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Abstract: Development of cancer metastasis is a key contributor to mortality in patients with colorectal cancer. High
expression of RING-box 2 (RBX2) in cancer cells is known to play a key role in tumor progression. However, the role
of RBX2 in colorectal cancer progression is not well elucidated. In this study, we silenced RBX2 via CRISPR/Cas9 in
two colorectal cancer cell lines, HCT116 and SW480. RBX2 knockout attenuated proliferation, colony formation and
enhanced sensitivity of colorectal cancer cells to paclitaxel treatment. Invasive property of HCT116 and SW480 cells
was also attenuated by RBX2 silencing. We confirmed that increased RBX2 correlated with higher tumor cells growth
and metastasis abilities by ectopic expression of RBX2 in HCT116 and SW480 cells. In vivo studies suggested that
knockout of RBX2 inhibited xenografts growth and metastasis to lung tissue, whereas ectopic expression of RBX2
promoted these cellular functions. Mechanically, RBX2 induced gastric cancer cell growth and metastasis by ac-
tivating mammalian target of rapamycin/S6 kinase 1 (mTOR/S6K1). Treatment of everolimus, the specific mTOR
inhibitor, significantly attenuated RBX2-mediated cell proliferation and mobility in vitro. Taken together, these results
revealed a novel role of RBX2 in colorectal cancer cell growth and metastasis via the mTOR pathway and suggested
RBX2 may serve as a therapeutic target in colorectal cancer.
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Introduction

Colorectal cancer (CRC) is one of the most com-
mon malignancies, ranking as high as the sec-
ond leading cause of cancer mortality world-
wide [1]. Although surgical resection followed
by adjuvant chemotherapy or radiotherapy has
been considered as the standard treatment
option for CRC patient, who have resectable
disease, 30%-50% of CRC patients under cura-
tive resection subsequently experience local
and systemic recurrence. Hence, the poor prog-
nosis and the major cause of death in patients
with CRC are attributed to relapse and distant
metastasis [2]. Therefore, these is urgently
need for elucidating the molecular mechanism
involved CRC metastasis and identifying novel
molecular biomarker, to improve the prognosis
of advanced CRC patients.

RING-box 2 (RBX2), also referred to as regulator
of cullins 2 (ROC2), sensitive to apoptosis gene
(SAG) or rING finger protein 7 (RNF7), consists
of 113 amino acids and has a molecular weight
of 12.6 kDa [3]. As a highly conserved protein,
RBX2 is extensively expressed in several human
tissues, including skeletal muscles, testis and
heart. RBX2 is a redox-inducible anti-oxidant
protein, which can be induced by redox agents,
and to protect cells from apoptosis process
induced by oxidation. Previous study demon-
strates that RBX2 is also a component of E3
ubiquitin ligases and when it combines with
other components to assemble E3 ubiquitin
ligases, RBX2 exhibits E3 ubiquitin ligase activ-
ity [4]. Although RNF7 is inducible by the tran-
scription factor of activator protein-1 (AP-1),
RBX2 inhibits tumor-promoting functionality of
activator protein-1 (AP-1) by ubiquitinylation
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and degradation of c-Jun. RNF7 has been
shown to mediate ubiquitinylation of various
cellular proteins such as p27, p21, pro-cas-
pase-3, IkBa, hypoxia inducible factor 1 alpha
(Hif-1a) and neurofibromin 1 (NF-1) [5]. Recently,
RBX2 is reported over-expressed in many
human cancer s, such as lung, colon, liver and
stomach. Silencing RBX2 expression by RNA
interference is proved to inhibit lung cancer
cells, glioblastoma cells and pancreatic carci-
noma cells proliferation in vitro and reverse
radiation or chemotherapeutics resistance [5].
The mechanisms underlying may include RBX2
inactivates mammalian target of rapamycin
(MTOR) and nuclear factor kappa B (NF-kB)
pathway and/or accumulates of tumor suppres-
sive genes, such as NF-1, procaspase-3, p27,
p21, and phosphatase and tensin homolog
(PTEN).

