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SOX2 is a key transcription factor that plays critical roles in maintain-
ing stem cell property and conferring drug resistance. However, the
underlying mechanisms by which SOX2 level is precisely regulated
remain elusive. Here we report that MLN4924, also known as
pevonedistat, a small-molecule inhibitor of neddylation currently in
phase II clinical trials, down-regulates SOX2 expression via causing
accumulation of MSX2, a known transcription repressor of SOX2
expression. Mechanistic characterization revealed that MSX2 is a
substrate of FBXW2 E3 ligase. FBXW2 binds to MSX2 and promotes
MSX2 ubiquitylation and degradation. Likewise, FBXW2 overexpres-
sion shortens the protein half-life of MSX2, whereas FBXW2 knock-
down extends it. We further identified hypoxia as a stress condition
that induces VRK2 kinase to facilitate MSX2–FBXW2 binding and
FBXW2-mediated MSX2 ubiquitylation and degradation, leading to
SOX2 induction via derepression. Biologically, expression of FBXW2
or SOX2 promotes tumor sphere formation, which is blocked by
MSX2 expression. By down-regulating SOX2 through inactivation of
FBXW2 E3 ligase, MLN4924 sensitizes breast cancer cells to tamoxifen
in both in vitro and in vivo cancer cell models. Thus, a negative cascade
of the FBXW2–MSX2–SOX2 axis was established, which regulates stem
cell property and drug resistance. Finally, an inverse correlation of
expression was found between FBXW2 and MSX2 in lung and breast
cancer tissues. Collectively, our study revealed an anticancer mecha-
nism of MLN4924. By inactivating FBXW2, MLN4924 caused MSX2
accumulation to repress SOX2 expression, leading to suppression of
stem cell property and sensitization of breast cancer cells to tamoxifen.
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Asmall subpopulation of cancer cells within a tumor mass
possesses characteristics associated with stem cells, thus

designated cancer stem cells (CSCs). CSCs exhibit the ability of
self-renewal and multilineage differentiation, which is responsi-
ble for tumor initiation, progression, metastasis, drug resistance,
and tumor recurrence (1). Despite initial excellent tumor responses
to conventional or targeted chemotherapies, tumor relapse is a
common event that leads to treatment failure, since chemotherapies
usually target the fast-proliferating group of differentiated cancer
cells, while sparing the tumor-initiating CSCs (2, 3). Therefore,
CSCs are considered major culprits for chemoresistance and tumor
recurrence, which call for novel therapy to selectively target cancer
stem cells (4).
Sry-related high-mobility box 2 (SOX2), one of the pluripotency-

associated stem cell factors, plays essential roles in the maintenance
of stem cell property and determination of cell fate, thereby reg-
ulating developmental processes (5). SOX2 was found to be aber-
rantly expressed in many types of cancer, including carcinomas in
the lung, breast, colon, ovary, prostate, and others (6). Importantly,
SOX2 expression is positively correlated with cancer cell stemness
and poor patient outcome, suggesting its important roles in CSC
generation and biology (7–9). Furthermore, SOX2-dependent
activation of Wnt signaling in cancer stem/progenitor cells was

reported to be responsible for the development of tamoxifen re-
sistance in breast cancer cells (10). Thus, SOX2 could be an attractive
therapeutic target for eliminating CSCs and overcoming chemo-
resistance. A recent report showed that SOX2 is transcriptionally
down-regulated by the muscle segment homeobox 2 (MSX2)
transcription repressor (11), suggesting a new approach to target
SOX2.
Cullin-RING ligase (CRL) is the largest E3 ubiquitin ligase,

consisting of multiple components with 8 cullin family members
(cullin-1, -2, -3, -4A, -4B, -5, -7, and -9) (12). CRL1, also known as
SCF (SKP1-cullin-1-F-box protein) E3 ubiquitin ligase, is the
founding member of CRL E3 ligases, consisting of the scaffold
protein cullin-1, adaptor protein SKP1, RING component RBX1
or RBX2, and substrate receptor component F-box protein (13).
The F-box protein is a substrate recognition subunit and deter-
mines the substrate specificity of the SCF complex (14), whereas
the activity of CRL requires cullin neddylation, a process catalyzed
by NEDD8-activating enzyme (NAE, E1), NEDD-8–conjugating
enzyme (E2), and NEDD-8 ligase (E3). Given that some CRL
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components and neddylation enzymes were abnormally activated
in many types of human cancer, CRL E3 and neddylation enzymes
were validated as attractive anticancer targets (12, 15).
MLN4924/pevonedistat is a small-molecule inhibitor of NAE.

By inhibiting the entire process of neddylation modification (16),
MLN4924 inactivates all members of the CRL ligase family (17),
to cause accumulation of many CRL substrates which regulate a
number of important biological processes, including cell-cycle
progression, DNA replication, signal transduction, development,
and tumorigenesis. In preclinical settings, MLN4924 has been
shown to suppress growth and survival of a variety of cancer cell
lines, and sensitizes cancer cells to chemoradiation by inducing
growth arrest, apoptosis, autophagy, and senescence via the mech-
anism mainly associated with accumulation of tumor suppressor
substrates (17, 18). Due to its impressive anticancer activity, MLN4924
was advanced to phase I/II clinical trials both alone and in com-
bination with chemo drugs (17, 19). Interestingly, we have previ-
ously shown that MLN4924 regulates tumor sphere formation
with a stimulating effect at low doses but inhibitory effect at high
doses. While the stimulating effect appears to involve c-MYC
accumulation via blocking its degradation, and continued acti-
vation of EGFR via inducing EGFR dimerization (20), the
mechanism for its inhibitory effect is unknown.
In this study, we found that MLN4924 down-regulates SOX2

expression in a dose-dependent manner by inducing accumula-
tion of MSX2, a known transcription repressor of SOX2 (11).
Mechanistic studies revealed that MSX2 is a new substrate of
SCFFBXW2 E3 ubiquitin ligase. Under hypoxia, VRK2 kinase was
induced to facilitate FBXW2–MSX2 binding and subsequent MSX2
ubiquitylation. By inactivating SCFFBXW2 E3, MLN4924 caused
MSX2 accumulation to repress SOX2 expression, leading to in-
hibition of tumor sphere formation and sensitization of breast
cancer to tamoxifen. In lung and breast cancer tissues, we found an
inverse correlation in the levels of FBXW2 and MSX2, and that
high SOX2 levels predict poor survival of lung cancer patients.
Collectively, our study established a previously unknown signaling
cascade of the FBXW2–MSX2–SOX2 axis that regulates cancer cell
stemness and chemoresistance. Our study also revealed an anticancer
mechanism of MLN4924 via repressing SOX2 through targeting the
FBXW2–MSX2 axis.

