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Background: Cullin-RING ubiquitin ligases are the largest family of E3 ligases, but their roles in ovarian cancers remain
uninvestigated.
Results: Inhibition of CRL4 activity induced ovarian cancer death.
Conclusion:CRL4CDT2 repression andCDT1 accumulation contributed to the genotoxic effects ofMLN4924 in ovarian cancer
cells.
Significance: Indicating CRL4CDT2 is an effective drug target in ovarian cancers.

Cullin-RING ubiquitin ligases (CRLs) are the largest family of
E3 ligases and require cullin neddylation for their activation.
The NEDD8-activating enzyme inhibitor MLN4924 reportedly
blocked cullin neddylation and inactivated CRLs, which
resulted in apoptosis induction and tumor suppression. How-
ever, CRL roles in ovarian cancer cell survival and the ovarian
tumor repressing effects of MLN4924 are unknown. We show
here that CRL4 components are highly expressed in human epi-
thelial ovarian cancer tissues.MLN4924-inducedDNAdamage,
cell cycle arrest, and apoptosis in ovarian cancer cells in a time-
and dose-dependent manner. In addition, MLN4924 sensitized
ovarian cancer cells to other chemotherapeutic drug treat-
ments. Depletion of CRL4 components Roc1/2, Cul4a, and
DDB1 had inhibitory effects on ovarian cancer cells similar to
MLN4924 treatment, which suggested that CRL4 inhibition
contributed to the chemotherapeutic effect of MLN4924 in
ovarian cancers. We also investigated for key CRL4 substrate
adaptors required for ovarian cancer cells. Depleting Vprbp/
Dcaf1 did not significantly affect ovarian cancer cell growth,
even though it was expressed by ovarian cancer tissues. How-
ever, depleting Cdt2/Dcaf2 mimicked the pharmacological
effects of MLN4924 and caused the accumulation of its sub-
strate, CDT1, both in vitro and in vivo. MLN4924-inducedDNA
damage and apoptosis were partially rescued byCdt1 depletion,
suggesting that CRL4CDT2 repression and CDT1 accumulation
were key biochemical events contributing to the genotoxic

effects of MLN4924 in ovarian cancer cells. Taken together,
these results indicate that CRL4CDT2 is a potential drug target in
ovarian cancers and thatMLN4924may be an effective antican-
cer agent for targeted ovarian cancer therapy.

The core of cullin-RING ubiquitin ligase (CRL)3 ubiquitin
ligases is a cullin-RING finger protein complex. In humans and
mice, there are seven cullin (CUL 1–3, 4A, 4B, 5, and 7) and two
RING (RBX1/RBX2) family members (1). CRL activation
requires cullin neddylation, a modification that results from
adding ubiquitin-like protein NEDD8 to cullins and catalyzed
by NEDD8-activating enzyme E1 (NAE), NEDD8-conjugating
enzyme E2 (UBC12), and NEDD8-E3 ligase (2).
AnNAE inhibitor,MLN4924, was recently identified by high

throughput screening. MLN4924 bound to NAE to create a
covalent NEDD8-MLN4924 adduct that blocked NAE enzy-
matic activity (3). MLN4924 efficiently inhibited cullin neddy-
lation, which inactivated CRL/SCF E3 ligase to cause substrate
accumulation. As a result, a DNA damage response was trig-
gered, cellular apoptosis was induced, and remarkable antican-
cer effects were observed both in vitro and in vivo (4–6). These
findings further validated CRL ubiquitin ligases as promising
cancer targets and showed MLN4924 to be a novel anticancer
agent. Indeed, MLN4924 has advanced to several phase 1 clin-
ical trials for solid tumors and hematological malignancies (3,
7–9). However, MLN4924 actions in ovarian cancer cells are
not well defined.
As a founding member of cullin-based E3 ligases, cullin-4

(CUL4A and 4B) differs fromother cullins in that it employs the
WD40-like repeat-containing protein DDB1 as its adaptor,
which has unique structural and biochemical properties (2).
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DDB1 was initially identified as a damaged DNA-binding pro-
tein that recognized UV- or chemical mutagen-induced DNA
lesions and recruited the nucleotide excision repair machinery
to remove this damage. Subsequently it was revealed thatDDB1
participated in a number of fundamental processes, such as
transcription, cell cycle progression, cell death, and embryonic
development (10, 11). Recent work further identified a family of
DDB1 and CUL4-associated factors (DCAFs, which have more
than 90 putative members in mammalian genomes) as CUL4-
DDB1 substrate receptors, including VPRBP/DCAF1, CDT2/
DCAF2, DDB2, andDCAF26 (12–15). This implicated CRL4 in
regulating a broad spectrum of cellular processes. It has been
reported that DDB1 and DDB2 mutations facilitated liver and
skin cancer development (16–19), although the roles of CUL4,
DDB1, and their specific substrate adaptors in ovarian cancers
remain unknown.
Epithelial ovarian cancer is themost lethal of the gynecologic

malignancies and is the fifth most common cause of cancer
death for women in the United States (20, 21). Due to the inter-
nal localization of the ovaries, the lack of specific symptoms,
and a lack of an effective screening method, ovarian cancer
usually remains undetected until it has reached an advanced
stage. In nearly 70% of patients who present with late-stage
disease, it has already spread to other organs in the abdominal
cavity and their 5-year survival remains at only 30%. The cur-
rent standard of care includes surgical resection of the tumor,
followed by treatment with genotoxic chemotherapies. How-
ever, chemoresistance is a major hurdle to successful cancer
therapy (22–24). Therefore, better treatments for ovarian can-
cer are urgently needed.
Despite the ubiquitous nature of CRL ubiquitin ligase func-