mTOR, which is a threonine/serine kinase, is
considered to be the master coordinator of
extracellular signals that regulates cell prolifer-
ation and metabolism. mTOR nucleates two dis-
tinct multi-protein complexes known as mTOR
complex 1 (mTORC1) and mTOR complex 2
(mMTORC?2), characterized by the presence of
raptor and Rictor respectively. mTORC1 regu-
lates tumor cell growth and metastasis via elF-
4E-binding protein-1 (4E-BP1) and S6 kinase 1
(S6K1), both are key regulators participated in
protein  biosynthesis. mMTORC2 comprises
mTOR, mammalian lethal with SEC13 protein 8
(MmLST8), Rictor, stress-activated protein kinase
(SAPK)-interacting protein (Sinl), and phos-
phorylates AGC kinases, including Protein
Kinase B (AKT), serum/glucocorticoid-regulat-
ed kinase 1 (SGK1), and protein kinase C (PKC),
all of which are associated with malignant
tumor. mTORC2 phosphorylates at Ser473 site
on the Ser/Thr kinase AKT as well as the stabil-
ity of AKT, which is necessary for its activation.
Moreover, mTORC2 is involved in a variety of
processes that are regulated by extracellular
regulated protein kinases 1/2 (ERK1/2), includ-
ing tumor cell survival, glucose metabolism,
and cellular differentiation. Previous study
demonstrates that RBX2 knock-down inactivat-
ed ERK1/2 pathway and inhibits prostate can-
cer tumorigenesis, which suggesting RBX2
might be a potential therapeutic target for pros-
tate cancer [6].

Accumulating evidence suggests that RBX2 is
involved in carcinogenesis and tumor progres-
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sion [7], nevertheless, the functional role of
RBX2 in colorectal carcinoma (CRC), especially
in CRC metastasis, is not yet clear is still
unknown. In the present study, we determined
the elevated expression of RBX2 in CRC cancer
tissues compared with the matched normal tis-
sues. We further identified the role of RBX2 in
promoting CRC cancer cell growth and metas-
tasis through RBX2 up- or down-regulation
models. Finally, we found that RBX2 induced
CRC cancer cell growth and metastasis were
associated with mTOR/S6K1 signaling path-
way. Taken together, these findings suggest
that RBX2 plays a pivotal role in colorectal can-
cer progression and might serve as a potential
therapeutic target.

Methods
Cell culture and tissue specimens

Human colon cancer cell (HT29, HCT116,
SW480 and LOVO) and normal colonic epitheli-
al cell (HCoEpiC) were purchased from the
Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China). These
cells were cultured in DMEM or RPMI 1640
medium with 10% fetal bovine serum. All meth-
ods for humans were performed in accordance
with the relevant guidelines and regulations. A
total of 56 fresh primary cancer and 12 paired
adjacent normal tissue specimens were col-
lected from patients with colorectal cancer in
Affiliated Hospital of Nanjing University of
Chinese Medicine. Tumor staging was deter-
mined according to the American Joint
Committee on Cancer criteria. Informed con-
sent was obtained from each patient before
study. None of these patients underwent pre-
operative chemotherapy and/or radiation ther-
apy. This study was approved by the Research
Ethics Committee of Nanjing University of
Chinese Medicine.

Establishment of RBX2 knockout and stable
expression cells

HCT116 and SWA480 cells were transfected
with  RBX2 CRISPR/Cas9 knock out (KO)
Plasmid (Santa Cruz, sc-417138) using lipo-
fectamine 2000 (Invitrogene) according to the
manufacturer’'s instructions. Stable overex-
pression of RBX2 was carried out using the len-
tiviral expression system (Genecopoeia, USA)
according to the manufacturer’s instructions.
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The generation of retrovirus supernatants and
transfection of colon carcinoma cells were con-
ducted as described previously. The expression
of RBX2 was confirmed by qPCR and western
blotting assays.

Real-time PCR

Total RNA was extracted from gastric cancer
tissues and the matched adjacent normal tis-
sues using Trizol reagent (Invitrogen, Carlsbad,
CA, USA). 1 ug of total RNA from each sample
were reverse transcribed into cDNA using
PrimeScript™ RT Master Mix Kit (Takara, Dalian,
China). Real-time PCR was performed using
SYBR Premix Ex Taq Il Kit (Takara, Dalian,
China) according to the instructions of the man-
ufacturer. The specific primers used were as
follows: RBX2 sense: 5-ACCCTGCGTCCTTTCT-
TCG-3’ and antisense: 5-GGCACAGGTATCGC-
ACTCAA-3’; B-actin sense: 5-AAGGAGCCCCAC-
GAGAAAAAT-3" and antisense: 5-ACCGAACTT-
GCATTGATTCCAG-3..

