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WEE1 accumulation and deregulation of S-phase proteins mediate
MLN4924 potent inhibitory effect on Ewing sarcoma cells
C Mackintosh1,6, DJ Garcı́a-Domı́nguez1,6, JL Ordóñez1, A Ginel-Picardo2, PG Smith3, MP Sacristán4 and E de Álava1,5

Ewing sarcoma (ES) is an aggressive bone and soft tissue tumor of children and young adults in which finding effective new
targeted therapies is imperative. Here, we report an in-depth preclinical study of the investigational cullin-RING ubiquitin ligase
(CRL) inhibitor MLN4924 in ES, as we have recently demonstrated the implication of a CRL component in the ES pathogenesis. First,
our results support a high sensitivity of ES cells to MLN4924 growth inhibition both in vitro (14 ES cell lines tested, median
IC50¼ 81 nM) and in tumor xenografts (tumor regression achieved with 60mg/kg BID, subcutaneously, n¼ 9). Second, we report
a dual mechanism of action of MLN4924 in ES cells: while a wide range of MLN4924 concentrations (B30–300 nM) trigger a G2
arrest that can only be rescued by WEE1 kinase inhibition or depletion, saturating doses of the drug (4300 nM) cause a delay in
S-phase progression concomitant with unbalanced CDK2-Cyclin E and CDK2-Cyclin A relative levels (accumulation of the first and
depletion of the latter). The aberrant presence of CDC6 in the nucleus at late S-phase cell cycle stage confirmed the loss of CDK2-
Cyclin A-specific functions. Remarkably, other mechanisms explored (P27 accumulation and DNA damage signaling pathways) were
found unable to explain MLN4924 effects, strengthening the specificity of our findings and suggesting the absence of functionality
of some CRL substrates accumulated in response to MLN4924. This study renders a rationale for clinical trials and contributes
molecular mechanisms for a better understanding of this promising antitumoral agent.
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INTRODUCTION
Ewing sarcoma (ES) is an aggressive tumor that arises from the
bone or soft tissue of children and young adults, being the second
most frequent bone tumor at childhood.1 Despite significant
therapeutic advances in multimodal therapy, survival rates are still
below 20% in patients with relapsed and/or disseminated
disease.2 Although several targeted therapies have been
proposed based on preclinical studies, none has yet been
agreed for the clinical routine, which makes this research an
area of immediate concern.
We have recently shown that the genomic gain of an extra 1q

chromosome copy strongly correlates with a poorer survival of ES
patients.3 In this same study, overexpression of CDT2, a gene
located at 1q32.3, was found as a major effector of this oncogenic
copy number aberration. Given that CDT2 is the main substrate
receptor of the cullin-RING ubiquitin ligase (CRL) complex CUL4/
DDB1, a rationale for a targeted therapy based on the inhibition of
this CRL was proposed.
CRLs are a class of protein-ubiquitin ligases that target a wide

range of proteins for degradation via proteasome 26S, being SCF
(Skp, Cullin, F-box-containing complex) the best characterized
CRL.4 Notwithstanding, there are dozens of different CRLs
resulting from the combination of the diverse variants of each
of the multiple molecular elements that constitute their structure
(cullins 1 to 7, E3 ligases RBX1 and RNF7, several substrate

adapters and, specially, a plethora of different substrate receptors).
Each possible CRL configuration targets a particular set of
proteins,5 usually through the recognition of a phospho-degron
motif, a signal that triggers the degradation process. This high
complexity in structure and substrate recognition patterns
probably reflects the fine regulation in time and space required
for the proper development of the cellular functions regulated by
CRLs. It is worth noting that CRLs are essential for the correct
completion of every cell cycle stage, which makes them key
regulators of this cellular process.6

MLN4924 is an investigational novel antitumoral agent that
inhibits the Nedd8-activating enzyme UBA3, impairing the
neddylation of the cullin component of CRLs, a process required
for enabling the E3 ligase enzymatic activity that ultimately
performs poly-ubiquitin binding to CRL substrates.7–8 By this
means, MLN4924 inhibits CRL enzymatic activity, causing an
increase in the protein levels of its substrates,9 many
of which have been reported as potent tumor suppressors
(among others P21, P27, IKBa and WEE1),10–13 while others
have been described as oncogenes (among others CDC25A and
Cyclin E).14–15

Here, we report an in-depth preclinical evaluation of MLN4924
in ES. Our results show the potential high sensitivity of ES tumors
to CRL inhibition and unveil a MLN4924 mechanism of action
consisting of an induced G2 cell cycle arrest. Our data support
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a major role for WEE1 mediating this new molecular mechanism.
In addition, MLN4924 saturating levels induced S-phase delay
paralleled by depletion and loss of function of CDK2–Cyclin A
complexes.

