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The Mediator complex is an essential transcription reg-
ulator that bridges transcription factors with RNA poly-
merase II. This interaction is controlled by dynamic
interactions between Mediator and the CDK8 module,
but the mechanisms governing CDK8 module–Mediator
association remain poorly understood. We show that
Fbw7, a tumor suppressor and ubiquitin ligase, binds to
CDK8–Mediator and targets MED13/13L for degradation.
MED13/13L physically link the CDK8 module to Medi-
ator, and Fbw7 loss increases CDK8 module–Mediator
association. Our work reveals a novel mechanism regu-
lating CDK8 module–Mediator association and suggests
an expanded role for Fbw7 in transcriptional control and
an unanticipated relationship with the CDK8 oncogene.
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Fbw7 is the substrate recognition component of an SCF
(Skp–Cullin–F-box) ubiquitin ligase that targets phos-
phorylated substrates for ubiquitylation and proteasomal
degradation (Nakayama and Nakayama 2006; Tan et al.
2008; Welcker and Clurman 2008; Crusio et al. 2010).
Substrates bind to Fbw7 through a conserved phospho-
degron (CPD), FxFFF(T/S)PPx(T/S/E/D), where F repre-
sents hydrophobic residues and T/S are phosphoserine or
phosphothreonine (Nash et al. 2001; Welcker and Clurman
2008). Phosphorylated CPDs make up to eight contacts
with the Fbw7 substrate-binding domain, which includes
three critical arginines that are required for substrate
degradation (Orlicky et al. 2003; Hao et al. 2007). Impor-
tantly, Fbw7 is a tumor suppressor that is commonly
mutated in cancers (Akhoondi et al. 2007) and degrades
numerous oncogenic transcription factors (e.g., Myc,
Notch, and Jun) as well as other proteins that contribute
to carcinogenesis (e.g., Cyclin E and Mcl1) (Welcker and

Clurman 2008; Inuzuka et al. 2011; Wertz et al. 2011).
Fbw7 mutations are thought to drive tumorigenesis
through inappropriate activity of its oncogenic sub-
strates, and the causality of Fbw7 mutations in carcino-
genesis has been demonstrated in murine models (Mao
et al. 2004; Onoyama et al. 2007; Thompson et al. 2008;
Sancho et al. 2010; Grim et al. 2012).

As a genome-wide regulator of transcription, the
26-subunit Mediator complex regulates gene expression
by physically linking transcription factors to the general
transcription machinery, including RNA polymerase II
(Pol II) (Malik and Roeder 2005). Mammalian Mediator
exists predominantly in two forms that are distinguished
by the presence or absence of the CDK8 module. The
CDK8 module reversibly associates with Mediator to
regulate the Mediator–Pol II interaction (Elmlund et al.
2006; Knuesel et al. 2009) and controls transcription
initiation and reinitiation. Additionally, CDK8–Mediator
regulates transcription via chromatin modification and
physical or functional interactions with elongation fac-
tors (Meyer et al. 2008; Donner et al. 2010; Ebmeier and
Taatjes 2010). Thus, the CDK8 module plays multiple
distinct roles in regulating Mediator function and tran-
scription. Of note, the CDK8 module contains four sub-
units (CDK8, CCNC, MED12, and MED13) (Taatjes 2010)
and associates with Mediator through contacts between
MED13 and the Mediator core (Knuesel et al. 2009). Our
present understanding of the mechanisms that regulate
CDK8 module–Mediator interaction is limited to a study
demonstrating that PARP-1 is required in a catalytically
independent manner for CDK8 module–Mediator disso-
ciation in the specific context of retinoic acid-regulated
gene expression (Pavri et al. 2005). However, the general
mechanisms that determine the amount of CDK8 mod-
ule bound to Mediator are largely undefined.

