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Pancreatic cancer is one of the most lethal cancer types.
Enhancer of zeste homolog 2 (EZH2) is an oncogenic protein over-
expressed in pancreatic cancer, and EZH2 could be a potential
therapeutic target for the treatment of pancreatic cancer. Although
significant progress has been made toward understanding the
function and deregulation of EZH2 in cancer cells, the posttransla-
tional regulation of EZH2 in cancer cells is still unclear. F-box and
WD repeat domain-containing 7 (FBW7) acts as a tumor suppres-
sor by targeting multiple oncoprotein substrates for ubiquitination
and degradation. Here we demonstrate that EZH2 is a bona fide
substrate of FBW7 in pancreatic cancer cells. We provide evidence
that the activated CDK5 kinase is involved in the EZH2 phosphor-
ylation that is required for FBW7-mediated degradation. We fur-
ther show that FBW7 suppresses EZH2 activity and inhibits tumor
migration and invasion via degradation of EZH2 in pancreatic can-
cer cells. Furthermore, immunohistochemistry analysis revealed
that expression of EZH2 protein negatively correlates with FBW7
protein levels in a cohort of human pancreatic cancer specimens.
Collectively, our findings demonstrate that FBW7 is a novel E3
ligase of EZH2 that regulates the EZH2 protein level in pancreatic
cancer and represents a viable strategy for effective treatment of
pancreatic cancer.

Pancreatic cancer is one of the most lethal cancer types (1).
The most common type of pancreatic cancer is adenocarci-
noma (accounting for 95%), which originates from the exocrine
part of the pancreas and is classified as pancreatic ductal ade-
nocarcinoma (PDAC).3 PDAC is insensitive to both chemo-

and radiotherapy (1). The prognosis for pancreatic cancer
remains poor, with only 4.4% having a 5-year survival rate, mak-
ing it the fourth leading cause of all cancer deaths in China (2).
Thus, there is an immediate need to discover novel therapeutic
targets for pancreatic cancer.

Aberrations of epigenetic regulation play an important role
in the initiation and progression of cancers; therefore, the bio-
chemical mediators of these processes could serve as novel and
efficacious therapeutic targets (3–5). Enhancer of zeste homo-
log 2 (EZH2), a histone methyltransferase, interacts with other
Polycomb-group (PcG) proteins such as SUZ12 and embryonic
ectodomain development (EED), to form a protein complex
called Polycomb repressive complex 2 (PRC2) (6). In many types
of cancer cells, EZH2 epigenetically represses tumor suppressor
gene expression through trimethylating H3K27 in order to medi-
ate cell proliferation, invasion, and migration (7, 8). Moreover,
EZH2 is highly expressed in many types of solid tumors, such as
pancreatic cancer, and its higher expression is associated with a
poor outcome (8, 9). It has been shown previously that EZH2
expression is regulated by the RB-E2F1 pathway (10) or by sex
hormones such as androgens (11). Moreover, EZH2 is also regu-
lated by microRNAs such as miR101 (12). Although significant
progress has been made toward understanding the function and
deregulation of EZH2 in cancer cells, the posttranslational regula-
tion of EZH2 in cancer cells is still unclear.

F-box and WD repeat domain-containing 7 (FBW7), the sub-
strate recognition component of the Skp1�Cul1�F-box (SCF)
ubiquitin ligase complex, binds to phosphorylated substrates
within conserved phosphodegron motifs called Cdc4 phospho-
degrons (CPDs) (13). FBW7 functions as a tumor suppressor by
targeting multiple oncoprotein substrates for ubiquitination
and degradation, including cyclin E, c-Myc, c-Jun, Notch-1, and
SREBP1 (14 –19). Dysregulation of FBW7 has been proposed to
drive the progression of pancreatic cancer (20).

In this study, we demonstrated that FBW7 acted as an E3
ligase of EZH2 in pancreatic cancer cells and found that the
activated CDK5 kinase was involved in the EZH2 phosphoryla-
tion that was required for FBW7-mediated EZH2 degradation.
Furthermore, we showed that EZH2 and FBW7 protein levels
are negatively correlated in pancreatic cancer patient speci-
mens. Taken together, these results are contributing to a better
understanding of the regulatory mechanism of EZH2 in human
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pancreatic cancer and may also shed new light on developing
novel therapeutic strategies for pancreatic cancer.