RESULTS
ES cell lines are highly sensitive to MLN4924
A total of 14 ES cell lines were treated with MLN4924 in order to
estimate its ability to impair the in vitro growth of ES cell cultures
(Table 1). The median IC50 (the concentration that reduces cell
population by 50%) obtained (81 nM) is noticeably lower than that
previously obtained for 10 cell lines belonging to 7 different tumor
entities (200 nM) 7 and similar to that of diffuse large B-cell
lymphoma cell lines, which are the most sensitive to MLN4924
treatment as reported to date (76 nM).16 Interestingly, a recently
published study has surveyed the in vitro sensitivity of a panel of
pediatric cancer cell lines to MLN4924, finding ES cells to be the
most sensitive ones to this compound, among those tested.17

No differences in IC50 owing to 1q copy number were observed
(Figure 1a). Although we initially foresaw a higher sensitivity of 1q
gain cells to CRL inhibition, this result broadens the potential
application of MLN4924 to virtually all ES patients.
MLN4924 was also able to decrease in vivo growth of RDES

xenograft tumors in mice at 30mg/kg dosed twice daily (BID),
whereas 60mg/kg BID caused regression of the initial tumor mass
(Figure 1b).

MLN4924 delays G2/M- and S-phase progression and induces
apoptosis in ES cells
Flow cytometry analysis of DNA content evidenced a prominent
increase in G2/M population 24h after treatment with a broad range
of MLN4924 concentrations (30–300nM, equivalent to IC50-IC90 in
most of the cell lines), while saturating doses elicited an
accumulation of cells in S-phase (B300–1000nM) together with
the aforementioned G2/M peak (Figure 1c). The effect on G2/M
ranged from a delay (Figures 1c, 2c) to a severe arrest (Figure 3d)
depending on MLN4924 concentration. We will refer to it here as
G2/M arrest to simplify the writing. The arrest was confirmed to
persist after longer treatment periods (48 and 72h, data not shown).
Induced apoptosis was detectable after 24 h of MLN4924

treatment, cleaved Caspase-3-positive population ranging from
4.7 to 10% at IC75 and from 17 to 31% at IC95 (Figure 1d).
Combined flow cytometry analysis of propidium iodide and
cleaved Caspase-3-labeled cells revealed a late S-G2 DNA content
of apoptotic cells in RDES cell line, pointing to a common

mechanism underlying both S-G2 increase and cell death
(Figure 1e).
Consistent with their similar sensitivity to MLN4924, 1q gain and

1q normal cell lines did not display any difference neither in cell
cycle distribution profile nor in induced apoptosis in response to
MLN4924, indicating a mechanism of action independent from 1q
copy number (Figures 1c and d).

Protein levels of several regulators of the G2/M transition increase
shortly after MLN4924 treatment and are stable after 24 h.
An analysis of protein increases of known CRL substrates, with
special attention to G2/M regulators, was conducted. Protein
extracts were harvested after 4 and 24 h of MLN4924 treatment in
order to ensure the specificity and stability of any change
detected, respectively (Figure 2a). Specific (already detectable
after 4 h of treatment) increases of P27, WEE1, CDC25A and
Cyclin E were observed both at medium (IC75) and saturating
concentrations (IC95) of the drug and remained constant after
24 h in most of the cell lines. Increases in P21 protein levels were
more difficult to detect and were absent in RM82 and TC71. This
result was expected as both cell lines are known to lack functional
p5318 and discards any significant contribution of P21 to
MLN4924-induced G2/M arrest in ES cell lines. EMI1 (another
reported CRL substrate with functions in mitosis regulation) failed
to reflect a clear pattern of accumulation.
Increases of CHK1 kinase phosphorylation at Ser345 were also

detected, reflecting only mild activation of the DNA damage
signaling pathway at medium drug concentrations. More intense
activation of this marker was found at higher concentrations
(Figure 2a). These observations were validated by g-H2AX
immunofluorescence (Supplementary Figure S3).
Remarkably, only mild increases of CDT1 were observed

(Figure 2b). However, CUL1 and CUL4 deneddylation took place
in ES cell lines to a similar extent as in HCT116, a colorectal cancer
cell line that responds to MLN4924 with dramatic CDT1 increases
(Figure 2b) and induced re-replication.7,19–20

Treatment of synchronized ES cells locates MLN4924-induced
arrest in G2-early mitosis
RDES cell line was selected to provide a mechanistic insight into
MLN4924 action on ES cells. RDES can be synchronized by
different methods and responds to MLN4924 treatment with
pronounced and stable increases of most of the CRL substrates
analyzed.
Synchronization at mitosis with nocodazole, which inhibits the

polymerization of microtubules impairing the onset of metaphase,

Table 1. MLN4924 inhibitory concentrations (ICs)