tions and the potential of CRL-targeted chemotherapy for a
variety of tumors (25, 26), it remains unknown whether abnor-
malities in the CRL ubiquitin ligase system and their protein
targets are associated with epithelial ovarian cancers. Our find-
ings presented here show that CRL4 components are highly
expressed in human ovarian cancer tissues, and that ovarian
cancer cell proliferation and survival depend on CRL4CDT2

activity.
In the present study, we also report thatMLN4924-mediated

apoptosis induction contributes to ovarian cancer growth sup-
pression. As one major target of MLN4924, its inhibition of
CRL4CDT2 activity caused the accumulation of its substrate
DNA replication licensing factor, CDT1, activation of a DNA
damage checkpoint, and cell cycle arrest. By inducing these
biochemical effects, MLN4924 could increase the anti-cancer
effects of other therapeutic drugs. These results indicate that
MLN4924 may be useful as an effective anticancer agent for
targeted ovarian cancer therapy.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Human ovarian cell lines ES-2,
SKOV3, OV2008, and A2780 were purchased from the ATCC.
All cells were cultured in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin-
streptomycin solution (Invitrogen) at 37 °C in a humidified 5%
CO2 incubator.

Mice and XenograftModels—Mice were housed on a 14:10 h,
light:dark schedule and provided food andwater ad libitum. All
animal protocols were in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. To assess prolifera-
tion, ovarian cancer cells were injected subcutaneously into
8-week-old female athymic nude mice. Four weeks later, pri-
mary tumor masses were excised, fixed in 4% paraformalde-
hyde, and embedded in paraffin. Sections (5 �m thick) were
prepared and stained with hematoxylin and eosin.
Colony Formation Assay—Single-cell suspensions were

seeded in 60-mm dishes and treated with MLN4924 or siRNA
for 10 days. Colonies were stained and counted. Triplicate cul-
tures were used for each experiment. The plates were placed in
a 5% CO2 humidified incubator set at 37 °C. Colonies were
counted at 10 days after plating.
Cell Growth Assay—After exposure to various treatments,

cells were seeded in 96-well plates at a density of 3 � 103 cells/
well in DMEM containing 10% FBS. After they had adhered,
cells were assessed for growth using an MTT assay. Briefly, 20
�l of MTT solution (5 mg/ml in PBS) was added into triplicate
wells and cells were incubated for 4–6 h in an incubator.
Absorbance at 490 nm was read with a microplate reader.
RNA Isolation and Quantitative RT-PCR—Total RNA was

isolated from tissues or cultured cells using TRIzol reagent
(Invitrogen) following the manufacturer’s protocol. Total RNA
(5 �g) was reversed transcribed using a cDNA Synthesis Kit
(Invitrogen). The following primers were used to amplify target
genes: Actin, 5�-GCTCTTTTCCAGCCTTCCTT-3�, 5�-GTA-
CTTGCGCTCAGGAGGAG-3�; Roc1, 5�-CTGGGCCTGGG-
ATATTGTGGTT-3�, 5�-AGCCAGCGAGAGATGCAGTG-
3�; Roc2, 5�-ATTGAAAAGCCGACTCCTCCTA-3�, 5�-AAG-
CCGTTTACCCGACAGTTAC-3�; Cul4a, 5�-GTCCCAAAGG-
AAAGGAGGTG-3�, 5�-CGATCTGGTACTGTCTATCCTGG-
3�; Cul4b, 5�-AGAAACGGTTGAAGAACAAGCAAGC-3�, 5�-
TCAGCAGGCTTTACTGGAAATTTCA-3�; Vprbp/Dcaf1, 5�-
GTGAAACGGAACATCTTTGACCTG-3�, 5�-CTGGTCCTC-
CTCTTCATCCTCAT-3�; Cdt2/Dcaf2, 5�-GCCCCCTTCCAG-
TCATGAAACTT-3�; and 5�-GTTAAGGCTATGGTGTGC-
TTGGTT-3�.
siRNA-mediated Gene Silencing—Ovarian cancer cells were

transfected with siRNA oligonucleotides using Lipofectamine
2000. Briefly, cells were seeded in 6-well plates. siRNA used for
transfection and Lipofectamine 2000 were each incubated sepa-
rately with Opti-MEM for 5 min, mixed together for 10 min at
room temperature, after which thismixturewas added to the cells
plated in 1 ml of medium (final concentration of siRNA: 80 nM).
The siRNA sequences were: siCon, 5�-UUCUCCGAACGUGU-
CACGUTT-3�; siRoc1-1, 5�-GACUUUCCCUGCUGUUAC-
CUAATT-3�; siRoc1-2, 5�-CUGUGCCAUCUGCAGGAACC-
ACAUU-3�; siCul4A, 5�-GAAGCUGGUCAUCAAGAACd-
TdT-3�; siCul4B, 5�-AAGCCUAAAUUACCAGAAAdTdT-3�;
siVprbp1-1, 5�-UCACAGAGUAUCUUAGAGATT-3�;
siVprbp1-2, 5�-AAUCACAGAGUAUCUUAGATT-3�; siRoc-
2-1, 5�-CAAGAGGACUGUGUUGUGGUCUGGUCUGG-3�;
siRoc2-2, 5�-UCAGAAAUUCUCUGCGAUUAA-3�; siDdb1,
5�-GGCCAAGAACAUCAGUGUGtt-3�; siCdt1, 5�-GUACC-
CCCGAGGCCCCAGA-3�; and siCdt2, 5�-GAAUUAUACUGC-
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UUAUCGA-3�. All siRNAs were purchased from GenePharma
(Shanghai, China).
Immunohistochemistry—Paraffin-embedded human tissues

