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Microtubules have pivotal roles in fundamental cellular processes
and are targets of antitubulin chemotherapeutics'. Microtubule-
targeted agents such as Taxol and vincristine are prescribed widely
for various malignancies, including ovarian and breast adenocarci-
nomas, non-small-cell lung cancer, leukaemias and lymphomas'.
These agents arrest cells in mitosis and subsequently induce cell
death through poorly defined mechanisms’. The strategies that res-
istant tumour cells use to evade death induced by antitubulin agents
are also unclear’. Here we show that the pro-survival protein MCL1
(ref. 3) is a crucial regulator of apoptosis triggered by antitubulin
chemotherapeutics. During mitotic arrest, MCL1 protein levels
decline markedly, through a post-translational mechanism, poten-
tiating cell death. Phosphorylation of MCLI directs its interaction
with the tumour-suppressor protein FBW?7, which is the substrate-
binding component of a ubiquitin ligase complex. The polyubiqui-
tylation of MCL1 then targets it for proteasomal degradation. The
degradation of MCL1 was blocked in patient-derived tumour cells
that lacked FBW7 or had loss-of-function mutations in FBW7,
conferring resistance to antitubulin agents and promoting chemo-
therapeutic-induced polyploidy. Additionally, primary tumour
samples were enriched for FBW?7 inactivation and elevated MCL1
levels, underscoring the prominent roles of these proteins in onco-
genesis. Our findings suggest that profiling the FBW7 and MCL1
status of tumours, in terms of protein levels, messenger RNA levels
and genetic status, could be useful to predict the response of patients
to antitubulin chemotherapeutics.

BCL2 family proteins are key regulators of cell survival and can either
promote or inhibit cell death?. Pro-survival members, including BCL-
X;, and MCL1, inhibit apoptosis by blocking the cell death mediators
BAX and BAK (also known as BAK1). When uninhibited, BAX and
BAK permeabilize the outer mitochondrial membranes, which releases
pro-apoptotic factors that activate caspases, the proteases that catalyse
cellular demise. This intrinsic, or mitochondrial, pathway is initiated by
the damage-sensing BH3-only proteins, including BIM (encoded by
BCL2L11) and NOXA (also known as PMAIP1), which neutralize the
pro-survival family members when cells are irreparably damaged*.

Because aberrant expression of pro-survival BCL2 family proteins
promotes tumorigenesis and resistance to chemotherapeutics’, we
evaluated whether these proteins regulate the cell death induced by
antitubulin agents. Multiple lineages of Bax '~ Bak™'~ mouse embry-
onic fibroblasts (MEFs) were resistant to killing by Taxol or nocoda-
zole, whereas wild-type (WT) MEFs were significantly more sensitive
to such killing (Fig. 1a and Supplementary Fig. 2a—e). These results
were confirmed in myeloid cells (Fig. 1b). As inhibitor of apoptosis

(IAP) proteins® do not have a significant role in the cellular response to
antitubulin agents (Supplementary Fig. 3), we conclude that BCL2
family proteins are key regulators of antitubulin-agent-induced cell
death in diverse cell types.

Next we determined the sensitivity of MEFs lacking individual BCL2
family members to killing by Taxol or vincristine, two mechanistically
distinct antitubulin chemotherapeutics. Belx /™ cells were more sensi-
tive to Taxol than were WT cells, and Mcll ™/~ cells showed greater
sensitivity than WT cells to Taxol or vincristine (Fig. 1c, d). Because the
ratio of pro-survival to pro-apoptotic BCL2 family proteins dictates cell
fate®, we monitored the levels of these proteins during mitotic arrest, as
indicated by phosphorylation of the anaphase-promoting complex
subunit CDC27 (ref. 6). MCL1 protein levels declined markedly in
synchronized cells released into nocodazole or Taxol (Fig. 1e and Sup-
plementary Fig. 4). The decrease in NOXA protein levels is probably
anindirect consequence of MCL1-regulated stability (D.C.S.H., unpub-
lished observations). MCL1 protein levels also declined in unsynchro-
nized cells that were arrested in mitosis (Supplementary Figs 5 and 34).

