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An inhibitor of NEDD8-activating enzyme
as a new approach to treat cancer
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James E. Brownell1, Kristine E. Burke1, David P. Cardin1, StephenCritchley1, CourtneyA. Cullis1, AmandaDoucette1,
James J. Garnsey1, Jeffrey L. Gaulin1, Rachel E. Gershman1, Anna R. Lublinsky1, Alice McDonald1,
Hirotake Mizutani1, Usha Narayanan1, Edward J. Olhava1, Stephane Peluso1, Mansoureh Rezaei1,
Michael D. Sintchak1, Tina Talreja1, Michael P. Thomas1, Tary Traore1, Stepan Vyskocil1, Gabriel S.Weatherhead1,
Jie Yu1, Julie Zhang1, Lawrence R. Dick1, Christopher F. Claiborne1, Mark Rolfe1, Joseph B. Bolen1

& Steven P. Langston1

The clinical development of an inhibitor of cellular proteasome function suggests that compounds targeting other
components of the ubiquitin–proteasome system might prove useful for the treatment of human malignancies.
NEDD8-activating enzyme (NAE) is an essential component of the NEDD8 conjugation pathway that controls the activity of
the cullin-RING subtype of ubiquitin ligases, thereby regulating the turnover of a subset of proteins upstream of the
proteasome. Substrates of cullin-RING ligases have important roles in cellular processes associated with cancer cell growth
and survival pathways. Here we describeMLN4924, a potent and selective inhibitor of NAE. MLN4924 disrupts cullin-RING
ligase-mediated protein turnover leading to apoptotic death in human tumour cells by a new mechanism of action, the
deregulation of S-phaseDNA synthesis.MLN4924 suppressed the growth of human tumour xenografts inmice at compound
exposures that were well tolerated. Our data suggest that NAE inhibitors may hold promise for the treatment of cancer.

The ubiquitin–proteasome system (UPS) is responsible for the
regulated degradation of intracellular proteins with important roles
in a broad array of cellular functions1. One drug which targets the
UPS, the proteasome inhibitor bortezomib (Velcade), is approved
for the treatment of patients with multiple myeloma or mantle cell
lymphoma2,3. The anti-cancer activity of bortezomib suggests that
inhibitors of other enzymes that modulate UPS activity might lead to
the development of new anti-cancer drugs with differentiated clinical
use4.

Covalent linkage of the small proteinmodifier ubiquitin to a protein
frequently acts to initiate a process that results in the degradation of the
protein by the proteasome5. The ubiquitinylation pathway is executed
by a series of three distinct enzymatic steps. Ubiquitin is first ‘activated’
by ubiquitin-activating enzyme (E1) in an ATP-dependent reaction6.
In the second step, ubiquitin is transferred from theE1 to anubiquitin-
conjugating enzyme (E2). The E2 then collaborates with a ubiquitin
ligase enzyme (E3) to conjugate the ubiquitin to the substrate protein
targeted for degradation.

Although the ubiquitinylation pathway was the first such pathway
to be discovered7, homologous pathways for protein conjugation by
ubiquitin-like proteins (UBLs) have subsequently been identified8.
One such conjugation pathway uses the ubiquitin-like protein
NEDD8 (ref. 9). Similar to ubiquitin, NEDD8 is first activated by
an E1 enzyme (NEDD8 activating enzyme (NAE; a heterodimer of
NAE1 and UBA3 subunits)), transferred to an E2 enzyme (Ubc12,
also known as UBE2M), and then conjugated to target substrates.
The best characterized substrates of the NEDD8 pathway are the
cullin family of proteins10. Cullin proteins function as a core scaffold
for a subclass of ubiquitin E3 ligases, the cullin-RING ligases
(CRLs)11, and covalent modification of the cullin protein within
the CRL by NEDD8 is required for holoenzyme ubiquitin ligase

activity12–14. Recent work suggests that there are several mechanisms
by which NEDD8 modification activates CRLs15,16. Thus, one func-
tion of the NEDD8 pathway is to regulate the ubiquitinylation rate
(and degradation kinetics) of the subset of proteins whose ubiquiti-
nylation is dependent on CRLs.