from ovarian tumors were provided by the Jiaxing Maternity
and Child Health Care Hospital, China. The use of archived
cancer samples for this study was approved by the Zhejiang
University Institutional Review Board.
Sections were cut with a Leica RM2235 microtome at 5-�m

thickness and immunohistochemically stained with affinity-puri-
fied anti-ROC1, anti-DDB1 (Epitomic), anti-VPRBP (Protein-
Tech), anti-CDT2 (Bethyl Laboratories), anti-pH2AX, and anti-
Cleaved caspase 3 (Cell signaling Technology) antibodies using
a Vector ABC kit (Vector Laboratories). Briefly, sections were
deparaffinized, rehydrated, and incubated in 0.3% H2O2. After
antigen retrieval using 10 mM sodium citrate (pH 6.0), sections
were probed with primary and secondary antibodies and washed
again with PBS-T prior to incubation with ABC solution. Color
was developed using diaminobenzidine substrate (Vector Labora-
tories). The sections were washed, counterstained, dehydrated,
and mounted with Vectamount permanent mounting medium
(Vector Laboratories). Sections were observed under a Nikon
Eclipse 80i Microscope. Staining intensity for ROC1, DDB1,
VPRBP, and CDT2 was scored by a pathologist (L. Guo).
Immunofluorescent Staining—Cultured cells were seeded on

coverslips and transfected with siRNA. After 24–48 h, cells
were washed with PBS, fixed with 4% paraformaldehyde, per-
meabilizedwith PBS containing 0.3%TritonX-100 (PBST), and
incubated with blocking buffer (PBST containing 5% bovine
serum albumin). Cells were sequentially probed with primary
antibodies as indicated under “Results” and Alexa Fluor 594- or
488-conjugated secondary antibodies (Molecular Probes).
Slides weremounted using VectaShield with 4�,6-diamidino-2-
phenylindole (DAPI, Vector Laboratories). Digital images were
acquired using an epifluorescence microscope (Nikon Eclipse
80i) with �4–100 objectives.
Flow Cytometry—To analyze DNA contents by propidium

iodide (PI) staining, OV2008 and A2780 cells were treated with
MLN4924 for 24hor transfectedwith siRNA for 72–96h, fixed in
75% ethanol overnight at 4 °C, washed twice with 1� phosphate-
buffered saline (PBS), and then permeabilized as previously
described. Fixed and permeabilized cells were stained with PI (50
�g/ml) for at least 30min at room temperature in the dark.
Western Blot Analysis—Cell extracts containing 30 �g of

protein were resolved by SDS-PAGE and transferred to PVDF
membranes (Millipore Corp., Bedford, MA). After probing
with primary antibodies, the membranes were incubated with
horseradish peroxidase-linked anti-rabbit antibodies (Cell Sig-
naling Technologies, Danvers, MA) and then washed. Bound
antibodies were visualized using an Enhanced Chemilumines-
cence Detection Kit (Amersham Biosciences). The primary
antibodies were: pH2AX (Ser-139), pCHK1 (Ser-345), pCHK2
(Thr-68), Cleaved caspase 3, �-actin (Cell signaling), p27, p21,
p53 (Santa Cruz), ROC1, DDB1, VPRBP, CDT2, and CDT1.
Statistical Analysis—All in vitro assays were done in tripli-

cate. Group resultswere compared by two-tailed t-tests or anal-
ysis of variance using GraphPad Prism statistical programs
(GraphPad Prism, San Diego, CA). p � 0.05 was considered
significant.

RESULTS

CRL4DCAF2 E3 Ligase Complexes Are Highly Expressed in
Human Ovarian Cancer Tissues and Cells—ROC1 and DDB1
expression in human ovarian cancer tissues was assessed by
immunohistochemistry. As shown in Fig. 1A, significant ROC1
and DDB1 expression was detected in endometrioid carci-
noma, serous cystadenoma, clear cell carcinoma, andmucinous
cystadenoma. Furthermore, DDB1 was highly expressed in all
serous cyctadenoma samples examined (n � 12), but was
weakly expressed in normal human ovarian tissues. The subcel-
lular localization of CRL4 E3 ligase components were also
examined in ovarian cancer cell lines. DDB1, VPRBP/DCAF1,
CUL4B, and ROC1 were primarily localized in nuclei (Fig. 1B),
whereas more CUL4A and CDT2 signals were detected in the
cytoplasm of ovarian cancer cells. At the protein level, com-
pared with non-tumor somatic cells, including mouse embry-
onic fibroblasts (MEFs), granular cells (GCs), and mouse ovar-
ian surface epithelia (mOSE) cells, CRL4 E3 ligase components
were highly expressed in ovarian cancer cell lines (Fig. 1C).
These results suggested that CRL4 E3 ligase complexes might
play an essential role in ovarian cancer cell proliferation and
apoptosis.
MLN4924 Induces DNA Damage and Apoptosis in Ovarian