MCLI transcription was not significantly decreased during mitotic
arrest in human cell lines (Fig. 2a). This implicated a role for the
ubiquitin—proteasome system, the primary conduit for regulated pro-
tein degradation in eukaryotic cells’, in the reduction of MCL1 protein
levels. Indeed, the proteasome inhibitor MG132 blocked MCL1 degra-
dation (Fig. 2b and Supplementary Fig. 6), and endogenous MCL1 was
ubiquitylated during mitotic arrest (Supplementary Fig. 7).

MCLI contains potential degron motifs for association with the
F-box proteins -transducin-repeat-containing protein (-TRCP; also
known as FBXW1 or FWD1)® and FBW7 (also known as FBXW?7,
AGO, CDC4 or SEL10)° (Supplementary Fig. 8). F-box proteins are
substrate receptors for SKP1-CULI-F-box (SCF)-type ubiquitin ligase
complexes, which mediate degradative polyubiquitylation®'°. Con-
sistent with a role for CUL1-based ubiquitin ligases in MCL1 turnover,
ectopic expression of a dominant-negative CUL1 protein blocked
MCLI degradation during mitotic arrest (Supplementary Fig. 9).
These data indicate that CUL1-containing ubiquitin-ligase complexes
have a more prominent role in regulating MCL1 turnover during
mitotic arrest than MULE, a ligase that ubiquitylates MCL1 (ref. 11),
an idea corroborated by knocking down MULE expression in Taxol-
treated cells by using RNA interference (RNAi) (Supplementary Fig.
10a—c). RNAi-mediated knockdown of FBW7 expression, but not
B-TRCP expression, attenuated MCL1 degradation in tumour cells
(Fig. 2c and Supplementary Figs 11 and 12) and untransformed cells
(Supplementary Fig. 13a,b). MCL1 degradation (Fig. 2d) and turnover
(Supplementary Fig. 14) was protracted in FBW7-null cells relative to
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Figure 1 | BCL2 family proteins regulate cell death induced by antitubulin
chemotherapeutic agents. a-d, Viability of cell lines treated for 48 h with the
indicated agents. Data are presented as the mean * s.e.m.; n = 3. EIA/RAS-
transformed Bax~'~Bak™'~ MEFs (a) and factor-dependent myeloid (FDM)
cells (b) are resistant to Taxol-induced cell death. ¢, Genetic deletion of Mcl1 or
Bclx enhances sensitivity to Taxol. d, Genetic deletion of MclI, but not of Bclx,
enhances sensitivity to vincristine. e, Assessment of BCL2 family protein levels,
by western blotting (WB), during mitotic arrest. The mitotic time course
indicates when synchronized cells were collected relative to the onset of mitotic
arrest: that is, —2 denotes 2 h before mitosis (M), and +3 denotes 3 h after cells
entered mitosis. CDC27 and tubulin are indicators of mitotic arrest and equal
loading, respectively. CDC27-P, phosphorylated CDC27.

WT cells, and complementation with FBW?7 isoforms restored MCL1
degradation (Fig. 2d and Supplementary Fig. 15). Endogenous MCL1
was recruited to cellular SCF complex subunits in FBW7-WT but not
FBW7-null cells during mitotic arrest (Fig. 2e). Recombinant MCL1
was ubiquitylated in vitro by the reconstituted FBW7-containing SCF
complex (SCF*™®W7) when the complete ligase complex was assembled
(Fig. 2f). Collectively, these results demonstrate that SCE™®"” pro-
motes MCLI degradation during mitotic arrest.