Immunohistochemistry

Immunohistochemistry (IHC) analysis was per-
formed as described previously. The paraffin-
embedded sections were deparaffinized in
xylene, rehydrated in descending percentages
of ethanol and heated in citrate buffer (pH 6.0)
for antigen retrieval. After washing steps, slides
were blocked with 3.0% hydrogen peroxide and
10% goat serum and incubated with a primary
antibody at 4°C overnight. The following anti-
bodies were used: rabbit anti-RBX2 antibody
(1:1000; Santa Cruz), rabbit anti-Ki67 (1:500;
Cell Signaling Technology), rabbit anti-p-mTO-
RC1 antibody (1:1000; Santa Cruz), rabbit anti-
p-mTORC2 antibody (1:1000; Santa Cruz) and
rabbit anti-S6K1 antibody (1:1000; Santa
Cruz). After the sequential incubation with bioti-
nylated secondary antibody, streptavidin-ho-
rseradish peroxidase complex and diaminoben-
zidine (DAB), the slides were counterstained
with hematoxylin, dehydrated, and mounted.
Finally, sections were observed and imaged
under light microscope.

Western blot analysis

Western blot was performed as previously
reported. Briefly, whole-cell lysates were pre-
pared and protein concentration was estimat-
ed using a BCA Protein Assay kit (Pierce,
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Rockford, MA, USA). The immune-blots were
probed with primary antibodies overnight at
4°C followed by peroxidase conjugated goat
anti-rabbit 1gG for 2 hour. The following primary
antibodies were used according to the manu-
facturer’s protocols: rabbit anti-RBX2 antibody
(1:2000; Santa Cruz), rabbit anti-Ki67 (1:500;
Cell Signaling Technology), rabbit anti-p-
MTORC1%¢2448 antibody (1:1000; Santa Cruz),
rabbit anti-p-mTORC2%¢248% antibody (1:1000;
Santa Cruz) and rabbit anti-p-S6K1%¢3™ anti-
body (1:1000; Santa Cruz). The blots were visu-
alized using enhanced chemiluminescence
detection kit (Thermo). The bands were sca-
nned and quantified by densitometric analysis
using Image J software.

3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-
tetrazolium bromide (MTT) assay

Cell proliferation was measured by MTT assay.
Briefly, cells were plated in 96-well plates at a
density of 3,000 cells per well. At various time
points (24, 48, 72 and 96 h), 100 pl of MTT
solution was added to each well and incubated
at 37°C for 2 h, and then the absorbance was
measured at 490 nm. The experiment was per-
formed independently in triplicate.

Wound healing assay

Colorectal cancer cells were seeded in 6 well
plates and starved for 24 h. After scratching
with scratching with pipette tip, cell debris were
washed with PBS and cultured with FBS free
medium. After 24 hours, matched-pair wound
regions were photographed and the areas of
wound closure were calculated by image J [8].

Transwell invasion assay

Cell invasion was examined using Matrigel inva-
sion Chambers (BD Bioscience, USA). Matrigel
diluted in cold PBS was added on the upper
chambers and incubated for 1 hour for gel for-
mation. Then, cells were placed into the upper
chamber and complete medium were added to
the lower chamber. After 6 hours, the cells
invaded through the membrane were stained
with 0.1% crystal violet and counted [9].

Colony formation assay

1000 colon cancer cells were seeded into 6 cm
plates and incubated for 14 days. Cells were
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Figure 1. Overexpression of RBX2 in colorectal carcinoma tissues and cell lines. A. Relative expression of RBX2
mRNA in 56 CRC cancer and paired adjacent normal tissues as determined by qPCR. Increased expression of
RBX2 mRNA as compared with normal tissue was observed. B. Expression of RBX2 protein was determined by IHC
analysis. Representative images of IHC staining of RBX2 in CRC cancer tissues and adjacent normal tissues. Scale
bar represents 100 um. C. Box plots show increased levels of RBX2 in CRC (right) compared with normal tissues in
Skrzypczak colorectal microarray data set. **P < 0.01, compared with normal colon tissues was determined by the
Student’s t test. D. Western blotting analysis (left panel) of the level of RBX2 in various CRC cell lines. B-actin was
used as loading controls. gPCR analysis (right panel) of RBX2 mRNA level in CRC cells. PCR values were normalized
to the levels of B-actin. Data were presented as the mean + SD from three independent measurements. E. Repre-
sentative fluorescence activated cell sorter (FACS) dot plots of HCT116, SW480, LOVO, and HT29 cells stained with
the anti-RBX2 antibody. Histograms reported the percentage of RBX2 positive cells as assessed by FACS. Mean +
SD of three independent experiments. Quantitative analysis demonstrates expression of RBX2 positive CRC cells
range from 40%-60%.

then fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Colonies were
counted and photographed [10].