Results

FBW7 interacts with EZH2 in pancreatic cancer cells

The FBW7-binding consensus motif (T/S)PXX(S/T/D/E)
has been identified in several FBW7 substrates, including cyclin
E, c-Myc, c- Jun, Notch-1, and SREBP1 (14 –19). We performed
a protein motif search and discovered that EZH2 harbors one
perfectly matched (261TPNID265) FBW7- binding motif (Fig. 1,
A and B). Then we examined the basal protein levels of EZH2
and FBW7 in PANC-1 and MIA PaCa2 cells (Fig. 1C). We found
that there was a higher expression level of EZH2 but a lower

expression level of FBW7 in MIA PaCa-2 cells compared with
PANC-1 cells, which indicates that EZH2 might negatively cor-
relate with FBW7 expression in these two cell lines.

This observation prompted us to investigate whether FBW7
functions as an E3 ubiquitin ligase of EZH2. Because substrate
binding is a key event for E3 ligase-mediated ubiquitination and
subsequent proteasome degradation, we first examined the
interaction of FBW7 with EZH2 by using coimmunoprecipita-
tion (co-IP) assay. Ectopically expressed FLAG-EZH2 protein
was coimmunoprecipitated by Myc-FBW7. A similar result was
obtained in a reciprocal co-IP experiment using FLAG antibody
(Fig. 1D). Furthermore, the interaction between endogenous
EZH2 and FBW7 in PANC-1 cells was confirmed by reciprocal

Figure 1. FBW7 interacts with EZH2 in pancreatic cancer cells. A, comparison of FBW7 binding sites in EZH2 with the FBW7-binding consensus motif (Cdc4-
phosphodegron) defined in the known FBW7 substrates. B, schematic of conserved CPD motifs in EZH2 in different species. C, Western blotting analysis of WCLs
of PANC-1 and MIA PaCa-2 cells. The immunoblots (IB) are representative of results from three independent experiments. D, Western blotting analysis of
co-immunoprecipitation of ectopically expressed FLAG-EZH2 and Myc-FBW7� in 293T cells (n � 3). E, Western blotting analysis of co-immunoprecipitation of
endogenous FBW7 and EZH2 proteins in PANC-1 cells (n � 3). F, schematic depicting a set of GST-EZH2 recombinant protein constructs. G, Western blotting
analysis of FBW7 proteins in PANC-1 WCL pulled down by GST or GST-EZH2 recombinant proteins (n � 3). The bottom panel shows Coomassie Blue staining of
GST and GST-EZH2 recombinant protein input. Asterisks indicate the proteins with the correct molecular weight (MW).
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co-IP assays (Fig. 1E). To test which fragment of EZH2 is involved
in FBW7 binding, we generated four GST-EZH2 recombinant
proteins (Fig. 1F) (21, 22). GST pulldown assays showed that
FBW7 specifically interacted with GST-EZH2-2 (252–384) but
not the other three truncation mutants of EZH2 or GST alone in
the lysates of PANC-1 cells (Fig. 1G). These data suggest that
FBW7 interacts with EZH2 in pancreatic cancer cells.

EZH2 is a substrate of FBW7 in pancreatic cancer cells

FBW7� is the dominant isoform of FBW7 (23). To investi-
gate whether FBW7 functions as an E3 ubiquitin ligase of EZH2
in pancreatic cancer, we co-transfected EZH2 with increasing
amounts of FBW7� in PANC-1 pancreatic cancer cells. Ectop-
ically expressed EZH2 was down-regulated by co-expression of
FBW7, and this effect was completely blocked by treatment
with the proteasome inhibitor MG132 (Fig. 2A), which indi-
cates that FBW7 decreased EZH2 protein levels via the protea-
some pathway. To test the effect of FBW7 on endogenous
EZH2 in pancreatic cancer cells, we performed knockdown of
endogenous FBW7 by two independent FBW7-specific shRNAs,
which increased EZH2 protein levels (Fig. 2B) and had no
effect on EZH2 mRNA levels (Fig. 2C) in both PANC-1 and
MIA PaCa-2 pancreatic cancer cells. Importantly, knockdown
of FBW7 prolonged the half-life of endogenous EZH2 protein
in PANC-1 cells (Fig. 2, D and E). Furthermore, PANC-1 cells
were transfected with three isoforms (�, �, and �) of FBW7
individually, resulting in a marked reduction in the protein level
of EZH2 in a dose-dependent manner (Fig. 2F). FBW7 is the
substrate-binding subunit of the SCFFBW7 ubiquitin ligase
complex, and the F-box domain is essential for its E3 ligase
activity (24). As shown in Fig. 2G, wild-type FBW7�, but not
the FBW7� � F-box mutant, promoted EZH2 degradation. Fur-
thermore, we found that knockdown of endogenous FBW7 in
PANC-1 cells decreased the polyubiquitination of endogenous
EZH2 (Fig. 2H). Meanwhile, EZH2 was polyubiquitinated by
co-expression of wild-type FBW7� but not the enzymatically
dead mutant (FBW7� � F-box) in a dose-dependent manner
(Fig. 2I). Together, these data demonstrate that FBW7 pro-
motes EZH2 protein ubiquitination and proteasome degrada-
tion in pancreatic cancer cells.

