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FGFBP1, a downstream target of the FBW7/c-Myc  
axis, promotes cell proliferation and  
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Abstract: The secreted fibroblast growth factor (FGF) binding protein (FGF-BP), which is an extracellular chaperone 
molecule for FGFs, has been demonstrated to enhance the biological and biochemical activities of FGFs and to be 
closely related to the growth of several cancers. However, the role of FGFBP1 in pancreatic adenocarcinoma (PDAC) 
has not been studied extensively. We previously reported that decreased FBW7 could induce pancreatic cancer 
proliferation and progression. In the present study, we investigated whether FBW7 inhibited cell proliferation and 
metastasis by decreasing the expression of FGFBP1 in pancreatic cancer. We initially confirmed that pancreatic can-
cer patients with higher FGFBP1 expression had a worse prognosis. Next, we demonstrated that FGFBP1 silencing 
inhibited the proliferation and metastasis of PANC-1 and Mia PaCa-2 cells. Mechanistically, FGFBP1 was negatively 
correlated with FBW7 but positively correlated with c-Myc in PDAC tissue samples, and FBW7 regulated FGFBP1 in 
a c-Myc-dependent manner. We also found that FBW7 silencing could partly reverse the effect of FGFBP1 silencing 
on proliferation and metastasis. In summary, FGFBP1 is a prognostic marker for overall survival and is required 
for pancreatic cancer cell proliferation and metastasis, which is mediated by FBW7 in a c-Myc-dependent manner. 
Thus, targeting the FBW7/c-Myc/FGFBP1 axis might suppress recurrence and metastasis and provide novel treat-
ment strategies for PDAC.
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Introduction

Pancreatic cancer is one of the most malignant 
tumors of the digestive system, with a five-year 
survival rate of only 9% [1]. The low survival 
rate is due to several factors, the most impor-
tant of which is the diagnosis that most patients 
receive, namely, late-stage disease with loco-
regional spread and distant metastases [2]. 
Surgery is currently the most effective treat-
ment for pancreatic cancer, but only approxi-
mately 20% of patients have surgical opportu-
nities in the clinic [2]. Moreover, metastatic 
relapse occurs in most patients undergoing 
resection, and their 5-year survival rate is still 
between 20 and 30% [3]. Autopsy cases have 
also revealed that ~90% of patients with pan-
creatic cancer have distant metastases. Both 
the metastatic behavior and progression of 

PDAC contribute to the poor clinical outcome of 
the malignancy [4]. It may be impossible to 
overcome the disease without new therapeu- 
tic strategies targeting the proliferation and 
metastasis of pancreatic cancer cells. The 
tumor biology of pancreatic cancer plays an 
important role in early recurrence and meta- 
stasis [5]. Hence, a better understanding of  
the novel mechanisms underlying malignant 
biological activities may yield new knowledge 
for therapeutic purposes.

As a secreted protein, fibroblast growth factor-
binding protein 1 (FGFBP1) binds and releases 
immobilized fibroblast growth factor (FGF) from 
the extracellular matrix. In addition, FGFBP1 
enhances the activities of FGFs by chaperoning 
them to their receptors [6]. FGFBP1 is condu-
cive to proliferation and differentiation during 
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embryonic development and wound healing  
[7]. Compared to its low expression in normal 
adult tissues, FGFBP1 expression is signifi- 
cantly higher in several cancers [8]. In addition 
to its important factor in tumor angiogene- 
sis, upregulation of FGFBP1 facilitates cancer 
growth and metastasis [9, 10]. FGFBP1 is pre-
cisely regulated by different transcription fac-
tors including β-catenin/TCF4, C/EBP, and 
KLF5 that bind to several promoter elements. 
Correspondingly, Wnt/β-catenin and KLF5-
induced tumorigenesis and metastasis are 
decreased by knocking down FGFBP1 [11-13]. 
However, the mechanisms of these FGFBP1-
mediated effects in PDAC have not been fully 
elucidated. The promoter region of FGFBP1 has 
been shown to be directly bound by c-Myc [14]. 
In addition, a previous study demonstrated that 
c-Myc is a crucial substrate of F-box and WD 
repeat domain-containing 7 (FBW7) in PDAC 
[15].