Here, we demonstrate that the ubiquitously expressed
SCFFbw7 ubiquitin ligase regulates CDK8 module–Medi-
ator interactions and targets MED13 and MED13L for
proteasomal degradation. Because Fbw7 loss increases
the amount of CDK8 module bound to Mediator in
proliferating cells, Fbw7 likely represents a general mech-
anism for controlling Mediator activity. Our results also
suggest an expanded role for Fbw7 in transcriptional
control that extends beyond its known substrates and
raise the possibility that Mediator and CDK8 activity
contributes to Fbw7-associated tumorigenesis.

Results and Discussion

Fbw7 interacts with Mediator

We used an affinity purification and mass spectrometry
(MS)-based approach to identify Fbw7 substrates. To help
identify candidate substrates, we compared proteins that
bound to wild-type Fbw7 with those that bound an Fbw7
mutant in which one of the arginines (R505) required for
substrate binding was converted to leucine (Fbw7 RL).
Since substrates should bind to wild-type Fbw7 but not
Fbw7 RL, we focused on proteins that specifically bound
to wild-type Fbw7. In this manner, we identified 72
proteins (Supplemental Table 1), including known sub-
strates, such as KLF5, Myc, Notch1, Notch2, and SREBP-2
(Welcker and Clurman 2008; Liu et al. 2010). We then
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grouped candidates into known functional complexes and
surprisingly found that 26 of the 72 proteins belonged to
one complex: Mediator (Fig. 1A).

The mammalian CDK8 module–Mediator complex
contains 29 subunits (Sato et al. 2004). Interestingly, we
detected multiple components of the CDK8 module
(MED12, MED13, MED13L, and CCNC) but not MED26,
whose binding to Mediator is mutually exclusive with the
CDK8 module. This suggested that Fbw7 preferentially
interacts with the CDK8–Mediator complex as opposed to
the Mediator core. To validate this interaction, we trans-
fected HEK 293A cells (293As) with Flag-tagged Fbw7 or
Fbw7 RL and assayed the ability of Fbw7 to bind endog-
enous Mediator components (Fig. 1B). Cells were cotrans-
fected with dominant-negative Cullin 1 (DN-Cul1) to
inhibit substrate ubiquitylation by SCFFbw7 and permit
stable Fbw7–substrate interactions. Consistent with our
MS data, MED1, MED12, MED13, MED14, and MED24
associated with wild-type Fbw7 but not with Fbw7 RL
(Fig. 1B).

Because most Mediator subunits likely interact with
Fbw7 indirectly through one to several subunits that bind
directly to Fbw7, we examined Mediator subunits for CPDs

to identify likely substrates. MED1, MED13, MED13L, and
MED14 contain optimal CPDs (Fig. 1A), whereas other
subunits contain suboptimal CPDs (Supplemental Table 2).
Two of the subunits with optimal CPDs, MED13/13L,
are components of the CDK8 module (the MED13 and
MED13L peptides detected by MS are shown in Supple-
mental Table 3). MED13 physically links the CDK8
module to the Mediator core (Fig. 1C; Knuesel et al.
2009), and it is likely that the less-characterized MED13L
has similar functions. We hypothesized that Fbw7-de-
pendent degradation of MED13/13L might disrupt the
CDK8 module–Mediator complex and therefore deter-
mined whether MED13/13L were Fbw7 substrates.

MED13/13L bind to Fbw7-like canonical substrates

Based on their putative CPDs centered on Thr 326 (T326)
(Supplemental Fig. 1), we determined whether MED13
and MED13L bound to Fbw7 like other substrates. First,
we asked whether stable interactions required binding to
be uncoupled from degradation. We immunoprecipitated
Fbw7 from 239As transfected with MED13/13L and/or
Fbw7 and determined the amount of bound MED13/13L
in cells treated with or without the proteasome inhibitor
bortezomib (Fig. 1D,E, cf. lanes 3 and 6). MED13/13L only
coprecipitated with Fbw7 after proteasomal inhibition.
We also used DN-Cul to inhibit proteolysis by preventing
SCF function, and this also allowed stable MED13–Fbw7
binding (Fig. 1F). We next determined whether the
MED13/13L CPD was required for Fbw7 binding by
mutating T326 to alanine (T326A) and disabling SCFFbw7

