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Abstract

Increased cell migration and invasion lead to cancer metastasis and are crucial to cancer prognosis.
In this study, we explore whether FBXW?7 plays any role in metastatic process. We show that
depletion of FBXW?7 induces epithelial-mesenchymal transition (EMT) in human colon cancer
cells along with the increase in cell migration and invasion. Moreover, FBXW?7 deficiency
promotes the generation of colon cancer stem-like cells in tumor-sphere culture. mTOR inhibition
by rapamycin suppresses FBXW?7 loss-driven EMT, invasion and stemness. Our results define the
FBXW7/mTOR axis as a novel EMT pathway that mediates cancer invasion.

1. Introduction

The lethal consequences of solid cancers are related to their metastasis to other organ sites.
Therefore tremendous research effort has been concentrated on understanding the metastatic
processes. Increasing evidence shows that epithelial-mesenchymal transition (EMT) plays a
crucial role in tumor progression and metastasis [1]. EMT is characterized by the loss of
epithelial characteristics and acquisition of a mesenchymal phenotype, which confers the
ability for cancer cells to invade adjacent tissue and migrate to distant sites [2].
Identification of genes that regulate the EMT phenotypic switching will lead to
understandings of the longstanding puzzles of metastasis and new therapeutic targets for
metastatic cancer.

The cancer stem cell (CSC) hypothesis provides an attractive model of tumor development
and progression, holding that solid tumors are hierarchically organized and sustained by a
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minority of the tumor cell population with stem cell properties, such as self-renewal,
tumorigenicity and multilineage differentiation capacity [3]. Therapeutic resistance,
underlying tumor recurrence and the lack of curative treatments in metastatic disease, raise
the question whether conventional anticancer therapies target the right cells. Indeed, these
treatments might miss CSCs, which represent a more chemoresistant and radioresistant
subpopulation within cancer [4]. Recently, a direct link between EMT process and the gain
of stem cell competence was demonstrated in cultured cancer cells [5; 6]. In particular, it
was shown that the induction of EMT program not only allowed cancer cells to disseminate
from the primary tumor, but also promoted their self-renewal capability. Furthermore, the
expression of stemness and EMT markers in cancer cells are associated with resistance to
conventional anti-cancer therapies and treatment failure, highlighting the urgency of
improving tools for detecting and eliminating minimal residual disease.

F-box and WD repeat domain containing 7 (FBXW?7) encodes a substrate adaptor for an
SCF E3 ubiquitin ligase complex and lies at the nexus of many pathways which control cell
growth, cell differentiation, and tumorigenesis by negatively regulating the abundance of
different oncoproteins, including c-Myc, c-Jun, cyclin E, Notch, Aurora-A, mTor, KLF5,
and MCL-1 [7; 8]. FBXW7 as a human tumor suppressor gene is further supported by the
discovery of FBXW?7 gene mutations in cancers from a wide spectrum of human tissues
with overall 6% point mutation frequency [7; 8]. Furthermore, deletion of the Fbxw7 gene in
mice leads to embryonic lethality, but heterozygous mice develop normally [9; 10].
Although they do not develop spontaneous tumors, radiation exposure gives rise to different
types of tumors, including a range of epithelial cancers and that one allele inactivation of
Fbxw? accelerates tumor development in p53 heterozygous mice [11]. This paper presents
that depletion of FBXW7in colon cancer cells induces EMT and cancer stem cell-like
characteristics, which can be suppressed by mTOR inhibitor, rapamycin.

2. Materials and methods

2.1 Cell culture and rapamycin treatment

The human colon cancer cell lines HCT116 and DLD-1 FBXW7* and FBXW7/~ were
kind gifts from Dr. Bert Vogelstein [12]. All the cell lines were grown in McCoy’s 5A with
10% FBS at 37°C in a 5% CO,/95% air atmosphere. Cells were treated with rapamycin at
final concentration of 100 nM.

2.2 Western blotting and antibodies

Standard methods were used for western blotting. Cells were lysed in lysis buffer and total
protein contents were determined by the Bradford method. 30p.g of proteins were separated
by SDS-PAGE under reducing conditions and blotted onto a polyvinylidene difluoride
membrane (Millipore). Membranes were probed with specific antibodies. Blots were washed
and probed with respective secondary peroxidase-conjugated antibodies, and the bands
visualized by chemoluminescence (Amersham Biosciences). Antibody against fibronectin
was purchased from Abcam (Cambridge, MA, USA). E-cadherin, N-cadherin, vimentin, and
B-actin antibodies were from Cell Signaling technology (Danvers, MA, USA).

2.3 Confocal immunofluorescence microscopy

Cells were plated on culture slides (Costar, Manassas, VA, USA). After 24 hrs, the cells
were rinsed with phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde in
PBS, and cell membrane was permeabilized using 0.5% Triton X-100. These cells were then
blocked for 30 min in 10% BSA (Sigma, Aldrich St. Louis, MO, USA) in PBS and
incubated with primary antibodies in 10% BSA overnight at 4°C. After three washes in PBS,
the slides were incubated for 1 hour in the dark with FITC-conjugated secondary goat anti-
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mouse, or goat anti-rabbit antibodies (Invitrogen, Grand Island, NY, USA). After three
further washes, the slides were stained with 4-,6-diamidino-2-phenylindole (DAPI; Sigma,
Aldrich St. Louis, MO, U SA) for 5 min to visualize the nuclei, and examined using an Carl
Zeiss confocal imaging system (LSM 780) (Carl Zeiss, Jena, Germany).