FBW7 acts as the substrate recognition compo-
nent of an ubiquitin ligase complex, which regu-
lates cell apoptosis, proliferation and metabo-
lism [16]. Previous screenings have suggested 

In this study, we observed that FGFBP1 is highly 
expressed in pancreatic cancer tissues com-
pared with adjacent tissues and that high 
expression of FGFBP1 is associated with a poor 
outcome for PDAC patients. We also found that 
FGFBP1 silencing inhibited the proliferation 
and metastasis capacity of pancreatic cancer 
cells. Mechanistically, decreased FBW7 may 
induce the upregulation of FGFBP1 in a c-Myc-
dependent manner. Collectively, our results 
provide promising treatment targets for improv-
ing the prognosis of pancreatic cancer patients.

Materials and methods

Tissue specimens and cell line

The tissue specimens were obtained from 
patients diagnosed with PDAC at Fudan 
University Shanghai Cancer Center (FUSCC) in 
2012. The pathological diagnoses were con-
ducted by two independent pathologists. The 
clinical characteristics of the samples are  
summarized in Table 1. We have gained the 
informed consent of patients and approval 
from the Clinical Research Ethics Committee  

Table 1. Relationship between FGFBP1 expression and clini-
copathological features of pancreatic cancer

Variables Patients 
number (n)

FGFBP1 expression in tumor  
tissue of pancreatic cancer

Low (n=45) High (n=64) P value
Age (years) 0.507
    ≤60 54 24 30
    >60 55 21 34
Gender 0.581
    Male 62 27 35
    Female 47 18 29
Tumor size (cm) 0.903
    ≤4 83 34 49
    >4 26 11 15
TNM stage 0.234
    I, IIa 58 27 31
    IIb, III, IV 51 18 33
Histological grade 0.310
    Grade 1, 2 69 31 38
    Grade 3 40 14 26
Lymph node status 0.345
    Negative 62 28 34
    Positive 47 17 30
Vascular emboli 0.936
    Negative 90 37 53
    Positive 19 8 11

that FBXW7 mutations occur in 
approximately 6% of all cancers 
[17]. However, in pancreatic can-
cer, FBW7 mutations are rare, and 
activation of the Ras pathway le- 
ads to the substantially downregu-
lated protein level of FBW7 [15]. 
FBW7 markedly promotes apopto-
sis and suppresses proliferation 
through promoting degradation of 
proto-oncogenes [18]. Our previous 
studies indicated that downregu-
lated FBW7 results in enhanced 
pancreatic cancer progression due 
to a corresponding reduction in 
c-Myc degradation [15]. In addi- 
tion, downregulated FBW7 indu- 
ces the aerobic glycolysis of pan-
creatic cancer cells via a c-Myc-
mediated decrease in thioredoxin-
interacting protein [19]. Moreover, 
downregulated FBW7 has been 
shown to enhance Muc16 expres-
sion in pancreatic cancer cells in  
a c-Myc-dependent manner [20]. 
These studies demonstrate that 
decreased FBW7 and increased 
c-Myc can promote PDAC pro- 
gression.
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of FUSCC, the human PDAC cell lines PANC-1, 
MiaPaCa-2 were obtained from the American 
Type Culture Collection (ATCC, USA). The cells 
were cultured following the standard proto- 
cols provided by ATCC. Shortly, PANC-1 cells 
were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% foetal bovine 
serum (FBS) with 100 U/mL penicillin and 0.1 
mg/mL streptomycin and MIA PaCa-2 cells 
were cultured in DMEM supplemented with an 
additional 2.5% horse serum in addition to  
10% FBS. The cells were kept in a 37°C humidi-
fied incubator with 5% CO2.

Vectors and siRNA targets

In order to silence FGFBP1 expression in pan-
creatic cancer cells, pLKO.1-TRC cloning vector 
was used. 21 bp targets against FGFBP1 were 
GAGCTCTCTCTGCACATTCTT and GCAAAGTGG- 
TCTCAGAACAAA respectively. The promoter 
region of FGFBP1 covering from -2000 to +200 
was amplified from genomic DNA of PANC-1 
cells and ligated into pGL3-Basic vector. siRNA 
targets against cMyc were GTCAAGAGGCGA- 
ACACACA and CGGTGCAGCCGTATTTCTA res- 
pectively. siRNA targets against FBW7 were 
ACCTTCTCTGGAGAGAGAAATGC and GGAATG- 
CAGAGACTGGAGA respectively. 

