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Abstract
On the basis of differential analysis of affinity purifications by mass spectrometry, we identified
the nuclear factor κB (NF-κB) protein p100 (NF-κB2) as an interactor of the F-box protein
FBXW7α. The NF-κB pathway is important for cell growth, differentiation, and survival. p100,
which shuttles between the cytoplasm and nucleus, functions as the primary inhibitor of the
noncanonical NF-κB pathway by sequestering NF-κB heterodimers in the cytoplasm. in the
absence of NF-κB stimulation, the nuclear pool of p100 is constitutively targeted for degradation
by FBXW7α, which recognizes a conserved motif that is phosphorylated by glycogen synthase
kinase 3 (GSK3). Efficient activation of noncanonical NF-κB signaling depends on the clearance
of nuclear p100, either through FBXW7α-mediated degradation or nuclear export mediated by a
signal in the C terminus of p100. Upon prolonged stimulation of the NF-κB pathway, p100 is
stabilized and retained in the nucleus, contributing to the cessation of noncanonical NF-κB
signaling. The molecular mechanism of p100 degradation has implications in multiple myeloma, a
disease with constitutive activation of the noncanonical NF-κB pathway. accordingly, expression
of a stable p100 mutant, FBXW7α depletion, or chemical inhibition of GSK3 in multiple myeloma
cells results in cell death in vitro and in a xenotransplant model. Thus, the FBXW7α-dependent
degradation of p100 functions as a prosurvival mechanism through control of NF-κB activity.

Presentation Notes
Slide 1: Science Signaling logo

The slideshow and notes for this Presentation are provided by Science Signaling (http://
www.sciencesignaling.org).

Slide 2: Title page
This Presentation focuses on the proteolytic regulation of the nuclear factor κB (NF-κB)
inhibitor p100 by the SKP1/cullin/F-box protein [SCF, which contains four subunits: a
cullin, SKP1 (S-phase kinase-associated protein 1), a RING finger protein (RBX1/HRT1/
ROC1), and an F-box protein] ubiquitin ligase FBXW7α (F-box–WD repeat–containing
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protein 7 α) (1). The molecular mechanism of degradation and the relevance of this pathway
in multiple myeloma will be discussed.

Slide 3: The hierarchy of the ubiquitin system
The ubiquitin system has evolved in a manner that allows for tremendous diversity and
specificity. The ubiquitin system consists of three classes of enzymes: ubiquitin-activating
enzymes (E1s or Ubas), ubiquitin-conjugating enzymes (E2s or Ubcs), and ubiquitin ligases
(E3s or Ubls). In mammals, there are two E1s, about 30 E2s, and hundreds of E3s, each
potentially targeting multiple substrates. Thus, at each step of the ubiquitination pathway, an
increased level of specificity is achieved.

Slide 4: The SCF ubiquitin ligase complex
The SCF ubiquitin ligase complex is the prototypical multisubunit really interesting new
gene (RING) finger–containing E3 ligase (2, 3). In this complex, cullin 1 (CUL1) is a
molecular scaffold that recruits the SKP1–F-box protein–substrate module with its N
terminus and the RING finger protein RBX1-E2 module with its C terminus. F-box proteins
function as the substrate-targeting subunits, physically interacting with the substrates
through specialized protein-protein interaction domains. Once the substrate is positioned in
the correct orientation, the E2 (represented by Ubc3 in the diagram) catalyzes the
ubiquitylation of the substrate.

Slide 5: The four major families of cullin-RING ubiquitin ligases (CRLs)
There are four major families of cullin-RING ubiquitin ligases (CRLs). These complexes
rely on different cullin scaffolds, each of which interacts with different families of proteins
specialized for substrate targeting. For instance, CRL3 (CUL3-containing) complexes
interact with proteins that contain a broad-complex, tramtrack, and bric-a-brac (BTB)
protein-protein interaction domain. CRL4 (CUL4-containing) complexes interact directly
with damaged DNA–binding protein 1 (DDB1) and, through DDB1, with DCAF (DDB1-
and CUL4-associated factors) proteins. CRL2 (CUL2-containing) and CRL5 (CUL5-
containing) complexes interact with suppressor of cytokine signaling (SOCS)–box proteins
through the elongin B/elongin C module. Using a common cullin backbone is advantageous
because it allows for the creation of various functionally distinct E3s (more than 200) by
simply switching the substrate interaction module.

Slide 6: Control of key functions by SCF
For the past 14 years, our laboratory has focused on characterizing the key functions of SCF
ubiquitin ligases (CRL1 complexes). Through proteomic approaches, we identified several
substrates that are targeted for degradation by SCF. Interestingly, CRL1 complexes function
in many different cellular processes, including cell-cycle control, DNA damage responses,
and circadian rhythms (4). This talk will focus on a previously undescribed function of
FBXW7, a member of the F-box family of proteins.

