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ERK kinase phosphorylates and destabilizes the tumor 
suppressor FBW7 in pancreatic cancer
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F-box and WD repeat domain-containing 7 (FBW7) is the substrate recognition component of the Skp1-Cul1-F-
box (SCF) ubiquitin ligase complex and functions as a major tumor suppressor by targeting various oncoproteins for 
degradation. Genomic deletion or mutation of FBW7 has frequently been identified in many human cancers but not 
in pancreatic ductal adenocarcinoma. Thus it is important to know how the tumor suppressive function of FBW7 is 
impaired in pancreatic cancer. In this study, we first observed that low FBW7 expression correlated significantly with 
ERK activation in pancreatic cancer clinical samples, primarily due to KRAS mutations in pancreatic cancer. We 
further showed that ERK directly interacted with FBW7 and phosphorylated FBW7 at Thr205, which sequentially 
promoted FBW7 ubiquitination and proteasomal degradation. Furthermore, the phospho-deficient T205A FBW7 
mutant is resistant to ERK activation and could significantly suppress pancreatic cancer cell proliferation and tum-
origenesis. These results collectively demonstrate how the oncogenic KRAS mutation inhibits the tumor suppressor 
FBW7, thus revealing an important function of KRAS mutations in promoting pancreatic cancer progression.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), the most 
common form of pancreatic cancer, is a devastating dis-
ease with a 5-year overall survival rate of < 5%, the high-
est fatality rate among all cancers [1, 2]. The incidence 
of pancreatic cancer remains equal to its mortality rate. 
Due to a lack of practical early diagnostic means and a 
high metastatic rate at initial diagnosis, only 15%-20% of 
patients are resectable [3]. Moreover, the 5-year survival 

rate among radically operated patients is only ~18%, due 
to early local or metastatic recurrence [4]. Therefore, 
the improvement of clinical practice is a pressing need, 
which requires a better understanding of the mechanisms 
underlying the occurrence and development of PDAC. 

Genetically, PDAC progresses as a complex result of 
the activation of oncogenes and inactivation of tumor 
suppressors. For example, oncogenic mutations in genes 
such as KRAS and loss-of-function mutation of tumor 
suppressors, such as p53, CDNK2A/p16, DPC4/SMAD4 
and BRCA2, are frequently observed in PDAC [5, 6]. 
Mutations in KRAS were found in > 90% of patient spec-
imens and were proposed to be initiators of PDAC. In 
addition, inactivating mutations of CDKN2A were detect-
ed in almost 95% of PDAC cases, making this gene the 
most frequently mutated tumor suppressor. In addition, 
mutations in p53, DPC4 and BRCA2 were identified in 
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75%, 50% and 5%-10% of PDAC cases, respectively [5, 
6]. Consistent with the genetic data, mouse models with 
activating KRAS mutations combined with p53 or DPC4 
deletion exhibited accelerated PDAC development [7], 
supporting the idea of a complex synergistic pro-tumor 
effect involving the alteration of both oncogenes and tu-
mor suppressor genes.

F-box and WD repeat domain-containing 7 (FBW7) is 
the substrate recognition component of the Skp1-Cul1-F-
box (SCF) ubiquitin ligase complex and is located within 
4q32, a chromosomal region that is frequently deleted 
in cancers [8, 9]. It has been well established that FBW7 
functions as a tumor suppressor by targeting multiple on-
coprotein substrates for ubiquitination and degradation, 
including cyclin E, c-Myc, c-Jun, Notch-1, SREBP1 and 
Mcl-1 [8, 10], thus regulating cell proliferation, apopto-
sis and metabolism. Hence, loss of function of FBW7 has 
been proposed to drive the progression of cancer. Indeed, 
deletion and mutation of FBW7 have been frequently 
identified in various human malignancies, such as gastric 
cancer [11], colon cancer [12], breast carcinoma [13], 
esophageal squamous cell carcinoma [14] and intrahepat-
ic cholangiocarcinoma [15]. Low expression of FBW7 
is significantly correlated with poor prognosis [11-15]. 
Overall, ~6% of human tumors harbor mutations in 
FBW7 [8]. Emerging evidence has also demonstrated that 
FBW7 is regulated by multiple protein factors, such as 
p53, Pin1, Hes-5 and Numb4, as well as microRNAs [16]. 
However, the function and regulation of FBW7 is poor-
ly studied in the occurrence and progression of PDAC. 
Importantly, elevated KRAS activity stimulates many 
downstream signaling pathways. Evidence accumulated 
over the last few decades has demonstrated that the Ras-

Raf-MEK-ERK signaling pathway plays an important 
role in pancreatic cancer development and progression 
by contributing to cell cycle regulation, differentiation, 
proliferation, survival, migration and angiogenesis [17-
19]. Previously, it was indicated that Ras activity may 
regulate cyclin E degradation via the FBW7 pathway [20]. 
This observation prompted us to investigate whether the 
Ras-Raf-MEK-ERK pathway plays a role in FBW7 deg-
radation in PDAC. 

Herein, we report that FBW7 is rarely mutated and the 
protein level is significantly downregulated in PDAC, 
through a mechanism involving an activated Ras-Raf-
MEK-ERK signaling pathway. We demonstrate that ERK 
kinase directly interacts with and phosphorylates FBW7 
at Thr205, which leads to the ubiquitination and proteo-
somal degradation of FBW7 itself and the elevation of 
multiple FBW7 substrates, such as c-Myc, thus facili-
tating the proliferation and survival of pancreatic cancer 
cells. Furthermore, overexpression of a phospho-defi-
cient mutant of FBW7 (Thr205Ala) significantly reduced 
the tumorigenesis potential of PDAC cells both in vitro 
and in vivo. Through our experiments, we established a 
novel link between the oncogenic KRAS-mutant/MAPK/
ERK signaling axis and the tumor suppressor FBW7 and 
revealed the mechanism underlying the impairment of 
FBW7 function in PDAC. These findings may help de-
velop new therapeutic strategies to treat pancreatic can-
cer.