Cell viability assay

Cell viability was measured using a Cell 
Counting Kit-8 (Dojindo, Japan). In brief, cells 
maintained in 200 μL of medium were seeded 
in each well of 96-well plate and cultured for 
the indicated times. After CCK-8 solution was 
added into each well and incubated for 2 hours, 
the absorbance of each well at 450 nm was 
measured using a microplate reader.

Colony formation assay

PANC-1 and MiaPaCa-2 cells (500/well) was 
seeded and cultivated for indicated times. After 
being fixed by 4% paraformaldehyde, the cells 
were stained with 0.1% crystal violet (Sigma, 
USA). The colonies were counted under micro-
scope subsequently.

Transwell migration assay

A 24-transwell chamber was used to perform 
migration assays. The lower chamber con-
tained 800 μL of media supplemented with 

10% FBS. 200 μL of serum-free medium con-
taining cells (~6×104 cells) was added to the 
upper chamber. After cultivation for 24 h at 
37°C with 5% CO2, the non-migrating cells were 
removed, migrating cells were fixed, stained 
and imaged. Finally, the number of migrating 
cells was quantified in random six fields.

Immunohistochemistry

IHC staining with primary antibodies against 
FGFBP1 (1:200; Affinity, China), FBW7 (1:200; 
Bethyl, USA), c-Myc (1:200; Abcam, UK) were 
conducted using standard protocols as shown 
previously [21, 22]. The score scare includes 
the multiplying the positivity (0, <10%; 1, 10%-
25%; 2, 25%-50%; 3, 50%-75%; 4, >75%) and 
intensity scores (0, negative; 1, low; 2, moder-
ate; 3, strong). The product of the two scores 
represents the protein expression levels (nega-
tive (0, -); weakly positive (1-3, +); moderately 
positive (4-6, ++); and strongly positive (>6, 
+++). The overall staining scores >6 was con-
sidered a high expression, while a score ≤6 was 
defined as low expression.

Western blotting

Western blotting was performed as shown in a 
previous study15. The antibodies chosen in this 
assay were Tubulin (1:10000; Abcam, UK), 
FGFBP1 (1:1000; Affinity, China), FBW7 
(1:1000; Bethyl, USA) and c-Myc (1:10000; 
Abcam, UK).

Quantitative real-time PCR

Total RNA was extracted from cells using  
TRIzol reagent from Invitrogen of USA. cDNA 
was obtained through reverse transcription 
using a commercially available TaKaRa Pri- 
meScript RT reagent kit. The expression levels 
of candidate genes were detected using an  
ABI 7900HT Real-time PCR system from App- 
lied Biosystems of USA. The primer sequences 
are shown in Table 2.

Promoter activity evaluation by dual-luciferase 
assay

The FGFBP1 promoter region, which spans 
from -2000 to 200 of the transcription starting 
site, was firstly amplified from human genomic 
DNA and then cloned into a pGL3-Basic vector. 
After seeded in 96-well culture plates, HEK-
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293T cells were transfected with the pGL3  
constructs together with Renilla luciferase 
expression vectors obtained from Lipofecta- 
mine 2000 (Invitrogen, USA). Finally, Firefly and 
Renilla luciferase activities were measured 
using a dual-luciferase system (Promega, USA) 
as described in the manufacturer’s protocol.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed following the protocols of 
an available Magna ChIP™ A/G Chromatin 
Immunoprecipitation Kit from Merck Millipore 
Corporation. Two pairs of primers to detect 
FGFBP1 promoter occupancy were: ChIP- 
FGFBP1F1: 5’-AAGAGCAAAGCAGACGCTGGGA- 
TG-3’; ChIPFGFBP1R1: 5’-CTCCACGAACAGGC- 
TCTCTCATGC-3’; ChIPFGFBP1F2: 5’-AGACCCT- 
GTCATGAGGCAAAACG-3’; ChIPFGFBP1R2: 5’- 
CTACCAGGCTCTGAGAGGCTGGTA-3’.