Slide 7: The best-characterized substrates of FBXW7
The E3 ubiquitin ligase SCFFBXW7 targets several substrates for degradation, including
cyclin E, c-myc, and notch. Because these proteins are positive regulators of cell
proliferation, FBXW7 has been suggested to be a tumor suppressor (5-8). However, this talk
will present evidence for a prosurvival function of FBXW7 in the context of diseases
featuring elevated NF-κB activity.
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Slide 8: Differential purification strategy 1
To identify additional substrates of FBXW7, we took advantage of the published structure of
FBXW7 in complex with a substrate (cyclin E) peptide (9). FBXW7 contains a WD40
domain in its C terminus that binds to phosphorylated substrates. This domain contacts the
cyclin E peptide with multiple amino acid residues. Specifically, Ser462, Thr463, and Arg465

of FBXW7 serve as critical ligase-substrate interaction points. Mutations that change these
residues to alanine compromise the binding of FBXW7 to substrates. We used this
information to design a purification strategy to identify substrates of FBXW7.

Slide 9: Differential purification strategy 2
By using affinity chromatography methods optimized in our laboratory, we purified
complexes containing wild-type (WT) FBXW7α (the nuclear isoform of FBXW7) or
FBXW7α in which all three residues of the WD40 domain important for ligase-substrate
interaction were mutated to alanines (FBXW7αWD40) from human embryonic kidney–293
(HEK-293) cells and analyzed these purifications by using mass spectrometry. The
advantage of having the WD40 mutant is that we can compare purifications and select
interactors that bind in a substrate-like fashion, that bind only to WT FBXW7α.

Slide 10: Differential purification identifies p100 as a putative FBXW7 substrate
With this purification strategy, we were able to successfully distinguish between potential
substrates and other nonsubstrate interactors, such as components of the SCF complex,
regulatory proteins, and nonspecific chaperones. We performed both single-tag FLAG-
FBXW7α immunopurifications (SIP) and double-tag FLAG–HA (hemagglutin)–FBXW7α
immunopurifications (DIP). Positive controls (known substrates), such as cyclin E and
notch, were detected only in purifications of WT FBXW7α. Similarly, we found that p100
(NF-κB2) bound only to WT FBXW7α. This protein is an inhibitor of NF-κB and will be
the focus of the remainder of this talk.

Slide 11: The NF-κB family of proteins
In order to understand the function of p100, it is important to define the NF-κB family of
proteins (10). The NF-κB family is composed of both Rel homology domain (RHD)– and
ankyrin repeat domain (ARD)–containing proteins. In general, REL (v-rel
reticuloendotheliosis viral oncogene homolog) proteins, such as RELA and RELB, are
transcriptional activators and bind NF-κB–responsive DNA elements to activate the NF-κB
transcriptional program, whereas the inhibitor molecules, such as inhibitor of κB α (IκBα)
and IκBβ, feature ARDs. ARD-containing proteins bind NF-κB activators through ARD-
RHD interactions and sequester the activators in the cytoplasm, thus inhibiting NF-κB
transcriptional regulatory activity. Some proteins, like p100, contain both domains. In the
case of p100, the full-length protein is an inhibitor, but p52, a truncated N-terminal fragment
generated by a processing event that requires the glycine-rich repeat (GRR), is a
transcriptional activator. Here, I will focus on the inhibitory role of full-length p100.

Slide 12: Molecular mechanisms of NF-κB activation and inhibition
The basic mechanisms of NF-κB activation and inhibition have been well characterized.
When the pathway is in the inactive state, NF-κB heterodimers are sequestered in the
cytoplasm by inhibitory IκBs. Upon activation of the pathway by an extracellular signal,
IκBs are eliminated by ubiquitin-dependent proteolysis, and the active transcription factors
translocate to the nucleus to promote gene transcription. To turn off the pathway, the IκBs
are resynthesized, resequestering the active REL dimers in the cytoplasm and terminating
the response.
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Slide 13: The noncanonical pathway of NF-κB
NF-κB activity is controlled through two distinct, yet interconnected, pathways that respond
to different stimuli. The canonical NF-κB pathway, activated in response to stimuli such as
tumor necrosis factor (TNF), interleukin-1 (IL-1), and bacterial endotoxin, is largely
dependent on the activity of the IκB kinase (IKK) complex. The noncanonical NF-κB
pathway, shown in this slide, is activated in response to developmental factors including
LTβ (lymphotoxin beta), CD40L (cluster of differentiation 40), and BAFF (B cell activating
factor). This pathway is largely IκB-independent and relies heavily on the inhibitory activity
of p100 (11-16). Activation of the noncanonical pathway leads to inhibition of TRAF2 (TNF
receptor–associated factor 2)/cIAP (cellular inhibitor of apoptosis)/TRAF3 (TNF receptor–
associated factor 3)–mediated degradation of NIK (NF-κB–inducing kinase). Stabilization
of NIK leads to hyperphosphorylation of IKKα, which, in turn, phosphorylates p100 on
serines 866 and 870. These phosphorylated residues create the docking site for SCFβTrCP, an
SCF complex that includes the substrate recognition protein β-transducin repeat-containing
protein (βTrCP), which induces the ubiquitylation and subsequent proteasome-dependent
proteolytic processing of inhibitory p100 into activating p52 (17). This event allows the
generation of RELB-p52 dimers, which translocate to the nucleus to activate the
noncanonical NF-κB transcriptional program.