Because substrate phosphorylation promotes recruitment to FBW7
(ref.9), the phosphorylation status of candidate FBW7-binding degrons
on MCL1 was evaluated in cells arrested in mitosis (Fig. 3a). Mass
spectrometry identified phosphorylation of residues S64, S121, S159
and T163 (Fig. 3a and Supplementary Fig. 16a-d). Myc-tagged MCL1
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Figure 2 | SCE*®"” targets MCLI for proteasomal degradation during
mitotic arrest. a-e, Human carcinoma cell lines were synchronized and
collected throughout the mitotic time course as in Fig. 1a (numbers indicate
molecular mass in kDa). a, During mitotic arrest, MCLI mRNA levels are not
significantly decreased relative to MCLI protein, as determined by WB. MCL1
expression was monitored by real-time PCR, and the percentage mRNA is
indicated relative to the —4-h time point. b, MG132 stabilizes MCL1
degradation during mitotic arrest in HeLa cells. ¢, RNAi oligonucleotides
targeting FBWY7, but not control scrambled RNAi or RNAi oligonucleotides
targeting BTRC (which encodes 3-TRCP), attenuate MCLI1 degradation during
mitotic arrest in HCT 116 cells. d, MCL1 degradation is attenuated in
FBW7 ™'~ HCT 116 cells during mitotic arrest. Complementation with the
a-isoform or B-isoform of FBW7 restores MCLI1 degradation. e, FBW7 recruits
MCLLI to the SCF ubiquitin ligase complex core, the components of which are
CUL1, SKP1 and ROC1, in HCT 116 cells in mitotic arrest. IP,
immunoprecipitation. f, Left, reconstitution of the SCF™*"” ubiquitin ligase
complex promotes MCLI ubiquitylation in vitro. Ubiquitylation reactions
containing the indicated components were reacted in vitro with biotinylated
ubiquitin. Reacted components were denatured, and Flag-MCL1 was
immunoprecipitated (IP) and blotted (WB) for biotin to reveal in vitro-
ubiquitylated MCL1 (MCL1-Ub). Myc-tagged F-box proteins (including
F-box-deleted FBW7 (FBW?7-AFBox)), Flag-MCL1 and HA-tagged CUL1
variants were also immunoprecipitated and analysed as indicated by WB
analysis to reveal the respective input levels. Wedges indicate an increasing
amount of the indicated reaction component. Right, endogenous ROC1 does
not associate with dominant-negative (DN) HA-tagged CULI. E1, ubiquitin-
activating enzyme; UBCHS5A, E2 ubiquitin-conjugating enzyme.

IP: HA
WB: HA

3 MARCH 2011 | VOL 471 | NATURE | 111

©2011 Macmillan Publishers Limited. All rights reserved



LETTER

a b Cellcycle: G2 Mitosis WB: MCL1 WB: Tubulin WB: CDC27
FBW? . OX0OOS/TPXXS/T/E S ST Mitotic time
degron consensus Myc-MCL1: \Q, ,\\ q\ Ca\ o course (h): 22,20 220 4 0 > 020 g a0 > 0.0 20
% SPIE \é& “V S wT <CDC27-P
46RE1GGGEAGAV 1GGSAGASPPSTLTPDSR74 FlagFBW7: & & + + ¥+ 3¢ 3 2 1y MeLT (e o e S S 8 88 e e 2000,
{/’\)/EFII?AQ 501 | |.' - |<Myc_ MGL1 CDC27-P
YR .
105AAPLEEMEAPAADA | &EEELDGYEPEPLGKWG 4 MCL1 64/68A |®mE o s :'.l..‘I:CDC”
IP: Flag QB‘I - . - - - FBW7-
WB: Flag ™~ | == sr Ll ~Flag MCL1 - <CDC27-P
137RPAVLPLLELVGESGNNTSTD&?_P %PPAEEEEDELYRWG 12171250 | RS = w = '.....'Q <CDC27

MCL1 phospho-mutants

- Myc 501 - = = Myc—
WB: Myc ‘I-a... ||-..-='~|4 lyc-

MCL1 MCL1

64/68A = S64A/TE8A

121/125A = S121A/E125A

. > <cpcer-p
We: CDCS;J-----O| I“““|<cocz7

= CDC27-P
B4 | T T st

159/163A | e T T w v w

159/163A = S159A/T163A MCL1 <CDC27-P
4A = SBAA/S121A/S159A/T163A hatattmit e b 2 “...“' ~CDGC27
WB: TubulinJ.--'| |---|
50
! : ) & @
Cyclin E peptides EBW?7 + peptide ‘3“(& Q. O oR
d 9 S Ky (a0 € f NI NN S
& e (W o NN 00 @ON b eV
55 72 372 2 RO B G o
ha L 08 SE NP o g g @ T o
1| " " ﬂ |395 o Kinase inhibitor: _ ST O _©° & ° &7 T <
3 Y - ~ - - ~ ~ ~ é ~
s5_@F 7 No binding detected 306 Gyein E TR Flag-FBWT elution: | 1 1 21 1 1 2
51 £ 70 No binding detected 504 . Cyclin E T380/5384 cblomm - =11l R R LR
372 @®@ 390 037:006 8 oo *xDMSQ control {;B'_"agyc i “a | <=Myc-McL1
s : I
372—1 1390 No binding detected o e Kok IP: Flag
MCL1 pepndes 0.07T 07 4 “10 00 WB: Flag -.-'-.-.-..!-I--‘<-FBW7—FIag
g /\ .\ 4 Peptide (uM)
56 75 111 ? 430150 1 o SIS
LI I f ﬂ 850 g ey 00* o
T @ R \t~ %~ %~ R Foopdnad
56 75 No binding detected 3 Kinasels) §\°§\° ip E‘Af\ff ¢ f’g ¢
56—L 1 75 No binding detected -2 Flag-FBW7: _+ +  + FoE o+ o+ o+ o+
11—@ € 130 66+13 2 IP: Flag
11— E 130 >35 £ WB: MCL1 "f‘ 199
11— D 130 No binding detected ;
150—@®@ 169 Nobinding detected 00T o T 15160 1P Flag - - —
150 — 11169 No binding detected Peptide (uM) - Flag