Results
MLN4924 Down-Regulates SOX2 through MSX2.MLN4924 is a small-
molecule inhibitor of NEDD8-activating enzyme that inhibits
CRLs by deneddylation, thus causing accumulation of many CRL
substrates. However, whether and how MLN4924 affects gene
transcription were previously unknown. To this end, we performed
RNA-seq analysis in lung cancer A549 cells after treatment with
MLN4924. One of the down-regulated genes, among the hundreds
of candidates, was SOX2 (SI Appendix, Fig. S1A). For more de-
tails, check the GEO database https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE134190 (21). Given the significance of
SOX2 in cancer biology, we focused on this lead and found that
consistent with the RNA-seq data, SOX2 expression, as measured by
RT-PCR, was down-regulated in both time- and dose-dependent
manners after MLN4924 treatment (Fig. 1A and SI Appendix,
Fig. S1B). The dose-dependent reduction of SOX2 by MLN4924
was also detected at the protein level in multiple lung cancer cell
lines (Fig. 1B). Thus, MLN4924 suppresses SOX2 transcription
to reduce its mRNA levels, and then protein levels.
A recent study has shown that SOX2 is a transcriptional

downstream target of MSX2, a transcription repressor, acting via
2 MSX2 binding sites found in the SOX2 gene promoter (SI
Appendix, Fig. S1C) (11). We therefore used a luciferase-based
reporter assay to determine whether these 2 sites are responsible
for MLN4924-induced SOX2 reduction. Indeed, luciferase re-
porter activity, driven by the SOX2 promoter, was significantly
inhibited upon MLN4924 treatment, and this inhibitory effect

was completely abrogated when either of the MSX2 binding sites
was deleted (Fig. 1C), suggesting that MLN4924 suppresses
SOX2 transcription via modulating MSX2.
Given MLN4924 inhibits cullin neddylation, thus inactivating

CRLs to cause accumulation of CRL substrates, we hypothesized
that MSX2 could be one of the CRL substrates whose accumulation
blocks SOX2 transcription. Indeed, MLN4924 caused a dose- and
time-dependent accumulation of MSX2 with consequential re-
duction of SOX2 protein in lung cancer cells (Fig. 1D). Importantly,
MLN4924 suppression of SOX2 was MSX2-dependent, since
MSX2 depletion completely rescued MLN4924 effects (Fig. 1E).
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Fig. 1. MLN4924 down-regulates SOX2 through MSX2. (A) MLN4924 treat-
ment decreases SOX2 mRNA expression in both time- and dose-dependent
manners. Human lung cancer A549 and H358 cells were treated with the in-
dicated concentrations of MLN4924 for 8 and 24 h, followed by RT-PCR anal-
ysis. (B) MLN4924 reduces the protein levels of SOX2 in a dose-dependent
manner. Cells were treated with the indicated doses of MLN4924 for 24 h,
followed by immunoblotting (IB) with the indicated antibodies (Abs). LE, long
exposure; SE, short exposure. (C) MLN4924-induced SOX2 reduction depends
on 2 MSX2 binding sites in the SOX2 promoter. H358 and H2170 cells were
transfected with the indicated plasmids and then treated with MLN4924
(0.5 μM) for 24 h, followed by dual-luciferase reporter assay. (D) MLN4924
increases MSX2 but decreases SOX2 protein levels in both time- and dose-
dependent manners. Cells were treated with various concentrations of
MLN4924 for the indicated time periods, followed by IB with the indicated
Abs. (E) MSX2 depletion rescues SOX2 reduction by MLN4924. Cells infected
with lentivirus expressing small-hairpin RNA (shRNA) targeting MSX2 or
scrambled control shRNA were treated with MLN4924 (0.5 μM) for 24 h, fol-
lowed by IB with the indicated Abs. (F) MLN4924 treatment has no effect on
MSX2 mRNA expression. Cells infected with lentivirus expressing shRNA tar-
geting MSX2 or scrambled control shRNA were treated with MLN4924 (0.5 μM)
for 24 h, followed by qRT-PCR analysis. Shown are mean ± SEM of 3 in-
dependent biological experiments. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant.
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We confirmed that MLN4924 treatment did not affect MSX2
mRNA levels (Fig. 1F), suggesting that MSX2 is a bona fide sub-
strate of CRLs. To exclude possible off-target effects, we used a
small-interfering RNA (siRNA) oligonucleotide targeting MSX2 at
its 3′ UTRs and showed that siMSX2-3′ UTR indeed knocked
down MSX2 and caused SOX2 increase, which can be completely
rescued by transfection of MSX2 cDNA (encoding the ORF only)
resistant to siMSX2-3′ UTR (SI Appendix, Fig. S1D).