Slide 14: p100 binds FBXW7α through Ser707 and Ser711

We mapped the binding of p100 to FBXW7α. By using proteins produced from a series of
p100 C-terminal deletion constructs in HEK-293 cells, we found that FBXW7α contacts a
stretch of 20 amino acids (amino acids 700 and 720) in the ARD domain of p100. This
region contains a sequence that closely resembles the consensus FBXW7 degradation motif
(or degron), which consistently features two phosphorylated residues. Indeed, we identified
two serine residues (Ser707 and Ser711) in the ARD of p100 that are critical for the FBXW7-
p100 interaction. Mutation of these two serines to alanines [p100Ser707/711Ala] disrupts the
binding of p100 to FBXW7α. Importantly, this binding site is not retained in p52, the
processed product of p100.

Slide 15: FBXW7α binds p100 phosphorylated on Ser707

On the basis of our mapping data, we generated an antibody that recognizes p100 only when
it is phosphorylated on Ser707. By immunoprecipitating several F-box proteins from whole-
cell extracts, we found that p100 binds specifically to FBXW7α, as well as to βTrCP, which
has been previously reported. We also found that p100 phosphorylated on Ser707 binds only
FBXW7α.

Slide 16: FBXW7α and βTrCP bind two different phosphorylated forms of p100
To further clarify the behavior of the phosphorylated forms of p100, we immunoprecipitated
FBXW7α, FBXW7αWD40, and βTrCP. We found that, whereas FBXW7α specifically binds
p100 when p100 is phosphorylated on Ser707, βTrCP only binds to p100 phosphorylated on
Ser866 and Ser870. These binding properties are mutually exclusive. Thus, these data suggest
that FBXW7α and βTrCP target distinct fractions of p100.

Slide 17: GSK3 phosphorylates the p100 degron
For most known substrates of FBXW7, phosphorylation of the degron is performed by
glycogen synthase kinase 3 (GSK3) (6). Therefore, we set out to determine whether GSK3
was responsible for phosphorylating p100 on Ser707. Indeed, recombinant GSK3
phosphorylated p100 on Ser707 in an in vitro kinase assay. Furthermore, treatment of cells
with a GSK3 inhibitor (GSK3i IX) prevented phosphorylation of Ser707 (bottom left panel)
and prevented the association of p100 with FBXW7α (bottom right panel) in cultured cells.
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Slide 18: p100 is ubiquitylated in an SCFFBXW7α-dependent manner in vitro
To verify that SCFFBXW7α can support the ubiquitylation of p100, we performed an in vitro
ubiquitylation assay using [35]S-labeled p100 and SCFFBXW7α purified from insect cells.
We found that SCFFBXW7α catalyzed the ubiquitylation of WT p100, but not
p100Ser707/711Ala, showing that FBXW7α-dependent ubiquitylation of p100 requires an
intact degron.

Slide 19: p100 shuttles between the nucleus and cytoplasm
In addition to regulation by processing and degradation, p100 is also regulated at the level of
protein localization. Although predominantly visualized in the cytoplasm in unstimulated
cells, p100 shuttles continuously between the nucleus and the cytoplasm. In fact, a brief
treatment of cells with the exportin/CRM1 inhibitor leptomycin B induced nuclear
sequestration of p100. We mapped the nuclear export signal (NES) in p100 to a C-terminal
region based on homology with a consensus NES sequence. Mutation of four hydrophobic
residues within this signal to alanines resulted in nuclear sequestration of this p100 mutant
(p1004×NES).

Slide 20: p100 contains an NLS required for import into the nucleus
In addition to an NES, p100 also contains a nuclear localization signal (NLS) at its N
terminus, adjacent to the RHD. p100 relies on the NLS for shuttling into the nucleus because
mutation of the NLS sequesters p100 in the cytoplasm, making it insensitive to treatment
with leptomycin B.

Slide 21: FBXW7 targets only nuclear p100 for degradation
Through the use of the protein synthesis inhibitor cycloheximide, we discovered that,
whereas p100 is largely stable in the cytoplasm, it had a substantially shorter half-life in the
nucleus. Upon identification of a NES in p100, we generated a p100 mutant in which four
residues in the NES were mutated to alanines (p1004×NES), making this mutant
constitutively nuclearly localized. Assessment of the half-life of p1004×NES, with or without
additional mutations in the FBXW7 degron (p1004×NES;Ser707/711Ala), revealed that FBXW7
controls the stability of p100 only in the nucleus. Conversely, mutation of the FBXW7
degron had no discernible effect on the stability of the constitutively cytoplasmic p100
mutant (p100NLS).