with DN-Cul1. We found that while wild-type MED13
coprecipitated with wild-type Fbw7, MED13 T326A did
not (Fig. 1F). An analogous MED13L T326A mutation
similarly reduced MED13L–Fbw7 binding (Fig. 1G). We
then asked whether MED13/13L binding requires an
intact Fbw7 substrate-binding domain and, consistent
with our MS data, found that Fbw7 RL did not bind to
MED13/13L (Fig. 1F,G). Finally, MED13 T326 phosphor-
ylation in vivo has been described in proteomic studies
(Daub et al. 2008; Oppermann et al. 2009), and we de-
termined whether MED13/13L are phosphorylated at T326.
Because the T326 CPD is highly similar to the Cyclin E
T380 CPD (Supplemental Fig. 2A), we tested whether
a phospho-T380-specific cyclin E antibody recognized
MED13/13L (Supplemental Fig. 2B). Anti-pT380 cyclin E
antibody detected both MED13 and MED13 but not the
corresponding T326A mutations (Supplemental Fig. 2B),
and this recognition was inhibited by phosphatase treat-
ment (Supplemental Fig. 2C). The anti-pT380 cyclin E
antibody thus recognizes T326 phosphorylated MED13/
13L. In sum, these data show that MED13/13L–Fbw7
binding requires the T326 CPDs, an intact Fbw7 substrate-
binding interface, and disabled SCF-mediated proteolysis;
all of these features are exhibited by Fbw7 substrates.

Fbw7 promotes MED13/13L degradation
and ubiquitylation

To determine whether Fbw7 regulates MED13/13L stabil-
ity, we expressed myc-tagged wild-type or T326A mutants
of MED13/13L with or without Fbw7 and conducted
metabolic pulse-chase experiments (Fig. 2A; Supplemental
Fig. 3). Fbw7 coexpression increased MED13/13L turnover,
which was prevented by mutating the MED13/13L T326
CPD. Fbw7 decreased the half-life of MED13 from 6.0 h to

Figure 1. MED13/13L bind Fbw7 as canonical substrates. (A) Medi-
ator subunits that associated with wild-type (wt) Fbw7 but not Fbw7
RL. (Comp) CompPASS specificity; (TSC) average total spectral counts
of all peptides in duplicate runs. Optimal Fbw7 degrons are indicated
(bold). (B) Mediator binds Fbw7. 293A cells were cotransfected with
Flag-Fbw7 or Fbw7 RL and HA-DN-Cul1 to inhibit SCFFbw7-mediated
degradation. Endogenous Mediator subunits that coprecipitated with
Fbw7 are shown. (WCE) Whole-cell extract; (IP) immunoprecipitation.
(C) Schematic of the CDK8-bound Mediator complex. (Dark gray)
CDK8 module; (light gray) Mediator core. (D,E) Stable interactions
between MED13 or MED13L and Fbw7 require proteasomal inhibi-
tion. Cells were cotransfected with Flag-Fbw7 and/or myc-MED13/
13L and treated with the proteasome inhibitor bortezomib. MED13
(D) or MED13L (E) only coprecipitated after bortezomib treatment
(lane 6). (F) DN-Cul1 allows stable MED13-Fbw7 binding. 293 cells
were transfected with Flag-Fbw7, HA-DN-Cul1, and myc-MED13 as
indicated, and the amount of MED13 bound to immunoprecipitated
Fbw7 is shown. (G,H) Mutating the MED13/13L CPDs (TA) or CPD-
interacting residues in Fbw7 (RL) abrogates the Fbw7-MED13/13L
interaction. Cells were transfected as indicated with wild-type or
T326A CPD mutants of MED13/13L and/or wild-type Fbw7 or Fbw7
RL as well as DN-Cul1.
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3.0 h, whereas the half-life of MED13 T326A coexpressed
with Fbw7 was 6.0 h (Fig. 2A). Similarly, Fbw7 coexpression
decreased the half-life of MED13L from 12 h to 4 h, whereas
MED13L T326A exhibited a half-life too long to be mea-
sured in this experiment (Fig. 2A; Supplemental Fig. 3).
Thus, Fbw7 overexpression drives MED13/13L turnover in
a CPD-specific manner.