Cancer Cells—Recent studies showed that MLN4924 was a
potent inhibitor of cullin neddylation, and thereby inactivated
CRL E3 ligase and caused accumulation of a number of its sub-
strates.MLN4924 treatment resulted in tumor cell growth sup-
pression both in vitro and in vivo by promoting abnormal cell
cycle progression and inducing apoptosis. To test the effects of
MLN4924 in ovarian cancer cells, we examined for cullin ned-
dylation byWestern blotting. At a concentration as low as 0.05
�M, MLN4924 treatment inhibited cullin neddylation within
24 h in both A2780 and OV2008 cells (Fig. 2A). After longer
periods of MLN4924 treatment (0.1 �M), cullin neddylation
decreased to undetectable levels after 36 h in A2780 cells and
after 48 h in OV2008 cells (Fig. 2B). However, free NEDD8
levels were not affected byMLN4924 in both of these cell lines.
We next determined the effects of MLN4924 on inhibiting

the growth of several human ovarian cancer cell lines, including
OV2008, SKOV3, and A2780 cells, and on normal cells (GCs,
MEFs, and mOSEs). MLN4924 treatment effectively inhibited
ovarian cancer cell proliferation with inhibitory concentrations
ranging from 10 to 100 nM, but MLN4924 did not inhibit nor-
mal cell proliferation when using the same concentrations as
for ovarian cancer cells (Fig. 2G).
It was recently shown that CDT1 was a substrate for CRL4 E3

ligase and that it played a critical role in DNA re-replication (10).
Western blot results showed that MLN4924 induced both dose-
and time-dependent accumulations of CDT1 (Fig. 2, A and B). In
addition, MLN4924 activated DNA damage responses and apo-
ptosis pathways in these cells, as shown by the accumulations of
pH2AX, pCHK1, pCHK2, cleaved caspase-3, and the cyclin-de-
pendent kinase inhibitors p27 and p21 (Fig. 2,A andB). The key
apoptosis regulator p53 was not detected because it was
mutated in these ovarian cancer cell lines (data not shown).
MLN4924-induced histone H2AX phosphorylation and
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caspase 3 cleavage were further confirmed and quantified by
immunofluorescent staining (Fig. 2C).
We then investigated the effects of MLN4924 on ovarian

cancer cell growth. Colony formation by OV2008 and A2780
cells was remarkably inhibited by MLN4924 treatment (Fig.
2D). FACS analysis revealed that these ovarian cancer cellswere
arrested in the G2 phase of the cell cycle at 24 h afterMLN4924
treatment (Fig. 2, E and F). This was consistent with the obser-
vation that a DNA damage checkpoint had been activated by
MLN4924. A cell viability assay showed that MLN4924 caused
significantly increased ovarian cancer cell death at increased
concentrations (A2780, SKOV3, and OV2008 cells). However,
the non-oncogenic somatic cells, including immortalized
mouse OSEs, primary mouse GCs, andMEFs, were resistant to
MLN4924 treatment, even at a very high concentration (1 �M).
Collectively, these results showed that MLN4924 effectively
inhibited cullin neddylation, promoted the accumulations of
CDT1, triggered DNA damage responses, and promoted apo-
ptosis in ovarian cancer cells.
MLN4924 Sensitizes Ovarian Cancer Cells to Chemothera-

peutic Drug Treatment—Wenext investigated possible chemo-
sensitizing effects of MLN4924 in ovarian cancer cells. We first

confirmed that bleomycin, doxorubicin, and etoposide (VP-
16), which are first-line anticancer agents for human ovarian
cancer, inhibited the proliferation of ovarian cancer cells
(A2780 and OV2008 cells) and non-cancer cells (mOSEs and
GCs) (Fig. 3, A and B). Then we fixed the concentration of
MLN4924 at low-toxic dose (0.05 �M) and then determined
whether low-toxic MLN4924 sensitizes ovarian cancer cells to
other anticancer drugs.
For OV2008 cells, MLN4924 showed significant additive

effects with all three of these drugs (Fig. 3, A and B). Similarly,
MLN4924 also increased the proliferation-inhibiting effects of
bleomycin andVP-16 onA2780 cells (Fig. 3,A andB). However,
for untransformed mOSE cells, MLN4924 had little effect by
itself for inhibiting proliferation and did not enhance the effect
of bleomycin when they were added together in the cell culture
medium (Fig. 3B). However, MLN4924 had an additive effect
when mOSE cells were treated with doxorubicin and VP-16.
These results showed that MLN4924 increased the effects of
other chemotherapeutic drugs in ovarian cancer cells.
Furthermore, in ES-2 ovarian cancer cells, RNAi depletion of

Roc1/2 did not significantly affect cell viability. However, the
Roc1/2-depleted ES-2 cells were more resistant to MLN4924

FIGURE 1. CRL4DCAF2 E3 ligase complex expression patterns in human ovarian cancer samples and cell lines. A, immunohistochemistry results for DDB1
and ROC1 expression in ovarian cancer tissues. Sections were counterstained with hematoxylin. B, immunofluorescent staining results for the expression of
CRL4 components in OV2008 ovarian cancer cells: ROC1, CUL4A, CUL4B, DDB1, VPRBP, and CDT2. Cells were seeded on glass coverslips in 24-well plates
overnight before staining. Nuclei were stained with 4�,6�-diamidno-2-phenylindole (DAPI; blue). C, Western blotting results for CRL4 E3 component proteins
(ROC1, DDB1, VPRBP, and CDT2) in ovarian cancer cells (ES-2, SKOV3, OV2008, and A2780), and non-tumor cells (mOSEs, MEFs, and GCs).

Role of CRL4CDT2 in Ovarian Cancer

OCTOBER 11, 2013 • VOLUME 288 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 29683



treatment than the Roc1/2-intact cells (Fig. 3C). This result
indicated that MLN4924 relied on ROC1/2 to exert its growth
inhibition effects.