Results

FBW7 is downregulated in pancreatic cancer
To investigate the role of FBW7 in PDAC progres-

Figure 1 FBW7 is downregulated in pancreatic cancer. (A) Immunoblot analysis of the indicated human pancreatic cancer cell 
lines. The HPDE cell line was included as a positive control for the detection of endogenous FBW7 expression, and α-tubulin 
was used as a loading control. (B) IHC staining of human pancreatic adenocarcinoma tissue arrays using specific antibodies 
for FBW7. T, tumor; ANT, adjacent normal tissues; scale bar, 200 µm; magnification scale bar, 40 µm. (C) Kaplan-Meier anal-
ysis of overall survival rate of pancreatic cancer patients according to the expression of FBW7 (n = 86, P = 0.029, log-rank 
test).



Shunrong Ji et al.
563

npg

www.cell-research.com | Cell Research

sion, we first determined the expression level of FBW7 
in various human pancreatic cancer cell lines with KRAS 
mutations (Aspc-1, Capan-1, CFPAC-1, PANC-1, MIA 
PaCa-2 and SW1990). We found that FBW7 expression 
levels were significantly downregulated in six human 
pancreatic cancer cell lines compared with normal hu-
man pancreatic ductal epithelium (HPDE) cells (Figure 
1A). We then analyzed FBW7 expression in PDAC clin-
ical samples by immunohistochemistry (IHC) staining 
of tissue microarrays (TMAs), which contain 86 pairs 
of tumor and adjacent normal tissues. Based on staining 
intensity, we grouped the pancreatic tumor specimens 
according to FBW7 expression level as negative/weak, 
moderate, and strong (Supplementary information, Fig-
ure S1). FBW7 was consistently downregulated in the 
tumor tissues compared with adjacent normal tissues 
(Figure 1B). Next, we explored the relationship between 
FBW7 expression and the clinicopathological features 
of PDAC. We found that decreased IHC signal of FBW7 
correlated with poor tumor differentiation (Supplemen-
tary information, Table S1; P = 0.017). However, no 
significant correlation was observed between FBW7 
staining and tumor size, grade or lymph node metastasis 
(Supplementary information, Table S1; P > 0.05). The 
Kaplan-Meier survival curves and log rank test showed 
that high FBW7 expression significantly correlated with 
better overall survival (OS) in PDAC (Figure 1C; n = 86, 
P = 0.029). Thus, low expression of FBW7 is associated 
with high malignancy and poor prognosis in PDAC cas-
es. 

Expression of FBW7 inversely correlates with ERK acti-
vation

KRAS mutation and the consequential activation of the 

MAPK kinase axis are regarded as major driving forces 
of PDAC progression. To explore the potential associa-
tion of MAPK signaling and FBW7 expression, we first 
analyzed the levels of FBW7 and phospho-ERK (p-ERK), 
which represents the activation of MAPK signaling, in 
human pancreatic cancer cell lines. Western blotting 
showed a general inverse correlation between the levels 
of FBW7 and p-ERK in all six pancreatic cancer cell 
lines examined (Supplementary information, Figure 
S2). Consistently, IHC staining also indicated an inverse 
correlation between the levels of FBW7 and p-ERK in 
human pancreatic cancer samples (Figure 2A and 2B; 
n = 86, P = 0.027). To further support this point, an in-
verse correlation between the levels of Fbw7 and p-Erk 
was detected on slides containing samples derived from 
KrasG12D transgenic mice by IHC staining (Figure 2C). 
Taken together, these results suggest that the abundance 
of FBW7 inversely correlates with ERK activation in 
PDAC. 

ERK negatively regulates FBW7 stability
To test the hypothesis that the activation of MAPK 

signaling negatively regulates FBW7, we examined the 
expression of FBW7 at both the mRNA and protein lev-
els by q-PCR and immunoblotting, respectively, upon 
overexpression of ERK1 kinase in two pancreatic cancer 
cell lines. Notably, the FBW7 mRNA level was barely 
affected (Figure 3A and 3B). Besides, DNA methylation 
of FBW7 promoter region was also analyzed. There were 
16 CpG sites at the promoter region of FBW7/hCDC4-α 
(Supplementary information, Figure S3A). Bisulfate 
sequencing results demonstrated that CpG sites were sel-
dom methylated. Moreover, overexpression of ERK had 
no detectable influence on the methylation status of CpG 

Figure 2 Expression of FBW7 inversely correlates with ERK activation. (A) Representative IHC staining of FBW7 and p-ERK 
in pancreatic adenocarcinoma tissue arrays (scale bar, 200 µm; inset scale bar, 40 µm). (B) Statistical analysis of the correla-
tion between the levels of FBW7 and p-ERK (P = 0.027; P value was obtained using a Pearson χ2 test). (C) Representative 
IHC staining of Fbw7 and p-Erk in KrasG12D transgenic mice. Control slides were obtained from the same mouse strain, which 
was kept in the same conditions and sacrificed at the same age as the transgenic mice (scale bar, 100 µm).
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sites in the promoter region (Supplementary information, 
Figure S3B), which is consistent with the transcriptional 
analysis of FBW7 upon ERK1 overexpression, indicating 
that FBW7 was regulated mostly via post-transcriptional 
modifications. As expected, the FBW7 protein level was 
significantly decreased upon overexpression of wild-type 
ERK1 but not the kinase-dead mutant (Figure 3C and 
Supplementary information, Figure S3C). As constitutive 
activation of ERK is observed in almost all pancreatic 
cell lines, we pretreated the pancreatic cancer cell lines 
with the MEK/ERK inhibitors (UO126, AZD6244, 
trametinib and SCH772984) to suppress ERK activity 
before harvesting and then determined FBW7 protein 
level. FBW7 protein levels significantly increased in 
response to inhibition of MAPK-ERK signaling in pan-
creatic cells (Figure 3D and Supplementary information, 
Figure S3D). Similarly, downregulation of endogenous 
ERK1 by shRNA constructs significantly increased the 
abundance of FBW7 in SW1990 cells (Supplementary 
information, Figure S3E). Furthermore, we performed 
the cycloheximide (CHX) chase experiment to determine 
the FBW7 half-life with or without UO126 treatment in 
PANC-1 cell lines. As expected, inhibition of the MAPK/
ERK pathway dramatically extended the FBW7 half-life 
(Figure 3E and 3F). These results suggest that activation 
of the Ras/Raf/MEK/ERK pathway negatively regulates 

FBW7 stability in pancreatic cancer cells. 