2.4 Wound healing assay

Cells were seeded in 6¢cm culture plates, and the monolayer cells were wounded by
scratching with sterile plastic 200l micropipette tips and photographed using phase-
contrast microscopy immediately and 48hrs after wounding. The assays were independently
performed in triplicate. The migration distance of each cell was measured after the
photographs were converted to Photoshop files.

2.5 Cell invasion and motility assay

Invasion of cells was measured in Matrigel (BD, Franklin Lakes, NJ, USA) -coated
Transwell inserts (6.5 mm, Costar, Manassas, VA, USA) containing polycarbonate filters
with 8um pores as detailed previously [13]. The inserts were coated with 501 of Img/ml
Matrigel matrix according to the manufacturer’s recommendations. 2x10° cells in 200l of
serum-free medium were plated in the upper chamber, whereas 600l of medium with 10%
fetal bovine serum were added to lower well. After 24 hr incubation, cells that migrated to
the lower surface of the membrane were fixed in 4% paraformaldehyde and stained with
0.5% crystal violet. For each membrane, five random fields were counted at x10
magnification. The mean cell number was calculated and data were presented as mean + s.d.
from three independent experiments done in triplicate. Motility assays were similar to
Matrigel invasion assay except that the Transwell insert was not coated with Matrigel.

2.6 Spheroid Formation Assay

The capability of self-renewal was assessed using Corning Ultra-Low Attachment Surface
(Corning). Different number of HCT116 and DLD-1 FBXW7''* and FBXW7!~ cells were
seeded and incubated in a cell culture incubator for 1 week in McCoy’s 5A supplemented
with 10% FBS or serum free medium and phase-contrast images were obtained.

2.7 Statistical analysis

Data was described as the mean * s.d., and analyzed by Student’s two-tailed t-test. The limit
of statistical significance was /£<0.05. Statistical analysis was done with SPSS/Win11.0
software (SPSS, Inc., Chicago, Illinois, USA).

3. Results

3.1 Depletion of FBXW?7 induces EMT in colon cancer cells

Both HCT116 and DLD-1 FBXW 7~ cells exhibited fibroblastic morphology, compared to
their respective control cells (Fig. 1A and Supplemental Fig. 1A). In consistent with this
observation, western blot analyses of molecular markers associated with epithelial and
mesenchymal phenotypes showed that depletion of FBXW/7 decreased the levels of
epithelial markers (E-cadherin and a-catenin) and increased the levels of mesenchymal
markers (fibronectin and vimentin) (Fig. 1B and Supplemental Fig. 1B), which was further
confirmed by immunochemical staining (Fig. 1C). Finally, gRT-PCR studies showed that
expression levels of 7wist-1and Snail-1 increase in FBXW?7~ cells in comparison to its
wild-type control cells (Fig. 1D). These results clearly indicate that depletion of FBXW7in
colon cancer cells induces EMT.
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2.2 Depletion of FBXW7 promotes migratory and invasive capacities of colon cancer cells

in vitro

We next examined whether FBXW?7 could modulate the migratory and invasive capacities
of colon cancer cells. The effect of FBXW?7 on cell migration was first assessed by a wound
healing assay. HCT116 FBXW?7 '~ cells had significantly faster closure of the wound area
compared to their respective control cells (Fig. 2A). This result was confirmed by Boyden’s
chamber assay (Fig. 2B). Moreover, HCT116 FBXW 7~ cells showed a greater degree of
invasion through Matrigel (Fig. 2B). Taken together, these results indicate that depletion of
FBXW?7 promotes migratory and invasive behaviors in colon cancer cells.

3.3 Depletion of FBXW7 promotes emergence of stem cell-like behavior in colon cancer

cell lines

Increasing evidence has linked EMT with acquisition of molecular and functional traits of
stem cells in normal and neoplastic cell populations [5; 6]. Consistent with this concept, we
found that depletion of FBXIWW/7in HCT116 cells significantly increased expression of the
stem cell transcription factors or stem cell markers OCT4, SOX2 and NANOG (Fig. 3A). In
terms of sphere formation assay, the FBXW?7!~ cells were able to form large and more
tumor-spheres in low adherent plates (Fig. 3B and Supplemental Fig. 2). Increased stem cell
markers and tumor-sphere formation indicates that depletion of FBXW7 increases the cancer
stem-like phenotype of colon cancer cells.