Slide 22: p52 competes with FBXW7 for binding to the ARD of p100
One possible explanation for the difference in stability between the nuclear and cytoplasmic
fractions of p100 is the presence or absence of REL protein binding to the p100 ARD. We
propose a model wherein REL proteins compete with FBXW7 for binding to the ARD of
p100. Indeed, in unstimulated cells, p100 is predominantly cytoplasmic and stable, likely
because of binding to REL proteins, which would prevent p100 from binding cytoplasmic
FBXW7 (FBXW7β). The data shown here demonstrate that p52 can displace FBXW7α from
a p100 complex in vivo.

Slide 23: Conclusions 1
The data shown in the previous slide led us to conclude that cytoplasmic-nuclear shuttling of
p100 requires an intact NLS and NES and that the majority of p100 is cytoplasmic because
the nuclear pool is constitutively targeted for protein degradation by FBXW7 and GSK3. In
contrast, the cytoplasmic pool of p100 is insensitive to FBXW7-mediated degradation.
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Slide 24: Constitutive degradation of p100 in the nucleus by FBXW7α is inhibited upon NF-
κB activation

To investigate the effect of NF-κB activation on the FBXW7α-mediated degradation of
p100, we stimulated Fbxw7flox/flox and Fbxw7−/− mouse embryonic fibroblasts (MEFs) with
antibodies that antagonize the LTβ receptor (α-LTβR). Analysis by subcellular fractionation
and Western blot revealed that, before stimulation (time 0), Fbxw7−/− MEFs contained
higher levels of nuclear p100 than Fbxw7flox/flox MEFs. Interestingly, during activation of
the noncanonical NF-κB pathway, the generation of p52 closely followed the stabilization of
nuclear p100 in Fbxw7flox/flox MEFs. This effect was not observable in Fbxw7−/− MEFs,
leading us to suggest that p52, which is generated and translocated into the nucleus during
signaling, competes with FBXW7α to stabilize p100 (shown in Slide 22). This mechanism,
along with the de novo synthesis of p100, could be part of a negative feedback loop that
terminates the NF-κB response.

Slide 25: Model for the regulation of p100 during NF-κB signaling
We propose a model in which the ubiquitin-proteasome system regulates p100 in two
different ways. The first is through inducible processing of p100. IKKα-dependent
phosphorylation of p100 results in the binding and ubiquitylation of p100 by SCFβTrCP,
leading to a proteolytic processing event that generates the p52 transcriptional activator
(18-20). The second mechanism involves constitutive nuclear degradation of p100. As
shown by the results of our studies, FBXW7α and GSK3 facilitate the clearance of nuclear
p100. These two regulatory mechanisms act in concert during signaling. Indeed, constitutive
degradation of nuclear p100 allows the NF-κB proteins to freely translocate into the nucleus
and bind to NF-κB DNA elements upon NF-κB stimulation. Accumulation of NF-κB
proteins in the nucleus leads to the stabilization of p100 by displacement of FBXW7α. In
turn, the increased abundance of p100 blocks the binding of NF-κB proteins to the NF-κB–
responsive promoters, contributing to termination of NF-κB signaling.

Slide 26: Translocation of p52-REL complexes into the nucleus and constitutive
degradation of nuclear p100

Upon NF-κB stimulation, the cytoplasmic pool of p100 is removed through βTrCP-
dependent inducible processing of p110 to yield p52, which translocates into the nucleus in
complex with REL proteins to activate transcription. During the early phase of signaling,
constitutive degradation of nuclear p100 by FBXW7α continues, thus allowing NF-κB
activation.

Slide 27: p52-REL competition with FBXW7 for binding to p100
Subsequently, p52-REL complexes accumulate in the nucleus. At a threshold concentration
in the late phase of signaling, these NF-κB proteins compete with FBXW7α for binding to
the ARD of p100 (including newly synthesized p100).

Slide 28: p110 stabilization and termination of NF-κB signaling
The resultant stabilization of p100 in the nucleus terminates the NF-κB response by
preventing NF-κB proteins from binding the DNA elements of target gene promoters.

Slide 29: Stabilization of p100 in the nucleus inhibits NF-κB target gene transcription after
LTβR activation

In agreement with our model, clearance of nuclear p100 by FBXW7α facilitates the
activation of NF-κB–dependent transcription. In this experiment, we either stabilized
nuclear p100 by mutating its degron (p100Ser707/711Ala) or forced p100 into the nucleus by
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mutating its NES (p1004×NES). In both cases, the transcriptional response of NF-κB target
genes to LTβR activation was significantly reduced. The expression of a combined nuclear
and stable p100 mutant (p1004×NES;Ser707/711Ala) did not further inhibit LTβR-dependent
gene transcription. Global transcription remained unchanged, because non–NF-κB
responsive genes were unaffected.