FBXW2 Binds to MSX2 and Regulates MSX2 Levels. We next de-
termined whether MSX2 is a substrate of SCF, which would bind to
one of the substrate receptor F-box proteins. An immunoprecipitation

(IP)-based pull-down screening with 8 F-box proteins identified
FBXW2 as an F-box protein specifically binding to endogenous
MSX2 upon transfection (Fig. 2A). We have recently defined the
consensus-binding motif (TSXXXS) required for FBXW2 to
bind to its substrates, such as SKP2 (22) and β-catenin (23).
Examination of the MSX2 protein sequence indeed identified
such a motif, which is evolutionarily conserved (43SSLPFS48) (SI
Appendix, Fig. S2A). Further IP-based pull-down assays using
ectopically expressed hemagglutinin (HA)-FBXW2 confirmed
an in vivo interaction between FBXW2 and MSX2 (Fig. 2 B and
C). Importantly, the FBXW2–MSX2 binding is binding motif-
dependent, since an MSX2 mutant with mutations on 3 serine
residues to alanines (MSX2-3A) on the motif (SSLPFS to
AALPFA) completely abrogated its FBXW2 binding (Fig. 2D).
We further confirmed the relationship between FBXW2 and

MSX2 as E3 ligase vs. substrate. In both H358 and H2170 lung
cancer cells, FBXW2 transfection caused a dose-dependent de-
crease of MSX2 levels and a consequent increase of SOX2 levels
(Fig. 2E). Likewise, FBXW2 knockdown caused an accumulation
of MSX2 levels and a consequent decrease of SOX2 levels (Fig.
2F). Again, to exclude possible off-target effects, we used an
siRNA oligonucleotide targeting FBXW2 at its 3′ UTRs and
showed that siFBXW2-3′ UTR knocked down FBXW2 and
caused MSX2 accumulation, which can be rescued by trans-
fection of FBXW2 cDNA (encoding the ORF only) resistant to
siFBXW2-3′ UTR (SI Appendix, Fig. S2B). Finally, we generated
an Fbxw2 conditional knockout mouse model and used Fbxw2fl/fl

mouse embryonic fibroblasts (MEFs) derived from the embryos
to determine the E3 ligase and substrate relationship in normal
cells. Indeed, Fbxw2 depletion via Ad-Cre infection caused a
remarkable accumulation of Msx2 and consequent reduction of
Sox2 (Fig. 2G). Similar results were obtained in several MEFs
derived from the littermate embryos with 3 genotypes of Fbxw2,
showing the Fbxw2Δ/Δ MEFs have Fbxw2 depleted with very high
Msx2 levels and no Sox2 expression (SI Appendix, Fig. S2 C and
D). Collectively, MSX2 appears to be a bona fide substrate of
SCFFBXW2 E3 ligase.

FBXW2 Shortens MSX2 Protein Half-Life and Promotes MSX2
Ubiquitylation. To determine if FBXW2 regulates the protein half-
life of MSX2, we first used cycloheximide to block new protein
synthesis and found that MSX2 protein half-life was between 8 and
12 h and reduction of MSX2 level can be completely rescued by the
proteasome inhibitor MG132 (SI Appendix, Fig. S3A). We then
determined whether FBXW2 shortened MSX2 protein half-life.
Remarkably, FBXW2 knockdown extendedMSX2 half-life, whereas
FBXW2 expression shortened it (Fig. 3 A and B and SI Appendix,
Fig. S3 B and C). Moreover, although FBXW2 expression shortened
the protein half-life of ectopically expressed wild-type MSX2, it had
no effect on the MSX2-3A mutant (Fig. 3C and SI Appendix, Fig.
S3D), which failed to bind to FBXW2 (Fig. 2D). These results in-
dicate that the stability of MSX2 is negatively regulated by FBXW2
in a manner dependent on the FBXW2-binding motif.
To provide the biochemical basis of FBXW2 shortening MSX2

protein half-life, we performed both in vitro and in vivo ubiq-
uitylation assays. We found that 1) wild-type FBXW2, but not its
ΔF mutant, which fails to recruit other SCF components, pro-
moted MSX2 polyubiquitylation, and 2) FBXW2 promoted
polyubiquitylation of wild-type MSX2 but not its 3A mutant (Fig.
3 D and E). Finally, we used various ubiquitin mutants and de-
fined that FBXW2 promoted MSX2 polyubiquitylation through
the K48 linkage (Fig. 3F). Taken together, our combined results
showed that MSX2 is a substrate of the SCFFBXW2 E3 ligase,
which ubiquitylates it and targets it for proteasome degradation.

Hypoxia-Inducible VRK2 Is Required for MSX2–FBXW2 Binding and
FBXW2-Mediated MSX2 Ubiquitylation. A typical substrate of SCF
E3 ligase is, in general, phosphorylated on Ser or Thr residues at
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the consensus-binding motif prior to being recognized by an F-box
protein. To define the upstream kinase mediating MSX2 phos-
phorylation on the serine residues, we used computer-aided algo-
rithms (GSP 3.0; gps.biocuckoo.org) and identified CK1/VRK2
(vaccinia-related kinase 2) and GRK2 (G protein-coupled receptor
kinase) as the top candidate kinases (SI Appendix, Table S1). We
then used approaches of siRNA knockdown or small-molecule
inhibitor treatment to inactivate VRK2 or GRK2, respectively,
followed by determining their effect on MSX2 levels. We found