Cell line 1q Copy number IC50 (nM) IC75 (nM) IC95 (nM)

A4573 Gain 60.52±12.20 109.20±15.79 406.28±112.16
A673 Normal 85.00±18.21 148.09±28.64 417.37±185.48
CADOES Gain 324.91±82.20 467.40±184.56 1009.12±731.96
RDES Gain 36.80±14.48 77.65±51.54 443.71±238.83
RM82 Gain 73.99±17.90 135.29±24.19 398.77±101.90
SKES Gain 86.28±14.50 118.20±21.27 240.06±172.04
SKNMC Normal 52.60±19.58 95.66±27.19 327.59±113.06
STA-ET1 Normal 42.15±11.88 72.87±8.48 189.00±35.39
STA-ET10 Gain 256.73±7.60 430.54±107.43 2579.23±270.45
STA-ET2.1 Normal 103.89±53.22 227.22±59.15 1174.84±615.09
TC32 Gain 152.59±35.11 257.81±63.63 863.85±259.65
TC71 Gain 76.86±2.91 119.13±2.91 265.62±11.82
TTC466 Normal 150.05±2.49 261.99±4.29 735.36±11.65
WE68 Gain 33.02±5.82 85.35±4.54 424.56±106.256

Proliferation ICs of 14 ES cell lines assayed for MLN4924 sensitivity and measured after 72 h exposition to the drug. Mean±s.d.
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was used to define more precisely the arrest point within G2/M.
After pre-treating RDES cultures with MLN4924 for 4 h (Figure 2c,
bottom panel), cells were released from nocodazole and observed

to enter G1 at the same time as control, dimethyl sulfoxide
(DMSO) treated cells, discarding any significant contribution of
late mitosis CRL substrates to the MLN4924-induced G2/M arrest.

Figure 1. MLN4924 induces G2/M arrest and apoptosis in ES cell lines, which are highly sensitive to this CRL inhibitor. (a) No significant
differences in IC50 were found between 1q gain and 1q normal ES cell lines. (b) Growth of RDES xenografts on mice (n¼ 9 in each treatment
condition) was effectively delayed and abolished by 30mg/kg and 60mg/kg BID MLN4924 doses, respectively (left panel: evolution of xenograft
tumor sizes; right panel: boxplots summarizing final tumor sizes). (c) Flow cytometry analysis of DNA content revealed that MLN4924 arrests ES
cells in G2/M at low–medium concentrations (FL2-H histograms). SubG1 population was not conspicuous at this time point and was gated out.
(d) Cleaved Caspase-3 population estimation by flow cytometry showed significant apoptosis triggered at saturating MLN4924 concentrations.
Medium doses elicited apoptosis values that only reached marginal significance. Average of two independent replicates. Mean values depicted
over the boxplots. (e) Combined flow cytometry analysis of Cleaved Caspase-3 and propidium iodide showed an S-phase and S-G2/M DNA
content of apoptotic cells after 16 and 24h, respectively, in IC95 MLN4924-treated RDES cells. Insets: FL2-H (DNA content) histograms. In all cases:
mean±s.d.; statistical tests: significant analysis of variance, Bonferroni post-hoc testo0.001 (***) or 0.05 (*).
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In more detail, if late mitosis CRL substrates (expected to be
accumulated after MLN4924 pre-treatment) would be implicated in
the G2/M arrest, treated cells should show a delayed exit from
mitosis and hence MLN4924 should hamper G1 entry after
removing nocodazole from the growth medium, which was not
observed. In addition, treated cells progressed through undisturbed
G1- and S-phases and were only delayed at G2/M (Figure 2c).
Increased WEE1 protein levels were maintained throughout the

synchronized cell cycle. Remarkably, a consistent higher phos-
phorylation of CDC2 (CDK1) at tyrosine 15 (Y15) was also detected,
evidencing the functionality of the accumulated WEE1 protein.
P27 levels rose from the first time point and were maintained as
well (Figure 2d). It is worth noting that CDC25A-induced levels
were not constant, peaking at S-phase and decreasing thereafter
and seemed to have no effect on cell cycle kinetics. Regarding
other substrates analyzed, Cyclin E unscheduled accumulation was
detected, whereas EMI1 accumulated only slightly and was
present predominantly in mitosis, as expected. Cyclin B1 (a non-

CRL substrate) displayed the normal kinetics in both treated and
untreated cells, and was used to monitor progression into mitosis.
Altogether, these results place the MLN4924-induced G2/M

arrest in some point before late mitosis and offer two main
candidates for a mechanistic explanation: P27 and WEE1.