Figure 3 | Identification of MCL1 degron motifs and protein kinases that
direct recruitment to FBW7 during mitotic arrest. a, The FBW7 degron
consensus sequence (top, with potential phosphorylation sites or phospho-
mimic residues in red), corresponding MCL1 residues (coloured, centre) and
confirmed phosphorylation sites (P) during mitosis are indicated for three
MCLI1-derived peptide sequences. Phosphorylation at S159 (red) rather than
$162 (orange) was confirmed by co-elution with a synthetic peptide (see
Supplementary Fig. 16). 6, hydrophobic amino acid; X, any amino acid. The
MCLI phospho-mutant nomenclature used is indicated. b, Association of
Flag-FBW7 with Myc-MCL1 mutants S121A/E125A, S159A/T163A, and 4A
is attenuated in mitotic arrest. The indicated constructs were expressed in HeLa
cells that were synchronized, released into Taxol, and processed as indicated.
¢, MCL1 phospho-mutants SI21A/E125A, S159A/T163A and 4A have
attenuated degradation during mitotic arrest. HCT 116 cells were synchronized
and collected throughout the mitotic time course as in Fig. 1a. d, Schematic
representation of MCL1- or cyclin-E-derived peptides and their calculated
dissociation constants (Ky), averaged from duplicate experiments

was efficiently recruited to Flag-tagged FBW7 during mitotic arrest
(Supplementary Fig. 17), and MCLI residues 1-170 directed binding
to FBW7 (Supplementary Fig. 18), thus mutant MCL1 constructs were
tested to identify the degrons that confer FBW?7 association (Fig. 3a).
The MCL1 mutants S121A/E125A (in which the serine residue at posi-
tion 121 and the glutamic acid residue at position 125 are both replaced
by alanine residues) and S159A/T163A bound to FBW7 less efficiently
than WT FBW?7 (Fig. 3b), and their degradation during mitotic arrest
was attenuated (Fig. 3c). Assessment of the relative affinities of the
phosphorylated WT MCL1 degrons for FBW7 showed that the S121/
E125 site is a higher affinity degron than the S159/T163 site (Fig. 3d, e).
Thus, similar to other FBW7 substrates such as cyclin E°, MCL1 con-
tains high-affinity and low-affinity FBW7 degrons, both of which are
required for efficient recruitment to (Fig. 3b) and subsequent degrada-
tion by (Fig. 3c) SCF™™7 in the context of full-length MCL1.

To investigate the protein kinase or kinases that direct MCLI recruit-
ment to FBW7 in response to antitubulin chemotherapeutics, we
focused on kinases that contain MCL1 degron consensus sites and
demonstrate activity in mitotic arrest. This includes CDKI, casein
kinase IT (CKII), ERK isoforms (also known as MAPK1 and
MAPK?2), GSK3p, JNK isoforms (also known as MAPK8, MAPK9
and MAPK10) and p38 isoforms (also known as MAPKII,
MAPK12, MAPK13 and MAPKI14) (Supplementary Figs 19 and
24c). Studies using protein kinase inhibitors (Supplementary Figs
20a, 21, 22a, b and 24a, b) or RNAi (Supplementary Figs 20b, 23a-c
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(mean * s.d.), for FBW7 binding as determined by ELISA. e, The MCL1-
derived peptide containing the phosphorylated S121/E125 degron (MCL1
S121-P) preferentially binds to FBW?7 in vitro. Graphical representation of the
fraction of FBW?7-bound cyclin E or MCL1 peptides as a function of peptide
concentration is shown. DMSO, dimethylsulphoxide. f, Pharmacological
inhibition of JNK, p38 or CDKI1 (with inhibitor (and targeted kinase) indicated,
top) attenuates recruitment of Myc-MCL1 to Flag-FBW?7 during mitotic
arrest. The indicated constructs were expressed in HeLa cells with or without
CDC20 RNAI oligonucleotides or control scrambled RNAi oligonucleotides,
and cells were then synchronized and released into Taxol. When cells entered
mitotic arrest, the indicated agents were added for 1h followed by a 3-h
incubation with 25 uM MG132 before collection and processing as indicated
(see Supplementary Fig. 25). g, In vitro phosphorylation of recombinant MCL1
drives FBW7 binding. Full-length MCL1 was subjected to in vitro
phosphorylation with the indicated kinases and subsequently incubated with
recombinant Flag-FBW?7. Anti-Flag immunoprecipitates were resolved by
SDS-PAGE and probed with antibodies specific for the indicated proteins.