FBW7-mediated degradation of EZH2 is Thr261-dependent

FBW7 often recognizes phosphorylated Ser/Thr residues in
the CPD motif. We demonstrated that EZH2 harbored one per-
fectly matched (261TPNID265) FBW7-binding motif (Fig. 1B).
Therefore, we speculated that the regulation of EZH2 by FBW7
might be mediated by phosphorylation of Thr261 in its CPD. We
generated one mutant of EZH2 (T261A) to determine how
FBW7 regulates degradation of this mutant. Co-IP assays dem-
onstrated that EZH2-WT, but not the T261A mutant, was
coimmunoprecipitated by Myc-FBW7 (Fig. 3A). These data
indicated that Thr261 of EZH2 was required for EZH2-FBW7
interaction. Moreover, overexpression of FBW7 decreased the
protein level of EZH2-WT but had little effect on the level of the
EZH2-T261A mutant (Fig. 3B). Furthermore, the EZH2-
T261A mutant prolonged the half-life of EZH2 protein (Fig. 3,
C and D). To further determine the importance of Thr261 of
EZH2 on FBW7-mediated degradation, EZH2 WT or EZH2

T261A mutant was co-transfected with FBW7� in PANC-1
cells. Ubiquitination assays demonstrated that FBW7� en-
hanced polyubiquitination of EZH2-WT but not the T261A
mutant (Fig. 3E). These results suggest that FBW7-mediated
degradation of EZH2 is Thr261-dependent.

Activated CDK5 induces degradation of EZH2

Phosphorylation of the first Ser/Thr in the CPD motif of the
FBW7 target proteins by corresponding kinase, including
GSK3� (25), CDK1/2 (26), or CDK5 (27), is required for FBW7-
mediated degradation. To determine which kinase is involved
in the phosphorylation of Thr261, we first checked the amino
acid sequence in EZH2 and found that Thr261 in EZH2 did not
match the general CDK1/2 consensus motif (S/TPXK/R) (26).
Of note, knockdown of the endogenous GSK3� by shRNA or
the treatment with a selective GSK3� inhibitor, LiCl, could not
abrogate the degradation process of EZH2 induced by FBW7
(endogenous c-myc as a positive control) (supplemental Fig. 1,
A and B). These results indicated that GSK3� was not likely to
be the kinase involved in FBW7-mediated degradation of
EZH2. We speculated that the Thr261 of EZH2 might be phos-
phorylated by CDK5 and then recognized by FBW7. To test
whether CDK5 induces degradation of EZH2, overexpression
of CDK5 or p35, an activator of CDK5, could not decrease the
protein level of wild-type EZH2, but co-transfection with CDK5
and p35 resulted in down-regulation of wild-type EZH2, and
this process was blocked by the proteasome inhibitor MG132
(Fig. 4, A and B). Furthermore, the dominant-negative mutant
of CDK5 (CDK5 D145N) (27) could not decrease the protein
level of EZH2 compared with wild-type CDK5 (Fig. 4C). Impor-
tantly, co-overexpression of CDK5 and p35 only led to down-
regulation of wild-type EZH2, shortening the half-life and pro-
moting polyubiquitination of wild-type EZH2 but not the EZH2
T261A mutant (Fig. 4, D–G). Together, these results suggest
that activated CDK5 induces degradation of wild-type EZH2
and, at least, is involved in phosphorylation of Thr261 in EZH2.