Statistics

The results were processed using SPSS 24.0 
software from Abbott Laboratories, USA and 
presented as the mean ± SD. The data be- 
tween groups were statistically analyzed with 
One-way ANOVA and Student’s test. A Chi 
square test was used to analyze the relation-
ships between FGFBP1 expression and clinico-
pathologic characteristics and log-rank test 
and Cox regression were adopted to per- 
form survival analysis for pancreatic cancer 
patients. The correlation between the FGFBP1 
and either FBW7 or c-Myc expression was  
analyzed with Spearman correlation analysis. 
P<0.05 was defined as significant. *Rep- 
resented significant differences (P<0.05, com-
pared with group control); **Represented with 
significant differences (P<0.01, compared with 
group control); ***Represented with signifi-
cant differences (P<0.001, compared with 
group control); ****Represented with signifi-

cant differences (P<0.0001, compared with 
group control).

Results

FGFBP1 expression is negatively correlated 
with PDAC prognosis

First, FGFBP1 expression in 35 paired-patient 
specimens of PDAC and adjacent normal  
tissues was measured using IHC (Figure 1A 
and 1B). Next, the IHC results of FGFBP1 
expression were further confirmed in tissue 
micro arrays containing 109 pairs of patient 
specimens (Figure 1C). Additionally, analysis by 
log-rank testing indicated that high FGFBP1 
expression significantly correlates with a poor 
prognosis for patients with PDAC (P<0.01; 
Figure 1D). Then, the correlation between 
FGFBP1 expression and survival time was  
validated using GEPIA analysis (Figure 1E). 
Based on a Cox regression analysis, FGFBP1 
was an independent prognostic marker of  
PDAC (Table 3).

FGFBP1 promotes the proliferation and metas-
tasis of PDAC

Based on the crucial role of FGFBP1 in the 
PDAC prognosis, we subsequently explored  
the effect of FGFBP1 on the biological behavior 
of pancreatic cancer cells. We began by con-
structing stable FGFBP1-silenced cell lines by 
transfecting PANC-1 and MiaPaCa-2 cells with 
an FGFBP1-specific shRNA and then screening 
the cells by puromycin selection. We next vali-
dated the knockdown efficiency using qPCR 
and Western blotting (Figure 2A and 2B).  
The results of CCK-8 assays suggested that 
FGFBP1 knockdown markedly reduced the  
viability of PANC-1 and MiaPaCa-2 cells  
(Figure 2C and 2D). Furthermore, FGFBP1 
silencing substantially decreased the colony 
formation capacity of PANC-1 and MiaPaCa-2 
cells (Figure 2E and 2F). In addition, the re- 
sults of transwell assays suggested that 
FGFBP1 silencing in PANC-1 and MiaPaCa-2 
cells led to weakened migration (Figure 2G  
and 2H). Collectively, these data indicate that 
FGFBP1 may be a proto-oncogene and promote 
PDAC cell proliferation and metastasis.

FBW7 negatively regulates FGFBP1 expression

Considering the significant role of FBW7/c-Myc 
in PDAC progression and the results of the pre-

Table 2. Primer sequences used in this study
β-actin forward: 5’-CTACGTCGCCCTGGACTTCGAGC-3’
β-actin reverse: 5’-GATGGAGCCGCCGATCCACACGG-3’
c-Myc forward: 5’-AACACACAACGTCTTGGAGCGCCA-3’
c-Myc reverse: 5’-TCCTCTGCTTGGACGGACAGGATG-3’
FGFBP1 forward: 5’-CTTCACAGCAAAGTGGTCTCA-3’
FGFBP1 reverse: 5’-GACACAGGAAAATTCATGGTCCA-3’
FBW7 forward: 5’-CCACTGGGCTTGTACCATGTT-3’
FBW7 reverse: 5’-CAGATGTAATTCGGCGTCGTT-3’
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vious study showing that c-Myc could bind to 
the promoter region of FGFBP1, we hypo- 
thesized that FGFBP1 may be regulated by 
FBW7/c-Myc. We first explored whether FBW7 
regulated FGFBP1 expression. The results of 
qPCR and Western blot analyses indicated 
increased expression of FGFBP1 after knock-
down of FBW7 in the PANC-1 and MiaPaCa-2 
cell lines (Figure 3A-D). To further confirm the 
findings of the in vitro experiments, we ana-
lyzed the correlation between FGFBP1 and 
FBW7 in PDAC patient tissue samples. The IHC 
results revealed that FGFBP1 expression is 
negatively correlated with FBW7 levels in PDAC 
patients (Figure 3E and 3F). Additionally, we 

found decreased expression of FGFBP1 mRNA 
and protein in PANC-1 and Mia PaCa-2 cells 
overexpressing FBW7 (Figure S1A and S1B). 
Moreover, the results of an ELISA analysis sug-
gested that the amount of FGFBP1 secreted 
into the extracellular space was significantly 
reduced in the culture media of FBW7-
overexpressing PANC-1 and Mia PaCa-2 cells 
(Figure S1C).

