

were treated with the protein synthesis inhibitor cycloheximide

and their turnover was monitored over time by immunoblotting.

The turnover of the b and c isoforms is inhibited when cells are

also treated with a proteasome inhibitor, LLnL (Figure 1B, lanes

5–8), suggesting that they are targeted for proteasome-mediated

degradation.

The Fbw7 isoforms arise from the use of a unique first exon, but

are otherwise identical [22]. We chose to focus our studies on the

degradation of Fbw7-c, as this protein has proposed roles in

targeting cyclin E and c-Myc for degradation in cancer cells

[12,24]. We reasoned that the N-terminal domain of Fbw7-c
might contribute to its protein stability characteristics. Thus, we

examined the proteolysis of this domain compared to the full-

length protein as well as mutants that lack the unique domain or

the F-box region, respectively (Figure 1C). Both the unique N-

terminal fragment of Fbw7-c and the DF-box mutant exhibited

partial stabilization of the protein compared to full-length Fbw7-c,

although the stabilization of the unique domain was relatively

modest. By contrast, the Fbw7 common region, which contains the

F-box motif but no unique sequence, was surprisingly stable.

These results suggest that the N-terminal domain of Fbw7-c plays

an important role in the turnover of Fbw7-c and that Fbw7-c
proteolysis is not fully controlled by an autoubiquitination

mechanism that has been shown for other F-box proteins [28].

It also appears to be distinct from the recently described Plk2-

mediated degradation of Fbw7, which requires phosphorylation of

a residue in the common region to trigger degradation [29]. In

addition, when the lysines in the c isoform N-terminal fragment

were mutated, the protein was significantly stabilized (Figure 1D),

consistent with a model in which Fbw7-c can be targeted for

degradation by the ubiquitin proteasome pathway via the N-

terminal domain.

Identification of SLP-1 as an Fbw7-c Specific Interaction
Partner that Inhibits Fbw7-c Turnover

We hypothesized that regulation of Fbw7-c protein stability

would be controlled via binding partners that were able to

recognize its N-terminus. To find interaction partners for Fbw7-c,

we performed a two-hybrid screen using the Fbw7-c N-terminal

domain as bait. We identified a novel interactor, SLP-1 (stomatin-

like protein 1) using a HeLa cDNA library (data not shown). SLP-1

is a stomatin-like protein and is not well characterized [30].

Stomatins and stomatin-like proteins have been proposed to

function in neuronal signaling in other systems [31,32], but a

function for SLP-1 has not been identified. The interaction

between Fbw7-c and SLP-1 was examined by reciprocal co-

immunoprecipitation experiments (Figure 2A). In these experi-

ments, Fbw7-c and SLP-1 co-precipitated with each other. We

examined the expression of each protein by indirect immunoflu-

orescence microscopy to determine whether the proteins might

indirectly interact by forming aggregates (Figure S1). Under these

conditions, we did not observe the formation of aggregates,

suggesting soluble Fbw7-c and SLP-1 may interact with each

other.

We next considered whether Fbw7-c and SLP-1 might be co-

localized. Our previous immunofluorescence experiment suggest-

ed that SLP-1 and Fbw7-c might localize to both the nucleus and

cytoplasm, at least when overexpressed. However, the intensity of

the signal in either the nucleus or cytoplasm varied a bit depending

on the construct used. We suspect this difference was related to

expression levels or antibody efficiency as we consistently observed

stronger signals with the Flag-tagged expression vectors. The

localization of Fbw7-c has been reported as either nuclear or

nucleolar, depending on cell type [12,21], whereas stomatin-like

proteins are predicted to be cytoplasmic [33]. The Flag-tagged

form of Fbw7-c exhibited the strongest signal in the nucleus

whereas Flag-tagged SLP-1 exhibited the strongest signal in the

cytoplasm when localized by immunofluorescence, thus we

reasoned that these proteins would provide a more stringent test

for co-fractionation than the myc-tagged proteins. To examine this

further, cells expressing Flag-tagged Fbw7-c and Flag-tagged SLP-

1 were fractionated into cytoplasmic and nuclear extracts and then

probed for the presence of Fbw7-c or SLP-1 (Figure 2B). We

observed that Flag-tagged Fbw7-c was found predominantly in the

nuclear fraction but that there was a substantial cytoplasmic

population as well (Figure 2B, lanes 3 and 4). Likewise, Flag-

tagged SLP-1 was enriched in the cytoplasmic fraction, but

retained a sizable population in the nucleus (Figure 2B, lanes 1 and

2). Strikingly, SLP-1 exhibited a ladder of higher molecular weight

forms, which were most obvious in the cytoplasmic fraction. The

nature of these modified forms remains to be determined. A

cytoplasmic protein, alpha-tubulin, was used as a control for the

quality of the fractionation. To determine whether Fbw7-c and

SLP-1 interact in either the nucleus or cytoplasm, we performed

co-immunoprecipitations using nuclear and cytoplasmic extracts.