Herewe report thediscoveryofMLN4924, a smallmolecule inhibitor
ofNAE that is at present being evaluated in several phase I clinical trials.
MLN4924 selectively inhibits NAE activity compared to the closely
related ubiquitin-activating enzyme (UAE, also known as UBA1) and
SUMO-activating enzyme (SAE; a heterodimer of SAE1 and UBA2
subunits), in purified enzyme and cellular assays. MLN4924 exhibits
potent in vitro cytotoxic activity against a variety of human tumour-
derived cell lines. Treatment of tumour cells with MLN4924 increases
the abundance of knownCRL substrates, but unlike proteasome inhibi-
tion by bortezomib,MLN4924didnot significantly inhibit bulkprotein
turnover. In the human cell lines studied, the mechanism of cell death
seems to be a consequence of uncontrolled DNA synthesis in the
S-phase of the cell cycle leading to DNA damage and induction of
apoptosis. In vivo, MLN4924 demonstrates potent anti-tumour activity
in mice bearing human tumour xenografts, at drug exposures that are
well tolerated.

MLN4924 is a selective inhibitor of NAE

MLN4924 was discovered as a result of iterative medicinal chemistry
efforts on N6-benzyl adenosine that was originally identified as an
inhibitor of NAE via high throughput screening (see Supplementary
Information for chemical characterization). As shown in Fig. 1a,
MLN4924 is structurally related to adenosine 59-monophosphate
(AMP)—a tight binding product of the NAE reaction6,17. The main
differences between AMP and MLN4924 are: (1) in place of the
adenine base, MLN4924 has a deazapurine base substituted with an
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aminoindane at N6; (2) in place of the ribose sugar, MLN4924 has a
carbocycle and the equivalent of the 29-hydroxyl group of AMP is
absent; (3) in place of the phosphate, MLN4924 has a sulphamate;
and (4) in contrast to the stereochemistry of AMP, the methylene
sulphamate of MLN4924 is in a non-natural anti-relationship to the
deazapurine. X-ray crystallography confirmed that MLN4924 bound
in the nucleotide-binding site of NAE18,19 (J.E.B. et al.,manuscript in
preparation).

MLN4924 is a potent inhibitor of NAE (half-maximal inhibitory
concentration (IC50)5 0.004 mM), and is selective relative to the
closely related enzymes UAE, SAE, UBA6 and ATG7 (IC505 1.5,
8.2, 1.8 and.10 mM, respectively) when evaluated in purified
enzyme assays that monitor the formation of E2–UBL thioester reac-
tion products (Fig. 1b and data not shown). The selectivity profile of
MLN4924 for NAE was also evident in cell-based assays evaluating
the levels of E2–UBL thioester products by immunoblotting (Fig. 1c).
Molecules of this general class have been shown to inhibit transfer
RNA synthetases20. To rule out this possibility, MLN4924 was shown
to have no effect in an assay monitoring the incorporation of
[35S]methionine into newly synthesized proteins (Supplementary
Fig. 1). Furthermore, MLN4924 did not demonstrate detectable
inhibition of other ATP-using enzymes (Supplementary Table 1).

NAE regulates a subset of UPS substrates

Polyubiquitinylated proteins are normally degraded by cellular pro-
teasomes, and inhibition of proteasome activity has been shown to
substantially suppress bulk intracellular protein turnover21. In con-
trast, inhibition of the NAE pathway should only affect the degrada-
tion of proteins whose ubiquitinylation is mediated by CRLs. The
effect of NAE inhibition on total intracellular protein turnover and
proteasome-dependent protein turnoverwas examined by comparing
the consequence of NAE inhibition and proteasome inhibition on the
degradation of metabolically labelled proteins in cultured HCT-116
cells. MLN4924 and bortezomib were used at concentrations that

result in rapid and complete inhibition of detectable CRL and protea-
some activity, respectively (Supplementary Fig. 2). As early as 15min
after treatment, bortezomib was found to inhibit protein turnover,
whereasMLN4924did not have a significant effect (Fig. 2, inset).Over
longer exposure times, MLN4924 treatment inhibited overall protein
turnover by <9% (P5 0.023), and bortezomib treatment inhibited
protein turnover by <50% (P, 0.001) as estimated from the assoc-
iated area under curve (AUC) values from 2–4h. These observations
suggest that inHCT-116 cells, approximately 20%of the proteasome-
dependent degradation is mediated by CRL-ubiquitinylation.