P27 knockdown and caffeine treatment are unable to revert the
G2/M arrest induced by MLN4924
P27 is a CDK inhibitor with a potent regulatory effect over the G1
to S transition. In addition, SCFSKP2 CRL complex targets P27 for
degradation in late S-G2, rendering an additional role for P27 in
the regulation of the G2 to M progression.21

We evaluated the ability of P27 knockdown to revert MLN4924-
induced G2/M arrest. Despite the substantial P27 decrease
obtained by short-hairpin RNA (shRNA) silencing (Figure 3a), no
reduction of the population accumulated in G2/M was observed
after treating P27-silenced cells with MLN4924 (Figure 3b). Other

Figure 2. MLN4924 induces protein accumulation of known CRL substrates and arrests RDES cells in G2-early mitosis. (a) An analysis of CRL
substrates proved the specific and stable accumulation of WEE1, P27, CDC25A and Cyclin E. Arrows: specific bands. (b) CDT1 levels increased
slightly in ES cells in comparison with HCT116, although deneddylation occurred to a similar extent in both cell types. Arrows: neddylated
(ned) cullins. (c) Nocodazole-synchronized RDES cells pretreated 4h with MLN4924 before release were able to enter G1 normally and only
showed a significant delay at G2/M (bottom panel: schematic representation of the experiment). (d) Accumulated levels of WEE1 and P27 were
maintained during all cell cycle stages, in contrast to CDC25A, which decreased in G2/M in spite of CRL inhibition.
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shRNA constructions against P27 yielded similar results (data not
shown). Remarkably, P27 knockdown did not affect WEE1 or
CDC2-Y15 inhibitory phosphorylation. Silencing of P27 in RM82
cell line also failed counteracting MLN4924 effects (Supplementary
Figure S1A).
Moreover, b-galactosidase assay did not show senescence

(a typical effect of p27 accumulation) of RDES cultures treated
over 4 days with IC75 drug concentration (data not shown).
Surprisingly, MLN4924 did not alter P27 subcellular location, which
could have explained the unnoticeable impact of accumulated
P27 levels on the cell cycle kinetics of ES cells,22 being most of the
protein located inside the nucleus (Figure 3c).
The DNA damage signaling pathway has been previously

shown able to arrest the cell cycle in G2.23–24 Although only
mild CHK1 activation was observed at medium MLN4924
concentrations, we assessed the possible contribution of this
signaling pathway to the G2/M arrest. After 24 h of MLN4924
treatment, caffeine (an extensively validated inhibitor of the ATR-
ATM DNA damage signaling kinases, here used at a saturating
20mM concentration) was added to the medium for 12 h. As a
result, no noticeable decrease in the MLN4924-induced G2/M peak
was observed (Figure 3d).

MLN4924-induced G2/M arrest is reverted by the WEE1 kinase
inhibitor PD0166285
WEE1 kinase inhibits the cell cycle progression by phosphorylating
CDC2 at Y15, which reduces drastically the enzymatic activity of
the CDC2–Cyclin B complex and therefore delays the G2 to M
progression.25 Hence, and after having discarded other potential
mechanisms, WEE1 role in MLN4924 action on ES cells was
inquired.
The WEE1 kinase inhibitor PD0166285 was added to the

medium of RDES cultures that had been treated for 21 h with
MLN4924 (Figure 4f). PD0166285 treatment was found able to
revert the inhibitory phosphorylation of CDC2 at Y15 (Figure 4a)

and to release the cells from the G2/M arrest imposed
by MLN4924 (Figure 4b, left panel). Cell cycle quantification
showed an increase in G1 population proportional to the
G2/M reduction (Figure 4b, right panel). PD0166285 treatment
yielded the same results in another cell line (RM82, Supplementary
Figure S1B).
Also consistent with a WEE1-imposed G2 arrest, the size of the

cell population undergoing mitosis, assessed by flow cytometry
analysis of phospho-histone H3-Ser10 (pH3), was found notably
reduced by MLN4924 treatment. Most importantly, PD0166285
applied for 1.5 h released MLN4924 G2-arrested cells into mitosis
(increasing pH3-positive population from 1 to 18%) and after 3 h
the size of the mitotic population reached a value close to that of
control cells, indicating the restoration of the normal cell cycle
kinetics accomplished by WEE1 inhibition (Figures 4c and d). The
anti-pH3 antibody used was confirmed to specifically label mitotic
cells and to recognize every stage of mitosis (Supplementary
Figure S2 and Figure 4e, respectively).