3.4 Rapamyecin inhibits depletion of FBXW7-induced EMT and stem cell-like behavior in
colon cancer cell lines

mTOR, which is one of FBXW?7 downstream substrates, has been reported to involve in
regulation of motility, EMT and metastasis of colorectal cancer [14]. To define the
mechanism underlies FBXW7-loss mediated motility and stem-like characteristics, we
investigated whether mTOR inhibition could suppress these processes. As shown in Fig. 4A,
treatment of rapamycin, a mTOR inhibitor, significantly decreased the closure rate of
FBXW?7 !~ cells by wound healing assay. Consistent with this result, rapamycin
significantly decreased migration (Fig. 4B) and invasion (Fig. 4C) of FBXW?7'~ cells using
a Boyden chamber assay. Finally, rapamycin significantly suppressed the colon tumor-
sphere formation of FBXW7!~ cells (Fig. 4D and Supplemental Fig. 3). Interestingly,
rapamycin treatment also has significant effect on these biological phenotypes in HCT116
FBXW?7* cells (Fig. 4). However, with rapamycin treatment, FBXW?7'~ cells have similar
migratory and invasive behavior as FBXW7** cells (Fig. 4A to C), and FBXW7 !~ cells
failed to form tumor-sphere while FBXW7'* cells were still able (Fig. 4D). These results
clearly indicate that FBXW?7 regulates cancer cell motility and stem-like characteristics
possibly via mTOR signaling.

4. Discussion

The tumor suppressor FBXW?7 is mutated in a widely range of human cancers. Our data
highlight a pivotal role for FBXW?7 in colon cancer progression, possibly in other types of
human cancer as well, through repressing cancer epithelial cells to acquire mesenchymal
characteristics and invasive behavior. Depletion of FBXW7 leads to the increase in
expression of EMT master regulatory genes TWIST-1 and SNAIL-1. To our knowledge, this
is the first report connecting FBXW?7 with EMT.

The key mechanistic finding in our study is that mTOR inhibition by rapamycin suppresses
FBXW?7 loss-induced motility and invasiveness. mTOR is a central component of several
complex signaling networks that regulate cell growth, metabolism and proliferation. A
recent study reports a role for mTOR in regulating EMT, motility, and metastasis of
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colorectal cancer [14]. Our previous study has shown that mTOR is one of FBXW?7 targets
[15]. Depletion of FBXW?7 leads to elevated mTOR signaling activity [15; 16; 17],
subsequently inducing EMT and increasing cell motility and invasiveness, which is
suppressed in our experiments by mTOR inhibitor. However we are unable to fully exclude
the possibility that other FBXW?7 pathways are involved in these processes. For example, a
few recent studies have shown that Aurora-A plays a role in EMT [18; 19; 20]. Aurora-A
has also been demonstrated as one of FBXW?7 targets [11; 21]. Thus, it is also possible that
FBXW?7 regulates EMT through Aurora-A. Further study will be granted to investigate this
possibility.

Another important finding is that depletion of FBXW?7 in colon cancer cell promotes stem-
like characteristics. The connection between stemness and FBXW?7 has been reported and
has been attributed to multiple pathways, such as Notch, c-Myc, c-Jun [7, 8]. Moreover, two
recent studies showed that FBXW?7 plays a role in the generation of induced pluripotent
stem cells [22; 23]. Our data demonstrated that rapamycin, a mTOR inhibitor, suppresses
FBXW?7 loss-induced stemness, suggesting accumulation of mTOR in FBXW7-depleted
cells play a role in induction of stem-like properties.

In conclusion, EMT and stem cell-like properties are essential for tumor cells to disseminate
from adjacent tissues and seed new tumors in distant sites. Our results demonstrated that
FBXW?7 regulated these two essential characteristics of metastatic disease through mTOR
signaling pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Depletion of FBXW7in HCT116 cells leads to Epithelial-mesenchymal transition. (A)
Morphology comparison of HCT116 FBXW 7~ and its control cells under bright field. (B)
Western blot analysis of indicated EMT markers in HCT116 FBXW7'~ and its control
cells. (C) Immunofluorescence staining for indicated EMT markers (Green) in HCT116
FBXW?7~ and its control cells. DAPI staining is blue. Scale bar is 20um. (D) gRT-PCR
analysis of Twist-1and Snail-1 expression in HCT116 FBXW7 !~ and its control cells. Data
were presented as means + Standard deviation from three independent experiments in
triplicates. **P<0.01 was obtained from Student’s t-test.
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Figure 3.

Depletion of FBXW7in HCT116 cells induces CSC characterises. (A) Expression of stem
cell markers in HCT116 FBXW7~ and its control cells was analyzed by Western blotting.
[B-actin was used as a loading control. (B) Number of spheres was quantified using sphere
formation assay for HCT116 FBXW?7 '~ and its control cells; left panels showed
representative spheres. Data were presented as means * Standard deviation from three
independent experiments in triplicates. *~< 0.05 and ** £< 0.01 were based on Student’s *
test.
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Rapamycin alleviates the enhanced migration, invasion and stemness induced by depletion
of FBXWY7. Wound healing assay (A), uncoated (B) or Matrigel-coated (C) transwell assay
of HCT116 FBXW7 '~ cells treated with DMSO control or Rapamycin. (D) Number of
spheres was quantified using sphere formation assay for 104 HCT116 FBXW7!~ cells
treated with DMSO control or Rapamycin. Data were presented as means + Standard
deviation from three independent experiments in triplicates. **p < 0.01 was based on

Student’s ~test.
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