ERK interacts with FBW7
To explore the mechanism by which ERK kinase 

modulates FBW7 stability, we investigated whether there 
is a direct interaction between FBW7 and ERK1. In a 
co-immunoprecipitation assay with ectopically expressed 
ERK1 and FBW7, we found that Flag-tagged FBW7 
could precipitate HA-ERK1 from transfected 293T cells 
(Figure 4A). Conversely, HA-ERK1 could also pull 
down Flag-FBW7 (Figure 4B). In addition, the physical 
interaction between FBW7 and ERK1 was supported 
by experiments conducted on pancreatic cancer cell line 
SW1990 stably expressing ERK1, which showed that 
ERK1 was able to co-immunoprecipitate with endog-
enous FBW7 and vice versa (Figure 4C and 4D). Fur-
thermore, endogeneous interaction between FBW7 and 
ERK1 was validated by co-immunoprecipitation with 
FBW7 antibody (Figure 4E).

ERK phosphorylates FBW7 at T205
According to a recent study, Threonine205-Proline206 

is the only TP motif of FBW7, and this TP motif has 
been shown to be involved in FBW7 stability control 
[21]. Thus, we first validated T205 phosphorylation 
of endogenous FBW7 expressed in SW1990 cell line 

Figure 3 ERK negatively regulates FBW7 stabil-
ity. (A, B) qPCR analysis of FBW7 expression in 
PANC-1 and SW1990 cells infected with empty 
vector or ERK1-expressing virus. GAPDH mRNA 
expression was used as an internal control (n = 3, 
independent t-test, P > 0.05). (C) Western blot anal-
ysis of FBW7 expression in PANC-1 and SW1990 
cells infected with empty vector or ERK1-express-
ing virus. The band intensity was quantified with 
Image J software. (D) Western blot analysis of 
FBW7 expression in PANC-1 and SW1990 cells in 
the presence and absence of the MEK-1 inhibitor 
(UO126, 10 µM). DMSO was used as the control. 
(E) PANC-1 cells were treated with 20 µg/ml CHX 
in the presence or absence of 10 µM UO126, and 
whole-cell lysates (WCL) were collected at the 
indicated time points for immunoblot analysis. (F) 
Semi-quantification with α-tubulin as a loading con-
trol and relative FBW7 levels at time 0 were set as 
100%.
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after MG132 treatment by mass spectrometry analy-
sis and peptides containing phosphorylated T205 were 
successfully recovered (Figure 5A and Supplementary 
information, Figure S4A). Next, we investigated wheth-
er ERK kinase directly phosphorylates FBW7, as they 
physically interact. We chose CFPAC-1 cells, which has 
a relatively higher FBW7 expression level. After UO126 
treatment, the phosphorylation of endogenous FBW7 in 
the PDAC cell line CFPAC-1 was significantly reduced 
when detected with a phospho-Threonine-Proline (TP) 
monoclonal antibody (p-Thr-Pro-101) that specifically 
recognizes the phosphorylated TP motif (Supplementary 
information, Figure S4B). To further understand how 
ERK kinase phosphorylates FBW7 in vivo, we developed 
a specific antibody that only recognizes FBW7 phos-

phorylated at the T205 site. To validate the specificity of 
this antibody, we performed a dot blot assay and found 
that the phospho-T205-FBW7 (p-FBW7) antibody pref-
erentially detected the phosphorylated peptide but not 
the unmodified peptide (Supplementary information, 
Figure S4C). We treated PANC-1 cells with trametinib, a 
MEK inhibitor, and the phosphorylation of endogenous 
FBW7 in PANC-1 cells was also significantly reduced 
when detected with the specific p-FBW7 antibody (Fig-
ure 5B). Similarly, after treatment with multiple MEK/
ERK inhibitors, the phosphorylation of FBW7 in 293T 
cells all significantly decreased (Figure 5C). Next, we 
conducted a series of experiments to determine whether 
T205 is indeed an ERK phosphorylation site. Notably, 
co-transfection of a constitutively active form of MEK1 
(MEK1-CA) or ERK1 kinase dramatically increased the 
phosphorylation of wild-type FBW7 but not the T205A 
mutant, suggesting that MAPK kinase signaling indeed 
controls FBW7 phosphorylation status (Figure 5D and 
5E). Additionally, the phosphorylation of FBW7 by ERK 
was abolished by calf intestinal phosphatase (CIP) treat-
ment (Figure 5F), indicating that ERK kinase modulates 
FBW7 in a phosphorylation-dependent manner. To prove 
that ERK kinase directly phosphorylates FBW7, glutathi-
one S-transferase (GST)-fused recombinant FBW7 pro-
teins, both wild type and T205A mutant, were incubated 
with purified HA-ERK1 kinase in the presence of ATP 
and detected with the p-FBW7 antibody. As shown in 
Figure 5G, ERK kinase could also specifically phosphor-
ylate FBW7 at T205 in vitro. Furthermore, we performed 
hot kinase assay by incubating purified ERK kinase with 
recombinant FBW7 proteins in the presence of gamma-
32P-ATP and indeed the incorporation of 32P was much 
reduced in T205A-FBW7 protein compared with WT-
FBW7 (Supplementary information, Figure S4D). Thus, 
these data together suggest that ERK kinase directly 
phosphorylates FBW7 at the T205 site.