Roc1/2 Depletion in Ovarian Cancer Cells Mimics the Phar-
macological Effects of MLN4924—MLN4924 treatment had
inhibited cullin neddylation and caused DNA damage accumu-

FIGURE 2. Effects of MLN4924 treatment on ovarian cancer cell growth, apoptosis, and DNA damage. A, Western blot results for the changes in the levels
of the indicated proteins in ovarian cancer cells (A2780 and OV2008) treated with increased concentrations of MLN4924 for 24 h. B, Western blot results
showing the changes in the levels of the indicated proteins in ovarian cancer cells (A2780 and OV2008) treated with 0.1 �M MLN4924 for increased periods of
time. C, immunofluorescent staining results showing increased pH2AX and cleaved caspase 3 (CC3) levels at 24 h after treatment with 0.1 or 0.5 �M MLN4924.
The percentages of pH2AX and CC3 positive cells were determined by counting the total cells in 10 independent areas. D, colony formation assay for OV2008
and A2780 cells after treatment with 0.1 or 0.5 �M MLN4924. Colony numbers were counted after 10 days in culture. E and F, cell cycle phase determined by flow
cytometry. OV2008 cells (1 � 105 cells per 60-mm dish) were cultured overnight, treated with or without MLN4924 (0.5 �M), and then subjected to PI staining
and FACS analysis at the indicated time points. The percentages of cells in the G1, S, and G2/M phases are indicated. G, sensitivity to MLN4924 by different cancer
cell lines (SKOV3, OV2008, and A2780) and normal cells (mOSEs, MEFs, and GCs). Cells were seeded in 96-well plates in triplicate and treated with increased
concentrations of MLN4924 for 72 h, followed by MTT assay.
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lation in ovarian cancer cells. To confirm that the pharmaco-
logical effects of MLN4924 were due to disrupting CRLs, we
depleted Roc1/2, the ring finger proteins shared by all CRL
complexes, in ovarian cancer cells. Roc1 and Roc2 were effi-
ciently knocked down inOV2008 cells by using siRNAoligos, as
shown by quantitative real-time PCR and Western blot results
(Fig. 4, A and B). Roc1 and Roc1/2 double depletion significantly
inhibited the proliferation of the OV2008 cells, as assessed by
MTT proliferation assay (Fig. 4C) and by counting cell numbers

(Fig. 4, D and E). FACS analysis also showed that ovarian cancer
cells were arrested in the G2-M phase of the cell cycle with either
Roc1 depletion or Roc1/2 double silencing (Fig. 4, F and G). By
itself, Roc2 depletion did not affect cell growth, but it did enhance
the effect ofRoc1depletion (Fig. 4,C andG).Roc1/2double silenc-
ing also suppressed colony formation by OV2008 cells (Fig. 4, H
and I).Western blot results showed that CDT1, p27, pH2AX, and
pCHK1 expressions were significantly increased after Roc1 and
Roc1/2double silencing (Fig. 4J).These results showed thatRoc1/2

FIGURE 3. MLN4924 sensitizes ovarian cancer cells to chemotherapeutic drug treatment. A, cell viability after treatment with varying concentrations of
chemotherapy drugs. B, MLN4924 (0.05 �M) treatment was combined with agents used for the clinical management of ovarian cancer. A2780, OV2008, and
mOSE cells were seeded in 96-well plates in triplicate and treated with MLN4924 and the indicated therapeutic drugs for 96 h, followed by MTT assay. For A2780
and OV2008 cells, drug concentrations were: bleomycin (BLM), 20 �g/ml; doxorubicin (DOX), 0.5 �g/ml; and etoposide (VP-16), 5 �g/ml. For mOSE cells, drug
concentrations were: bleomycin (20 �g/ml), doxorubicin (0.1 �g/ml), and etoposide (1 �g/ml). C, cell viability of MLN4924-treated ES-2 ovarian cancer cells,
with or without Roc1/2 RNAi depletion.
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depletion mimicked the pharmacological effects of MLN4924,
which suggested that CRLs were the major pharmacological tar-
gets ofMLN4924 in ovarian cancer cells.

CRL4 Inhibition Contributes to the Chemotherapeutic Effects
of MLN4924—There are 5 major CRL complexes in mamma-
lian cells: CRL1–5. Because CRL4 components were highly