that VRK2 inactivation by VRK2 knockdown or treatment with
the small-molecule inhibitor IC-261 largely blocked MSX2 degra-
dation, whereas GRK2 knockdown had no effect (Fig. 4 A and B
and SI Appendix, Fig. S4 A and B). Consistently, VRK2 knockdown
and/or IC-261 treatment reduced FBXW2 binding to endogenous
MSX2, leading to abrogation of FBXW2-mediated MSX2 poly-
ubiquitination (Fig. 4 C and D). Collectively, VRK2 appears to be
a modifying kinase to phosphorylate MSX2 that facilitates its
FBXW2 binding for subsequent ubiquitylation.
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Fig. 3. FBXW2 shortens MSX2 protein half-life and promotes MSX2 ubiquitylation. (A and B) FBXW2 manipulation alters the protein half-life of MSX2. H358 cells
were infected with lentivirus expressing shRNA targeting FBXW2 or scrambled control for 48 h (A) or transfected with HA-FBXW2 or mock vector for 48 h (B). Cells
were then treated with cycloheximide (CHX) for the indicated time periods and harvested for IB (Top). The band density was quantified using ImageJ software, and
the decay curves are shown (Bottom). (C) Overexpression of FBXW2 shortens the protein half-life of MSX2-WT, but has no effects on MSX2-3A: H358 cells were
transfected with HA-FBXW2, along with MSX2-WT or MSX2-3A for 48 h. Cells were then treated with CHX for the indicated time periods and harvested for IB (Top).
The band density was quantified using ImageJ software, and the decay curves are shown (Bottom). (D) FBXW2, but not its ΔF mutant, promotes polyubiquitylation
of MSX2-WT, but has no effects on MSX2-3A in vitro: FBXW2 and FBXW2-ΔF were purified using HA beads from HEK293 cells transfected with HA-FBXW2 and HA-
FBXW2-ΔF, respectively. MSX2 andMSX2-3Awere pulled down by IP withMyc beads from HEK293 cells transfectedwithMyc-MSX2 andMyc-MSX2-3A, respectively.
Purified FBXW2 or FBXW2-ΔF (E3s), and purified MSX2 or MSX2-3A (substrate), were added into a reaction mixture containing ATP, ubiquitin, E1, and E2, followed
by IB using anti-Myc Ab. (E) FBXW2, but not its ΔF mutant, promotes polyubiquitylation of MSX2-WT, but has no effect on MSX2-3A in vivo: HEK293 cells were
transfected with the indicated plasmids, followed by pull-down using Ni-NTA beads (Top) or direct IB with the indicated Abs (Bottom). (F) FBXW2 promotes MSX2
ubiquitylation via K48 linkage: HEK293 cells were transfected with the indicated plasmids, lysed under denaturing conditions with 6 M guanidine solution, followed
by pull-down using Ni-NTA beads (Top) or direct IB with the indicated Abs (Bottom). Data shown are mean ± SEM of 3 independent experiments.
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Fig. 4. VRK2 is a hypoxia-inducible protein that facilitates MSX2–FBXW2 binding and MSX2 ubiquitylation and degradation. (A) Silencing of VRK2, but not
GRK2, blocks MSX2 degradation. H358 cells were transfected with siRNA oligos targeting VRK2, GRK2, or scrambled control siRNA for 24 h, and then
transfected with HA-FBXW2 for 48 h. Cells were treated with CHX for the indicated time periods, followed by IB with the indicated Abs. (B) VRK2 inactivation
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Hypoxia induces SOX2 mRNA expression but has no effect on MSX2 mRNA levels. Cells were grown in a hypoxia chamber for the indicated time periods,
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dicated Abs. Data are shown as mean ± SEM of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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We next defined a physiological condition that would activate
VRK2 kinase to trigger MSX2 degradation. It has been pre-
viously reported that hypoxia induced the expression of several
embryonic stem cell markers, including SOX2 (24). Since we
demonstrated that the FBXW2–MSX2 axis regulates SOX2
levels, we therefore determined whether VRK2 kinase is sub-
jected to hypoxia regulation. A computer search identified a
putative HIF1 binding site (ACGTGC) in the promoter of the
VRK2 gene (SI Appendix, Fig. S4C). A luciferase-based reporter
assay showed that hypoxia significantly activated VRK2 pro-
moter activity in a manner largely dependent of the HIF1
binding site (Fig. 4E). We further found that SOX2 mRNA was
subjected to hypoxia induction in a time-dependent manner,
whereas MSX2 mRNA was resistant to hypoxia induction (Fig.
4F), indicating that SOX2 is mainly regulated at the transcription
level whereas MSX2 is at the posttranslational level. More im-
portantly, we found a highly coordinated regulation among
VRK2, MSX2, and SOX2 by hypoxia. That is, hypoxia induced
by either hypoxia chamber or CoCl2 increased HIF1α levels,
followed by a time-dependent VRK2 increase, MSX2 decrease,
and SOX2 increase (Fig. 4G and SI Appendix, Fig. S4D). In 2
lines of renal cell carcinoma 786-O and RCC4 cells with VHL
deletion and constitutive HIF1α expression, VRK2 was no
longer subjected to hypoxia induction, nor to the changes of
MSX2 and SOX2 levels (SI Appendix, Fig. S4E), further in-
dicating a HIF1-dependent event. Finally, we measured endog-
enous binding of FBXW2–MSX2 under normoxia and chemical
hypoxia conditions and found that the 2 proteins indeed bind to
each other under physiological conditions. The binding was re-
duced upon CoCl2 treatment, likely due to CoCl2-mediated
VRK2 induction, which facilitates the FBXW2–MSX2 binding
for subsequent ubiquitylation and degradation, since reduced
binding can be fully rescued by MG132 treatment (Fig. 4H).
Collectively, it appears that hypoxia induces VRK2 to phos-
phorylate MSX2, which facilitates the FBXW2–MSX2 binding
for subsequent MSX2 ubiquitylation and degradation, leading to
SOX2 induction as a result of MSX2 derepression.