Slide 30: Stabilization of p100 in the nucleus inhibits RELB binding at LTβR-responsive
gene promoters

To better understand the mechanism of p100 inhibition in the nucleus, we examined the
association of RELB with NF-κB elements in the promoters of LTβR-responsive genes. We
found, in accordance with the transcriptional data, that expression of a stable p100 mutant
(p100Ser707/711Ala) or a constitutively nuclear p100 mutant (p1004×NES) prevented the
binding of RELB to LTβR-responsive gene promoters. The binding of RELB to LTβR-
unresponsive genes did not change.

Slide 31: Conclusions 2
We propose that the molecular mechanisms controlling the abundance of p100 in the
nucleus contribute to the initiation and termination of the NF-κB transcriptional program.

Slide 32: Fbxw7 mutations are absent in B cell–derived tumors
Fbxw7 has been described as a tumor suppressor gene. This designation is largely due to
inactivating mutations found in several human malignancies, including T cell acute
lymphoblastic leukemias (T-ALLs), breast cancer, and other carcinomas (5, 7, 21, 22).
Interestingly, mutations in Fbxw7 have not been detected in B cell–derived tumors. We
sequenced the most commonly mutated exons (exons 9 and 10) of Fbxw7 in 24 multiple
myeloma cell lines (MMCLs) and detected no mutations. Other groups have sequenced
Fbxw7 from different B cell–derived tumors and also failed to detect mutations (23-25).
Collectively, these data suggest a possible pressure to preserve FBXW7 activity in B cells.

Slide 33: Relevance of NF-κB signaling in stromal-independent multiple myeloma
To investigate a functional role for FBXW7-GSK3–mediated degradation of p100 in the
context of B cell malignancies, we moved to a MMCL system. Notably, multiple myeloma
is particularly relevant because NF-κB activity is an established marker in the course of the
disease (26). In fact, the NF-κB pathway is frequently activated after the primary
translocation of multiple myeloma driver genes (like cyclinD1). It has been suggested that
the initial NF-κB activity stems from signals from the bone marrow stroma, like BAFF and
APRIL (a proliferation-inducing ligand). Subsequent genetic alterations of components of
the NF-κB pathway allow for the transition of multiple myeloma from a stromal-dependent
tumor in the bone marrow to a stromal-independent tumor, free of the bone marrow micro-
environment (26).

Slide 34: Mutations activate noncanonical NF-κB signaling in multiple myeloma
Many mutations, particularly in the noncanonical pathway, have been linked to the aberrant
activation of NF-κB in multiple myeloma. Activating mutations have been characterized in
the genes encoding Cd40r (cluster of differentiation 40 receptor), Ltbr, Baff, and Nik (each
shown in blue). Deleterious mutations have been found in negative regulators of NF-κB
signaling, including Traf2, Traf3, and cIap1 and cIap2 (each shown in red). C-terminal
truncations of p100, which eliminate its IκB activity, have also been identified in multiple
myelomas. These genetic alterations result in increased generation of p52 and increased
transcription of NF-κB target genes (27, 28).
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Slide 35: Depletion of FBXW7 inhibits multiple myeloma cell growth
Because the noncanonical NF-κB pathway plays an important role in multiple myeloma, we
investigated whether FBXW7-dependent degradation of p100 is relevant in these tumors. By
targeting Fbxw7 with short hairpin RNAs (shRNAs) in multiple myeloma cell lines, we
were able to achieve depletion of the protein, with a consequent increase in the nuclear
abundance of p100, particularly in the pool of p100 phosphorylated on Ser707 (see red box in
Western blot on the right). In addition, we analyzed the rate of proliferation of these multiple
myeloma cells and found that FBXW7 depletion reduced their ability to proliferate in
culture.

Slide 36: Expression of a p100 mutant resistant to FBXW7-dependent degradation inhibits
multiple myeloma cell growth

We next used the p100 degron mutant that is resistant to FBXW7-dependent degradation
(p100Ser707/711Ala) to determine whether the effects of FBXW7 on the proliferation of
multiple myeloma cells are mediated by p100. Expression of p100Ser707/711Ala, but not WT
p100, impaired the proliferation of cultured multiple myeloma cells. The Western blot on the
right shows that both WT and p100Ser707/711Ala undergo normal processing to form p52.

Slide 37: Expression of stable p100 inhibits the growth of myeloma cells xenotransplanted
into SCID mice

Furthermore, we examined the effect of expressing a stabilized p100 mutant
(p100Ser707/711Ala) on the growth of multiple myeloma cells xenotransplanted into severe
combined immunodeficient (SCID) mice. Tumor formation was monitored by in vivo
imaging of transplanted luciferase-expressing multiple myeloma cells. A representative
experiment (left panel) demonstrates that expression of WT p100 has little effect on tumor
growth as compared with an empty vector, whereas expression of a stabilized
p100Ser707/711Ala significantly impairs tumor growth. In fact, xenografts expressing
p100Ser707/711Ala were no longer detectable 28 days after injection. Quantification of tumor
growth for three independent xenograft experiments is shown in the right panel.