WEE1 knockdown substantially restores the proliferation and
normal cell cycle distribution of MLN4924-treated ES cells.
WEE1 protein levels were depleted to further explore its role
mediating MLN4924 action, as PD0166285 could not be main-
tained in culture at high concentrations and/or long expositions
due to toxicity.
Two levels of WEE1 knockdown were obtained by different

shRNA constructions with medium (shwee1–1) and high
(shwee1–2) silencing efficiencies, respectively. Each construction
reduced CDC2-Y15 phosphorylation in clear correlation with its
WEE1 reduction ability (Figure 5a).
Next, WEE1-silenced RDES cells were treated with two different

MLN4924 concentrations and proliferation was assessed after 48
and 72 h. As a result, both constructions were able to substantially
rescue RDES proliferation, with shwee1–1 being the most efficient
(Figure 5b). However, no substantial reduction of apoptosis was

Figure 3. MLN4924-induced G2/M arrest is not reverted by P27 knockdown or caffeine. P27 knockdown efficiently impaired P27 accumulation
in treated RDES cells (a) but did not impinge upon the distorted cell cycle distribution caused by MLN4924 (b), despite MLN4924 not showing
any effect on P27 subcellular distribution (" 20 magnification immunofluorescence micrographs) (c). Caffeine also failed to affect the G2/M
peak (d). P27 knockdown: representative experiment from two independent shRNA cell transductions with similar results. Caffeine was
assayed at shorter times with identical results. caff, caffeine; MLN200/300, 200/300 nM MLN4924.
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detected. Indeed, WEE1 knockdown was found to elicit a higher
basal (DMSO treatment) cleaved Caspase-3 population labeling
when compared with cells transduced with the non-targeting
control (NTC). Moreover, WEE1 knockdown-induced apoptosis was
proportional to the silencing level achieved by each of the shRNA
constructions (Figure 5c). The high value of shwee1–2-induced
apoptosis indicates the dependence of ES cells on WEE1 and
explains why this shRNA construction was less efficient in rescuing
proliferation despite its better silencing ability.
Finally, both WEE1 shRNA constructions demonstrated a potent

effect preventing MLN4924-mediated G2 arrest, although the cell
accumulation in S-phase that occurs at saturating concentrations
was only partially affected (Figure 5d). The same results were
obtained inWEE1-silenced RM82 cells (Supplementary Figure S1C).
Taken together, these results confirm the relevant role of WEE1

in MLN4924 cytostatic effect on ES cell lines, whereas no
conclusions can be obtained regarding its contribution to induced

apoptosis as WEE1 depletion triggered apoptosis by itself,
probably through mitotic catastrophe.

MLN4924-induced S-phase delay is independent from WEE1
accumulation and simultaneous to depletion and loss of specific
functions of CDK2-cyclin A.
WEE1 kinase has been shown to phosphorylate and inhibit CDK2
(the S-phase master regulator) in vitro.26 Although the data
collected in our previous experiments indicated none or few
implication of WEE1 in the S-phase delay detected in MLN4924-
treated ES cell lines, we assayed its potential contribution at sat-
urating drug concentrations in synchronically growing RDES cells.
Cells synchronized at the G1–S boundary were MLN4924

pretreated (500 nM) for 2 h before thymidine withdrawal and
released in medium with MLN4924 and nocodazole (added to
avoid mitotic exit and G1 re-entering; Figure 6e). Treated cells,

Figure 4. WEE1 inhibition reverts MLN4924-induced G2 arrest. PD0166285 (applied for 3 h to cells arrested by MLN4924 treatment) restored
CDC2 phosphorylation at Y15 (a) and G2/M values (b) of MLN4924-treated cells to control levels. (c) MLN4924 was found to reduce the cell
population undergoing mitosis (pH3þ ) whereas PD0166285 restored mitosis (after 1.5 h) and G1 (after 3 h). (d) Quantification of the mitotic
population after 3 h of PD0166285 treatment. (e) Immunofluorescence confirmed the specific labeling of mitotic cells by the anti-pH3
antibody used (" 40 magnification micrographs of RDES cells at different mitotic stages: pH3, red; a-tubulin, green). (f ) Schematic
representation of the experiment. In all cases, mean±s.d. of two independent replicates. Statistical tests: significant analysis of variance,
Bonferroni post-hoc testo0.001 (***) and 0.01 (**). MLN200, 200 nM MLN4924; PD250/500, 250 nM/ 500 nM PD0166285.
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subjected to 5-bromo-2-deoxyuridine (BrdU) pulses, were found to
initiate the S-phase in a similar manner to control cells but were
severely delayed thereafter (Figure 6a). At 12 h after thymidine
withdrawal, a decrease in BrdU incorporation was detected in
treated cells (Figure 6b). Consistently, most control cells reached a
G2 DNA content at 15 h monitoring time point with few cells still
incorporating BrdU, whereas DNA synthesis in MLN4924-treated
cells did not progress during the last 6 h, despite BrdU
incorporation still taking place. After 24 h, the entire control cell
population displayed G2 DNA content whereas treated cells were
still delayed and suffering from severe apoptosis (data not shown).
The protein levels of multiple key cell cycle activators and

repressors were found dramatically accumulated (Figure 6c).
Remarkably, enormous Cyclin E levels were observed during the
entire S-phase progression in treated cells while in control cells its
levels reduced and disappeared after the S-phase onset (3–6h).
Consistently, high increases of pRB (Ser780) were detected at early
time points and remained throughout the experiment, evidencing
the active enzymatic status of CDK2. In addition, overall levels of
Cyclin A were found diminished at the same time points in which
treated cells were delayed with respect to control cells.
Immunoprecipitation of CDK2 showed a very slight increase in