The FBXW2–MSX2–SOX2 Axis Regulates Tumor Sphere Formation.
SOX2 is a key transcription factor in maintaining pluripotent
properties of stem cells. It also plays critical roles in maintaining
stemness, one of the characteristics of cancer-initiating cells, and
conferring resistance to chemotherapy. We therefore determined
whether the negative cascade of the FBXW2–MSX2–SOX2
axis would regulate stemness and chemoresistance of cancer
cells.
To determine stem cell-like property, we first used a tumor

sphere formation assay in a serum-free suspension culture, along
with the standardized sphere score (SSS) method we developed
previously (25) to quantify the sphere volume. The results showed
that in H358 cells, transfection of FBXW2 or MSX2 significantly
promoted or inhibited sphere formation, respectively. Interestingly,
FBXW2-mediated enhancement of sphere formation was completely
blocked by simultaneous transfection of an FBXW2-resistant MSX2-
3A mutant (Fig. 5A and SI Appendix, Fig. S5A) (P < 0.0001), in-
dicating an MSX2-dependent event.
To determine whether induced alterations in sphere formation

by FBXW2 or MSX2 manipulation are indeed mediated by
SOX2, we measured endogenous SOX2 levels in the spheres of
H358 cells stably expressing FBXW2 or MSX2 alone or in
combination. The results showed that transfection of FBXW2 or
MSX2 alone increases or decreases SOX2 levels, respectively,
whereas FBXW2-mediated SOX2 increase was blocked at least
in part by simultaneous transfection of an FBXW2-resistant
MSX2-3A mutant (SI Appendix, Fig. S5B), suggesting a causal
role of SOX2 in the process.
We then directly examined the role of the MSX2–SOX2 in-

teraction in sphere formation and found that, as expected, SOX2

promotes sphere formation, whereas MSX2 suppressed sphere
formation. Significantly, the SOX2-promoting effect was com-
pletely blocked by the MSX2-3A mutant (Fig. 5B and SI Ap-
pendix, Fig. S5C). Similar results were observed in H2170 cells,
although to a lesser extent (SI Appendix, Fig. S5 D and E),
suggesting a general phenomenon.
Taken together, our results clearly demonstrate that tumor

sphere formation is subjected to regulation by the FBXW2–
MSX2–SOX2 axis with a promoting effect by FBXW2 and SOX2
and an inhibiting effect by MSX2. Mechanistically, FBXW2-
induced tumor sphere formation is mediated by depletion of
MSX2 to derepress SOX2, whereas MSX2 suppresses the sphere
formation by down-regulating SOX2.

The FBXW2–MSX2–SOX2 Axis Regulates Tamoxifen Resistance.Tamoxifen-
resistant breast cancer MCF-7-TAM cells were reported to express
high levels of SOX2, and elevated SOX2 levels correlate with poor
prognosis and development of recurrence in breast cancer patients
(10). We next determined whetherMLN4924 treatment would down-
regulate SOX2 and induce tamoxifen sensitization in this cancer cell
model. Indeed, in MCF-7-TAM cells, MLN4924 treatment signifi-
cantly caused MSX2 accumulation and SOX2 reduction in a dose-
dependent manner (Fig. 5C). We then determined the IC20 or IC50
values of MLN4924 in MCF-7-TAM cells, and the IC50 value of
tamoxifen alone or in combination with MLN4924 at IC20 concen-
tration. Remarkably, MLN4924 increased tamoxifen sensitivity by
8.5-fold (a reduction of IC50 value from 0.74 to 0.087 μM; Fig. 5D). A
clonogenic survival assay also showed a significant enhancement of
tamoxifen toxicity by MLN4924 when both were used at respective
IC20 concentrations, reaching 90% of suppression (Fig. 5E).
Finally, we used an in vivo xenograft tumor model to evaluate the

combined anticancer effect of tamoxifen and MLN4924 by in-
oculating subcutaneously the MCF-7-TAM cells into the flank sides
of nude mice, followed by treatment with vehicle control, MLN4924,
or tamoxifen alone or in combination. When used in nontoxic
concentrations, MLN4924 or tamoxifen alone significantly sup-
pressed in vivo tumor growth, respectively. Greater suppression was
seen in combination, which is statistically significant (Fig. 5 F–I).
Thus, MLN4924 sensitizedMCF-7-TAM cells to tamoxifen as tested
in both in vitro cell-culture and in vivo xenograft models. Taken
together, the anticancer activity of MLN4924 can also be mediated
by down-regulating SOX2 via targeting the FBXW2–MSX2 axis to
suppress stem cell property and overcome drug resistance.

Negative Correlation of FBXW2–MSX2 Levels in Human and Mouse
Tumor Tissues. To elucidate the clinical relevance of our findings,
we performed immunohistochemistry (IHC) staining to compare
the levels of FBXW2, MSX2, and SOX2 in lung cancer tissues and
potential correlation among them, as well as with patient survival.
Examination of a set of lung cancer tissue microarrays with 90
samples revealed that SOX2 staining was overall weak in most of
the samples, which precluded a correlation study. Comparison of
the levels between FBXW2 and MSX2 with relatively stronger
staining revealed an inverse correlation, which is statistically sig-
nificant (Fig. 6 A and B). We also analyzed 2 published Affymetrix
microarray datasets (26, 27) for the relationship between SOX2
expression and patient survival, and found that SOX2 mRNA
levels were higher in all 3 types of lung cancer tissues than in
normal tissues, and patients with high SOX2 mRNA levels had a
statistically significant poorer survival (Fig. 6 C and D).
We further performed IHC staining to compare the levels of

FBXW2, MSX2, and SOX2 in estrogen receptor (ER)-positive
breast cancer tissue microarrays to elucidate the clinical rele-
vance. Examination of a set of breast cancer tissue microarrays
with 95 samples revealed that SOX2 staining was again overall
weak in most of the samples, which precluded a correlation
study. Comparison of the staining intensity between FBXW2 and
MSX2 revealed again an inverse correlation, which is statistically
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significant (SI Appendix, Fig. S6 A and B). Interestingly, we
found that FBXW2 levels are higher in ER+ tumor tissues de-
rived from patients with recurrence, whereas MSX2 levels are
lower in these samples (SI Appendix, Fig. S6 C and D). Although
we do not have information on tamoxifen treatment of these
patients, the data do suggest a potential association of the
FBXW2–MSX2 axis with drug resistance.