FBW7 suppresses EZH2 activity in pancreatic cancer cells

To evaluate the biological consequences of FBW7-mediated
EZH2 degradation, we examined the effect of FBW7 on the
transactivation of EZH2 target genes. It is known that EZH2
represses gene expression in a Polycomb-dependent way, and
such target genes include FOXJ1, HOXA9, and BRACHYURY
(6). In addition to the canonical Polycomb-dependent gene
repression function, EZH2 also gains a Polycomb-independent
gene activation function and promotes the gene expression of
TMEM48 and CSK2 (28). As expected, knockdown of EZH2 by
specific shRNAs increased the protein expression of FOXJ1,
HOXA9, and BRACHYURY and down-regulated TMEM48 and
CSK2 expression in PANC-1 cells. Intriguingly, the effect of
EZH2 appears to be specific because restored expression of
shRNA-resistant EZH2 by EZH2-WT or EZH2 T261A reversed
the EZH2 knockdown-induced effect in its target genes,
whereas knockdown of FBW7 was shown to restore the role of
EZH2 in these genes activities (Fig. 5, A–D). To further test the
role of FBW7 in EZH2 activity, we transfected EZH2 alone and
co-expressed wild-type FBW7� or the enzymatically dead
mutant (FBW7� � F-box) together with EZH2 in PANC-1 cells.
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It was consistent with the finding that overexpression of EZH2
decreased the protein level of FOXJ1, repressed HOXA9 and
BRACHYURY expression, and activated TMEM48 and CSK2
expression (Fig. 5, E and F). Importantly, co-expression of
FBW7� abrogated the effect of EZH2. In contrast, overexpres-
sion of FBW7� � F-box had no obvious effect on the suppres-
sion of EZH2 activity. Thus, these data demonstrate that

FBW7-mediated degradation of EZH2 negatively impacts its
transactivation function in pancreatic cancer cells.

FBW7 inhibits tumor migration and invasion via degradation
of EZH2 in pancreatic cancer cells

It is previously reported that EZH2 knockdown in pancreatic
cancer cell lines inhibited cell migration and invasion but not
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proliferation (8, 29). We performed a cell proliferation assay
after knocking down EZH2 and rescuing EZH2 by shRNA-re-
sistant EZH2 wild-type or EZH2 T261A plasmids in PANC-1
and MIA PaCa-2 cells within 48 h (supplemental Fig. 1, C and D).
The data also demonstrated that EZH2 had a subtle effect on
altering cell proliferation in pancreatic cancer. To elucidate the
biological function of FBW7 in mediating EZH2 degradation,
we used a wound healing assay and transwell invasion assay to
examine the effect on cell migration and invasion in pancreatic
cancer cells. We observed that knockdown of EZH2 reduced
migration and invasion activities in both PANC-1 and MIA
PaCa-2 cells (Fig. 6, A–F), whereas restored expression of
shRNA-resistant EZH2 by EZH2-WT or EZH2 T261A
reversed the EZH2 knockdown-induced effect (Fig. 6, A–D).
Moreover, knockdown of FBW7 alone increased migration
and invasion activities, and FBW7 blocked the effect of
EZH2 on cell migration and invasion when we knocked
down both FBW7 and EZH2 (Fig. 6, E and H). Furthermore,
we demonstrated that overexpression of EZH2 alone in-
creased migration and invasion activity, and co-expression
of wild-type FBW7�, but not the enzymatically dead mutant
FBW7� � F-box, with EZH2 abrogated the effect of overex-

pression of EZH2 alone in both PANC-1 and MIA PaCa-2
cells (Fig. 6, I–L). Thus, these results indicate that FBW7
inhibits tumor cell migration via degradation of EZH2 in
pancreatic cancer cells.

EZH2 and FBW7 protein levels negatively correlate in human
pancreatic cancer specimens

It has been shown previously that EZH2 expression is up-reg-
ulated in pancreatic cancer tissues and that it correlates with a
poor prognosis (8). However, FBW7 is down-regulated in pan-
creatic cancer tissues, and low expression of FBW7 is associated
with high malignancy and a poor prognosis in pancreatic cancer
cases (20). Thus, to investigate the clinical relevance of FBW7
and EZH2, we examined the expression of these proteins by
immunohistochemistry in human pancreatic cancer specimens
obtained from a cohort of patients (n � 10 normal pancreatic
tissue specimens, n � 47 PDAC tissue specimens). Immunohis-
tochemistry staining was evaluated by measuring both the per-
centage of positive cells and staining intensity. Examples of
both strong and weak staining of FBW7 and EZH2 proteins
staining are shown in Fig. 7A. PDAC tissues had lower expres-
sion of FBW7 (p � 4.91e�06) but a higher level of EZH2 (p �

Figure 2. EZH2 is a substrate of FBW7 in pancreatic cancer cells. A, Western blotting analysis of WCLs of PANC-1 cells transfected with the indicated
constructs. Cells were treated with or without 20 �M MG132 for 8 h before harvest. Data are representative of multiple experiments (n � 3). IB, immunoblot. B,
PANC-1 and MIA PaCa-2 cells were transfected with control or two independent FBW7-specific shRNAs. 48 h after transfection, cells were harvested for Western
blotting analysis. Data are representative of multiple experiments (n � 3). C, PANC-1 cells were transfected with control or shRNAs as indicated. 48 h after
transfection, cells were harvested for RT-qPCR analysis of EZH2 and FBW7 mRNAs. Data are mean � S.D. from experiments with three replicates. *, p � 0.05
compared with the shControl group; n.s., not significant. D and E, PANC-1 cells were transfected with control and FBW7-specific shRNAs. After 48 h, cells were
treated with 50 �g/�l cycloheximide (CHX). At different time points, cells were harvested for Western blotting analysis. At each time point, the intensity of EZH2
was normalized to the intensity of �-tubulin (loading control) first and then to the value at the 0-h time point. F, PANC-1 cells were transfected with the
indicated plasmids for 24 h, followed by Western blotting analysis. Data are representative of multiple experiments (n � 3). G, PANC-1 cells were transfected
with the indicated plasmids for 24 h, followed by Western blotting analysis. Data are representative of multiple experiments (n � 3). H, PANC-1 cells were
transfected with the indicated plasmids for 48 h, followed by treatment with 20 �M MG132 for 8 h. Immunoprecipitated EZH2 proteins were analyzed by WB
for ubiquitination. I, PANC-1 cells were transfected with the indicated plasmids for 16 h, followed by treatment with 20 �M MG132 for 8 h. Immunoprecipitated
FLAG-EZH2 proteins were analyzed by WB for ubiquitination.

Figure 3. FBW7-mediated degradation of EZH2 is Thr261-dependent. A, Western blotting analysis of co-immunoprecipitation of ectopically expressed
FLAG-EZH2 WT and FLAG-EZH2 T261A and Myc-FBW7� in 293T cells. Data are representative of multiple experiments (n � 3). IB, immunoblot. B, PANC-1 cells
were transfected with the indicated plasmids for 24 h, followed by Western blotting analysis. Data are representative of multiple experiments (n � 3). C and D,
PANC-1 cells were transfected with the indicated plasmids. After 24 h, cells were treated with 50 �g/�l CHX. At different time points, cells were harvested for
Western blotting analysis. E, PANC-1 cells were transfected with the indicated plasmids for 16 h, followed by treatment with 20 �M MG132 for 8 h. Immuno-
precipitated FLAG-EZH2 proteins were analyzed by WB for ubiquitination.
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3.72e�06) compared with adjacent normal tissues (Fig. 7B). It
was also shown that well differentiated tumors (G1) had higher
FBW7 expression (p � 0.0188) compared with poorly differen-
tiated tumors (G3). In contrast, well differentiated tumors had

lower EZH2 expression (p � 0.0036) compared with poorly
differentiated tumor (Fig. 7C). Moreover, the statistical analysis
indicated that EZH2 was negatively correlated with FBW7
expression in this cohort (Pearson’s product-moment correla-

Figure 4. Activated CDK5 induces degradation of EZH2. A, PANC-1 cells were transfected with the indicated plasmids for 24 h, followed by Western blotting
analysis. Data are representative of multiple experiments (n � 3). IB, immunoblot. B, Western blotting analysis of WCLs of PANC-1 cells transfected with the
indicated constructs. Cells were treated with 20 �M MG132 for 8 h before harvest or left untreated. Data are representative of multiple experiments (n � 3). C
and D, PANC-1 cells were transfected with the indicated plasmids for 24 h, followed by Western blotting analysis. Data are representative of multiple
experiments (n � 3). E and F, PANC-1 cells were transfected with the indicated plasmids. After 24 h, cells were treated with 50 �g/�l CHX. At different time
points, cells were harvested for Western blotting analysis. G, PANC-1 cells were transfected with the indicated plasmids for 16 h, followed by treatment with 20
�M MG132 for 8 h. Immunoprecipitated FLAG-EZH2 proteins were analyzed by WB for ubiquitination.
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tion r � �0.35, p � 0.00133) (Fig. 7D). These data suggest that
EZH2 and FBW7 protein levels are negatively correlated in
human pancreatic cancer specimens.