ERK destabilizes FBW7 by promoting its ubiquitination
FBW7 is the substrate-binding unit of the SCF E3 

ubiquitin ligase complex that targets a group of phos-
phorylated proteins for ubiquitination and degrada-
tion. Interestingly, it has been previously reported that 
FBW7 itself undergoes post-translational regulations 
through ubiquitination-dependent proteosomal degra-
dation when phosphorylated at the T205 site [21]. To 
test whether ERK kinase promotes FBW7 degradation 
in a phosphorylation-dependent manner, we first treat-
ed cells with MG132 to block the proteasome pathway. 
Notably, although MG132 treatment led to an increase 
in total FBW7 protein, the upregulation of phosphory-
lated FBW7 was much more dramatic (Supplementary 

Figure 4 ERK interacts with FBW7. (A, B) Immunoblot (IB) 
analysis of whole-cell lysates (WCL) and immunoprecipitates (IP) 
from 293T cells transfected with Flag-WT-FBW7, or HA-ERK1 
or together. Thirty hours post-transfection, cells were pretreated 
with 15 µM MG132 for 10 h before harvesting. (C, D) Immuno-
blot analysis of WCL and immunoprecipitates from the indicated 
SW1990 cells stably expressing the Flag-ERK1 construct. Cells 
were pretreated with 15 µM MG132 for 10 h before harvesting. 
(E) SW1990 cell extracts were immunoprecipitated with an anti-
body against FBW7 or control IgG and analyzed by immunoblot 
analysis.
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Figure 5 ERK phosphorylates FBW7 at T205. (A) 
Detection of in vivo FBW7 T205 phosphorylation by 
mass spectrometry analysis. (B) PANC-1 cells were 
pretreated with the proteasome inhibitor MG132 and 
trametinib, as indicated, overnight before harvest. 
Endogenous FBW7 phosphorylation status was 
examined by immunoblot analysis after immunopre-
cipitates (IP). (C) 293T cells were transfected with 
Flag-WT-FBW7. Thirty hours posttransfection, cells 
were pretreated with MG132 and various MEK/ERK 
inhibitors overnight before harvesting. FBW7 phos-
phorylation status was examined by immunoblot 
analysis after immunoprecipitation. (D-F) 293T cells 
were transfected with Flag-WT-FBW7 and Flag-
T205A-FBW7, together with HA-MEK1 and HA-
ERK1 constructs, respectively. Wild-type (WT) and 
the constitutively active (CA) form of MEK1 were 
used as indicated. Thirty hours post-transfection, 
cells were pretreated with MG132 overnight before 
harvesting. FBW7 phosphorylation status was ex-
amined by immunoblot analysis after immunoprecip-
itation. Immunoprecipitates were treated with CIP for 
20 min at room temperature, and the reaction was 
stopped by the addition of SDS loading buffer (F). 
(G) Recombinant GST-WT-FBW7 and GST-T205A-
FBW7 proteins were incubated with HA-ERK1 ki-
nase in the presence of ATP and the kinase reaction 
buffer. Thirty minutes later, the reaction was stopped 
by the addition of the loading buffer. The kinase re-
action products were resolved by SDS-PAGE, and 
FBW7 phosphorylation was detected by the specific 
p-FBW7 antibody.

information, Figure S5), suggesting that phosphorylated 
FBW7 is indeed highly unstable. Next, we investigated 
whether ERK kinase regulates FBW7 ubiquitination. 
First, we observed that wild-type HA-ERK1, but not 
kinase-dead mutant, greatly increased the poly-ubiquiti-
nation of WT-FBW7 but not the T205A mutant (Figure 
6A and 6B). Moreover, depletion of endogenous ERK1 
and ERK2 by siRNA transfection or trametinib treatment 
significantly reduced the ubiquitination of FBW7 (Fig-
ure 6C and 6D), indicating an important role for ERK 
kinase in regulating FBW7 ubiquitination. Furthermore, 
co-transfection of KrasG12D also significantly promoted 
the ubiquitination of FBW7 (Figure 6E). Previously, it 
was reported that peptidyl-prolyl cis-trans isomerase NI-
MA-interacting 1 (Pin1) regulates FBW7 ubiquitination 

when T205 is phosphorylated [21]. Thus, we hypothe-
sized that ERK kinase promotes FBW7 ubiquitination in 
a Pin1-dependent manner. Indeed, depletion of endoge-
nous Pin1 by siRNA drastically reversed the ERK-pro-
moted poly-ubiquitination of FBW7 (Figure 6F). Togeth-
er, these data strongly suggest that ERK kinase promotes 
FBW7 ubiquitination in a T205 phosphorylation- and 
Pin1-dependent manner. 

T205 phosphorylation inhibits FBW7 tumor suppressor 
function in pancreatic cancer

Given the critical role of Thr205 phosphorylation in 
controlling FBW7 stability, we continued to assess how 
this phosphorylation inhibits FBW7 tumor suppressor 
function in PDAC. First, we established SW1990 stable 
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cell lines ectopically expressing wild-type FBW7 and a 
T205A phospho-deficient mutant, designated as SW1990/
FBW7WT and SW1990/FBW7T205A respectively. In an 

anchorage-dependent growth assay, SW1990/FBW7T205A 
cells formed fewer and smaller colonies compared with 
its mock and SW1990/FBW7WT counterparts (Figure 7A 