Y15 phosphorylation, again restricting WEE1 implication in the
S-phase delay to few or none (Figure 6d). Strikingly, CDK2 from
treated cells co-immunoprecipitated with Cyclin E at time points
of advanced S-phase in which CDK2 from control cells did not
partner with it, as expected. Conversely, Cyclin A was substantially
reduced at the same time points in CDK2 immunoprecipitates of
MLN4924-treated cells (Figures 6d and c, respectively), strongly
suggesting a displacement of Cyclin A from CDK2 complexes due
to Cyclin E saturating protein levels.
CDK2–Cyclin E and CDK2–Cyclin A complexes can impinge

different phosphorylation patterns upon CDK2 substrates. One of
the best characterized examples of this differential action is CDC6,

which is phosphorylated at S54 and S74 by CDK2-Cyclin E, a
modification that is essential for the formation and DNA loading of
the pre-replicative complex (pre-RC). Conversely, S106 phosphor-
ylation is specifically exerted by CDK2-Cyclin A and triggers CDC6
relocation to the cytoplasm, a mechanism thought to assure that
DNA replication is performed only once per cell cycle.27–29

We used CDC6 subcellular location to confirm the loss of CDK2-
Cyclin A-specific functions. As a result, MLN4924-treated cells
displayed conspicuous nuclear labeling at late S-phase, 12 hours
after thymidine release, whereas CDC6 presence in control ES cells
was mainly cytoplasmatic, as expected (Figure 6f).
This same assay was carried out with WEE1-silenced cells. No

significant effect of WEE1 knockdown on the S-phase delay was
detected. Caffeine also failed in rescuing the delay under the same
experimental conditions (data not shown).
Finally, RDES clones of inducible Cyclin A overexpression were

established as an approach to rescue MLN4924-induced late
S-phase delay (Supplementary Figure S4A). However, overexpres-
sion of Cyclin A was observed to also hamper DNA replication
(Supplementary Figure S4B) and thus we could not evaluate its
ability to rescue MLN4924-induced S-phase delay. Strikingly, the
delay elicited by Cyclin A started in early S-phase, in sharp contrast
to the one caused by MLN4924.

DISCUSSION
Here, we report an in-depth preclinical evaluation of MLN4924 in
ES. Our results support a potential high sensitivity of this tumor
entity to CRL inhibition and render a mechanistic explanation for
its activity in ES cells, revealing WEE1 accumulation as a major
effector of MLN4924 potent cytostatic activity. In addition, our
data suggest that the induced G2 arrest could also be involved in
MLN4924 cytotoxic action (Figure 1e). The contribution of other
mechanisms, prevalent at saturating concentrations, was also

Figure 5. WEE1 knockdown substantially rescues proliferation and prevents MLN4924-induced cell cycle arrest. WEE1 knockdown with two
different shRNAs impaired WEE1 protein accumulation after MLN4924 treatment of RDES cells (IC95) and also decreased CDC2-Y15
phosphorylation (a), partially rescuing the proliferation of the cultures at 48 and 72h (y axis: cell population size of MLN4924-treated cells
normalized to control, DMSO treated, values) (b), but was unable to further revert MLN4924 effect on proliferation probably because of the
increased basal apoptosis detected in WEE1-silenced cells (c). Consistently, flow cytometry analysis revealed a marked effect of WEE1
knockdown preventing the MLN4924-induced G2/M peak (d). Representative experiment from two independent shRNA cell transductions
with similar results.
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explored. The evidences shown here point to CDK2-Cyclin A
depletion as the most probable cause of the singular effect
observed on S-phase, characterized by a huge CDK2 enzymatic
activity (as proved by both the phosphorylated status of RB and

the incorporation of BrdU) without completion of DNA synthesis.
Consistent with this idea, aberrant location of CDC6 in the nucleus
was detected in MLN4924-treated cells in late S-phase, confirming
the loss of CDK2-cyclin A-specific functions.
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A previous study has evaluated the sensitivity of a set of
pediatric tumors to MLN4924, including 6 ES cell lines, although
not providing any further insight into the mechanism of action
elicited.17 In this work, in spite of the acute in vitro response of ES
cells to MLN4924 (the most sensitive among those tested), the
treatment of tumors xenografted in mice was not found to induce
any significant reduction in tumor size, an observation that was
not restricted to ES cells but that affected most malignant cell
types assayed. Apart from this internal inconsistence, the lack of
in vivo effects in ES cells is in clear contrast with our data,
especially when taking into account that the doses found effective
in vivo in our study are considerably lower than those described in
the said article. Remarkably, the authors mentioned that such high
doses of the compound gave rise to a skin-hardening problem at
the site of injection that led to a premature interruption of the
assay. So, a suboptimal uptake of the drug due to this impediment
might underlie the discrepancy between both studies.
Strikingly, MLN4924 arrests ES cells in G2 in sharp contrast with