Discussion

Epigenetic silencing of tumor suppressor genes mediated
by aberrant DNA methylation and histone modification
leads to uncontrolled proliferation in human cancer (9).
EZH2 is a catalytic subunit of polycomb repressive complex
2 (PRC2), which represses tumor suppressor genes via tri-
methylation of lysine 27 of histone 3 (H3K27) (30). EZH2 is

an oncogenic protein overexpressed in pancreatic cancer.
Aberrant nuclear accumulation of EZH2 enhances tumori-
genesis, promotes liver metastasis, and facilitates cancer
stem cell maintenance in pancreatic cancer cells (31). Inhi-
bition of EZH2 sensitizes pancreatic cancer to chemother-
apy (32). Although significant progress has been made
toward understanding the function and deregulation of
EZH2 in cancer cells, there is little study of the modification
of EZH2 after translation. In this study, we provide evidence
that FBW7 interacted with EZH2 in pancreatic cancer cells
and downregulated EZH2 via ubiquitination and degrada-

Figure 5. FBW7 suppresses EZH2 activity in pancreatic cancer cells. A, PANC-1 cells were transfected with the indicated constructs. 48 h after transfection,
cells were harvested for Western blotting analysis. IB, immunoblot. B, PANC-1 cells were transfected with the indicated constructs. 48 h after transfection, cells
were harvested for RT-qPCR analysis of HOXA9, BRACHYURY, TMEM48, and CSK2 mRNAs. Data are mean � S.D. from experiments with three replicates. *, p �
0.05 compared with the shControl group; n.s., not significant. C and D, PANC-1 cells were transfected with control or shRNAs as indicated. 48 h after transfection,
cells were harvested for Western blotting analysis and RT-qPCR analysis. Data are mean � S.D. from experiments with three replicates. *, p � 0.05 compared
with the control group. E and F, PANC-1 cells were transfected with the indicated plasmids for 24 h, followed by Western blotting analysis and RT-qPCR analysis.
Data are mean � S.D. from experiments with three replicates. *, p � 0.05 compared with the control group.
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tion, which indicated that FBW7 might play a significant role
in the modification of EZH2.

FBW7, the substrate recognition component of the SCF
ubiquitin ligase complex, functions as a tumor suppressor by
targeting multiple oncoprotein substrates for ubiquitination
and degradation. FBW7 substrates have a consensus FBW7-
binding motif, (T/S)PXX(S/T/D/E), that mediates FBW7 rec-
ognition. Through motif analysis, we identified a perfectly
matched FBW7-binding motif (261TPNID265) in EZH2. It is
reported that up-regulation of EZH2 is correlated with a poor
prognosis in pancreatic cancer cases (8). Moreover, low expres-
sion of FBW7 is relevant to a poor prognosis in pancreatic can-
cer (20). Thus, our study not only identifies EZH2 as a novel
ubiquitination and degradation substrate of FBW7, and FBW7-
mediated degradation of EZH2 negatively impacts its transac-
tivation function and inhibits tumor migration in pancreatic

cancer cells, but also demonstrates that EZH2 and FBW7 pro-
tein levels were negatively correlated in human pancreatic can-
cer specimens. To this end, these results suggest that down-
regulation of FBW7, inducing high EZH2 protein levels, to
some extent promoted tumor progression in pancreatic cancer.

Phosphorylation of the first Ser/Thr in the CPD motif of the
FBW7 target proteins is essential for FBW7-mediated degrada-
tion. We provide evidence that FBW7-mediated degradation of
EZH2 is Thr261-dependent. The majority of FBW7 substrates,
such as c-jun and c-myc, are phosphorylated by GSK3� within
their CPD motifs for recognition and subsequent ubiquitina-
tion by FBW7. Recently, Ko et al. (33) reported that GSK3�
could interact with EZH2 and phosphorylate EZH2 at Ser363

and Thr367, which down-regulated H3K27 trimethylation and
EZH2 oncogenic functions in breast cancer cells. Importantly,
there was no change in EZH2 protein level after treatment with

Figure 6. FBW7 inhibits tumor migration and invasion via degradation of EZH2 in pancreatic cancer cells. A, E, and I, PANC-1 cells and MIA PaCa-2 cells
were transfected with the indicated constructs and cultured to confluence on 6-well plates. The cell layer was scratched with a 200-�l pipette tip. For each
sample, at least three scratched fields were photographed immediately (0 h) or 48 h after scratching. Photographs of representative images were taken at �100
magnification. C, G, and K, quantification of cell migration by ImageJ after scratching of PANC-1 and MIA PaCa-2 cells. *, p � 0.05; n.s., not significant. B, D, F, H,
J, and L, PANC-1 and MIA PaCa-2 cells were transfected with the indicated constructs. 48 h after transfection, cells were used for Matrigel invasion assays.
Representative images of invasion assay are shown in B, F, and J, and the quantification results are shown in D, H, and L, respectively. Scale bars � 200 �m. Data
are mean � S.D. from experiments with three replicates. *, p � 0.05.