FIGURE 4. Growth inhibiting effects of Roc1, Ddb1, and Cul4a silencing on ovarian cancer cell in vitro. A and B, Western blot (A) and quantitative RT-PCR
(B) results for Roc1 and Roc2 RNAi depletion efficiency. OV2008 cells were transfected with control siRNA (siCON), siRoc1, or siRoc2. Total RNAs and proteins were
isolated 48 h after transfection. C, effects of Roc1/2 RNAi depletion on ovarian cancer cell growth. OV2008 cells were seeded in 96-well plates (3,000 cells/well)
at 48 h after transfection, and then assessed by MTT assay. D and E, Roc1 or Roc1/2 double silencing inhibited ovarian cancer cell proliferation. Cells were
counted at 72 h after transfection. F and G, Roc1/2 depletion induced G2-M cell cycle arrest in ovarian cancer cells. Cells were transfected with siCON, siRoc1,
siRoc2, or siRoc1/2 for 72 h and then subjected to PI staining and FACS analysis to determine cell cycle profiles. H and I, Roc1/2 depletion inhibited colony
formation of OV2008 cells. *, p � 0.01; **, p � 0.001. J, Western blot results for the levels of pH2AX, pCHK1, p27, and CDT1 after RNAi depletion of Roc1, Roc2,
and Roc1/2 in OV2008 cells. K, quantitative RT-PCR results for Cul4a and Cul4b RNAi depletion efficiency. L, Western blot results for Ddb1 RNAi depletion
efficiency. M, effects of Ddb1, Cul4a, and Cul4b depletion on ovarian cancer cell proliferation as assessed by MTT assay. N and O, effects of Ddb1, Cul4a, and Cul4b
depletion on colony formation by OV2008 cells. P, immunofluorescent staining results for increased caspase 3 cleavage after RNAi depletion of Ddb1 and Cul4a.
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expressed in human ovarian cancer tissues, we further investi-
gated if CRL4 inhibition contributed to the chemotherapeutic
effects of MLN4924. To address this, we knocked down Ddb1,
Cul4a, and Cul4b expression by using siRNA oligos. Cul4a,
Cul4b, and Ddb1 were efficiently depleted in OV2008 cells, as
shown by quantitative RT-PCR and Western blotting results
(Fig. 4, K and L). Ddb1 and Cul4a silencing significantly inhib-
ited cell proliferation, as assessed by MTT assay, but Cul4b
depletion did not affect the proliferation of OV2008 cells (Fig.
4M). Ddb1 and Cul4a depletion also notably inhibited colony
formation by these cells, whereas Cul4b depletion did not (Fig.
4, N and O). Similar to MLN4924 treatment, Ddb1 or Cul4a
depletion induced OV2008 cell apoptosis, as shown by anti-
cleaved caspase 3 immunofluorescence (Fig. 4P). These results
demonstrated that theCRL4 core components ROC1/2, DDB1,
and CUL4A were required for ovarian cancer cell proliferation
and survival.
CRL4 Substrate Adaptor VPRBP/DCAF1 Is Dispensable for

Ovarian Cancer Cell Survival and Proliferation—We hypothe-
sized that those substrate receptor proteins with a WD40
domain might be required for substrate recognition by ubiqui-
tin-dependent degradation machinery. VPRBP is one of the
common components of a CUL4-containing complex. First, we
examined for VPRBP protein expression in human tissues by
immunohistochemistry. As shown in Fig. 5A, VPRBP expres-
sion was found in human ovarian cancer tissues as were other
CRL4 components. Therefore, we knocked down Vprbp using
siRNA oligos. Efficient Vprbp depletion in OV2008 cells was
shown by quantitative RT-PCR and Western blotting results
(Fig. 5, B and C). However, Vprbp depletion did not affect the
proliferation of OV2008 cells, colony formation, or cell cycle
progression (Fig. 5, D–F). This was also the case for several

other ovarian cancer cell lines (data not shown). Taken
together, these results demonstrated that although it was
expressed in ovarian cancer cells, VPRBP was dispensable for
the survival and proliferation of these cells. Therefore, VPRBP/
DCAF1was not an essential CRL4 substrate adaptor for ovarian
cancer cell survival and proliferation.
CDT2/DCAF2 Is a Major CRL4 Substrate Adaptor That

Maintains Ovarian Cancer Cell Survival and Proliferation—It
was previously reported that CDT2/DCAF2 was an important
CRL4 substrate adaptor that controlled the protein levels of the
DNA replication licensing factor CDT1. As shown in Fig. 6A,
significant CDT2 expression was found by immunohistochem-
istry in clear cell carcinoma and mucinous cystadenoma, but
not in granulosa cell tumors and other types of ovarian epithe-
lial tumors. To investigate the function of CDT2 in ovarian
cancer cells, we deleted Cdt2 using siRNA oligos. As shown by
quantitative RT-PCR (Fig. 6B), Western blotting (Fig. 6C), and
immunofluorescence (Fig. 6D) results, Cdt2 was efficiently
knocked down in OV2008 cells. Cdt2 depletion inhibited the
proliferation and colony formation of OV2008 cells and caused
their cell cycle arrest in theG2 phase (Fig. 6,E–G).Western blot
results showed remarkable CDT1 and p27 expression in Cdt2-
depleted cells (Fig. 6C). Cdt2 depletion also caused DNA dam-
age checkpoint activation, as shown by increases in pH2AX and
pCHK2 (Fig. 6, C and D). These results demonstrated that
CDT2was an essential CRL4 substrate adaptor thatmaintained
ovarian cancer cell survival and proliferation.
Because bothMLN4924 treatment andCdt2 depletion could

enhanceDNAdamage and causeG2/M arrest, we hypothesized
that accumulation of the CRL4CDT2 substrate CDT1might be a
key biochemical event that contributed to the pharmacological
effects of MLN4924. Western blotting results showed that

FIGURE 5. Vprbp silencing does not affect the proliferation of ovarian cancer cells. A, immunohistochemistry results for VPRBP expression in ovarian cancer
tissues. Sections were counterstained with hematoxylin and eosin. B and C, Western blot (B) and quantitative RT-PCR (C) results for Vprbp RNAi depletion
efficiency. D, Vprbp knockdown did not affect colony formation by OV2008 cells. E, Vprbp knockdown did not affect ovarian cancer cell proliferation. Cells were
seeded in 96-well plates (3,000 cells/well) at 48 h after transfection and then assessed by MTT assay. F, Vprbp depletion did not induce cell cycle arrest in ovarian
cancer cells. Cells were transfected with siCON or siVprbp for 72 h and then subjected to PI staining and FACS analysis to determine cell cycle profiles.
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CDT1 knockdown using siRNA oligos decreased MLN4924-
induced pCHK2, p27, and pH2AX accumulation (Fig. 6H).
By itself, Cdt1 depletion did not affect the survival or colony

formation of OV2008 cells, but it did significantly rescue
MLN4924-induced cell death in both of these experiments (Fig.
6, I and J). In MLN4924-treated cells, CDT1 knockdown
reduced apoptosis from�26.7 to�6.46%, as quantified by flow
cytometry (Fig. 6K). However, MLN4924-induced cell cycle
arrest at the G2/M phase was not rescued by Cdt1 depletion,
which indicated that this MLN4924 effect was mediated by
some other factor(s) (Fig. 6L). These results clearly suggested a
causal effect of CDT1 accumulation on MLN4924-treated
ovarian cancer cells. However, the incomplete rescue of
MLN4924-treated cells by CDT1 knockdown suggested that
other downstream targets, such as CRL1 complexes, might also
mediate the pharmacological effects of MLN4924.