and 24a-c) indicated that the activities of JNK, p38, CKII and CDK1
regulate MCL1 degradation during mitotic arrest. Because CDK1
inhibition drives cells out of mitosis'*> (Supplementary Figs 21 and
22a,b), non-degradable cyclin B1 was expressed, or CDC20 expression
was knocked down, to maintain cells in mitotic arrest'* (Supplementary
Fig. 24a, b). Inhibition of JNK, p38 or CDKI1 also attenuated MCL1
recruitment to FBW7 (Fig. 3f and Supplementary Figs 25 and 26). JNK,
p38 and CKII, but not CDK1, directly phosphorylated MCL1 degrons
(Supplementary Table 1a—c). JNK and p38 directly promoted MCL1-
FBW?7 binding, whereas the contribution by CDK1 was negligible
(Fig. 3g), suggesting that CDK1 indirectly enhances MCL1 phosphor-
ylation to promote binding to FBW7 in the cellular context. Indeed,
CDKI1 phosphorylates T92 (Supplementary Table 1d), a residue that is
phosphorylated (Supplementary Fig. 16e) and regulates MCL1 turn-
over (Supplementary Fig. 27a) during mitotic arrest.

Because the phosphatase inhibitor okadaic acid regulates MCL1
phosphorylation in a manner similar to Taxol'*, we evaluated whether
CDK1-directed phosphorylation of T92 blocked the association of the
okadaic-acid-sensitive phosphatase PP2A with MCL1 during mitotic
arrest. PP2A more readily dissociated from WT MCLI1 than the T92A
mutant, concomitant with increasing CDKI1 activity (Supplementary
Fig. 27b). MCL1-associated PP2A protein levels and phosphatase
activity are low in mitotic arrest when CDKI1 activity is high, but they
are restored after exit from mitosis, when CDKI1 is inactivated (Sup-
plementary Fig. 27c). Thus, the phosphorylation of MCL1 degron
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residues by JNK, p38 and CKII during mitotic arrest is probably
initially opposed by phosphatases such as PP2A. Maximal activation
of CDK1 in prolonged mitotic arrest promotes T92 phosphorylation
and PP2A dissociation, allowing sufficient phosphorylation of MCL1
degron residues to drive FBW7-mediated degradation (Supplemen-
tary Fig. 1). These effects are revealed when microtubule-targeted
agents are washed out of cells that are in mitotic arrest: the activities
of JNK, p38 and CDK1 decline, and MCL1 protein levels are restored
(Supplementary Fig. 28). Sufficient loss of MCL1 activates BAK and
BAX (Supplementary Fig. 29) to promote apoptosis.

FBW?7 is a haploinsufficient tumour suppressor that targets proto-
oncoproteins—including Myc, Jun, NOTCH and cyclin E—for degrada-
tion’. FBW7 mutations that were identified in patient-derived cell lines
disrupted the association of FBW7 with MCLI during mitotic arrest
(Supplementary Fig. 30). Thus, failure of inactivated FBW7 to promote
MCL1 degradation could confer resistance to antitubulin chemo-
therapeutics. Indeed, FBW7-null cell lines showed attenuated MCL1
degradation and were more resistant to Taxol- or vincristine-induced
cell death than were WT cells (Supplementary Figs 31 and 32). BCL-X;,
remained stable regardless of FBW?7 status (Supplementary Fig. 31).