Finally, we determined the expression levels and potential corre-
lation between MSX2 and SOX2 in vivo, using a KrasG12D-triggered
mouse lung tumor model, in which MLN4924 treatment signif-
icantly suppressed tumor formation (28). The results showed
that in tumors with MLN4924 treatment, MSX2 expression was
high whereas SOX2 expression was low (Fig. 6 E and F), dem-
onstrating that observations made in in vitro cell-culture settings
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Fig. 5. FBXW2–MSX2–SOX2 axis regulates tumor sphere formation and tamoxifen resistance. (A and B) Manipulation of the FBXW2–MSX2–SOX2 axis alters
the ability of tumor sphere formation. H358 cells stably expressing the indicated plasmids after G418 selection at a concentration of 1 mg/mL for 2 wk were
plated into ultralow attachment (ULA) plates for tumor sphere formation for up to 15 d. Representative pictures were taken. (C) MLN4924 treatment reduces
SOX2 levels but increases MSX2 levels in tamoxifen-resistant cells. Cells were treated with the indicated concentrations of MLN4924 for 24 h, followed by IB
with the indicated Abs. MCF-7-P, MCF-7 parental cells; MCF-7-TAM, tamoxifen-resistant MCF-7 cells. (D) MLN4924 treatment sensitizes resistant cells to ta-
moxifen. MCF-7-TAM cells were treated with various concentrations of MLN4924 for 72 h followed by ATPlite assay (Left). MCF-7-TAM cells were treated with
various concentrations of tamoxifen alone, or in combination with an IC20 concentration of MLN4924 for 72 h, followed by ATPlite assay (Right). (E) The
combined treatment of MLN4924 and tamoxifen significantly inhibits colony formation of tamoxifen-resistant cells. MCF-7-TAM cells were treated with
MLN4924 or tamoxifen alone, or in combination at respective IC20 concentrations for 72 h, followed by clonogenic survival assay. Representative pictures were
taken (Left) and colonies were counted and are shown as mean ± SEM of 3 independent experiments (Right). *P < 0.05, **P < 0.01, ***P < 0.001. (F–I) The
combined treatment of MLN4924 and tamoxifen significantly suppresses in vivo tumor growth: A total of 1.75 × 106 MCF-7-TAM cells were injected sub-
cutaneously into both flank sides of nude mice. When the tumors reached a volume of ∼100 mm3, the mice were randomized and treated with HPBCD
(vehicle control), MLN4924, or tamoxifen alone, or in combination, as indicated. Tumor tissues were photographed (F) and weighed (H) at 33 d. The tumor
growth as monitored up to 33 d and growth curves were plotted (G). The body weight of the mice was also measured and plotted (I). Shown are mean ± SEM
(n = 8 for each group). The significance of the data was determined by 1-way ANOVA test. *P < 0.05, ***P < 0.001.
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can be extended to in vivo models and thus are pathologically rel-
evant. These association studies also suggested that the FBXW2–
MSX2–SOX2 axis could be operating in the development of human
lung cancer.

Discussion
MLN4924, also known as pevonedistat, is a small-molecule in-
hibitor of NEDD8-activating enzyme, which inhibits the entire
neddylation pathway. As the first-in-class neddylation inhibitor,
MLN4924 is currently in phase I/II clinical trials for anticancer
application as a single agent or in combination with chemo-
therapeutic drugs (17, 18). MLN4924 has shown impressive an-
ticancer activity by inactivating cullin-RING ligases to cause

accumulation of tumor suppressor substrates (12). Whether
MLN4924 regulates RNA expression by modulating the levels of
transcription factors/repressors remains elusive. In this study, we
found through RNA-seq profiling that MLN4924 significantly
decreases SOX2 mRNA level. The follow-up mechanistic studies
revealed that MLN4924 inhibits FBXW2 E3 ligase to cause
MSX2 accumulation, which in turn transcriptionally represses
SOX2, leading to suppression of stem cell property and sensiti-
zation of breast cancer cells to tamoxifen.
Given SOX2 plays a critical role in embryonic stem cell plu-

ripotency and maintenance, cell-fate determination, and differ-
entiation (29), SOX2 levels are precisely regulated at both
transcriptional and posttranslational levels. At the transcriptional
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was used for comparing marker expression between lung tumor and normal lung tissues. Boxplots were used to show the difference between tumor and
normal. (E and F) High expression of MSX2 and low expression of SOX2 in lung tumor tissues from KrasG12D mice treated with MLN4924. KrasG12D mice were
treated with MLN4924 for 4 wk, as described previously (28); the lung tissues were harvested and fixed and the sections were subjected to IHC staining with
anti-MSX2 (E, Left) and anti-SOX2 Abs (F, Left). The staining was quantified and plotted (E and F, Right). Error bars represent the SEM. **P < 0.01 (n = 4). (G)
Model for the FBXW2–MSX2–SOX2 axis in regulation of stem cell property and drug resistance of breast cancer cells (see text for details).
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level, SOX2 is repressed by MSX2 via binding to its promoter (11),
or by p21 via binding to its enhancer (30). An opposite regulation
of SOX2 by cell-cycle effectors E2f3a and E2f3b was reported by
targeting the SOX2 locus (31). On the other hand, SOX2 is in-
duced by TGFβ via SOX4 (32), or by SIRT1 via epigenetic mod-
ification (33). At the posttranslational level, SOX2 was reported to
be ubiquitylated and destabilized by CUL4ADET1-COP1 E3 ligase
(34) and by ubiquitin-conjugating enzyme UBE2S (35), whereas
methylated SOX2 was ubiquitylated and destabilized by HECT
domain-containing WWP2 E3 ligase (36) and by the L3MBTL3-
CRL4DCAF5 ubiquitin ligase complex (37).
MSX2 is a regulator of human pluripotent stem cell differ-