Disrupting CRL4CDT2 E3 Ligase Complexes Blocks Ovarian
Cancer Cell Proliferation in Vivo—Based on our in vitro find-
ings, we next investigated if ROC1/2, the core components of
the CRL complex, were also required for ovarian cancer cell
survival and growth in vivo. OV2008 cells transfected with
control and Roc1/2 siRNAs were implanted subcutaneously
into the left and right flanks of female nude mice, respec-
tively. As shown in Fig. 7A, implanted control cells formed
significantly larger tumors than did siRoc1/2-treated cells.
Immunohistochemical examination confirmed that ROC1
protein levels were remarkably down-regulated in tumor tis-
sues derived from siRoc1/2-treated cells. Significant signals
for phospho-H2AX and cleaved caspase 3 were also detected
in these tumor tissues (Fig. 7B), which indicated extensive
DNA damage and apoptosis in the ROC1/2-depleted cells in
vivo.

FIGURE 6. Effects of Cdt1/2 depletion on the proliferation and survival of ovarian cancer cells. A, immunohistochemistry results for CDT2 expression in
ovarian cancer tissues. Sections were counterstained with hematoxylin and eosin. B, quantitative RT-PCR results for Cdt2 RNAi depletion efficiency. C, Western
blot results for the levels of the indicated proteins in OV2008 cells transfected with control or Cdt2 siRNAs. D, immunofluorescent staining results for increase
of pH2AX and pCHK2 after Cdt2 RNAi depletion. E, effect of Cdt2 depletion on OV2008 cell growth as assessed by MTT assay. F, effect of Cdt2 depletion on colony
formation by OV2008 cells. G, Cdt2 depletion induced G2-M cell cycle arrest in ovarian cancer cells. Cells were transfected with siCON or siCdt2 for 72 h and then
subjected to PI staining and FACS analysis to determine cell cycle profiles. H, Western blot results for MLN4924-induced accumulation of pH2AX, pCHK2, and
p27 in OV2008 cells that were transfected with control or Cdt1 siRNAs. Cells were harvested at 48 h after MLN4924 treatment (0.1 �M). I and J, effects of MLN4924
(0.1 �M) on growth (I) and colony formation (J) by OV2008 cells with or without Cdt1 RNAi depletion. *, p � 0.01; **, p � 0.001. K and L, flow cytometry results
for MLN4924 (0.5 �M)-induced apoptosis (K) and cell cycle arrest (L) of OV2008 cells with or without Cdt1 RNAi depletion. **, p � 0.001.
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To assess the effect of CDT2 on tumor cell survival and
growth, we also implanted siCON or siCdt2-transfected
OV2008 cells subcutaneously into the left and right flanks of
nude mice, respectively. As shown in Fig. 7C, tumors that
formed due to siCON-treated cells were significantly larger
than those formed due to siCdt2-treated cells. Immunohisto-
chemical and immunofluorescence examinations confirmed
that CDT2 protein levels were down-regulated in tumor tissues
derived from siCdt2-treated cells (Fig. 7,D and E). Immunohis-
tochemistry staining for phospho-histone H3 indicated that
there were more proliferating cells in control tumors than in
Cdt2-depleted tumors (Fig. 7D). CDT1 accumulation was also
confirmed by immunohistochemistry staining in Cdt2-de-
pleted tumors by immunohistochemistry. Similar to Roc1/2-
depleted cells, Cdt2-depleted tumor tissues contained notably
increased numbers of pH2AX positive cells than did control
tissues (Fig. 7E). Taken together, these results demonstrated
that CRL4CDT2 complexeswere required for ovarian cancer cell
growth in vivo.

DISCUSSION

In this study, we carefully investigated the pharmacological
effects of the newly developed anti-cancer molecule MLN4924
in ovarian cancer cells and the biochemicalmechanisms under-
lying its effects. It appeared that ovarian cancer cells weremore
sensitive toMLN4924 treatment than normal cells, such as cul-
tured ovarian granulosa cells and immortalized ovarian surface
epithelial cells. This may have been because the growth and
survival of ovarian cancer cells were more dependent on CRL4
activity.
In support of this speculation, our results showed that CRL4

components were highly expressed in human ovarian cancer
tissues and ovarian cancer cell lines. Furthermore, depleting
these cells of CRL4 components using RNAi mimicked the
growth inhibition effects ofMLN4924. Thus,MLN4924may be
useful as a new therapeutic drug for ovarian cancer patients
with the advantages of high target selectivity in tumor cells and
low toxicity for normal cells. Furthermore, overexpression of