CDT2 knockdown, which halted the cells in G1,3 and in accordance
with the similar sensitivity and response of 1q gain and 1q normal
ES cell lines to the said compound. Having discarded a molecular
mechanism specific of 1q gain ES, the model proposed here could
find a broader application not only to virtually all ES tumors but
also to other tumor types that respond to MLN4924 treatment
with G2 arrest/S-phase delay. In addition, this mechanism is
triggered by a wide range of drug concentrations in cell culture,
including levels easily attainable by in vivo dosing (o100 nM).
The protein levels of CDT1, a substrate of both CUL4/DDB1CDT2

and SCFSKP2 CRL complexes,30 were only slightly affected by
MLN4924 in ES cells compared with HCT116. Consistently, the
response of each of these cell types to CRL inhibition differs
greatly.7,19 However, deneddylation of CUL4 and CUL1 took place
in ES cell lines to the same extent as in HCT116 (Figure 2b). These
clearly dissimilar responses to CRL inhibition are not surprising as
it is already known that despite the great selectivity of MLN4924
for its specific target UBA37 its potent antitumoral action is
exerted by different mechanisms depending on the cellular back-
ground,16,19–20,31–32 probably due to intercellular differences in the
configuration of CRL substrates and CRL components and to cell-
type-specific ubiquitinomes.5,33 Most importantly, this
phenomenon raises a relevant concern: the precise characteri-
zation of MLN4924 molecular mechanisms in each different
malignant cell type is imperative for a better understanding of its
clinical applications. Regarding this matter, a phase I clinical trial of
MLN4924 in advanced nonhematologic malignancies is ongoing
in the United States (ClinicalTrials.gov NCT00677170).
Besides, this report points out another interesting finding: the

accumulation of some particular CRL substrates as a consequence
of CRL inhibition might carry no functional manifestation in
specific types of transformed cells. The results of the assays
concerning P27 role in MLN4924 response suggest this conclusion.
Also supporting this idea, it has been recently shown how several
kinases (ABL, LYN and SRC) phosphorylate P27 at Tyr88 and Tyr74
during G1 to S transition and how these phosphorylations cause
the ejection of P27 from the catalytic cleft of the Cyclin E–CDK2
complexes, being a prerequisite for the phoshorylation at Thr187

exerted by Cyclin E-CDK2 itself.34–36 Phosphorylation at Thr187 is
the mark that enables recognition of P27 by the SCF complex and
is the starting point for its ubiquitination and degradation.37

Therefore, MLN4924 could be inducing the accumulation of an
inactive P27 form, which might explain why this tumor suppressor
does not seem to have any significant role in MLN4924 effects on
ES cells, despite its nuclear localization. In line with this idea,
CDC25A and Cyclin E combined accumulation is expected to
induce a premature entry in G1,38 which was not observed neither
in nocodazole nor in thymidine-synchronized ES cells subjected to
MLN4924 treatment. Moreover, CDC25A did not seem to have any
effect on accelerating G2 to M progression either. So, both results
suggest an also absence of function of the CDC25A protein
accumulated in response to MLN4924 treatment. This point was
not further explored as it has no relevance for the aims pursued in
this study.
Alternatively, the ultimate effect of CRL inhibition could be the

result of the net balance of opposed and/or overlapped
deregulated protein activities, whose final outcome would be
conditioned by the different, cell-type-dependent proteome and
interactome configurations. According to this idea, WEE1 accu-
mulation would represent the ‘prevailing force’ in ES cells
subjected to CRL inhibition. However, the results reported in this
study favor the hypothesis expressed in the former paragraph.
Finally, WEE1 provides an important advantage when consid-

ered as a therapeutic effector, as WEE1 loss drives the cells into
mitotic catastrophe and, subsequently, into apoptosis.39 Hence,
tumor cells could difficultly develop resistance by losing WEE1
function, in contrast to what could be expected of any therapy
relying on other effectors frequently found lost in cancer such as
P21 and P27. WEE1 is a ubiquitously expressed gene, key regulator
of the cell cycle, and thus WEE1 is present in virtually any
malignant cell that could be considered as potentially treatable
with this or similar compounds. In addition, WEE1 has recently
been implicated in the radiosensitization of two human pancreatic
cancer cell lines by MLN4924.40 So, WEE1 accumulation could be
of further clinical use by empowering other antitumoral therapies.
Regarding this issue, ongoing work in our laboratories is exploring
the best drug combinations aiming an eventual inclusion of
MLN4924 into traditional ES treatment schemes.
We have thus reported how MLN4924 inhibits ES cell growth

and how its potent cytostatic effect depends on WEE1
accumulation.