Similar trends were seen in patient-derived ovarian (Fig. 4a) and
colon (Supplementary Fig. 33) cancer cell lines harbouring naturally
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occurring FBW7 mutations. Although the response to antitubulin agents
is heterogeneous within a cell population', mitotic arrest was similarly
activated by Taxol treatment in synchronized and asynchronous ovarian
cancer cell lines (Fig. 4a and Supplementary Fig. 34). Moreover, MCL1
degradation profiles were similar in synchronized and asynchronous
cells: MCLI1 was efficiently degraded in FBW7-WT cells that are effec-
tively arrested in mitosis, yet MCL1 persisted in TOV21G cells that
undergo only transient mitotic arrest and in FBW?7-mutant SKOV3 cells
(Fig. 4a and Supplementary Fig. 34). Thus, the inappropriate survival of
cells that are arrested in mitosis positively correlates with attenuated
MCLI degradation, which is, in turn, regulated by FBW?7.

FBW7 with an R505L mutation was expressed in FBW7-WT
TOV112D-X1 cells to mimic cells harbouring one mutated FBW7
allele’ and to assess the in vivo effects. Tumours expressing mutant
FBW?7 were more resistant to Taxol (Supplementary Fig. 35a) and had
higher levels of MCL1 than FBW7-W'T parental tumours (Supplemen-
tary Fig. 35b, ¢). BCL-X| protein levels were unaffected by FBW7 status
(Supplementary Fig. 35b, d). Reducing the amount of MCL1 protein in
FBW7-null cells restored their sensitivity to Taxol- and vincristine-
induced death (Fig. 4b and Supplementary Fig. 36), demonstrating
that MCLI is a crucial pro-survival factor that is responsible for res-
istance to antitubulin agents in FBW7-deficient cells.

Previous studies have shown that blocking apoptosis during mitotic
arrest allows cells to exit mitosis and evade cell death'® and that FBW?7-
null cells more frequently exit mitosis and undergo endoreduplication
to render cells polyploid'. Our work identifying MCL1 as an FBW7
substrate therefore suggests a molecular link to explain antitubulin
agent resistance and chemotherapy-induced polyploidy. Indeed,
FBW?7-null cells exit Taxol- or vincristine-induced mitotic arrest more
readily (Fig. 4d and Supplementary Figs 37 and 38) and show more
pronounced polyploidy (Fig. 4c) than do FBW7-WT cells. Reducing
the MCL1 protein levels in the FBW7-null cells with short hairpin RNA
(shRNA) decreased mitotic slippage, enhanced Taxol- or vincristine-
induced apoptosis (Fig. 4d and Supplementary Figs 37 and 38) and
reduced chemotherapeutic-induced polyploidy (Fig. 4c) compared
with FBW7-null cells treated with control shRNA. Thus, MCLI pro-
motes resistance to death induced by antitubulin chemotherapeutics
and facilitates genomic instability when FBW? is inactivated.

The hostile tumour micro-environment, like chemotherapeutic
insults, exerts selective pressures on malignant cells; therefore, tumour

Figure 4 | FBWY inactivation and increased MCL1 levels promote
antitubulin agent resistance and tumorigenesis in human cancers. a, FBW7-
WT ovarian cancer cell lines that undergo mitotic arrest are sensitive to Taxol
(left) and rapidly degrade MCLI1 relative to FBW7-mutant and Taxol-resistant
cells (right). FBW7 status is specified in parentheses. b, Sensitivity to vincristine-
induced cell death is restored in FBW7 '~ cells on MCLI ablation (red). WT or
FBW7 '~ HCT 116 cells were transduced with the indicated doxycycline-
inducible shRNA constructs, cultured in the presence of doxycycline, and treated
with various concentrations of vincristine for 48 h before cell viability
assessment. shLacZ, control shRNA (green and blue). Data are presented as
mean * s.e.m.; n = 3. ¢, MCLI expression modulates polyploidy in FBW7-
deficient HCT 116 cells. WT or FBW7 '~ HCT 116 cells were transduced with
the indicated doxycycline-inducible sShRNA constructs, cultured in the presence
of doxycycline, synchronized and released into vincristine. They were then
collected at 5 h (4+5h) or 10 h (410 h) after mitotic arrest and fixed, stained with
propidium iodide and analysed by FACS (x axis, fluorescence units; y axis,
number of cells). M1, percentage of cells with >2N DNA content. d, MCL1
expression increases mitotic slippage and attenuates apoptosis in FBW7-
deficient cells. WT or FBW7 '~ HCT 116 cells were transduced with the
indicated doxycycline-inducible shRNA constructs, cultured in the presence of
doxycycline, transduced with an H2B-GFP-expressing baculovirus,
synchronized, treated with the indicated antitubulin agents and imaged live.
Three images were acquired every 10 min for 43 h, and 50 cells were analysed for
each condition. *, P < 0.05; **, P < 0.001 (one-tailed Fisher’s exact test).