NAE inhibition results in S-phase defects

NAE inhibition and subsequent decrease in the steady-state level of
Ubc12–NEDD8 thioesters in cells treated with MLN4924 predicts
that a corresponding decrease in the abundance of NEDD8–cullin
conjugates should be observed. Moreover, inhibition of this pathway
should also result in the diminished activity of CRLs leading to the
accumulation of CRL-target proteins. Treatment of HCT-116 cells
with MLN4924 for 24 h resulted in a dose-dependent decrease of
Ubc12–NEDD8 thioester and NEDD8–cullin conjugates, with an
IC50, 0.1 mM (Fig. 3a), resulting in a reciprocal increase in the
abundance of the known CRL substrates CDT1 (refs 22–24), p27
(refs 14, 25) and NRF2 (also known as NFE2L2)26, but not non-
CRL substrates (Supplementary Fig. 3). In similar experiments, we
have observed the accumulation of other CRL substrates including
c-Jun27, HIF1a (ref. 28), cyclin E29, CDC25A (ref. 30), EMI1 (also
known as FBXO5)31 and phosphorylated IkBa (refs 13, 32) (data not
shown).

The observed accumulation of CRL substrates in MLN4924-
treated HCT-116 cells is consistent with the idea that the abundance
of most, if not all, CRL target proteins can be modulated by NAE
inhibition. However, the cellular consequences of such inhibition
could conceivably vary depending on numerous physiological para-
meters regulated by proteins under the control of different CRLs in
different cell types. In HCT-116 cells, themost prominent phenotype
observed was the disruption of S-phase regulation leading to cellular
death (Fig. 3b).

In these experiments, HCT-116 cells were treated with 0.3mM
MLN4924, a concentration sufficient to decrease the steady-state level
of NEDD8–cullin conjugates by.80% relative to untreated cells
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Figure 1 | MLN4924 is a potent and selective inhibitor of NEDD8-
activating enzyme. a, Chemical structure of MLN4924 ((1S,2S,4R)-4-{4-
[(1S)-2,3-dihydro-1H-inden-1-ylamino]-7H-pyrrolo[2,3-d]pyrimidin-7-
yl}-2-hydroxycyclopentyl)methyl sulphamate. The structure of AMP is
shown for comparison. b, MLN4924 demonstrates potent and selective
inhibition of NAE (squares) in vitro (IC505 4.76 1.5 nM) compared to SAE
(triangles) andUAE (circles) (IC50 values of 8.26 6.2mMand1.56 0.71 mM,
respectively). c, MLN4924 selectively inhibits NAE in cells. Inhibition of
NAE, SAE and UAE in cells was assessed by immunoblot analysis of the
Ubc12–NEDD8, Ubc9 (also known as UBE2I)–SUMO and Ubc10–Ub
thioester levels respectively, in HCT-116 cell lysates.
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Figure 2 | NEDD8pathway inhibition, in contrast to proteasome inhibition,
minimally affects bulk intracellular protein turnover. The proteins in HCT-
116 cells were metabolically labelled by culturing the cells for 20 min in the
presence of [35S]methionine. The cells were then chased with fresh media
containing excess cold methionine and dimethylsulphoxide (DMSO) (filled
circles), 3mMMLN4924 (filled triangles) or 3 mMbortezomib (open circles).
Protein degradation, measured by the appearance of radioactivity in the
media over time, was determined as described in Methods. Inset, expanded
view of early timepoints. Error bars show s.d.; n5 6.
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(Fig. 3a, dashed outline), and the cell-cycle profiles weremonitored by
DNA content using flow cytometry. As early as 8 h after compound
treatment, cells began to accumulate in S-phase (Fig. 3b). By 24 h, a
significant fraction of cells contained$4N DNA content (Fig. 3b,
dashed outline); however, the absence of detectable phosphohistone
H3 (pH3) staining indicated that the cells were not transitioning into
mitosis (Fig. 3a). By 48 h, an increase in the sub-2N DNA content
population was observed, consistent with cells undergoing apoptosis
and further supported by the accumulation of cleaved caspase 3 and
PARP (Fig. 3a).