Figure 6 ERK destabilizes FBW7 by promoting its ubiquitination. (A) Immunoblot (IB) analysis of whole-cell lysates (WCL) 
and anti-Flag immunoprecipitates of 293T cells transfected with HA-ERK1 together with Myc-Ub and various Flag-FBW7 
constructs. Thirty hours posttransfection, cells were treated with MG132 overnight before harvest. (B) Immunoblot (IB) anal-
ysis of WCL and anti-Flag immunoprecipitates of 293T cells transfected with wild-type HA-ERK1 or kinase-dead (KD) mutant 
together with Myc-Ub and Flag-WT-FBW7 constructs. Thirty hours posttransfection, cells were treated with MG132 overnight 
before harvest. (C) Immunoblot analysis of WCL and anti-Flag immunoprecipitates of Hela cells transfected with Flag-WT-
FBW7 together with Myc-Ub and siRNA against ERK1/2. Thirty hours posttransfection, cells were treated with MG132 over-
night before harvest. (D) Immunoblot analysis of WCL and anti-Flag immunoprecipitates of 293T cells transfected with Flag-
WT-FBW7 and Myc-Ub constructs. Thirty hours posttransfection, cells were treated with MG132 and trametinib (where indi-
cated) overnight before harvest. (E) Immunoblot analysis of WCL and anti-Flag immunoprecipitates of 293T cells transfected 
with HA-KRASG12D together with Myc-Ub and Flag-WT-FBW7 constructs. Thirty hours posttransfection, cells were treated with 
MG132 overnight before harvest. (F) Immunoblot analysis of WCL and anti-Flag immunoprecipitates of 293T cells transfected 
with Flag-WT-FBW7 and HA-ERK1 together with Myc-Ub and siRNA oligos against Pin1. Thirty hours posttransfection, cells 
were treated with MG132 overnight before harvest.
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and 7B). Moreover, SW1990/FBW7T205A also displayed 
much lower proliferation potential than SW1990 control 
and SW1990/FBW7WT cells (Figure 7C). Furthermore, 
we also found that SW1990/FBW7T205A cells displayed a 
significant decrease in cell migration ability (Supplemen-
tary information, Figure S6A and S6B). To further con-
firm the in vitro phenotype of FBW7T205A, we performed 
xenograft studies. In total, 4 × 106 cells of each cell line 
were subcutaneously inoculated into the backs of nude 
mice, and tumor growth was determined. As shown in 

Figure 7D and 7E, although FBW7WT displayed a dra-
matic effect in tumor growth inhibition, which clearly 
demonstrated that the expression level of FBW7 is criti-
cal for blocking tumor progression, FBW7T205A still dis-
played a significantly stronger effect in reducing tumor 
volume than wild-type FBW7. Taken together, these re-
sults suggested that the FBW7 T205A mutant conferred 
a growth disadvantage on pancreatic cancer cells both 
in vitro and in vivo. FBW7 has been reported to target 
various oncoproteins for ubiquitination and degradation, 

Figure 7 Phosphorylation at the T205 site inhibits FBW7 tumor suppressor function in pancreatic cancer. (A, B) Represen-
tative images of clone formation on plastic plates with SW1990 cell lines expressing FBW7 (wild type and T205A mutant) or 
empty vector. Quantification of cell growth is shown in B (n = 3, independent t-test, **P < 0.01). (C) Cell growth curve assay 
with SW1990 cell lines expressing FBW7 (wild type and T205A mutant) or empty vector (n = 3, independent t-test, **P < 
0.01). (D, E) SW1990 cells stably expressing WT-FBW7, T205A-FBW7, or empty vector were injected into nude mice. At the 
indicated times, tumors were measured with Vernier calipers (mean ± SEM; n = 5, independent t-test, *P < 0.05). (F) Western 
blot analysis for c-Myc in SW1990 cell lines stably expressing Flag-WT-FBW7 or Flag-T205A-FBW7 (with empty vector as a 
negative control). (G) Representative images of tumor tissue from staining with antibodies against FBW7 and c-Myc. Scale 
bar, 100 µm. (H) Proposed model of how the Ras/Raf/MEK/ERK pathway regulates FBW7 stability to influence its tumor sup-
pressive functions in pancreatic cancer.
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such as cyclin E, c-Myc, c-Jun, Notch-1, SREBP1 and 
Mcl-1. To determine the major downstream substrate that 
FBW7 might target in PDAC, we next examined changes 
in the known substrates responding to FBW7 overex-
pression by western blot. Notably, among the 8 known 
substrates examined, only c-Myc showed a significant 
reduction in response to overexpression of FBW7 (Figure 
7F and Supplementary information, Figure S6C-S6E). 
By contrast, other known FBW7 substrates, including 
cyclin E, c-Jun, Notch-1, SREBP1, PGC-1α, KLF5 
and Mcl-1, were barely affected. Consistently, western 
blotting results also showed a general inverse correla-
tion between the levels of FBW7 and c-Myc in all six 
pancreatic cancer cell lines examined (Supplementary 
information, Figure S2). Furthermore, the pathological 
correlation between FBW7 and c-Myc was further vali-
dated in specimens from xenograft tumors (Figure 7G). 
Next, we examined whether the ERK/FBW7/c-Myc axis 
identified in PDAC cells is also valid in clinical samples. 
Correlation studies showed that a high p-ERK level cor-
related with low FBW7 expression and high c-Myc ex-
pression in PDAC specimens. Conversely, a low p-ERK 
level correlated with high FBW7 expression and low 
c-Myc expression (Supplementary information, Figure 
S6F). These results suggest that ERK kinase may exert 
its oncogenic function partially through elevating c-Myc 
expression by inhibiting FBW7 tumor suppressor func-
tion.