c-Myc positively regulates FGFBP1 expression

Based on the observation that FBW7 downreg-
ulates FGFBP1 at the transcriptional level and 
that two potential c-Myc binding elements exist 

Figure 1. FGFBP1 expression is increased in PDAC tissues. A. Representative images of IHC staining for FGFBP1 
in PDAC and adjacent normal tissue (scale bar, 50 μm). B. FGFBP1 expression in PDAC and adjacent normal tis-
sues, as determined by the IHC score (n=35, ***P<0.001). C. Representative images of IHC staining for FGFBP1 
in tissue microarrays (scale bar, 200 µm; inset scale bar, 50 µm). D. The overall survival of patients with PDAC was 
analyzed using the Kaplan-Meier analysis on the basis of FGFBP1 expression in the tissues from our center (n=109, 
**P<0.01). E. The overall survival of patients with PDAC was analyzed using the Kaplan-Meier analysis on the basis 
of FGFBP1 expression in the tissues from GEPIA (n=178, **P=0.008).
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in the promoter of FGFBP1, we hypothesized 
that FBW7 downregulates FGFBP1 by targe- 
ting c-Myc degradation. We initially investi- 
gated FGFBP1 expression in c-Myc-silenced 
pancreatic cancer cells. The subsequent qPCR 
analysis revealed that FGFBP1 was downregu-
lated in response to c-Myc silencing (Figure 4A 
and 4B). FGFBP1 protein expression was also 
significantly decreased in these PANC-1 and 
Mia PaCa-2 cells (Figure 4C and 4D). Moreover, 
the IHC results revealed that FGFBP1 expres-
sion is positively correlated with c-Myc levels in 
PDAC patients (Figure 4E and 4F).

FBW7 regulates FGFBP1 expression in a c-
Myc-dependent fashion

Given these results, the promoter region of 
FGFBP1 harbors two possible c-Myc binding 
elements (Figure 5A). We performed a ChIP 
assay to evaluate whether c-Myc could occupy 
the E-boxes in the FGFBP1 promoter region. As 
shown, c-Myc was merely enriched in E-box2 
instead of E-box1 in the promoter region (Figure 

5B), which further supports its regulation of 
FGFBP1. Subsequent luciferase assays sug-
gested that the manipulation of c-Myc expres-
sion increased FGFBP1 promoter activity, which 
was confirmed by the mutation of FGFBP1 bind-
ing sites. When the sequence was mutated 
from CACATG into AATATG to generate a mutant, 
c-Myc lost its promoting function for the mutat-
ed luciferase construct (Figure 5C).

c-Myc reversed the inhibitory effects of FBW7 
on FGFBP1 expression

To further confirm the role of c-Myc in the effect 
of FBW7 on FGFBP1, we targeted both FBW7 
and c-Myc in PANC-1 and Mia PaCa 2 cells. As 
expected, FGFBP1 mRNA levels were substan-
tially decreased, while c-Myc was silenced in 
pancreatic cancer cells, even when FBW7 was 
also silenced (Figure 6A and 6B). Subsequent 
Western blotting analysis demonstrated that 
FBW7 silencing significantly promoted FGFBP1 
protein expression, which could be reversed by 
c-Myc silencing (Figure 6C and 6D).

Table 3. Univariate and multivariate Cox regression of overall survival for patients with PDAC

Characteristics
Univariate Multivariate

HR 95% CI P value HR 95% CI P value
Age (years)
    >60 1.216 0.805 to 1.837 0.352 -
    ≤60
Gender
    Male 0.902 0.594 to 1.370 0.630 -
    Female 
Tumor size (cm)
    >4 2.134 1.325 to 3.437 0.002** 1.899 1.164 to 3.097 0.010*

    ≤4
TNM stage
    IIb, III, IV 1.751 1.158 to 2.648 0.008** -
    I, IIa
Histological grade
    Grade 3 1.805 1.175 to 2.773 0.007** 1.857 1.182 to 2.918 0.007**