entiation involved in the development of the skull vault, hair
follicle, tooth, and mammary gland (38, 39). It was recently
reported that MSX2 transcriptionally represses SOX2 expression
(11). How MSX2 stability is regulated and by which E3 ligase
and whether MLN4924 down-regulation of SOX2 is mediated by
MSX2 are, however, totally unknown. Here we demonstrated
that FBXW2 is an E3 ligase that ubiquitylates MSX2 for pro-
teasome degradation and, by inactivation of FBXW2 E3,
MLN4924 causes MSX2 accumulation to repress SOX2 expres-
sion. Specifically, we found that FBXW2 binds to MSX2 in a
manner dependent on an evolutionarily conserved FBXW2
consensus-binding motif on MSX2 (43SSLPFS48). Ectopic ex-
pression or siRNA knockdown of FBXW2 decreases or increases
MSX2 levels by shortening or extending MSX2 protein half-life,
respectively. FBXW2 promotes MSX2 ubiquitylation and pro-
teasome degradation, which are facilitated by VRK2 kinases.
Collectively, MSX2 joins the list of GCM1, SKP2, and β-catenin
as a physiological substrate of the SCFFBXW2 E3 ubiquitin ligase.
VRK2 was first identified in 1997 as a putative serine/threo-

nine kinase with structural similarity to vaccinia virus B1R kinase
(40), and was recently characterized as a candidate gene for
psychiatric and neurological disorders (41). Involvement of
VRK2 in human cancer is much less studied, with few reports on
its interactions with p53 (42), Bcl-xL (43), and Akt (44) and its
inhibition of MAPK (45). How VRK2 expression is regulated
under physiological or stressed conditions is completely un-
known. We recently found that VRK2 level is low in arrested
cells but increases when cells enter the cell cycle (22). Here, we
found that VRK2 is subjected to hypoxia up-regulation via a
HIF1-binding cis-element in the promoter. VRK2 induction re-
duces MSX2 levels, leading to the increase of SOX2 level as a
result of derepression. Our study also showed that SOX2 is
subjected to hypoxia induction as well. One previous study
showed that in prostate cancer, the levels of HIF1α and SOX2
were positively correlated and hypoxia induced SOX2 expression
in a HIF1α-dependent manner, but as yet the mechanism re-
mains elusive (24). We showed here that hypoxia induction of
SOX2 expression is indirect and rather complicated, with a
mechanism involving the VRK2–FBXW2–MSX2 axis through
the removal of the SOX2 negative regulator MSX2.
After establishing the FBXW2–MSX2–SOX2 axis, we exam-

ined the potential biological significance of their negative cas-
cade regulation. We first used a tumor sphere formation assay to
measure the stem cell property of lung cancer cells after ma-
nipulation of each component. Under our assay condition, ec-
topic expression of SOX2 or MSX2 either triggers stemness to
promote sphere formation or inhibits it, respectively. These re-
sults are expected, given the stemness-promoting role of SOX2
and the SOX2 transcription repression role of MSX2. However,
it was quite surprising that ectopic FBXW2 expression signifi-
cantly stimulated sphere formation.
We have recently shown that FBXW2 inhibits growth of lung

cancer cells by promoting ubiquitylation and degradation of
oncogenic SKP2, thus acting as a tumor suppressor (22). Most
recently, we found that FBXW2 promotes ubiquitylation and
degradation of oncogenic β-catenin to suppress migration and

invasion of lung cancer cells, while also acting as a tumor sup-
pressor (23). Here we showed that by promoting ubiquitylation
and degradation of MSX2 to derepress SOX2, FBXW2 actually
stimulated sphere formation, acting as an oncogene. The fact
that the FBXW2 effect can be completely abrogated by simul-
taneous expression of the degradation-resistant MSX2 mutant
indicates a causal role of MSX2 in mediating FBXW2 activity.
Thus, in serum-starved suspension culture, FBXW2 appears to
act as an oncogene to promote tumor sphere formation. Thus, it
appears that FBXW2 is a context-dependent tumor suppressor
or oncogene, analogous to SAG/RBX2, which acts as an onco-
gene in the lung (28) and prostate (46) but as a tumor suppressor
in the skin (47) during mouse tumorigenesis triggered by Kras
activation or Pten deletion.
It was previously reported that in MCF7 breast cancer cells,

tamoxifen resistance was causally related to SOX2 overexpression
(10). Given MLN4924 down-regulates SOX2, we tested our
hypothesis that MLN4924 would overcome tamoxifen resistance.
Indeed, by eliminating SOX2 via increasing MSX2, MLN4924
sensitized resistant breast cancer cells to tamoxifen, as measured
by in vitro proliferation and survival assays in a cell-culture
setting and an in vivo xenograft tumor model in mice. Given
the promoting role SOX2 played in cancer progression, cancer
stem cell maintenance, and drug resistance, SOX2 was validated
as an attractive cancer target (48). However, SOX2 is a tran-
scription factor, which makes direct targeting difficult. Thus,
MLN4924 appears to be a promising SOX2-targeting agent via
SOX2 depletion at the transcription level by inactivation of the
FBXW2–MSX2 axis to abrogate cancer stem cells and to over-
come drug resistance, 2 major causes of cancer therapeutic
failure (49–51).
Finally, we confirmed the negative cascade of the FBXW2–

MSX2–SOX2 axis can be extended to tumor tissues. An inverse
correlation between the levels of FBXW2 and MSX2 was found
in lung and breast cancer TMA, whereas negative correlation
between the levels of MSX2 and SOX2 was evident in mouse
lung tissues triggered by KrasG12D, followed by MLN4924
treatment. Thus, the FBXW2–MSX2–SOX2 axis may operate
during the development of lung cancer.
In summary, our study reveals an interesting biochemical interplay

among FBXW2, MSX2, and SOX2 with biological significance.
Upon hypoxia, VRK2 is induced to facilitate FBXW2–MSX2 binding
for subsequent MSX2 ubiquitylation and degradation. By inacti-
vating FBXW2, MLN4924 causes MSX2 accumulation to tran-
scriptionally repress SOX2, leading to suppression of tumor sphere
formation and sensitization of tamoxifen resistance (Fig. 6G). Our
study therefore establishes a negative cascade of the FBXW2–
MSX2–SOX2 axis which regulates cancer cell stemness and drug
resistance, and reveals a mechanism of MLN4924 anticancer action.