Discussion

Generally, loss of function of tumor suppressors in 
cancer is frequently caused by mutation or deletion [22]. 
FBW7 is ranked among the most important tumor sup-
pressors, with a relatively high mutation rate in cancer 
exceeded only by p53 and PTEN. Mutation of FBW7 
has previously been reported in several types of cancer 
[11-15]. Overall, ~6% of tumors exhibited mutations in 
FBW7, with the highest mutation rates found in cholan-
giocarcinoma (35%) and T-cell acute lymphoblastic leu-
kemia (31%) [8]. However, in PDAC, FBW7 mutation 
was only reported in a study with limited samples (1 out 
of 11 samples) [23]. In a recent whole-exome sequencing 
analysis of 99 pancreatic cancer specimens, the top 16 
most frequently mutated genes were identified, includ-
ing KRAS and TP53 [24], but the FBW7 gene mutation 
status was not included. Similarly, our own sequencing 
results from 60 individual patients showed that < 2% 
of specimens exhibited FBW7 mutation (1 out of 60 
samples; Supplementary information, Table S2). These 
findings together suggest that FBW7 mutation is a rare 
event in PDAC. Interestingly, we found that FBW7 is 

expressed at a low level in PDAC and is tightly associ-
ated with cancer progression. FBW7 protein expression 
was significantly reduced in six pancreatic cancer cell 
lines compared with normal HPDE cells. The expression 
level of FBW7 in PDAC patients’ TMAs suggested that 
the expression of FBW7 was downregulated in PDAC 
samples compared with paracancerous tissues. Impor-
tantly, low expression of FBW7 significantly correlates 
with poor OS in PDAC cases. Therefore, there must be a 
mechanism that inhibits FBW7 in PDAC without affect-
ing FBW7 genetic status.

KRAS mutation has been regarded as the most frequent 
oncogenic event in PDAC. Overall, oncogenic KRAS 
signaling in PDAC is through three major pathways: Raf/
MEK/ERK, PI3K/Pdk1/Akt and the Ral guanine nucle-
otide exchange factor pathway [25]. As the best charac-
terized Ras downstream pathway, the MAPK signaling 
axis is of particular importance in PDAC development 
[17]. The pathway has been reported to play a central 
role in diverse cellular responses, such as proliferation, 
differentiation, and survival. Briefly, activated Ras binds 
to Raf, thereby directly activating MEK kinase via phos-
phorylation. MEK1/2 subsequently phosphorylates res-
idues in the activation loops of ERK kinase, resulting in 
their activation. Upon activation, ERK kinase can phos-
phorylate and activate both cytosolic and nuclear targets 
[18]. Previously, Minella et al. [20] indicated that Ras 
stabilized cyclin E via the activation of the MAPK path-
way and inhibition of FBW7-dependent cyclin E ubiq-
uitination in vivo. However, the underlying mechanism 
was not further clarified. Inspired by their findings, we 
speculated that cross-talk may occur between FBW7 and 
the MAPK pathway. As expected, in the current study, 
we found that FBW7 levels are inversely correlated with 
ERK activation in PDAC. On one hand, ectopic ex-
pression of ERK1 significantly reduced the endogenous 
FBW7 protein level. On the other hand, inhibition of 
the MAPK pathway dramatically increased endogenous 
FBW7 abundance. By contrast, inhibition of AKT kinase 
dramatically shortened Fbw7 half-life, indicating the 
PI3K/AKT pathway may play a different role in regulat-
ing Fbw7 stability (Supplementary information, Figure 
S3F and S3G). Furthermore, we found that ERK directly 
interacts with FBW7 and phosphorylates the T205 site to 
destabilize FBW7. Before our study, a report demonstrat-
ed that Pin1, the only peptidyl-prolyl cis/trans isomerase, 
interacts with FBW7 in a phospho-T205-dependent man-
ner and promotes FBW7 self-ubiquitination and protein 
degradation [21]. However, the signaling to trigger T205 
phosphorylation, which is important for understanding 
the physiological regulation, was largely left untouched 
in that study. Hence, our research not only filled the 
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missing upstream signaling that controls FBW7 stability 
via the T205 site but also identified new functions of the 
KRAS-MAPK kinase pathways in PDAC. Interestingly, 
a similar regulation paradigm between other oncogenic 
kinase and tumor suppressing proteins has also been 
reported. For example, decreased p27 expression levels 
in tumor cells mostly occur due to enhanced proteolysis, 
given that mutation of the p27 gene is a rare event in 
cancer. This low expression level is well explained by 
the finding that cylin A/CDK2 phosphorylates the CDK 
inhibitor p27 and triggers its destruction by the oncopro-
tein SCF-SKP2 in many cancer types [26], such as oral 
squamous cell carcinoma [27]. Another example is that 
the oncoprotein NEDD4-1 negatively regulates the sta-
bility of the tumor suppressor PTEN by catalyzing PTEN 
polyubiquitination and destruction in lung cancer [28, 
29]. Thus, in addition to genetic mutations, accelerated 
protein turnover upon certain post-translational modifi-
cation is another important means by which oncoproteins 
inactivate tumor suppressors during tumorigenesis. To 
dissect a possible role of self-ubiquitination in ERK-me-
diated FBW7 degradation, we generated a FBW7 R465H 
mutant that could not ubiquitinate substrates based on a 
previous report [21]. As shown in Supplementary infor-
mation, Figure S7A, R465H is more heavily ubiquitinat-
ed than WT FBW7, which is consistent with the previous 
report. Co-transfected ERK kinase could still promote 
poly-ubiquitination of the R465H mutant, which possibly 
indicates the involvement of other E3 ligases in FBW7 
stability control, but the possibility of self-ubiquitination 
can not be formally excluded. Furthermore, we generated 
T205E FBW7 construct. As shown in Supplementary in-
formation, Figure S7B, T205E mutant failed to form ho-
mo-dimer as WT and T205A FBW7 did. We also tested 
the ubiquitination potential of T205E, and interestingly 
T205E are less ubiquitinated than WT (Supplementary 
information, Figure S7C). Although the T→E mutation 
generated a negative charge at aa205, which is similar 
to what a phosphor group does after phosphorylation, 
Pin1 isomerase does not interact with EP motif and could 
not perform the cis-trans conversions. Thus, the T205E 
mutant may not be appropriate to be used to evaluate 
the regulatory effect involving Pin1. Overall, our study 
established an important regulatory function of FBW7 
by the activated RAS-MAPK-ERK signaling pathway, 
although more efforts are required to dissect how FBW7 
is ubiquitinated after its phosphorylation.