    Grade 1, 2
Lymph node status
    Positive 2.027 1.337 to 3.073 0.001** -
    Negative
Vascular emboli
    Positive 1.130 0.649 to 1.966 0.666 -
    Negative
FGFBP1 expression
    High 1.908 1.243 to 2.929 0.003** 2.047 1.32 to 3.174 0.001** 

    Low
*P<0.05, **P<0.01.
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FBW7 can weaken the promoting effect of 
FGFBP1 on cell proliferation and metastasis in 
PDAC

Consistent with the above results, the results 
of CCK-8 assays demonstrated that FGFBP1 

knockdown markedly reduced the viability of 
PANC-1 and MiaPaCa-2 cells and FBW7 knock-
down substantially increased the viability but 
that silencing FBW7 could weaken the inhibito-
ry influence of FGFBP1 silencing (Figure 7A and 
7B). Additionally, FGFBP1 silencing inhibited 

Figure 2. Specific silencing of FGFBP1 decreases the proliferation and metastasis of pancreatic cancer cells. A. 
Analysis of relative gene expression data of FGFBP1 using real-time quantitative PCR and the 2-ΔΔCT method. B. 
Analysis of protein expression of FGFBP1 using Western blotting assay. C, D. CCK-8 assays were used to test the 
proliferation of PDAC cells transfected with the FGFBP1 shRNA. E, F. Colony formation assays were conducted to 
confirm the effect of FGFBP1 silencing on pancreatic cancer cell lines; G, H. Transwell assays were performed to 
assess the effect of FGFBP1 silencing on pancreatic cancer cell lines.
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pancreatic cancer proliferation and abrogation 
of FBW7 promoted pancreatic cancer prolifera-
tion and FBW7 silencing resulted in partial 
recovery of the proliferation capacity of the 
FGFBP1-silenced PANC-1 and MiaPaCa-2 cell 
lines (Figure 7C and 7D). FBW7 silencing could 
also partly reverse the inhibition of FGFBP1 
knockdown on the migration capacity of PANC-
1 and MiaPaCa-2 cells (Figure 7E and 7F). 

Based on these data, we identified FGFBP1 as 
a novel prognostic marker for overall survival by 
using the FUSCC cohort and a TCGA dataset. 

Additionally, in vitro experiments performed 
with in vitro cell lines suggested that FGFBP1 
promoted the proliferation and migration of 
pancreatic cancer cells. Mechanistically, FBW7 
inhibited the expression and secretion of 
FGFBP1 in a c-Myc-dependent manner (Figure 
7G).

Discussion

The biological characteristics of pancreatic 
cancer cells place a crucial role in tumor pro-
gression and the prognosis of patients with 

Figure 3. Correlation between FGFBP1 and FBW7 expression. A, B. The mRNA levels of FGFBP1 in the pancreatic 
cancer cell lines were measured by real-time PCR. C, D. The protein levels of FGFBP1 were analyzed by Western 
blotting following treatment. E. Representative images of IHC staining for FGFBP1 and FBW7 in PDAC tissues (scale 
bar, 50 μm). F. Correlation analysis of FGFBP1 expression and FBW7 expression in PDAC tissues, as determined by 
the IHC score (n=30, ****P<0.0001).
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PDAC. Thus, a better understanding of the 
mechanisms underlying cell proliferation and 
metastasis may provide new targets for treat-
ment. In our study, we explored the role of 
FGFBP1 in PDAC. Our findings demonstrated 
that the proliferation and metastasis of pancre-
atic cancer cells can be enhanced by FGFBP1, 
which is regulated via FBW7-mediated c-Myc. 
Furthermore, FGFBP1 expression acts as a 
powerful prognostic factor for pancreatic can-
cer patients.

The FGFBP family includes two murine and 
three human members; these are secreted 
chaperone proteins that release FGFs that are 
anchored in the extracellular matrix and facili-
tate FGF binding to receptors [23, 24]. FGFBP1 
is the best-characterized member of the FGF 
family [25]. In addition to being a carrier pro-
tein, FGFBP1 has a specific physiological func-
tion [26]. The results of a Northern blot analysis 
suggested that FGFBP1 is expressed at low lev-
els in normal adult human tissues but markedly 