The cell-cycle phenotype observed after MLN4924 treatment is
similar to that of cells undergoing re-replication, a phenomenon in
which several rounds of DNA synthesis are initiated in the absence of
cycle progression. Although several mechanistic defects can result in
such a phenotype, our finding that CDT1, a protein essential for
‘licensing’ origins of DNA replication33,34, accumulated in
MLN4924-treated cells (Fig. 3a) suggests that this substrate for
CRL1SKP2 (refs 22–23, 35) and CRL4–DDB1CDT2 (refs 24, 36, 37)
might represent an important mediator of MLN4924 activity.
Forced expression of CDT1 in cells, or RNA interference (RNAi)-
mediated ablation of the endogenous CDT1-inhibitor geminin,
results in the DNA re-replication phenotype38–41.

Re-replication is known to induce DNA damage and elicit cellular
DNA damage signalling42,43. We observed aMLN4924 concentration-
dependent accumulation of phosphorylated CHK1 (at Ser 317; also
known as CHEK1), indicative of DNA damage signal transduction
through the ATM/ATR pathway44. The levels of other DNA damage
markers also increased in a similarmanner (data not shown).Whether
DNA damage signalling represents the primary event leading to the
activation of apoptosis, or whether other alterations induced by
inhibition of the NAE pathway can independently lead to cellular
death will require further experimentation.

The observed phenotype is probably the result of specific effects of
NAE inhibition byMLN4924, because ablation of NAE expression by
short interfering RNA (siRNA) resulted in similar S-phase defects
(Supplementary Fig. 4). Importantly, although NAE and proteasome
inhibition induce apoptosis, the treatment of HCT-116 cells with
proteasome inhibitors did not elicit re-replication or DNA damage

(data not shown). MLN4924 treatment of other human-tumour-
derived cell lines, including Calu-6 (lung), SKOV-3 (ovarian),
H460 (lung), DLD-1 (colon), CWR22 (prostate) and OCI-LY19
(lymphoma), also resulted in S-phase-defective phenotypes (data
not shown). Different cells however, show variable sensitivity to
the effects of MLN4924 treatment (Supplementary Table 2). The
mechanism(s) underlying these differential sensitivities remains to
be determined. Notably, the non-transformed MCF10A breast
epithelial cells were more sensitive to MLN4924 when actively
proliferating, consistent with the idea that cycling cells are more
susceptible to NAE-inhibition-induced re-replication.

MLN4924 inhibits the NAE pathway in vivo

To assess the ability of MLN4924 to inhibit NAE in vivo, HCT-116
tumour-bearingmice received a single subcutaneous dose of 10, 30 or
60mg kg21 MLN4924, and tumours were excised at various time-
points over the subsequent 24 h period. The pharmacodynamic effects
of treatment were assessed in tumour lysates which were analysed for
NEDD8–cullin, NRF2 and CDT1 protein levels (Fig. 4a–c). A single
dose of MLN4924 resulted in a dose- and time-dependent decrease of
NEDD8–cullin levels as early as 30min after administration of com-
pound (Fig. 4a), with maximal effect 1–2 h post-dose. A significant
difference was observed between the 10 and 60mg kg21 response
profiles (P, 0.01), although the 10 and 30mg kg21 (P5 0.11) and
30 and 60mg kg21 (P5 0.24) profiles were not significantly different
from each other. A single dose of MLN4924 also led to a dose- and
time-dependent increase in the steady state levels of NRF2 and CDT1
(Fig. 4b, c). For all dose levels, NRF2 protein levels peaked 2–4 h after
administration ofMLN4924 and started todecline by 4–8 hpost-dose.
The timing of CDT1 accumulation was slightly delayed compared to
NRF2, peaking 4 h after MLN4924 administration (Fig. 4c). Evidence
of DNAdamage in the tumourwas indicated by the increased levels of
phosphorylated CHK1 (Ser 317) at 8 h after a single administration of
30 and 60mg kg21 MLN4924 (Fig. 4d). It should be noted that
MLN4924 also decreased NEDD8–cullin levels in normal mouse
tissue as illustrated in mouse bone marrow cells (Supplementary
Fig. 5). These data suggest that MLN4924-mediated inhibition of
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NAE in this in vivo tumour model results in pathway responses and
cellular phenotypic effects compatiblewith those observed in cultured
cells.