Because changes in protein stability in vivo could
reflect indirect effects of Fbw7, we determined whether
SCFFbw7 directly ubiquitylates MED13/13L in vitro. Wild-
type or T326A MED13/13L were immunoprecipitated
from transfected cells and subjected to in vitro ubiquityla-
tion reactions using purified components. Wild-type Fbw7

but not the Fbw7 RL substrate-binding mutant ubiquity-
lated wild-type MED13/13L (Fig. 2B), as demonstrated by
the ubiquitin-dependent formation of high-molecular-
weight species and the corresponding reduction in un-
modified MED13/13L. In contrast, MED13/13L T326A
was not ubiquitylated, consistent with its inability to
bind Fbw7. Thus, MED13/13L are directly ubiquitylated
by SCFFbw7 in vitro, and, like the coprecipitation and
turnover experiments, this requires intact CPDs and a
wild-type Fbw7 substrate-binding region.

In addition to MED13/13L, MED1 and MED14 also
contain optimal CPDs (Fig. 1A). To test whether they
might be Fbw7 substrates, membranes used in assaying
the in vitro ubiquitylation of MED13/13L were stripped
and reprobed for MED1 and MED14 contained within the
MED13 immunoprecipitates (Fig. 2B). Neither MED1 nor
MED14 was ubiquitylated by Fbw7, suggesting that Fbw7
specifically ubiquitylates MED13/13L and not simply all
Mediator components with CPD motifs.

Endogenous Fbw7 regulates endogenous MED13/13L
abundance

We next determined the effects of Fbw7 loss on endoge-
nous MED13/13L abundance using stable expression of
an Fbw7-specific shRNA (Fig. 2C,D). Fbw7 knockdown
increased endogenous MED13/13L protein abundance, as
compared with controls expressing no or nonspecific
shRNA (Figs. 2C,D, 3A). To eliminate possible off-target
shRNA effects, we also examined MED13/13L in DLD1
colon carcinoma cells in which Fbw7 was inactivated by
gene targeting (Rajagopalan et al. 2004) and found that
MED13/13L abundance was increased in Fbw7 knockout
cells, compared with isogenic controls (Figs. 2D, 3A).
Additionally, transient Fbw7 silencing by siRNA trans-
fection increased MED13/13L and pT326-Med13/13L
abundance in other cell types, which exhibited cell type-
specific differences with respect to the extent of MED13
and MED13L regulation (Supplemental Fig. 4). Because
we were unable to measure endogenous MED13/13L half-
life for technical reasons, we determined whether Fbw7
loss affected MED13/13L synthesis by examining their
mRNA abundance by quantitative PCR (qPCR) (Fig. 2E)
and MED13 translation rates by 35S-Met pulse labeling
(Fig. 2F). Neither was impacted by Fbw7 loss; thus, the
increased abundance of endogenous MED13/13L likely
reflects changes in protein stability.

Fbw7 regulates CDK8 module–Mediator association

A fundamental role for MED13 (and likely MED13L) is to
bridge the CDK8 module to the Mediator complex
(Knuesel et al. 2009), suggesting that Fbw7 loss might
increase the association of CDK8 module components
with Mediator. To test this, we first immunoprecipitated
Mediator via a core component, MED1, and determined
whether Fbw7 loss changed the amount of CDK8 module
bound to Mediator. We normalized the abundance of
bound proteins to the amount of MED1 in the immuno-
precipitates and found that Fbw7 loss increased Mediator-
associated MED13, MED13L, MED12, and CDK8 in
239As expressing Fbw7 shRNA (Fig. 3A) and in Fbw7-
null DLD1s (Fig. 3C). The unnormalized data from these
immunoprecipitates are shown in Supplemental Figure 5.
Thus, Fbw7 loss increased the association of CDK8
module subunits bound to Mediator as measured through