Figure 4. Correlation between the expression of FGFBP1 and c-Myc. A, B. The mRNA levels of FGFBP1 in pancreatic 
cancer cell lines were measured by real-time PCR. C, D. The protein levels of FGFBP1 were analyzed by Western 
blotting following treatment. E. Representative images of IHC staining for FGFBP1 and c-Myc in PDAC tissues (scale 
bar, 50 μm). F. Correlation analysis of FGFBP1 expression and c-Myc expression in PDAC tissues, as determined by 
the IHC score (n=30 ****P<0.0001).
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upregulated in various cancers, including  
pancreatic cancers, colon adenocarcinomas  
and squamous cell carcinomas [10, 11, 27]. 
Czubayko F et al. reported that FGFBP1 func-
tions as a rate-limiting factor for angiogenesis 
and tumor growth in FGF-BP-negative cell  
lines of a nude mouse model [28]. Moreover, 
FGFBP1 acts as an angiogenic switch in human 
cancer [29-31]. In addition, upregulation of 
FGFBP1 in colorectal and pancreatic cancer 
promotes angiogenesis and growth, which cor-
relates with tumor progression and a poor out-
come [23], while FGFBP1 silencing substan- 
tially reduces angiogenesis and tumor growth 
in human colorectal cancer and squamous cell 
carcinoma cell lines [29]. However, the exact 
role of FGFBP1 in pancreatic cancer requires 
further investigation.

In the present study, the results revealed that 
the expression of FGFBP1 is higher in human 
PDAC specimens than in adjacent control tis-
sues and that overexpression of FGFBP1 is 
substantially associated with microvascular 
invasion. PDAC patients with high FGFBP1 
expression have poorer outcomes than pa- 
tients with low FGFBP1 expression. A multivari-
ate analysis indicated that FGFBP1 expression 
serves as a crucial risk factor for cancer metas-
tasis and shortens patient overall survival 
times following curative resection. These clini-
cal results strongly demonstrate that FGFBP1 
plays an important role in promoting PDAC pro-
gression. Furthermore, we found that FGFBP1 
silencing inhibits pancreatic cancer cell prolif-
eration and metastasis. Our results suggested 
that FGFBP1 may promote the proliferation and 

Figure 5. c-Myc is involved in FGFBP1 transcriptional expression in PDAC. A. The position of the c-Myc binding sites 
in the FGFBP1 promoter. B. c-Myc occupies the binding sites of the FGFBP1 promoter region in PANC-1 and Mia-
PaCa-2 cells, as measured by ChIP assay. C. c-Myc affected FGFBP1 promoter activity in HEK-293T cells.
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metastasis of PDAC cell lines. However, the 
oncogenic role of FGFBP1 in PDAC needs to be 
further confirmed be means of in vivo experi-
ments in the future.

Various findings have demonstrated that FG- 
FBP expression is strictly controlled by several 
mechanisms and promoter elements to which 
transcription factors including KLF5, C/EBP 
and β-catenin/TCF4 can directly bind and acti-
vate FGFBP transcriptional expression [31]. 
Ray et al. found that β-catenin upregulates 
FGFBP during colon carcinogenesis [11]. Harris 
proposed that the FGFBP promoter can be  
activated by EGF through AP-1 and C/EBP  
sites [12]. H-Q Zheng et al. reported that breast 
cell proliferation can be promoted by KLF5-
mediated upregulation of FGFBP1 transcrip- 
tion [13]. Moreover, KLF5 is targeted by FBW7 
for ubiquitin-mediated degradation, which in- 
hibits breast cell proliferation [32, 33]. Alth- 
ough our previous study revealed that other 
known FBW7 substrates, including KLF5, were 
barely affected by the overexpression of FBW7 
in PDAC, we analyzed the promoter region of 
FGFBP1 and found two potential c-Myc binding 
sites. Furthermore, c-Myc has been reported to 

bind to the promoter region of FGFBP1 and 
transregulate its expression [14]. In addition, 
we found that FBW7 tumor suppressor inhibit-
ed pancreatic cancer growth and progression 
by targeting c-Myc for degradation [34]. Based 
on these observations, we considered FG- 
FBP1 to be a downstream target of c-Myc, 
which transregulates FGFBP1. Thus, we in- 
itially investigated whether FBW7 regulates 
FGFBP1. We found that FBW7 silencing up- 
regulated FGFBP1 expression at the transcrip-
tional level. Moreover, our IHC results indi- 
cated that FGFBP1 is negatively correlated  
with FBW7 in human PDAC tissues. Next, we 
explored whether FGFBP1 expression was 
altered in response to c-Myc downregulation. 
The results showed that FGFBP1 promoter 
activity and expression could be increased by 
c-Myc. Taken together, these results demon-
strate that FGFBP1 expression is regulated by 
FBW7/c-Myc.