MLN4924 inhibits tumour xenograft growth

To evaluate the anti-tumour activity ofMLN4924, we administered the
compound to nude mice bearing subcutaneous human tumour cell
xenografts and monitored tumour growth rate. MLN4924 was admi-
nistered by subcutaneous injection once (QD) or twice (BID) daily to
mice bearing HCT-116 xenografts, and inhibition of tumour growth
(T/C, average treated tumour volume/average control tumourvolume)
was calculated on the last day of treatment (Fig. 5). MLN4924 admi-
nistered on a BID schedule at 30 and 60mgkg21 inhibited tumour
growth with T/C values of 0.36 and 0.15, respectively (P, 0.001,
Fig. 5a). Significant inhibition of tumour growth was also observed
when MLN4924 was administered at 30mgkg21 (T/C5 0.49,
P, 0.001) and 60mgkg21 (T/C5 0.3, P, 0.001) on a QD schedule.
Notably, a total dose of 60mgkg21 day21 gave comparable tumour
growth inhibition whether it was delivered as 60mg kg21 QD or
30mgkg21 BID. Less frequent administration of MLN4924 was also
found to be efficacious.MLN4924was administered at 60mgkg21 BID
on two different daily dosing schedules; either three cycles of two-days
treatment followed by five treatment-free days, or two cycles of five-
days treatment followed by five treatment-free days (Fig. 5b).
Statistically significant inhibition of tumour growthwas observed with
both of these schedules (T/C5 0.36, P, 0.001 and T/C5 0.23,
P, 0.001, respectively). Furthermore, MLN4924 administered once
daily at 60mgkg21 for three cycles of two-days treatment followed
by five treatment-free days, resulted in modest but significant tumour
growth inhibition (T/C5 0.57,P, 0.01). All doses and schedules were
well tolerated, with an average weight loss for all dose groups at the end
of treatment of less than 10% (data not shown).

The anti-tumour activity of MLN4924 was also evaluated in mice
bearing H522 lung tumour xenografts (Fig. 5c). Significant tumour
growth inhibitionwas observed after continuous daily administration
of MLN4924 at 30, 60 and 90mg kg21 BID in this model with 10/10
regressions observed at the 60 and 90mg kg21 doses (T/C at day
145 0.36, 0.04 and 0.02 respectively; P, 0.001). The anti-tumour
activity of MLN4924 in the Calu-6 lung carcinoma xenograft is
described in Supplementary Fig. 6. These results demonstrate that
MLN4924 treatment inhibits the growth of human tumour xenografts
inmice, and is efficacious when administered on various daily and less
frequent schedules.

Conclusions

Here we have described the initial characterization of MLN4924, a
small molecule inhibitor of NAE that represents a new approach to
targeting the UPS for the treatment of cancer. MLN4924 completely

inhibits detectable NAE pathway function in cells, disrupting the
turnover of CRL substrates, with important roles in cell-cycle pro-
gression and survival. Our results indicate that inhibition of the NAE
pathway disrupts cancer cell protein homeostasis more selectively
than the inhibition of proteasome activity, which may contribute
to useful differences in clinical efficacy and safety profiles.
Sustained NAE pathway inhibition was found to result in the activa-
tion of apoptosis as a consequence of cell-cycle-dependent DNA re-
replication. This phenotype was presumably a result of the inability
of the cell to degrade the CRL substrate CDT1, which has been shown
to induce re-replication when overexpressed. Similar cell-cycle pro-
files were obtained when NAE levels were reduced by RNAi or when
NAE activity was compromised in a temperature-sensitive mutant
cell line45,46.

In vivo, we demonstrated that MLN4924 suppressed the growth of
human tumour xenografts at doses and schedules that were well
tolerated.Analysis of tumours from treated animals confirmed inhibi-
tion of the NEDD8 pathway, suggesting that these pharmacodynamic
markers may have use in monitoring NAE inhibition in patients
treated with MLN4924. These preclinical findings have supported
the transition of MLN4924 into clinical development.