Figure 2. MED13 and MED13L are Fbw7 substrates. (A) Fbw7
increases MED13/13L turnover. 293 cells were cotransfected with
myc-MED13/13L or MED13/13L T326A and Flag-Fbw7, labeled with
35S-Met, and chased with cold methionine as indicated. Turnover of
labeled MED13/13L was assayed by phosphor-imaging of immuno-
precipitated MED13, and the graphs show averages of two indepen-
dent experiments. Entire gels are shown in Supplemental Figure 3.
(B) Fbw7 specifically ubiquitylates MED13/13L in vitro. Myc-
MED13/13L (wild-type [wt]) or myc-MED13/13L CPD mutants (TA)
were immunoprecipitated and subjected to in vitro ubiquitylation
assays containing recombinant wild-type Fbw7 (F7) or Fbw7 RL (RL)
and other ubiquitylation components (E1, Cul1, E2, and ubiquitin).
Controls were performed without Fbw7 (lanes 3,4) or ubiquitin (Ub)
(lane 8). Membranes were reprobed to detect MED1 and MED14. (C)
shRNA-mediated knockdown of Fbw7 increases endogenous MED13
and MED13L abundance. Cells were untreated or transduced with
nonsilencing control shRNA (shNSC) or an Fbw7-specific shRNA
(shFbw7). Two biological replicates are shown. (D) Quantitation of
MED13/13L abundance in 293 cells expressing sh-Fbw7 or control
shRNA (two biological replicates) (Fig 3A) or Fbw7-null DLD1 cells
and controls (three biological replicates) (Fig. 3A). Bands were quanti-
fied with an ImageQuant Bioanalyzer and ImageQuant TL. (E) Knock-
down of Fbw7 does not increase MED13 or MED13L transcription.
MED13/13L mRNA was quantified by real-time PCR (normalized to
GAPDH). (F) Knockdown of Fbw7 does not increase MED13 trans-
lation. Cells were pulse-labeled with 35S-Met, and endogenous MED13
was immunoprecipitated.
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the coimmunoprecipitation with the Mediator core pro-
tein Med1.

We also performed reciprocal experiments in which we
immunoprecipitated CDK8 and examined how Fbw7 loss
affected the association of bound Mediator core subunits
(MED1, MED23, and MED24) as well as other CDK8
module proteins (Fig. 3B,D). As expected, these studies
also demonstrated an increase in CDK8 module–Mediator
association upon Fbw7 loss. Additionally, Fbw7 loss in-
creased CDK8-bound MED12 and MED13. This is consis-
tent with the fact that CDK8 also exists as a dimer with
CCNC (i.e., without MED12 and MED13) (Knuesel et al.
2009), and there is thus additional capacity to bind MED13
and MED12 and form complete Cdk8 modules. Importantly,
because both shRNA-mediated knockdown of Fbw7 in
293As and somatic deletion of Fbw7 in DLD1s increased
CDK8 module–Mediator association, these effects are
Fbw7-dependent. In light of the fact that only 30% of
cellular MED13 is not associated with Mediator (presum-
ably as free CDK8 module), the magnitude of the increased
CDK8 module–Mediator association observed upon Fbw7
loss appears quite significant (Knuesel et al. 2009).