Figure 7. EZH2 and FBW7 protein levels negatively correlate in pancreatic cancer patient specimens. A, representative images of immunohistochemistry
analysis of EZH2 and FBW7 protein expression on tissue microarray (n � 10 normal pancreatic tissue specimens, n � 47 PDAC tissue specimens) tissue sections.
B, box plots of EZH2 and FBW7 protein expression based on their staining index in normal pancreatic tissues and PDAC specimens. C, box plots of EZH2 and
FBW7 protein expression based on their IS in PDAC specimens at different clinical stages. G1, G2, and G3 represent well differentiated, moderately differenti-
ated, and poorly differentiated tumors, respectively. D, correlation analysis of the IS of expression levels of EZH2 and FBW7 proteins in human pancreatic cancer
specimens (n � 47).
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the inhibitor of GSK3� or knockdown of endogenous GSK3�
(33). Our results also demonstrated that knockdown of endog-
enous GSK3� or treatment of cells with LiCl could not abrogate
the degradation process of EZH2 induced by FBW7. In addi-
tion, CDK1 and CDK2 could phosphorylate EZH2 at Thr350

and Thr416 (34), but these two sites do not match the FBW7-
binding motif. In other words, phosphorylation of EZH2 at
Thr261 might require another kinase. Maskey et al. (27) re-
ported that CDK5 phosphorylated NDE1 within a specific
FBW7 phosphodegron and induced down-regulation of NDE1.
An important aspect of our findings is that activation of CDK5
via p35 induces degradation of wild-type EZH2 but not the
EZH2 T261A mutant. Thus, our results demonstrate that
CDK5 acts as the kinase that phosphorylates EZH2 at Thr261

and reduces its protein stability.
In summary, we identify that FBW7 is an E3 ubiquitin ligase

of EZH2 and that its low expression contributes to an aberrant
accumulation of EZH2 in pancreatic cancer. We discover that
FBW7-mediated degradation of EZH2 is Thr261-dependent.
Activated CDK5 phosphorylates EZH2 and promotes EZH2
degradation. These findings have revealed the important func-
tion of FBW7 in the regulation of the EZH2 protein level in
pancreatic cancer, which might represent a viable strategy for
the effective treatment of pancreatic cancer.

Experimental procedures

Cell lines, cell culture, and treatment

The pancreatic cancer cell lines PANC-1 and MIA PaCa- 2 were
purchased from the Chinese Academy of Science Cell Bank and
cultured in a 5% CO2, 37 °C, and 95% humidity incubator. PANC-1
and MIA PaCa-2 cells were cultured in DMEM supplemented
with 10% fetal bovine serum (Thermo Fisher Scientific). Transfec-
tions were performed using Lipofectamine 2000 (Invitrogen)
according to the protocol of the manufacturer.

Plasmids and reagents

FLAG-EZH2 was cloned into the pcDNA3.0 vector. HA-p35,
Myc- CDK5, and Myc-FBW7 were cloned into the pCMV vec-
tor. GST-EZH2 was cloned into the pGEX-4T-1 vector. Myc-
FBW7 � F-box and Myc-CDK5 D145N were generated using
the KOD-Plus mutagenesis kit (Toyobo). The antibodies used
were FBW7 (Bethyl, 301-720A-1), EZH2 (Cell Signaling Tech-
nology, 5246S), c-myc (Santa Cruz Biotechnology, SC-40),
anti-FLAG (Sigma-Aldrich, F-3165), and anti-HA (Covance,
MMS-101R).

Immunoprecipitation and Western blotting

Briefly, cells were harvested and lysed by IP buffer (150 mM

NaCl, 1% Nonidet P-40, 50 mM Tris-HCl (pH 7.5), 0.5% sodium
deoxycholate, and 1% protease inhibitor cocktails, Sigma-Al-
drich). Cell lysates were centrifuged for 15 min, and the super-
natant was incubated with the indicated antibodies and protein
G beads (Thermo Fisher Scientific) at 4 °C overnight. The beads
were washed five times with IP buffer, and the precipitated
proteins were subjected to further analysis. For Western blot-
ting, cells were lysed by radioimmune precipitation assay
buffer. Protein for each sample was separated by SDS-poly-

acrylamide gels and transferred onto nitrocellulose mem-
branes. The membranes were immunoblotted with specific
primary antibodies followed by horseradish peroxidase-conju-
gated secondary antibodies and visualized by SuperSignal West
Pico stable peroxide solution (Thermo Scientific).