e, MCL1 levels are elevated in non-small-cell lung cancer (NSCLC) samples with
mutant FBW7 or low FBW7 copy number relative to FBW7-WT tumours and
normal lung samples (see also Supplementary Table 2). NSCLC FBW7-mutant
samples 3 and 5 (green) also have low FBW7 copy number.
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cells harbouring alterations in FBW7 and MCL1 should be selected for
and enriched in primary patient tumour samples. To this end, copy
number analysis of FBW7 and MCLI was performed in ovarian tumour
samples (Supplementary Fig. 39). The co-occurrence of MCL1 gain and
FBW7loss was more frequent than expected, a finding that is consistent
with selection for both genetic alterations (Supplementary Fig. 39).
Data from non-small-cell lung cancer samples showed similar trends
but were not statistically significant owing to insufficient sample size
(data not shown). Immunoblotting of patient samples revealed that
most tumours in which FBW7 was inactivated had increased MCL1
protein levels relative to FBW7-WT tumours and normal lung samples
(Fig. 4e and Supplementary Table 2). By contrast, BCL-X|, protein levels
were not correlated with FBW?7 status (Fig. 4e). Thus, functional FBW7 is
required to downregulate MCL1 expression in primary patient samples, a
particularly significant finding given that antitubulin agents are thera-
peutic mainstays for non-small-cell lung cancers and ovarian cancers.

The signalling pathways that activate cell death induced by antitu-
bulin chemotherapeutics are of crucial interest, and we provide genetic
evidence that both MCLI and BCLX are important regulators of this
therapeutic response. Whereas BCL-X is functionally inactivated by
phosphorylation'” and is unaffected by FBW?7 status, MCL1 inactiva-
tion is coordinated by the concerted activities of phosphatases, stress-
activated and mitotic kinases, and the SCF*™®"” ubiquitin ligase. As
such, we define a unique molecular mechanism for regulation of
MCLI and initiation of apoptosis during mitotic arrest (Supplemen-
tary Fig. 1). By identifying SCF™®" as a crucial ubiquitin ligase that
directs MCLI degradation during mitotic arrest, we also elucidate a
mechanism for resistance to antitubulin chemotherapeutics. Analysis of
patient samples suggests that drug-efflux pumps'® or tubulin alterations™
do not always account for resistance to antitubulin agents, thus evasion of
apoptosis owing to inappropriately increased levels of MCLLI is probably
a crucial strategy. We also show that the elevated MCL1 protein levels in
FBW?7-deficient cells favours increased mitotic slippage, endoreduplica-
tion and subsequent polyploidy in response to antitubulin therapeutics.
The role of MCL1 in FBW7-deficient cells therefore extends beyond
the simple inhibition of apoptosis; it also facilitates genomic aberra-
tions, thus fuelling the transformed state.

METHODS SUMMARY

The viability of cancer cell lines, and MEFs in which genes encoding IAPs had been
knocked out, was analysed by using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega). Cells were treated in triplicate with antitubulin agents for the
indicated times, using dimethylsulphoxide treatment as a control. The viability of
BCL2-family-member-null MEFs was analysed by propidium iodide staining, as
described previously™, after treatment with antitubulin agents for 48 h. Cell syn-
chronization was achieved by culture either in serum-free medium for 12-16 h or
in medium containing 2 mM thymidine for 18-24 h, release from the thymidine
block with three washes in PBS, followed by culture for 8-12 h in complete growth
media (compositions are described in the Supplementary Information). Cells then
underwent a second thymidine block for 16-20 h, three further washes in PBS and
release into complete medium containing the indicated reagents. To block MCL1
degradation, 25 uM MG132 was added as cells entered mitotic arrest, as assessed
by visual inspection. See Supplementary Information for full methods.
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