Previous studies have shown that FBW7 functions as 
a tumor suppressor by targeting multiple well-known on-
coproteins for degradation. However, the functional role 
of FBW7 in PDAC progression has not yet been well 
studied, although a recent stem cell study reported that 

FBW7 deletion in the adult pancreatic ducts induces the 
direct conversion of ductal cells into β cells [30]. In our 
study, by overexpressing the phospho-deficient mutant 
form of FBW7 (FBW7T205A mutant), we observed a re-
markable growth disadvantage in pancreatic cancer cells 
both in vitro and in vivo. To uncover the underlying mo-
lecular mechanism, we examined the changes in many 
known FBW7 substrates, such as cyclin E [31], c-Myc 
[32], c-Jun [33], Notch-1 [34], SREBP1 [35], PGC-1α 
[36], KLF-5 [37] and Mcl-1[38]. Intriguingly, only the 
level of c-Myc decreased significantly, suggesting a cen-
tral role for c-Myc in FBW7-mediated PDAC inhibition. 
c-Myc is one of the most frequently dysregulated onco-
genes in human malignancies, and it regulates multiple 
processes including uncontrolled cell proliferation, cell 
growth, genomic instability and tumor cell metabolism 
[39, 40]. Previous studies have also demonstrated that 
high levels of c-Myc are frequently detected in pancre-
atic cancer and promote the progression of pancreatic 
cancer [41-43]. Recent studies have shown that the ex-
pression levels of mutant KRAS and c-Myc share equal 
importance in the initiation and maintenance of pancre-
atic cancer [44, 45]. Therefore, through the phosphory-
lation and inhibition of FBW7, the KRAS-MAPK axis 
may mainly rescue c-Myc expression to trigger a major 
alteration in the transcription profile towards malignancy 
and cell growth advantage. However, further studies are 
required to determine whether other substrates, in addi-
tion to c-Myc, contribute to this phenotype in PDAC.

In summary, by exploring signaling pathways unique 
to PDAC and absent from other types of cancer, we 
demonstrated for the first time that the oncogenic KRAS-
MAPK signaling cascade, one of the major driving 
forces for PDAC progression, phosphorylates the tumor 
suppressor FBW7 at the T205 site and promotes FBW7 
ubiquitination and destruction. Thus, the dysregulation 
of FBW7 substrates, such as c-Myc, promotes tumori-
genesis and poor clinical prognosis (Figure 7H). These 
findings have revealed important aspects of the function-
al roles of oncogenic KRAS signaling in PDAC and may 
contribute to designing new therapeutic strategies to treat 
pancreatic cancer.

Materials and Methods

Cells and reagents
The human pancreatic cancer cell lines SW1990, PANC-1, 

CFPAC-1, Capan-1, MIA PaCa-2 and AsPC-1 with KRAS muta-
tions were obtained from the American Type Culture Collection. 
The SW1990 cells were cultured in L-15 medium supplemented 
with 10% fetal bovine serum (FBS). PANC-1 cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% FBS. CFPAC-1 cells were cultured in Iscove’s Modi-
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fied Dulbecco’s Medium (IMDM) supplemented with 10% FBS. 
Capan-1 cells were cultured in IMDM supplemented with 20% 
FBS. MIA PaCa-2 cells were cultured in DMEM supplemented 
with 10% FBS and 2.5% horse serum. AsPC-1 cells were cultured 
in Roswell Park Memorial Institute medium supplemented with 
10% FBS. The HPDE cells were cultured in complete keratinocyte 
serum-free medium supplemented with 50 µg/mL bovine pituitary 
extract and 5 ng/mL epidermal growth factor (Gibco). All of the 
cell culture media contained 100 U/mL penicillin and 100 mg/
mL streptomycin. UO126, AZD6244, trametinib, SCH772984 and 
MG132 were purchased from Selleck. CHX, CIP and dimethyl 
sulfoxide (DMSO) were purchased from Sigma-Aldrich. 

Tissue specimens
The clinical tissue samples used in this study were histopatho-

logically and clinically diagnosed at Fudan University Shanghai 
Cancer Center from 2010 to 2011. Prior patient consent and ap-
proval from the Institutional Research Ethics Committee were 
obtained. The clinical information on the samples is presented in 
Supplementary information, Table S1. Tissue slides derived from 
P48-Cre;KrasLSL-G12D;Ink4a/ArfF/F mice were provided by Chiao 
PJ. The histological grading and pathological annotation were 
performed by two independent pathologists at our center. The 
correlation between p-ERK and FBW7 was analyzed using the χ2 
test. The use of human PDAC tissue specimens was evaluated and 
approved by the Ethical Committee of Fudan University Shanghai 
Cancer Center, and written informed consent was obtained from 
all participants or their appropriate surrogates.

Plasmids 
The Flag-tagged coding sequence of human FBW7 or the rel-

evant T205A mutant was cloned into the lentiviral vector pCDH-
CMV-MCS-EF1-puro (SBI, USA) to generate FBW7 expression 
plasmids. The first 300 amino acids of the human FBW7 protein 
and the T205A mutant were cloned into the pGEX-4T-1 vector to 
generate bacterial expression constructs. The expression vectors 
for HA-tagged MEK1 (WT-MEK) and constitutively active MEK1 
(CA-MEK; in which the Raf1-dependent regulatory phosphory-
lation sites S218 and S222 were substituted by aspartic residues) 
were constructed as previously described [46]. 

shRNA and siRNA treatments
pLKO.1-TRC cloning vector (Addgene:10878) was used to 

express shRNAs against ERK1. In brief, 21-bp oligos targeting 
ERK1 was ligated into the pLKO.1-TRC cloning vector to gener-
ate the pLKO.1-shERK1 construct. pLKO.1-shScr (Addgene:1864) 
containing scrambled non-target shRNA was used as control. siR-
NA duplexes against ERK1, ERK2 and Pin1 were transfected into 
293T cells using Lipofectamine 2000 (Invitrogen). The shRNA 
oligo and siRNA duplex sense sequences were listed in Supple-
mentary information, Table S3.

Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit-8 

(CCK-8; Dojindo) as previously described [47]. 

Colony formation assay
Five hundred cells were placed in each well of a 6-well plate 

and maintained in media containing 10% FBS for 10 days. Colo-

nies were fixed with methanol and stained with 0.1% crystal violet 
in 20% methanol for 15 min. The number of colonies was counted 
using an inverted microscope.

RNA isolation and quantitative real-time PCR
Total RNA was prepared using TRIzol reagent (Invitrogen, 

USA), and cDNA was obtained by reverse transcription using 
a TaKaRa PrimeScript RT reagent Kit. The expression status of 
candidate genes and GAPDH were determined by quantitative 
real-time PCR using an ABI 7900HT Real-Time PCR system (Ap-
plied Biosystems, USA). All reactions were run in triplicate. 

Primers used:
Human FBW7: 5′-CCACTGGGCTTGTACCATGTT-3′ (for-

ward); 5′-CAGATGTAATTCGGCGTCGTT-3′ (reverse).
Human GAPDH: 5′-CGACCACTTTGTCAAGCTCA-3′; (for-

ward); 5′-AGGGGAGATTCAGTGTGGTG-3′ (reverse).

Western blot
The proteins were extracted using EBC lysis buffer (50 mM, 

Tris pH 8.0, 120 mM NaCl, 0.5% NP-40) supplemented with 
protease inhibitors (Complete Mini, Roche) and phosphatase in-
hibitors (phosphatase inhibitor cocktail set I and II, Selleck). The 
protein concentrations were measured using a Bradford Protein 
Assay Kit (Bio-Rad). Total proteins (20 µg) were separated by 
SDS-PAGE and blotted onto polyvinylidene fluoride membranes 
(Bio-Rad). After blocking with 5% non-fat milk in tris-buffered 
saline with tween at room temperature for 30 min, the membranes 
were probed with antibodies. The antibody against FBW7 was 
purchased from Bethyl, and p-FBW7 was custom-ordered from 
Abclonal Technology. The PGC1α, ERK1, HA and tubulin anti-
bodies were purchased from Santa Cruz, and p-ERK, Mcl-1 and 
the phospho-TP monoclonal antibodies were purchased from Cell 
Signaling Technology, while c-Myc, cyclin E, Notch1, c-Jun, 
p-AKT and p-RSK antibodies were all purchased from Abcam. 
The GST, Myc, SREBP1 and KLF-5 antibodies were purchased 
from Proteintech. The Flag antibody was purchased from Sig-
ma-Aldrich. All secondary antibodies were purchased from Dako. 
After incubation with primary and secondary antibodies, immuno-
blots were incubated with an enhanced chemiluminescence detec-
tion kit (Millipore) and visualized in a dark room. 

In vivo ubiquitination analysis
Cells were transfected with a plasmid encoding Flag-FBW7 

along with Myc-tagged ubiquitin. The HA-ERK1 vector was 
co-transfected to assess its effect on FBW7 ubiquitination. Thir-
ty-six hours after transfection, 15 µM MG132 was added to block 
proteasome degradation, and cells were harvested in EBC buffer 
containing protease inhibitors. Two milligrams of whole-cell 
lysates was incubated with Flag beads (Sigma-Aldrich) for 4 h, 
followed by washing 5 times with NETN buffer (0.5% NP-40, 1 
mM EDTA, 20 mM Tris, pH 8.0 and 100 mM NaCl). The washed 
pellet was boiled in SDS-containing lysis buffer, resolved by SDS-
PAGE, and detected by immunoblotting.

In vitro kinase assay
Cells from the 293T line were transfected with HA-ERK1. 

Forty-eight hours later, ERK1 was immunoprecipitated using an 
HA-matrix (Roche) and then incubated with 1 µg of GST-FBW7 
protein (wild type and T205A mutant) in the presence of 200 µM 
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cold ATP in kinase reaction buffer for 30 min. The reaction was 
stopped by the addition of SDS-containing lysis buffer, and the 
proteins were resolved by SDS-PAGE and detected by immuno-
blotting.

Tumorigenesis study
BALB/c-nu mice (5-6 weeks of age, 18-20 g, Shanghai SLAC 

Laboratory Animal Co., Ltd.) were housed in sterile filter-capped 
cages. A total of 4 × 106 cells in 100 µl phosphate-buffered saline 
were injected subcutaneously into the backs of the mice. Tumor 
size was measured every week with calipers from the time of the 
formation of palpable tumors. Tumor volume was calculated by 
the formula of length × width2 × 0.52 [48]. Six weeks postimplan-
tation, the mice were euthanized, and the tumors were surgically 
dissected. The tumor specimens were fixed in 4% paraformalde-
hyde. Samples were then processed for histopathological exam-
ination. All animal experiments were performed according to the 
guidelines for the care and use of laboratory animals and were 
approved by IACUC of Fudan University and the University of 
Texas, MD Anderson Cancer Center.

Mass Spectrometry analysis to detect FBW7 T205 phos-
phorylation in vivo

SW1990 cells were pretreated with MG132 overnight. Whole-
cell lysates were collected to perform immunoprecipitation with 
FBW7 antibody. The phosphorylation status of FBW7 were an-
alyzed by mass spectrometry according to the protocols reported 
previously [49].

Statistics
Unless otherwise indicated, data are expressed as the mean ± 

SD, and the differences between any two groups were compared 
by t-tests. The χ2 test was used to analyze the relationship between 
FBW7 expression and clinicopathological characteristics. The sur-
vival curve was plotted using the Kaplan-Meier method and com-
pared by the log-rank test. All statistical analyses were conducted 
using the SPSS 19.0 statistical software package. A P value of < 
0.05 was considered significant.

Other methods are described in the Supplementary information, 
Data S1.
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