RNA isolation, reverse transcription, and real-time PCR

Total RNA was isolated from PDAC cells using TRIzol re-
agent (Thermo Fisher Scientific). Reverse transcription was
performed using SuperScript� II reverse transcriptase (Thermo
Fisher Scientific). RT-PCR was carried out on a QTX detection
system (Bio-Rad). All reactions were performed in triplicate.
The primers used were as follows: EZH2, 5�-CCCTGACCTCT-
GTCTTACTTGTGGA-3� (forward) and 5�-ACGTCAGATG-
GTGCCAGCAATA-3� (reverse); FBW7, 5�-CCACTGGGCT-
TGTACCATGTT-3� (forward) and 5�-CAGATGTAATT-
CGGCGTCGTT-3� (reverse); HOXA9, 5�-TTGGAGGAAAT-
GAATGCTGA-3� (forward) and 5�-TGGTCAGTAGGCCT-
TGA GGT-3� (reverse); BRACHYURY, 5�-AGGTGGGG-
AAGTTTCCTTCT-3� (forward) and 5�-GCAAATGAGG-
TCCTTTTGGT-3� (reverse); TMEM48, 5�-AGGTCGC-
GGGACATACTGT-3� (forward) and 5�-TGCAGATGGG-
TAGAAATAGCACT-3� (reverse); CSK2, 5�-TTCGACG-
AACACTACGAGTACC-3� (forward) and 5�-GGACACC-
AAGTCTCCTC CAC-3� (reverse); and GAPDH, 5�-ACC-
CACTCCTCCACCTTTGAC-3� (forward) and 5�-TGTT-
GCTGTAGCCAAATTCGTT-3� (reverse). GAPDH was used
as an internal reference.

RNA interference

Lentivirus-based control and gene-specific shRNAs were
purchased from Sigma-Aldrich. Transfections were performed
according to the protocol of the manufacturer (Sigma-Aldrich).
After infection, puromycin (0.5 �g/ml) was used to select stably
transduced cells. shRNA sequences were as follows: shFBW7-1,
CCGGATGGGTTTCTACGGCACATTACTCGAGTAATG-
TGCCGTAGAAACCCATTTTTTG; shFBW7-2, CCGGCC-
AATTGTGTAGACGATATACCTCGAGGTATATCGTCT-
ACACAATTGGTTTTTG; shEZH2-1, CCGGGCTAGGTTA-
ATTGGGACCAAACTCGAGTTTGGTCCCAATTAACCT-
AGCTTTTTG; and shEZH2-2, CCGGCCAACACAAGT-
CATCCCATTACTCGAGTAATGGGATGACTTGTGTT-
GGTTTTTG.

In vitro migration assay

Cells were transfected with the indicated plasmids and cul-
tured to confluence on 6-well plates. The cell layer was
scratched with a 200-�l pipette tip, and detached cells were
removed. For each sample, at least three scratched fields were
photographed immediately. Cell migration was evaluated by
measuring the cell-covered area.

In vitro invasion assay

The in vitro cell invasion assay was performed using a Bio-
Coat Matrigel invasion chamber (BD Biosciences) according to
the protocol of the manufacturer. PANC-1 and MIA PaCa-2
cells were cultured in the insert for 24 h. Cells were fixed in
methanol for 15 min and then stained with 1 mg/ml crystal
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violet for 20 min. At least five fields for each group were pho-
tographed after staining, and invaded cells were counted.

Tissue microarray and immunohistochemistry

The tissue microarray slides were purchased from Biomax
US (lot no. PA1001a). The immunohistochemistry staining was
evaluated by two independent pathologists who were blinded to
the clinical details. Based on the percentage of positive cells and
the staining intensity (35), the final immunoreactivity score (IS)
for each case was calculated as follows: staining percentage �
intensity.

Statistical analysis

All data are expressed as means � S.D. For experiments with
only two groups, Student’s t test was used for statistical com-
parisons. For analysis of correlation between EZH2 and FBW7
protein expression in human pancreatic cancer specimens,
Pearson’s product-moment correlation was used. p � 0.05 was
considered statistically significant.

Author contributions—H. W. and D. W. conceived the study. X. J.,
P. F., C. Y., J. X., W. Z., and S. Z. performed the experiments. T. L.,
X. J., D. W., and H. W. wrote the paper.
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