METHODS SUMMARY

The full Methods provides information about all experimental procedures: (1)

generationofprotein reagents for in vitro assays; (2) detaileddescriptionof in vitro

E1-activating enzyme assays; (3) description of assay to assess bulk protein turn-

over in cultured cells; (4) description of cell viability assay; (5) list of antibodies

used for western blot analysis of cultured cells and tumour lysates; (6) cell-cycle

analysis using flow cytometry; (7) details for conducting tumour xenograft

efficacy experiments in mice; (8) details for conducting pharmacodynamic

studies in tumour-xenograft-bearing mice; (9) description of instrumentation

used for quantification of pharmacodynamic markers; (10) description of assay

to evaluate protein synthesis inhibition in cells; and (11)procedure for isolationof

bone marrow from mouse femurs.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Protein reagents. Baculoviruses were generated with the Bac-to-Bac Expression
System (Invitrogen) for the following proteins. His–NAE (NAE1 andHis-tagged

UBA3) andHis–SAE (SAE1 andHis-taggedUBA2) complexeswere generated by

co-infection of Sf9 cells, His-tagged mouse UAE (also known as Uba1), His–

UBA6 and His–ATG7 were generated by single infection of Sf9 cells. Ubc12,

Ubc9, Ubc2 (also known as UBE2A) were expressed as amino-terminally glu-

tathione S-transferase (GST)-tagged fusion proteins in Escherichia coli. Use1

(UBE2Z) and ATG3 were expressed as N-terminally His-tagged proteins in E.

coli. NEDD8, SUMO1 and ubiquitin were expressed as N-terminally Flag-tagged
fusion proteins in E. coli. Expressed proteins were purified by affinity (Ni-NTA

agarose, Qiagen) or conventional chromatography.

In vitro E1-activating enzyme assays. A time-resolved fluorescence energy

transfer assay format was used to measure the in vitro activity of NAE. The

enzymatic reaction, containing 50 ml 50mM HEPES, pH 7.5, 0.05% BSA,

5mM MgCl2, 20mM ATP, 250mM glutathione, 10 nM Ubc12–GST, 75 nM

NEDD8–Flag and 0.3 nM recombinant human NAE enzyme, was incubated at

24 uC for 90min in a 384-well plate, before termination with 25 ml of stop/
detection buffer (0.1M HEPES, pH 7.5, 0.05% Tween20, 20mM EDTA,

410mM KF, 0.53 nM Europium-Cryptate-labelled monoclonal Flag-M2-

specific antibody (CisBio International) and 8.125 mgml21 PHYCOLINK allo-

phycocyanin (XL-APC)-labelled GST-specific antibody (Prozyme)). After

incubation for 2 h at 24 uC, the plate was read on the LJL Analyst HT Multi-

Mode instrument using a time-resolved fluorescence method. A similar assay

protocol was used to measure other E1 enzymes.

Assay of bulk protein turnover.HCT-116 cells were plated into 12-well plates at

13 105 cells per well and incubated overnight. The medium was exchanged with

methionine-free DMEM (Invitrogen) containing 10% dialysed FBS and 50mCi
per well of [35S]methionine, and the cells were incubated for 20min to label

proteins undergoing synthesis. The cells were then washed three times with

DMEM supplemented with 2mM methionine. Fresh medium containing 10%

FBS, 2mMmethionine and the test compounds as described in Fig. 2 were then

added. At the specified time points, media (50ml) was collected and subjected to

liquid scintillation counting. At the end of the time course, remaining media was

removed and the cells were solubilized by adding of 1ml 0.2N NaOH and the

extract was subjected to liquid scintillation counting. The percentage of protein

turnover at each time point was calculated as [(total acid soluble counts in super-

natant)/(total acid soluble counts in supernatant1 total counts in solubilized

cells)]3100.

Cell viability assay.Cell suspensions were seeded at 3,000–8,000 cells per well in
96-well culture plates and incubated overnight at 37 uC. Compounds were added

to the cells in complete growth media and incubated for 72 h at 37 uC. Cell
number was quantified using the ATPlite assay (PerkinElmer).

Western blot analysis of cultured cells. HCT-116 cells grown in 6-well cell-

culture dishes were treated with 0.1% DMSO (control) or MLN4924 for 24 h.

Whole cell extracts were prepared and analysed by immunoblotting. For analysis
of the E2–UBL thioester levels, lysates were fractionated by non-reducing SDS–