Materials and Methods
Cell Culture and the Generation of the Fbxw2fl/fl Model. Human embryonic
kidney 293 (HEK293) cells and lung cancer H1299 and A549 cells were
obtained from theAmerican Type Culture Collection and cultured inDulbecco’s
modified Eagle’s medium (DMEM) containing 10% (vol/vol) FBS (Invitrogen).
Lung cancer H2170 and H358 cells were cultured in RPMI medium 1640 with
10% FBS. Breast cancer MCF-7 parental (MCF-7-P) cells were cultured in
DMEM supplemented with 10% FBS, whereas tamoxifen-resistant MCF-7-
TAM cells were cultured in phenol red-free DMEM supplemented with 5%
charcoal-stripped serum as described (52, 53).

The Fbxw2fl/fl mouse model was generated at the UM Transgenic Core by
injecting Fbxw2-targeted ES cell clones (purchased from the European
Mouse Mutant Cell Repository; https://www.eummcr.org/) into blastocysts to
generate heterozygous Fbxw2fl-neo/+ lines with germline transmission. FLP
mice were used to remove the neomycin cassette, and intercrossing of
Fbxw2fl/+ to generate Fbxw2fl/fl. The Fbxw2Δ/Δ mice were generated via
crossing Fbxw2fl/fl mice with EIIa-Cre transgenic mice and were viable. Mouse
embryonic fibroblasts were generated from embryonic day (E)13.5 embryos
of these mice as described (44) and cultured in DMEM with 15% FBS, 2 mM
L-glutamine, and 0.1 mM MEM nonessential amino acids. Fbxw2fl/fl MEFs were
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infected with Ad-Cre to remove exon 4 to deplete Fbxw2, along with Ad-GFP
control. All cell lines were routinely examined to ensure they were free of
mycoplasma contamination.

In Vivo Ubiquitylation Assay. Cells were cotransfected with FBXW2, His-HA-
Ub, and MSX2 or MSX2-3A, along with mock vector or FBXW2-ΔF controls.
To define ubiquitin linkage in the MSX2 polyubiquitylation chain, 3 ubiq-
uitin mutants, K11R, K48R and K63R, were used, along with a wild-type
control in the transfection. Cells were then lysed in 6 M guanidine de-
naturing solution as described (54). Polyubiquitinated MSX2 was pulled
down by Ni-NTA beads (QIAGEN) and detected by immunoblotting using
anti-MSX2 or anti-Myc antibody.

In Vitro Ubiquitylation Assay. HA-FBXW2 or HA-FBXW2-ΔF was respectively
pulled down from HEK293 cells transfected with either plasmid using HA
beads (Sigma) and then eluted with HA peptide (Sigma), serving as the
source of E3. Myc-tagged MSX2 or MSX2-3A was pulled down by Myc beads
(Sigma) from HEK293 cells transfected with the corresponding construct,
serving as the substrate. The reaction was carried out at 30 °C for 1 h in 30 μL
reaction buffer (40 mM Tris·HCl, pH 7.5, 2 mM DTT, 5 mM MgCl2) in the
presence of purified substrate, E1, E2, the above E3s, ATP, and ubiquitin. The
reaction products were then resolved by SDS/PAGE and detected by immu-
noblotting with anti–c-Myc antibody.

Sphere Formation Assay. For the tumor sphere assay, cells were counted and
plated on 24-well ultralow attachment plates (Corning) at a density of 1 cell
per microliter in conditioned medium. Cells were then grown in serum-free
DMEM/F12 medium supplemented with 0.4% BSA, 5 mM Hepes, 1× penicillin-
streptomycin (Gibco), 20 ng/mL EGF (Life Technologies), and 10 ng/mL bFGF
(Sigma), unless otherwise indicated. SSSs are documented, as previously
described (25), every 5 d for up to 15 d.

In Vivo Antitumor Study. Five- to 6-wk-old BALB/c athymic nude mice (nu/nu,
female) were used according to a protocol approved by the University of
Michigan Committee for Use and Care of Animals. A total of 1.75 × 106MCF-7
tamoxifen-resistant cells (MCF-7-TAM) were mixed 1:1 with Matrigel (BD

Biosciences) in a total volume of 0.2 mL and were then subcutaneously in-
jected into both flanks of mice. When the tumors reached a volume of
∼100 mm3, the mice were then randomized into 4 groups (4 mice per group).
MLN4924 (30 mg/kg, s.c.) was given once a day, 5 d a week, for 33 d; ta-
moxifen (20 mg/kg, i.p.) was administered once every 3 d for 33 d. Mice
in the drug control group received 10% 2-hydroxypropyl-β-cyclodextrin
(HPBCD) as the vehicle control. The growth of tumors was measured at the
indicated time points and average tumor volumes were calculated according
to the equation, volume = (length × width × width)/2.

Primary Tumor-Derived Gene Expression Datasets. Two published Affymetrix
microarray datasets (26, 27) were used in patient survival or tumor vs. normal
comparison analyses for SOX2 expression. The CEL files of microarray data
were normalized using the robust multiarray average method and log2-
transformed data were used as described (28).

Statistical Analysis. Overall survival was the outcome for Shedden et al.’s
dataset, and it was censored at 5 y (27). Survival was plotted using the
Kaplan–Meier method, and comparison of survival was performed by log-
rank test. The Student’s t test was used for comparing gene expression in
lung tumor and normal lung tissues. Boxplots were used to show the dif-
ference between tumor and normal tissue. The data were expressed as
mean ± SEM, and were subjected to Student’s t test, Mann–Whitney U test,
or 1-way ANOVA test. All statistical analyses were 2-sided, and different
cutoff values, *P < 0.05, **P < 0.01, and ***P < 0.001, were considered
significant. Statistical significance was determined as P < 0.05. The SPSS 16.0
package was used for the statistical analyses.
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