Because Fbw7 specifically ubiquitylates the proteins
that link the CDK8 module to Mediator, we hypothesized

that Fbw7 might disrupt the CDK8 module–Mediator
association. If so, Fbw7 must be able to ubiquitylate
Mediator-bound MED13/13L. Therefore, we immunopre-
cipitated Mediator via MED1 and conducted in vitro
MED13/13L ubiquitylation assays (Fig. 4A). As shown
in Figure 4A, wild-type Fbw7 did indeed ubiquitylate
Mediator-bound MED13/13L, whereas Fbw7 RL did not.
The amount of MED13/13L ubiquitylated in vitro was
increased when MED13/13L was isolated from cells
treated with bortezomib prior to lysis; this likely pre-
vented degradation of the phosphorylated MED13/13L
species required for Fbw7 binding. We also pretreated
cells with okadaic acid in an effort to increase degron
phosphorylation by inhibiting phosphatases, but this had
no additional impact on MED13/13L ubiquitylation (Fig.
4A, lanes 5,6). Therefore, Fbw7 not only coprecipitates
with the CDK8 module–Mediator complex, but also
ubiquitylates Mediator-bound MED13/13L. These find-
ings support the idea that Fbw7 can liberate the CDK8

Figure 3. Fbw7 loss increases CDK8 module–Mediator association.
(A) Fbw7 was silenced by shRNA in 293As as shown in Figure 2.
The amount of endogenous CDK8 module–Mediator association
was determined by immunoprecipitation with the Mediator core
component MED1 and Western analyses of the indicated proteins.
Four independent biological replicates were quantified with an
ImageQuant Bioanalyzer and ImageQuant TL. Values were normal-
ized to the amount of immunoprecipitated MED1 in each sample,
and error bars show 6standard error of the mean (SEM). (B) Fbw7-
dependent changes in CDK8 module–Mediator association were
examined as in A, except CDK8 was immunoprecipitated. The nor-
malized amounts of CDK8-bound core Mediator and CDK8 module
subunits are shown (two biological replicates). (C,D) Lysates from
wild-type and Fbw7-null DLD1 cells were analyzed as shown in A
and B. The unnormalized quantified data used for this figure are
shown in Supplemental Figure 5.

Figure 4. Fbw7 ubiquitylates Mediator-bound Med13/13L. (A) Fbw7
ubiquitylates Mediator-bound MED13. Mediator was immunoprecip-
itated via MED1 and subjected to in vitro ubiquitylation. Cells were
pretreated with bortezomib (lanes 3,4) or bortezomib and okadaic acid
(lanes 5,6) prior to lysis. (B,C) Overexpression of MED13 or MED13 TA
does not increase CDK8 module–Mediator association. Increasing
amounts of MED13 or MED13 TA were transfected into 239As.
Mediator was immunoprecipitated via MED1, and CDK8 module–
Mediator association was assayed via Western analysis. Three
experiments were quantified as in Figure 3C and normalized against
immunoprecipitated MED1. Error bars show the standard error of
the mean. (B) A representative Western blot is shown. (D) Over-
expression of CDK8 does not increase the amount of CDK8 bound
to Mediator. Increasing amounts of myc-tagged or untagged CDK8
were transfected into 293As. Mediator was immunoprecipitated
through MED1, and the positions of myc-tagged CDK8 and endog-
enous CDK8 are shown. Controls include immunoprecipitation
with nonspecific IgG (lane 12) or no cell lysate (lane 13). (E) Model:
Fbw7 binds and ubiquitylates Mediator-bound MED13/13L, result-
ing in their degradation and the dissociation of the remaining CDK8
module components from the Mediator core (Med).
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module from Mediator by targeting MED13/13L for
degradation.

In addition to regulating CDK8 module–Mediator asso-
ciation through ubiquitylating Mediator-bound MED13/
13L, Fbw7 could also regulate the amount of CDK8 bound
to Mediator by simply increasing Mediator-free MED13/
13L abundance. We thus overexpressed MED13 or MED13
T326A and examined the amount of endogenous MED13,
MED12, and CDK8 that coimmunoprecipitated with
Mediator. As shown in Figure 4C, MED13 overexpression
increased the amount of Mediator-bound MED13 but not
the amount of Mediator-bound MED12 or CDK8. Thus,
increased MED13 abundance is not sufficient to load
additional CDK8 module components onto Mediator, and
this is unlikely to be a major mechanism by which Fbw7
regulates CDK8–Mediator association. The failure of
elevated MED13 to recruit other CDK8 module proteins
to Mediator could reflect additional regulatory mecha-
nisms that control assembly of the CDK8 module itself.