FIGURE 7. RNAi depletion of Roc1/2 and Cdt2 inhibits ovarian cancer cell growth and survival in vivo. A, OV2008 ovarian cancer cells were transfected with
siCON or siRoc1/2 (106 cells for each) and then implanted subcutaneously into the left and right flanks of nude mice, respectively. After 30 days, tumors were
excised and weighed (n � 6). B, immunohistochemistry results for ROC1, cleaved caspase 3 (CC3), and pH2AX in tumor tissues without or with Roc1/2 depletion.
C, OV2008 ovarian cancer cells were transfected with siCON or siCdt2 (106 cells for each) and then implanted subcutaneously into the left and right flanks of
nude mice, respectively. After 30 days, tumors were excised and weighed (n � 6). D, immunohistochemistry results for CDT2, CDT1, and pH2AX in tumor tissues
without or with Cdt2 depletion. E, immunofluorescent signals for CDT2 and pH2AX in tumor tissues without or with Cdt2 depletion. F, schematic diagram
showing CRL4 function in ovarian cancer cells. Under normal circumstances, a CRL4 E3 complex catalyzes ubiquitin transfer from E2 to protein substrates,
which results in their polyubiquitination and targeted degradation by the 26 S proteasome. Thus, CRL4 activity maintains ovarian cancer cell growth. When a
CRL4DCAF2 E3 complex is inactivated by RNAi depletion of its essential components, including Roc1/2, Cul4a/4b, Ddb1, or Cdt2, or by pharmaceutical inhibition
of cullin neddylation with MLN4924, its substrates CDT1 and others accumulate, which suppresses cancer cell growth and triggers ovarian cancer cell killing
pathways, including apoptosis, DNA damage, and G2-M arrest.
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CRL4 components may become useful biomarkers for ovarian
tumor malignancy and for determining MLN4924 efficacy in
cancer treatment.
Our results also indicated that different CRL4 components

played functionally overlapping or specific roles in ovarian can-
cer cells. For example, previous studies showed that ROC1
silencing triggered multiple death and growth arrest pathways
and effectively suppressed tumor cell growth (27, 28). We con-
firmed the growth inhibiting effects of ROC1 depletion in ovar-
ian cancer cells. We also found that simultaneous knockdown
of ROC1/2 had a stronger effect than depletion of either ROC1
or ROC2 alone. This suggested that ROC2 could partially sub-
stitute for ROC1 function for maintaining ovarian cancer cell
survival.
Recent gene knock-out experiments showed that Cul4a and

Cul4bwere functionally redundant duringmost developmental
events in mouse embryos (29). However, each of them was
indispensable in certain tissues; as examples,Cul4a in testis and
Cul4b in placenta (30–32). Interestingly, RNAi depletion of
Cul4a rather than Cul4b mimicked the growth inhibiting
effects of MLN4924, which suggested that CUL4A, but not
CUL4B,was themajor functional CUL4 subtype in ovarian can-
cer cells.
TheCRL4 substrate adaptors DCAFs comprisemore than 90

proteins withWD40 repeats (12, 33). Although the diverse bio-
logical functions of CRL4 have been extensively studied inmul-
tiple organisms and cell types, the contributions of specific
DCAFs in most of these scenarios were uncertain. The best
studied CRL4 substrate adaptors, VPRBP/DCAF1 and CDT2/
DCAF2,were both expressed in humanovarian cancer samples.
Thus, we investigated their roles in ovarian cancer cells and
their contributions to the pharmacological effects ofMLN4924.
Gene knock-out experiments indicated that, similar to Roc1
and Ddb1, Vprbp and Cdt2 were essential for mouse early
embryo development. Other studies also identified katanin p60
andmerlin as selective substrates for CRL4VPRBP E3 complexes
(34, 35).
Interestingly, our results suggested that CRL4CDT2, rather

than CRL4VPRBP, was one of the major targets of MLM4924 in
ovarian cancer cells. This is the first report of distinct contribu-
tions by specific DCAFs in mediating the pharmacological
effects of MLN4924. This observation helped to explain why
MLN4924 had weaker growth suppression effects in non-can-
cer cells, such as granulosa cells, mouseMEFs, and normal OSE
cells. As shown in Fig. 1C, CDT2 protein levels were high in all
four of the ovarian cancer cell lines examined in this experi-
ment, but CDT2 levels were very low in non-cancer cells. Thus,
these non-cancer cells were more resistant to MLN4924 treat-
ment because one of its major targets was missing. Clinically,
evaluatingCDT2 levelsmight be a practical approach to predict
the effectiveness of MLN4924 for a specific cancer type or an
individual patient.
Although our results suggested that DNA damage caused by

CDT1 accumulation significantly contributed to the genotoxic
effects of MLN4924, other MLN4924 targets must be involved to
cause cell cycle arrest, as CDT1 depletion rescued MLN4924-
induced DNA damage and apoptosis, but not G2/M arrest of
the cells. A recent report indicated that, in addition to its geno-

toxic effects,MLN4924 also induced senescence in cancer cells,
presumably by inhibiting CRL1 activity and causing p21/p27
accumulation (5). Our results confirmed that MLN4924 also
induced p21/p27 accumulation (Fig. 3,A andB) and senescence
(data not shown) in ovarian cancer cells.
In many cases, the well known tumor suppressor p53 pro-

motes p21/p27 expression in response to DNA damage signals.
However, p53 mutations are found in 50% of ovarian cancer
samples (36, 37). In particular, the OV2008 cell line we used in
this study did not express any p53. MLN4924, as well as CRL4
depletion, appeared to induce ovarian cancer cell apoptosis and
cell cycle arrest independently of p53, and increased cancer cell
sensitivities to traditional chemotherapeutic drugs, including
bleomycin, etoposide, and doxorubicin. Therefore, our findings
suggest that CRL4 inhibition may become an effective novel
approach for treating ovarian cancer cases that are p53 negative
and chemoresistant.
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