Slide 38: Forced localization of p100 in the nucleus results in decreased growth of
myeloma cells

Similar to stabilization of p100, forced localization of p100 to the nucleus also impaired the
growth of multiple myeloma cells. In this experiment, multiple myeloma cells were infected
with retroviruses encoding a p100 mutant deficient in nuclear export (p1004×NES). The
results of a cell proliferation assay (right panel) reveal a significant decrease in the
proliferation of cells expressing p1004×NES as compared with those expressing WT p100.

Slide 39: Chemical inhibition of the proteasome, cullin-RING ligases, or GSK3 leads to
p100 accumulation in the nucleus

Because GSK3 phosphorylates the FBXW7 degron in p100, we tested whether
pharmacologic inhibition of this kinase could stabilize p100. There are several potent,
specific inhibitors of GSK3 available. We tested three different inhibitors of GSK3 (GSK3is
IX, XVI, and XXII) and found that each was capable of stabilizing p100 in the nuclear
fraction of multiple myeloma cells (red boxes; upper and middle panels on the right).
Interestingly, bortezomib (a proteasome inhibitor approved for the treatment of multiple
myeloma) and MLN4924 (a Nedd8-activating enzyme inhibitor that blocks the activity of
CRLs) stabilize p100 in the nucleus to a similar extent as GSK3 inhibitors (red box; lower
panel on the right).
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Slide 40: Chemical inhibition of the proteasome, cullin-RING ligases, or GSK3 is toxic to
multiple myeloma cells

We next tested whether treatment with GSK3 inhibitors is cytotoxic in multiple myeloma
cell lines. We found that the three different GSK3 inhibitors killed multiple myeloma cells
when used at concentrations sufficient to inhibit phosphorylation of p100. MLN4924
demonstrated cytotoxicity at similar concentrations, whereas bortezomib was highly potent
in inducing myeloma cell death.

Slide 41: GSK3 toxicity is partially dependent on p100
To determine whether the cytotoxicity of GSK3 inhibition was at least partially dependent
on the stabilization of p100, we infected multiple myeloma cell lines with four different
lentiviruses encoding shRNAs targeting p100. The efficiency of knockdown is shown by
Western blot (right panel). We found that multiple myeloma cells depleted of p100 were
significantly more resistant to treatment with GSK3 inhibitor (red box), demonstrating that
p100 accumulation contributes to the cytotoxicity of GSK3 inhibitors in multiple myeloma.
Depletion of p100 was not sufficient to prevent the cytotoxic effect of MLN4924 or
bortezomib.

Slide 42: FBXW7 may function as an oncogene or tumor suppressor depending on the
genetic background of the cancer

On the basis of the work presented here, we propose an alternate function for FBXW7 that is
dependent on the genetic context of the tumor. In the case of T cell leukemias and solid
carcinomas, it is clear that FBXW7 has tumor-suppressive properties. Mutation of Fbxw7 in
these cancers impairs substrate binding, leading to the aberrant stabilization of oncoproteins,
such as nothc, c-myc, and cyclin E. Our data suggest that in B cell malignancies—like
multiple myeloma and probably non-Hodgkins lymphomas, both of which also rely on NF-
κB signaling for their survival, similar to multiple myeloma—FBXW7 plays a prosurvival
role. The clearance of nuclear p100 through the activity of FBXW7 and GSK3 is necessary
to sustain NF-κB signaling and survival of B cell cancers. In this context, we propose that
the FBXW7-GSK3-p100 mechanism represents a viable therapeutic target for B cell
malignancies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was performed by members of the Pagano laboratory. We are also grateful to our collaborators at the
University of Michigan, Columbia University, and University of California at San Diego for their contributions.

References
1. Busino L, Millman SE, Scotto L, Kyratsous CA, Basrur V, O’Connor O, Hoffmann A, Elenitoba-

Johnson KS, Pagano M. Fbxw7α- and GSK3-mediated degradation of p100 is a prosurvival
mechanism in multiple myeloma. Nat. Cell Biol. 2012; 14:375–385. [PubMed: 22388891]

2. Cardozo T, Pagano M. The SCF ubiquitin ligase: Insights into a molecular machine. Nat. Rev. Mol.
Cell Biol. 2004; 5:739–751. [PubMed: 15340381]

3. Petroski MD, Deshaies RJ. Function and regulation of cullin-RING ubiquitin ligases. Nat. Rev. Mol.
Cell Biol. 2005; 6:9–20. [PubMed: 15688063]

4. Skaar JR, D’Angiolella V, Pagan JK, Pagano M. SnapShot: F box proteins II. Cell. 2009;
137:1358.e1–1358.e2. [PubMed: 19563764]