CDK8 is an oncogene that has been linked to co-
lorectal carcinogenesis, and this may primarily involve
its role in Mediator regulation (Firestein et al. 2008;
Firestein and Hahn 2009). To examine how Fbw7 loss
might impact CDK8 module–Mediator association, we
overexpressed CDK8 and assayed its binding to Media-
tor (Fig. 4D). CDK8 overexpression did not increase the
amount of CDK8 associated with Mediator. Thus, Fbw7
loss may modulate the impact of overexpressed CDK8 on
Mediator activity in cancer, assuming that the oncogenic
function of CDK8 involves its association with Mediator.
The roles of Mediator and Fbw7 in CDK8-associated
cancer thus require further study.

Fbw7’s substrates include transcription factors that
regulate complex gene networks (e.g., Myc and Notch)
and play key roles in tumor suppression by Fbw7. Our
finding that Fbw7 regulates the amount of CDK8 module
bound to Mediator greatly expands Fbw7’s potential
impact on transcription in normal and cancer cells,
especially given the genome-wide role of CDK8–Mediator
in transcription and the role of CDK8 in tumorigenesis.
Because Fbw7 and other SCF proteins are ubiquitously
expressed, the signaling pathways that phosphorylate
CPDs largely regulate the timing and context of substrate
degradation. Although the specific pathways that stimu-
late MED13/13L CPD phosphorylation are unknown, all
of our studies used asynchronously growing cells under
normal growth conditions. Thus, our findings that Fbw7
regulates MED13/13L abundance and CDK8 module–
Mediator association in these conditions suggest that
Fbw7 is a general regulator of the CDK8 module–Medi-
ator interaction.

Fbw7 degrades a network of oncogenic proteins, and
defining specific roles for its individual substrates in tu-
mor suppression remains challenging. Regulation of the
CDK8–Mediator complex adds yet another layer of com-
plexity to the Fbw7 substrate network and provides un-
anticipated connections between tumor suppression by
Fbw7 and Mediator activity as well as a potential link be-
tween Fbw7 and oncogenesis associated with CDK8. In
summary, our data support a model whereby Fbw7 targets
Mediator-bound MED13/13L for ubiquitylation and deg-
radation, thereby disrupting the CDK8 module–Mediator
complex (Fig. 4E). As such, this defines the first mecha-
nism regulating the reversible interaction between the
CDK8 module and the Mediator complex.

Materials and methods

Cell culture

HEK 293A, HEK 293T, HeLa, U20S, HT1080, and DLD-1 cells were

cultured in Dulbecco’s modified essential medium containing L-gluta-

mine, 4.5 g/L D-glucose, 10% FCS, and 1% penicillin/streptomycin.

Fbw7-null DLD1 cells have been described previously (Rajagopalan et al.

2004). Transfection of plasmids or siRNA was performed with calcium

phosphate or Lipofectamine RNAiMAX (Invitrogen). Cells were treated

with 0.5 mM bortezomib for 10 h prior to lysis when indicated.

Plasmids and siRNA

MED13 and MED13L cDNA as well as Fbw7 shRNA constructs were from

OpenBiosystems: MED13 (MHS1768-99865132), MED13L (MHS1768-

9981314), and Fbw7 shRNA (clone V2LHS_202932). MED13/13L were

subcloned into pCS2.MT (N-terminal myc tag) or pCS2 expression vectors.

MED13/13LT326Awere generated by site-directed mutagenesis. pFlagFbw7,

pCS2.HA Dn-Cul1, and Fbw7-specific siRNA have been described pre-

viously (Welcker et al. 2003; Ye et al. 2004; van Drogen et al. 2006).