PAGE and immunoblotted with polyclonal antibodies to Ubc12 (generated by

Millennium), Ubc9 (AG Scientific) and Ubc10 (Boston Biochem). For analysis

of other proteins, lysates were fractionated by reducing SDS–PAGE and probed

with primary antibodies as follows: mouse monoclonal antibodies to CDT1

(Millennium), p27 (BD Transduction), geminin (Abcam), ubiquitin, securin/

PTTG and p53 (Santa Cruz) or rabbit polyclonal antibodies to NRF2, Cyclin B1

(Santa Cruz) and GADD34 (Proteintech Group, Inc.). Rabbit monoclonal

antibodies to NEDD8 and phosphorylated CHK1 (Ser 317) were generated

by Millennium in collaboration with Epitomics, Inc. using Ac-

KEIEIDIEPTDKVERIKERVEE-amide and Ac-VKYSS(pS)QPEPRT-amide as

immunogens, respectively. Antibodies to pH3, cleaved PARP and cleaved

caspase 3 were from Cell Signaling Technologies. Secondary HRP-labelled anti-

bodies to rabbit IgG or mouse IgG (Santa Cruz) were used as appropriate. Blots

were developed with ECL reagent (Amersham). For Supplementary Fig. 2, the

secondary antibody was Alexa-680-labelled antibody to rabbit/mouse IgG

(Molecular Probes) and the blots were imaged using the Li-Cor Odyssey

Infrared Imaging system.

Cell-cycle analysis. Logarithmically growingHCT-116 cells were incubatedwith

either MLN4924 or DMSO for the times indicated. Collected cells were fixed in

70% ethanol and stored overnight at 4 uC. Fixed cells were centrifuged to remove

ethanol, and the pellets were resuspended in propidium iodide and RNase A in

PBS for 1 h on ice protected from light. Cell-cycle distributions were determined

using flow cytometry (FACS Calibur, Becton Dickinson) and analysed using

Winlist software (Verity).

Tumour xenograft efficacy experiments. Female athymic NCR mice (Charles

River Laboratories) were used in all in vivo studies. All animals were housed and

handled in accordance with the Guide for the Care and Use of Laboratory

Animals. Mice were inoculated with 23 106 HCT-116 cells (or 30–40mg

H522 tumour fragments) subcutaneously in the right flank, and tumour growth

was monitored with caliper measurements. When the mean tumour volume

reached approximately 200mm3, animals were dosed subcutaneously with

vehicle (10% cyclodextrin) or MLN4924. Inhibition of tumour growth (T/C)

was calculated on the last day of treatment.

Pharmacodynamic marker analysis. Mice bearing HCT-116 tumours of 300–

500 mm3 were administered a single MLN4924 dose, and at the indicated times

tumourswere excised and extracts prepared. The relative levels ofNEDD8–cullin

and NRF2 were estimated by quantitative immunoblot analysis (Li-cor Odyssey

system) using Alexa680-labelled anti-IgG (Molecular Probes) as the secondary

antibody. The statistical difference between the groups for NEDD8–cullin

inhibition was determined using the Kruskal–Wallis test. For the analysis of

CDT1 and phosphorylated CHK1 (Ser 317) levels in tumour sections, form-

alin-fixed, paraffin-embedded tumour sections were stained with the relevant

antibodies, amplified withHRP-labelled secondary antibodies and detected with

the ChromoMap DAB Kit (Ventana Medical Systems). Slides were counter-

stained with haematoxylin. Images were captured using an Eclipse E800 micro-

scope (Nikon Instruments) and Retiga EXi colour digital camera (QImaging)

and processed usingMetamorph software (MolecularDevices). CDT1 and phos-

phorylated CHK1 levels are expressed as a function of the DAB signal area.

Isolation of bone marrow cells from mice. For bone marrow pharmacody-

namic studies, naive NCr-Nude mice (Taconic Farms) were administered

MLN4924, and at the indicated times leg bones were excised. Marrow was

flushed from the bones with PBS, pelleted by centrifugation and flash frozen.

Thawed marrow was lysed in M-PER buffer (Pierce) with protease inhibitors.

NEDD8–cullin levels were measured by immunoblot analysis.

Assay of protein synthesis. HCT-116 cells were plated into 6-well plates at

53 105 cells per well and incubated overnight. Freshmedia containing inhibitors

and 10mCi per well of [35S]methionine was added and the cells were incubated

for 2 h to label proteins undergoing synthesis. After washing with ice-cold PBS,

RIPA lysis buffer (250ml) was added and the cells were lysed for 30min on ice.

The lysate was transferred to Eppendorf tubes containing 500ml 0.5mgml21

BSA/5mM EDTA, to which 200ml 100% (v/v) trichloroacetic acid was added.

Precipitated proteins were filtered through glass microfibre discs and subjected

to liquid scintillation counting.
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