Busino et al. Page 9

Sci Signal. Author manuscript; available in PMC 2013 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Thompson BJ, Buonamici S, Sulis ML, Palomero T, Vilimas T, Basso G, Ferrando A, Aifantis I.
The SCFFBW7 ubiquitin ligase complex as a tumor suppressor in T cell leukemia. J. Exp. Med.
2007; 204:1825–1835. [PubMed: 17646408]

6. Welcker M, Clurman BE. FBW7 ubiquitin ligase: A tumour suppressor at the crossroads of cell
division, growth and differentiation. Nat. Rev. Cancer. 2008; 8:83–93. [PubMed: 18094723]

7. Rajagopalan H, Jallepalli PV, Rago C, Velculescu VE, Kinzler KW, Vogelstein B, Lengauer C.
Inactivation of hCDC4 can cause chromosomal instability. Nature. 2004; 428:77–81. [PubMed:
14999283]

8. Millman SE, Pagano M. MCL1 meets its end during mitotic arrest. EMBO Rep. 2011; 12:384–385.
[PubMed: 21475247]

9. Hao B, Oehlmann S, Sowa ME, Harper JW, Pavletich NP. Structure of a Fbw7-Skp1-cyclin E
complex: Multisite-phosphorylated substrate recognition by SCF ubiquitin ligases. Mol. Cell. 2007;
26:131–143. [PubMed: 17434132]

10. Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell. 2002; 109(suppl.):S81–S96.
[PubMed: 11983155]

11. Senftleben U, Cao Y, Xiao G, Greten FR, Krähn G, Bonizzi G, Chen Y, Hu Y, Fong A, Sun SC,
Karin M. Activation by IKKalpha of a second, evolutionary conserved, NF-kappa B signaling
pathway. Science. 2001; 293:1495–1499. [PubMed: 11520989]

12. Dejardin E, Droin NM, Delhase M, Haas E, Cao Y, Makris C, Li ZW, Karin M, Ware CF, Green
DR. The lymphotoxin-beta receptor induces different patterns of gene expression via two
NFkappaB pathways. Immunity. 2002; 17:525–535. [PubMed: 12387745]

13. Coope HJ, Atkinson PG, Huhse B, Belich M, Janzen J, Holman MJ, Klaus GG, Johnston LH, Ley
SC. CD40 regulates the processing of NF-kappaB2 p100 to p52. EMBO J. 2002; 21:5375–5385.
[PubMed: 12374738]

14. Weih F, Caamaño J. Regulation of secondary lymphoid organ development by the nuclear factor-
kappaB signal transduction pathway. Immunol. Rev. 2003; 195:91–105. [PubMed: 12969313]

15. Ramakrishnan P, Wang W, Wallach D. Receptor-specific signaling for both the alternative and the
canonical NF-kappaB activation pathways by NF-kappaB-inducing kinase. Immunity. 2004;
21:477–489. [PubMed: 15485626]

16. Zarnegar B, He JQ, Oganesyan G, Hoffmann A, Baltimore D, Cheng G. Unique CD40-mediated
biological program in B cell activation requires both type 1 and type 2 NF-kappaB activation
pathways. Proc. Natl. Acad. Sci. U.S.A. 2004; 101:8108–8113. [PubMed: 15148378]

17. Basak S, Kim H, Kearns JD, Tergaonkar V, O’Dea E, Werner SL, Benedict CA, Ware CF, Ghosh
G, Verma IM, Hoffmann A. A fourth IkappaB protein within the NF-kappaB signaling module.
Cell. 2007; 128:369–381. [PubMed: 17254973]

18. Mordmüller B, Krappmann D, Esen M, Wegener E, Scheidereit C. Lymphotoxin and
lipopolysaccharide induce NF-kappaB-p52 generation by a co-translational mechanism. EMBO
Rep. 2003; 4:82–87. [PubMed: 12524526]

19. Xiao G, Harhaj EW, Sun SC. NF-kappaBinducing kinase regulates the processing of NFkappaB2
p100. Mol. Cell. 2001; 7:401–409. [PubMed: 11239468]

20. Fong A, Sun SC. Genetic evidence for the essential role of beta-transducin repeat-containing
protein in the inducible processing of NF-kappa B2/p100. J. Biol. Chem. 2002; 277:22111–22114.
[PubMed: 11994270]

21. O’Neil J, Grim J, Strack P, Rao S, Tibbitts D, Winter C, Hardwick J, Welcker M, Meijerink JP,
Pieters R, Draetta G, Sears R, Clurman BE, Look AT. FBW7 mutations in leukemic cells mediate
NOTCH pathway activation and resistance to gamma-secretase inhibitors. J. Exp. Med. 2007;
204:1813–1824. [PubMed: 17646409]

22. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A, Kryukov GV,
Lawrence MS, Sougnez C, McKenna A, Shefler E, Ramos AH, Stojanov P, Carter SL, Voet D,
Cortés ML, Auclair D, Berger MF, Saksena G, Guiducci C, Onofrio RC, Parkin M, Romkes M,
Weissfeld JL, Seethala RR, Wang L, Rangel-Escareño C, Fernandez-Lopez JC, Hidalgo-Miranda
A, Melendez-Zajgla J, Winckler W, Ardlie K, Gabriel SB, Meyerson M, Lander ES, Getz G,
Golub TR, Garraway LA, Grandis JR. The mutational landscape of head and neck squamous cell
carcinoma. Science. 2011; 333:1157–1160. 10.1126/science.1208130. [PubMed: 21798893]

Busino et al. Page 10

Sci Signal. Author manuscript; available in PMC 2013 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



23. Chapman MA, Lawrence MS, Keats JJ, Cibulskis K, Sougnez C, Schinzel AC, Harview CL,
Brunet JP, Ahmann GJ, Adli M, Anderson KC, Ardlie KG, Auclair D, Baker A, Bergsagel PL,
Bernstein BE, Drier Y, Fonseca R, Gabriel SB, Hofmeister CC, Jagannath S, Jakubowiak AJ,
Krishnan A, Levy J, Liefeld T, Lonial S, Mahan S, Mfuko B, Monti S, Perkins LM, Onofrio R,
Pugh TJ, Rajkumar SV, Ramos AH, Siegel DS, Sivachenko A, Stewart AK, Trudel S, Vij R, Voet
D, Winckler W, Zimmerman T, Carpten J, Trent J, Hahn WC, Garraway LA, Meyerson M, Lander
ES, Getz G, Golub TR. Initial genome sequencing and analysis of multiple myeloma. Nature.
2011; 471:467–472. [PubMed: 21430775]

24. Akhoondi S, Sun D, von der Lehr N, Apostolidou S, Klotz K, Maljukova A, Cepeda D, Fiegl H,
Dafou D, Marth C, Mueller-Holzner E, Corcoran M, Dagnell M, Nejad SZ, Nayer BN, Zali MR,
Hansson J, Egyhazi S, Petersson F, Sangfelt P, Nordgren H, Grander D, Reed SI, Widschwendter
M, Sangfelt O, Spruck C. FBXW7/hCDC4 is a general tumor suppressor in human cancer. Cancer
Res. 2007; 67:9006–9012. [PubMed: 17909001]

25. Morin RD, Mendez-Lago M, Mungall AJ, Goya R, Mungall KL, Corbett RD, Johnson NA,
Severson TM, Chiu R, Field M, Jackman S, Krzywinski M, Scott DW, Trinh DL, Tamura-Wells J,
Li S, Firme MR, Rogic S, Griffith M, Chan S, Yakovenko O, Meyer IM, Zhao EY, Smailus D,
Moksa M, Chittaranjan S, Rimsza L, Brooks-Wilson A, Spinelli JJ, Ben-Neriah S, Meissner B,
Woolcock B, Boyle M, McDonald H, Tam A, Zhao Y, Delaney A, Zeng T, Tse K, Butterfield Y,
Birol I, Holt R, Schein J, Horsman DE, Moore R, Jones SJ, Connors JM, Hirst M, Gascoyne RD,
Marra MA. Frequent mutation of histone-modifying genes in non-Hodgkin lymphoma. Nature.
2011; 476:298–303. [PubMed: 21796119]

26. Staudt LM. Oncogenic activation of NF-kappaB. Cold Spring Harb. Perspect. Biol. 2010;
2:a000109. [PubMed: 20516126]

27. Annunziata CM, Davis RE, Demchenko Y, Bellamy W, Gabrea A, Zhan F, Lenz G, Hanamura I,
Wright G, Xiao W, Dave S, Hurt EM, Tan B, Zhao H, Stephens O, Santra M, Williams DR, Dang
L, Barlogie B, Shaughnessy JD Jr. Kuehl WM, Staudt LM. Frequent engagement of the classical
and alternative NF-kappaB pathways by diverse genetic abnormalities in multiple myeloma.
Cancer Cell. 2007; 12:115–130. [PubMed: 17692804]

28. Keats JJ, Fonseca R, Chesi M, Schop R, Baker A, Chng WJ, Van Wier S, Tiedemann R, Shi CX,
Sebag M, Braggio E, Henry T, Zhu YX, Fogle H, Price-Troska T, Ahmann G, Mancini C, Brents
LA, Kumar S, Greipp P, Dispenzieri A, Bryant B, Mulligan G, Bruhn L, Barrett M, Valdez R,
Trent J, Stewart AK, Carpten J, Bergsagel PL. Promiscuous mutations activate the noncanonical
NF-kappaB pathway in multiple myeloma. Cancer Cell. 2007; 12:131–144. [PubMed: 17692805]

Busino et al. Page 11

Sci Signal. Author manuscript; available in PMC 2013 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