Antibodies

Antibodies from Bethyl Laboratories, Inc., were MED12 (A300-774A),

MED13 (A301-278A), MED13L (A302-421A), MED14 (A301-044A), Med15

(A302-423A), and Med24 (301-472A). Antibodies from Santa Cruz Bio-

technology, Inc., were CDK8 (sc-1521), Cyclin C (sc-7431), and MED1 (sc-

5334). Antibodies from Sigma were Flag tag-specific antibody clone M2 and

Tubulin-specific antibody clone DM1a. We used Covance HA tag-specific

antibody clone HA-11 (MMS-101P) and in-house myc tag antibody 9E10.

Immunoprecipitations and Western blot analysis

Cells were lysed in 0.5% NP-40 buffer with 1 mM PMSF, 1 mM EDTA,

2 mg/mL aprotinin, 2 mg/mL leupeptin, 2 mg/mL pepstatin, 1 mM Na

orthovanadate, and 50 mM NaF. Lysates were briefly sonicated. Immunopre-

cipitations were carried out overnight at 4°C. Lysates and immunoprecipita-

tions were run on 3%–8% Tris-acetate gels (Invitrogen) and transferred to

PVDF. Bands were visualized by ECL (made in-house) and either exposure to

film or quantitation using an ImageQuant Bioanalyzer and ImageQuant TL.

IgG light chain-specific secondary antibodies were used to visualize CDK8

after coimmunoprecipitation due to comigration with IgG heavy chain.

Pulse label and pulse-chase experiments

Cells were transfected as indicated. Forty hours post-transfection, cells were

washed with PBS; starved in Met-free, Cys-free medium for 20 min; and

labeled with 250 mCi/mL 35S-Met for 25 min at 37°C. Cells were then

washed and chased in starvation medium supplemented with 0.8 mg/mL

cold Met and incubated at 37°C. Immunoprecipitated samples were electro-

phoresed, dried gels were analyzed with a PhosphorImager, and bands were

quantified with ImageQuant TL. Half-lives were determined by averaging

two independent experiments, graphing the signal intensities on a semilog

plot, and using exponential regression to calculate the best-fit line.

In vitro ubiquitylation assays

Substrates were immunoprecipitated from 500 mg of protein lysate over-

night, and beads were washed in lysis buffer. Reactions contained 10 ng/mL

Fbw7/Skp1, 100 ng/mL Cul1/Rbx1, 80 ng/mL GST-E1, 150 ng/mL Ubch5,

and 0.6 mg/mL HA-Ub (BostonBiochem, U-110) as well as 2 mM ATP,

10 mM MgCl2, and bortezomib. The reaction volume was 14 mL in 0.5%

NP-40 supplemented with protease inhibitors and 1 mM DTT. Reactions

were carried out for 1 h at room temperature with occasional agitation and

were analyzed by Western blotting.

MS-based screen for novel substrates

Identification of novel Fbw7 substrates followed the methods of Sowa

et al. (2009). HA-tagged Fbw7 or HA-Fbw7 RL was transfected into HEK
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293A cells, cells were treated for 10 h with bortezomib, and Fbw7 was

immunoprecipitated with anti-HA Agarose Conjugate (Sigma, A2095).

Beads were washed three times in NP-40 lysis and three times in PBS, and

bound complexes were eluted twice with 100 mg/mL HA peptide (Sigma,

I2149) in PBS. Eluates were TCA-precipitated, trypsinized, and submitted

for MS analysis. Each sample was run in duplicate on an LTQ-FT MS in the

Fred Hutchinson Cancer Research Center Proteomics resource. Peptide

predictions were made with X!Tandem and searched against both IPI

Human version 3.69 and the pseudo-reverse IPI Human version 3.52.

Predicted proteins and total spectral counts were used for CompPASS

analysis (Sowa et al. 2009). Proteins with a CompPASS normalized

D-score (NWD) >1.00 were pursued as specific interactors.
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