SLP-1 Interacts with Fbw7-c
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Figure 1. Fbw7-c is an unstable protein and its proteolysis is dependent on the proteasome. A) Diagram of Fbw7 isoforms. The F-box
motif and WD40 repeats are marked as shown. B) Fbw7-b and c are unstable proteins, and their degradation is proteasome-dependent. Flag-tagged
Fbw7 isoforms were expressed in HEK293T cells and protein stability assays were performed as described in Materials and Methods. Quantitation of a
representative experiment is shown in the graph. C) The N-terminal unique region is critical for Fbw7-c degradation. Protein stability assays were
performed as described in (B) with cells expressing the indicated Flag-tagged proteins. Quantitation of three independent experiments is shown on
the graph. Error bars indicate standard deviations. D) The lysine residues within the unique region of Fbw7-c are critical for degradation. Protein
stability assays were performed as described in (B) with cells expressing the indicated Flag-tagged proteins. Quantitation of a representative
experiment is shown in the graph.
doi:10.1371/journal.pone.0047736.g001
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As shown in Figure 2C, Flag-tagged SLP-1 and Myc-tagged Fbw7-

c co-precipitated in both nuclear and cytoplasmic fractions.

Together, these results suggest that at least a fraction of the Fbw7-

c and SLP-1 populations are likely to co-localize. However,

because these proteins are overexpressed, we cannot determine

whether they are more likely to interact in the nucleus or

cytoplasm at physiological levels from these results.

To examine whether the interaction between SLP-1 and Fbw7-

c was specific, we performed co-immunoprecipitation experiments

with Flag-tagged Fbw7-a and Fbw7-b isoforms co-expressed with

myc-tagged SLP-1, using Fbw7-c as a control (Figure 2D). In this

experiment, we observed Fbw7-c co-precipitation with SLP-1 but

neither Fbw7-a nor Fbw7-b co-precipitated with SLP-1. However,

the expression of Fbw7-b was very weak relative to Fbw7-a and

Fbw7-c, so we cannot rule out the possibility that Fbw7-b might be

able to interact with SLP-1, but that we were unable to detect it.

Nevertheless, the absence of an interaction with Fbw7-a suggests

that SLP-1 is likely to show some specificity in interacting with

Fbw7 isoforms.

To determine whether the binding of SLP-1 to Fbw7-c might

have an effect on Fbw7-c protein turnover, we performed protein

stability assays in HEK293T cells overexpressing these proteins.

When SLP-1 and Fbw7-c are co-overexpressed, Fbw7-c turnover

was inhibited in a cycloheximide-based stability assay, increasing

the Fbw7-c 60-minute half-life at least three-fold (Figure 3A). This

observation suggests that it is possible for the binding of SLP-1 to

Fbw7-c to affect the regulation of the Fbw7-c protein in

transformed cells.

To examine whether the delay in Fbw7-c turnover caused by

overexpression of SLP-1 might affect Fbw7-c SCF E3 ligase

function, we examined the abundance of c-Myc, a protein thought

to be an ubiquitination target of Fbw7-c [12,34]. In cells expressing

Fbw7-c and c-Myc, the abundance of c-Myc was decreased

compared to cells expressing a control vector (Figure 3B), as

expected based on previous observations [12]. When SLP-1 was co-

expressed with Fbw7-c, we observed an even greater decrease in the

abundance of c-Myc, suggesting that SLP-1 may protect Fbw7-c
from degradation and that stabilized Fbw7-c can still assemble a

functional SCF complex. However, expression of the Fbw7K-A

mutant had little effect on c-Myc abundance and the explanation for

such a result is not clear. It is possible that this mutant may be

compromised in SCF function as well as protein turnover.