Mounting evidence has revealed that FBW7 
plays a crucial role in suppressing the progres-
sion of cancers, including pancreatic cancer 

[35, 36]. However, the contribution of FBW7 to 
PDAC stroma and the corresponding mecha-

Figure 6. The inhibition of FGFBP1 by FBW7 could be reversed by c-Myc. A, B. The mRNA levels of FGFBP1 in the 
pancreatic cancer cell lines were measured by real-time PCR. C, D. The protein levels of FGFBP1 were analyzed by 
Western blotting following treatment.
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nisms have rarely been investigated. PDAC is 
characterized by dense desmoplastic stroma 

including extracellular matrix, leukocytes and 
fibroblasts [37]. Previous studies have consid-

Figure 7. FBW7 could weaken the promoting impact of FGFBP1 on proliferation and migration. A, B. CCK-8 assays 
were used to test the proliferation of PDAC cells following treatment. C, D. Colony formation assays were conducted 
to confirm the effects of FGFBP1 and FBW7 silencing on the pancreatic cancer cell lines. E, F. Transwell assays were 
performed to assess the effects of FGFBP1 and FBW7 silencing on the pancreatic cancer cell lines. G. Schematic 
representation of the model showing that FBW7 inhibits FGFBP1 expression and secretion in a c-Myc-dependent 
manner.
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ered the stroma as a physical barrier, which hin-
ders the transport of chemotherapeutic agents 
to the tumor [38]. In addition, Hanahan and 
Weinberg et al. summarized that the tumor 
stroma plays an important role in supporting 
and promoting the growth of cancer [39]. 
FGFBP functions to chaperone FGFs in ECM 
and subsequently activates downstream sig-
naling of FGFs. The FGF pathway is significantly 
associated with the proliferation, invasion, 
migration, apoptosis and metastasis of PDAC 
[40, 41]. To date, more than 20 subtypes of  
FGF have been identified, of which FGF-7 is usu-
ally overexpressed in PDAC [42]. FGF-7 can pro-
mote the invasion and metastasis of pancreatic 
cancer cells by activated NF-κB-mediated 
upregulation of MMP-9 and VEGF [43]. This 
result confirmed that FGF is a crucial malig- 
nancy factor in the tumor stroma. Moreover, 
FGF10, a member of the FGF-7 subfamily, has 
been found in stromal cells in pancreatic can-
cer tissues. It has been reported that FGF-10 
can promote cell invasion and migration by 
interacting with FGFR2 IIIb and upregulating 
MT1-MMP and TGF-β1 in PDAC [32]. Collec- 
tively, these results demonstrated that FBW7 
may play a crucial role in the effects of the  
stroma on pancreatic cancer cells, but fur- 
ther research is required to validate the 
hypothesis.

In summary, we confirmed that FGFBP1, which 
is frequently overexpressed in pancreatic can-
cer, acts as a tumor promoter gene. Moreover, 
we observed that overexpression of FGFBP1 is 
associated with a poor outcome for PDAC 
patients. Additionally, FGFBP1 promotes PDAC 
cell proliferation and metastasis. Mechan- 
istically, we discovered that FBW7 can down-
regulate FGFBP1 in a c-Myc-dependent man-
ner. In addition, FBW7 may contribute toward 
inhibiting the promoting and supporting eff- 
ects of the stroma on pancreatic cancer cells 
via the FGFBP1-mediated FGF signaling path-
way. In conclusion, these observations reveal 
that FGFBP1 may serve as a candidate predic-
tor and attractive therapeutic target for pancre-
atic cancer and suggest a potential novel anti-
cancer mechanism for FBW7 as a factor that 
targets the stroma.
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Figure S1. Correlation between FGFBP1 and FBW7 expression. A. The mRNA levels of FGFBP1 in FBW7-overexpress-
ing pancreatic cancer cell lines were measured by real-time PCR. B. The protein expression of FGFBP1 was analyzed 
by Western blotting following treatment. C. The secretion levels of FGFBP1 were evaluated by ELISA.