MATERIALS AND METHODS
Cell lines and pharmaceutical compounds
A4573, A673, CADO-ES, RDES, RM82, SKES, SKNMC, STAET-1, STAET-2.1,
STAET-10, TC71, TTC466, TC32 and WE68 were obtained from the
EuroBoNet cell line panel that is maintained and regularly checked and
characterized by Ottaviano et al.41 in Heinrich-Heine-University at
Düsseldorf, by the methods explained in reference. Cells were grown on
gelatin-coated plates in RPMI 10–20% except for A673 (DMEM 10%).
MLN4924 was provided by Millennium Pharmaceuticals, Inc. (The Takeda

Oncology Company, Cambridge, MA, USA). PD0166285 was purchased
from Tocris Bioscience (Ellisville, MO, USA). Both were dissolved in DMSO
for in vitro assays.

Figure 6. High MLN4924 concentrations cause a severe S-phase delay independent from WEE1 accumulation. Synchronized RDES cells were
BrdU-pulsed and analyzed by flow cytometry (a) revealing a decrease in BrdU incorporation detectable 12 h after thymidine withdrawal (FL1-H
histograms of the populations gated in A, BrdUþ ) (b). Western blot of protein extracts at each monitoring time showed unscheduled
presence of enormous Cyclin E amounts at late S-phase, correlating with diminished Cyclin A levels and huge phosphorylation of RB at Ser780
(arrow: Cyclin A-specific band) (c). CDK2 immunoprecipitation showed slight increase of CDK2-Y15 phosphorylation and aberrant co-
immunoprecipitation of Cyclin E at late S time points. Cyclin A presence in the same immunoprecipitates was heavily reduced (d). Schematic
representation of the experiment (e). Immunofluorescence study of CDC6 subcellular location revealed aberrant nuclear staining in cells
subjected to MLN4924 treatment (f ). Numbers below p-CDK2-Y15 and Cyclin A blots represent densitometric quantifications of MLN4924
bands, normalized to CDK2 and referred to their respective controls (DMSO band from the same time point). Representative experiment from
several independent synchronization assays. PI: propidium iodide.
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Cell viability assay
Cells were seeded at 3000–4000 per well in 96-well culture plates.
MLN4924 was added to complete growth medium at concentrations
ranging from 0.001 to 10 mM. After 72 h, cells were subjected to the ATPlite
assay (PerkinElmer, Waltham, MA, USA) and inhibitory concentrations were
calculated.

Tumor xenografts in mice
RDES cells were trypsinized and counted. Suspensions containing 4" 106

living cells in a 0.2ml final volume composed of RPMI medium and
Matrigel Matrix (Becton Dickinson, Franklin Lakes, NJ, USA) in a 1:1
proportion were injected subcutaneously in five-week-old CB.17 SCID
female mice (Harlan, Indianapolis, IN, USA). Tumor size was measured with
a caliper, and treatment was started when the mean volume reached
400mm3. Animals were dosed subcutaneously with vehicle (10%
b-cyclodextrin) or MLN4924. At 16 days after injection, tumor volumes
reached tolerable size limits and animals were euthanized by anesthetic
overdose. All animals were housed and handled in accordance with the
Guide for the Care and Use of Laboratory Animals, and the study was
previously approved by the Bioethics Committee of the University of
Salamanca.

PH3, P27 and CDC6 immunofluorescence
Cells were grown in gelatin-coated 6 cm plates, fixed with 3.6%
paraformaldehyde for 8min and permeabilized with ice-cold methanol
applied for 3min. After phosphate-buffered saline (PBS) rehydration and
washes, plates were blocked with 1% BSA in PBS and incubated overnight
at 4 1C with 1:1000 anti-pH3 antibody (Cell Signalling, Danvers, MA, USA)
and 1:500 anti-a-tubulin (Calbiochem, Merck KGaA, Darmstadt, Germany)
or 1:500 anti-P27 (BD, Franklin Lakes, NJ, USA) or 1:50 anti-CDC6 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) under coverslips and inside
humidified petri dishes. Cy3- (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) and Alexa Fluor 488-labeled secondary antibodies
(Invitrogen, Carlsbad, CA, USA) were applied under coverslips and
incubated 1 h at room temperature. Finally, DAPI was added for 2 min to
counterstain DNA.
Additional methods are described in Supplementary Material and

Methods.
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