Cdk2 Interacts with Both Fbw7-c and SLP1
We considered whether other proteins that interact with Fbw7-c

might also interact with SLP-1. One candidate we tested was

Cdk2, which partners with cyclin E, a substrate of the SCFFbw7

complex. Previous work suggested that Cdk2 activity can inhibit

Figure 2. SLP1 is an Fbw7-c-specific interacting protein. A) Fbw7-c co-immunoprecipitates (co-IP) with SLP-1. Flag tagged SLP-1 was co-
expressed with Myc-tagged Fbw7-c (lane1) or vector (lane2) in HEK293T cells. Immunoprecipitation was performed as described in Materials and
Methods. Reciprocal co-IP is shown in the right panel (lanes 3, 4). B) SLP-1 and Fbw7-c co-fractionate. Standard fractionation assays from cells co-
expressing Flag-tagged SLP-1 and Flag-tagged Fbw7-c were performed as described in Materials and Methods. a-tubulin, a cytosolic protein, was
used as a control. Asterisks indicate modified forms of SLP-1, C = cytosolic, N = nuclear. C) SLP-1 and Fbw7-c co-immunoprecipitate in both nuclear
and cytosolic fractions. Co-IPs were performed as in (A), except that cellular fractions from (B) were used. Asterisks indicate non-specific cross-reacting
band. D) The Fbw7-c and SLP-1 interaction is specific. Flag-tagged Fbw7 isoforms were co-expressed with myc-tagged SLP1. Immunoprecipitations
were performed as in (A). IgG refers to heavy chain of the anti-Myc antibody, * indicates a non-specific band.
doi:10.1371/journal.pone.0047736.g002

SLP-1 Interacts with Fbw7-c
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other E3 ubiquitin ligases by targeting them for degradation [35].

To test whether SLP-1 interacted with Cdk2, we performed

immunoprecipitations using protein extracts from HEK293T cells

expressing epitope-tagged versions of Cdk2, Fbw7-c and SLP-1.

As shown in Figure 4A, Cdk2 and SLP-1 co-immunoprecipitated

and we find that the interaction was observed in reciprocal co-

immunoprecipitations. We also determined that overexpression of

HA-tagged Cdk2 did not lead to the formation of aggregates using

immunofluorescence microscopy (Figure S1). Since Cdk2 likely

interacts with Fbw7-c as part of a complex with cyclin E as cyclin

E is being targeted for ubiquitination, we performed co-

immunoprecipitations from cells expressing only the unique N-

terminus of Fbw7-c, as Fbw7 substrates bind the WD40 domain

found in the C-terminal portion of the protein, a region common

to all Fbw7 isoforms [5,6]. Under these conditions, we observed

co-immunoprecipitation of Cdk2 and the Fbw7-c N-terminal

domain (Figure 4B). Together, our results indicate that Cdk2 can

interact with both SLP-1 and Fbw7-c, although we cannot

determine whether all three proteins are in a complex simulta-

neously from these data.

As Cdk2 was able to interact with Fbw7-c and SLP-1, we sought

to determine whether Cdk2 overexpression might alter the

inhibitory effect of SLP-1 overexpression on Fbw7-c degradation.

When both Cdk2 and SLP-1 were overexpressed, Fbw7-c was

turned over as efficiently as when Fbw7-c was expressed with

vector alone (Figure 4C, top panel and bottom graph). The effect

of Cdk2 was dependent on its kinase activity as Fbw7-c turnover

when SLP-1 and the Cdk2 kinase-dead mutant are co-overex-

pressed mimicked the degradation rate observed when just SLP-1

was overexpressed (Figure 4C, middle panel and bottom graph).

These results suggest that SLP-1 and Cdk2 may have opposing

functions in regulating Fbw7-c degradation.

Discussion

We have identified two interaction partners for Fbw7-c that can

affect Fbw7-c degradation when overexpressed in transformed

cells. The identification of SLP-1 as an interaction partner for

Fbw7-c is novel, as there was previously no evidence of stomatin

family members interacting with SCF ubiquitin ligases in human

cells or other systems. SLP-1 belongs to the SPFH (stomatins/

prohibitins/flotillins/Hf/K/C) superfamily, which is highly con-

served but little functional data exists for many family members

[36]. SLP-1 is conserved from invertebrates to humans [30,36]

and the C. elegans homolog of SLP-1, unc-24, is proposed to have a

role in neural function [31,32]. Interestingly, human SLP-1

mRNA expression is highest in neuronal tissue as is Fbw7-c
mRNA expression [22,30], indicating that the proteins are likely

expressed in the same type of cells and that SLP-1 might have a

role in protecting Fbw7-c from degradation in neuronal cells.

Future studies will be necessary to determine whether Fbw7-c and

SLP-1 interact in non-transformed cells and whether the

interaction is important at the organismal level.

Our results indicate that Fbw7-c is an unstable protein, targeted

for destruction by the proteasome. It is not known which E2/E3

complex controls Fbw7-c ubiquitination. Our experiments suggest

that the ubiquitin-mediated degradation of Fbw7-c is not fully

Figure 3. A) SLP-1 overexpression inhibits Fbw7-c turnover.
Flag-tagged Fbw7-c was co-transfected with Flag-tagged SLP-1 (lane 1–
4) or empty vector (lane 5–8) into HEK293T cells and protein stability
assays were performed as described in Materials and Methods.
Quantitation of three independent experiments is shown on the graph.
Error bars indicate standard deviations. B) Abundance of co-expressed

c-Myc is decreased in cells expressing Flag-tagged SLP-1 and Flag-
tagged Fbw7-c. HEK293T cells were transfected with the indicated
expression constructs and cell extracts probed with anti-Flag, anti-Myc
(9E10) or anti-GAPDH antibodies. Quantitation of three independent
experiments is shown on the graph. Error bars indicate standard
deviations.
doi:10.1371/journal.pone.0047736.g003

SLP-1 Interacts with Fbw7-c
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controlled by an autocatalytic mechanism, as has been observed

with some F-box proteins [28], because the unique N-terminal

domain is also important for turnover. In addition, deletion of the

F-box domain from Fbw7-c does not fully stabilize the protein, as

would be expected for an autocatalytic means of destruction. We

look forward to future studies that might identify the pathway

responsible for Fbw7-c turnover.

Our studies suggest that the binding of SLP-1 to the N-terminus

of Fbw7-c does not interfere with the assembly of a functional

SCFFbw7-c complex in transformed cells, as c-Myc appears to still

be targeted for degradation when both SLP-1 and Fbw7-c are

expressed. Further, SLP-1-dependent stabilization of Fbw7-c leads

to an even greater reduction in c-Myc abundance than when

Fbw7-c is expressed alone. One explanation for our results is that

since Fbw7-c is stabilized, there are more functional SCFFbw7-c

complexes available to target c-Myc for ubiquitination. Alterna-

tively, it may be that SLP-1 inhibits Fbw7-c turnover because it is

a co-factor for the SCF ubiquitin ligase complex with a particular

substrate protein. Such co-factors have been identified with other

SCF-type complexes, such as Cks1, which is required for the

SCFSkp2- mediated ubiquitination of p27 [37,38]. How SLP-1

inhibits Fbw7-c turnover is an open question, but it seems likely

that it could be via physically blocking access to the N-terminal

domain of Fbw7-c, which we show to be required for turnover.

Regardless of the mechanism involved in inhibiting Fbw7-c
turnover, as c-Myc is a proto-oncogene and is often overexpressed

or amplified in tumor cells [39], an intriguing possibility to control

c-Myc protein levels might involve regulation of the abundance of

Fbw7-c and SLP-1.

Fbw7-c and SLP-1 co-precipitate with Cdk2 in transformed

cells, but is not clear whether Cdk2 phosphorylates either of these

proteins. SLP-1 contains two consensus CDK sites but Fbw7-c
does not contain any CDK consensus sites in the unique N-

terminal domain (W. Zhang and D. M. Koepp, unpublished

observations). The mechanism by which co-expression of Cdk2

might inhibit the effect of SLP-1 expression on Fbw7-c turnover is

not known. One possibility is that Cdk2 outcompetes SLP-1 for

binding the N-terminus of Fbw7-c. In this scenario, Cdk2 binding

to the N-terminus of Fbw7-c would not interfere with Fbw7-c
protein turnover. Alternatively, Cdk2 may affect SLP-1 directly to

prevent it from inhibiting Fbw7-c degradation. Future studies will

be required to distinguish between these possibilities.

Overall, these studies identify new protein partners of Fbw7-c
and suggest a regulatory pathway exists for degradation of the

Fbw7-c protein.

Supporting Information

Figure S1 Overexpression of epitope-tagged SLP-1, Fbw7-c and

Cdk2 does not result in aggregate formation. Cells expressing the

indicated tagged proteins were prepared for indirect immunoflu-

orescence microscopy as described in Materials and Methods. The

indicated proteins were detected using anti-Flag, anti-Myc or anti-

HA antibodies followed by FITC-conjugated secondary antibod-

ies. DAPI was used to localize DNA.

(DOC)
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