Flow cytometry analysis

Cells were dissociated into single cells and
labeled with FITC-conjugated anti-RBX2 (BD
PharMingen) at 4°C for 30 min according to the
manufacturers’ recommendation. The stained
colorectal cancer cells were analyzed with the
FACS Calibur machine and Cell Quest software
(BD Biosciences). For cell apoptosis assay, cells
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were seeded in six-well plates and grown to
approximately 80% confluence. Then indicated
cells treating with 1 yM paclitaxel for 48 h.
Cells were harvested and incubated with
Annexin V/PI for 15 min in the dark, followed by
fluorescence-activated cell sorting (FACS) anal-
ysis. All the assays were carried out four times.

Gene expression profiling and pathway analy-
sis

For gene expression assay in parental and
RBX2 knockout HCT116 cells, total RNA was
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extracted by using the phenol-chloroform meth-
od (Trizma; Sigma). RNA samples were treated
with DNase-free kit (Ambion; Applied Bio-
systems), and RNA levels were quantified with
an RNA 6000 Nano Assay Kit in Agilent 2100
Bioanalyzer (Agilent Technologies). Single-
strand cDNA synthesis from total RNA was per-
formed by using TagMan reverse transcription
reagents (Applied Biosystems), as recommend-
ed by the manufacturer. All quantitative real-
time PCR reactions were performed with ABI
PRISM 7900HT Fast Real-Time PCR system
(Applied Biosystems) [11]. The expression of
the housekeeping gene, TATA-binding protein
(TBP), was used to normalize for variations in
input cDNA. Heat map was visualized using
Java TreeView v1.1.4r3 software. Pathway anal-
ysis was carried out with DAVID (https://david.
ncifcrf.gov/) and Gene Ontology gene-sets
derived from KEGG. The p-value threshold was
set to 0.05.

Animal studies

HCT116 or SW480 cells were infected with
RBX2 or RBX2-shRNA. Parental cell and stable
infected cells (3 x 10°) were subcutaneously
inoculated in the lower rear flank of 5-week-old
Balb/c-nude mice (Shanghai Slac Laboratory
Animal Co. Ltd). On day 30 after implantation,
tumors were harvested and weighed. The tumor
volume was calculated (volume = 0.5 x length
x width?). Immunohistochemical analysis was
performed as previously described to deter-
mine the expression of RBX2, Ki67, p-mTORC1,
p-mTORC2 and p-S6K1. For metastasis assay
in vivo, B16F10 cells were re-suspended in PBS
at a concentration of 1 x 107 cells/ml. 0.1 ml
cell suspension was injected into tail veins of
nude mice. All of the mice were killed by CO, 14
days after inoculation [12]. All protocols were
approved and supervised by the institutional
animal care and use committee of Affiliated
Hospital of Nanjing University of Chinese
Medicine.

Statistical analysis

All statistical analyses were carried out using
the SPSS 17.0 statistical software package.
Numerical data were presented as mean *
standard error. Two-tailed Student’s t-test was
performed. P value less than 0.05 in all cases
was considered statistically significant.
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Results

Overexpression of RBX2 in colorectal cancer
tissues

The expression of RBX2 in 56 colorectal carci-
noma tissues was performed gPCR analysis
and we demonstrated increased expression of
RBX2 mRNA in colorectal cancer (CRC) tissues
as compared to normal tissues (Figure 1A). The
clinicopathologic features of the 56 patients
with colorectal cancer were summarized in
Supplementary Table 1. RBX2 overexpression
in colorectal carcinoma was further supported
by the results of immunohistochemical analy-
sis, which showed more expression of RBX2
protein in CRC cancer tissues (Figure 1B). To
investigate whether RBX2 was associated with
human CRC progression, we analyzed its
expression pattern in the publicly accessible
Oncomine microarray database. In Skrzypczak
colorectal statistics dataset containing RBX2
information [13], RBX2 was markedly increased
in CRC cancer tissues, when compared with the
matched normal tissues (Figure 1C). Then, we
examined the protein and mRNA level of RBX2
in four CRC cell lines such as HCT116, SW480,
LOVO, and HT29 by gPCR as well as immunob-
lotting (Figure 1D), and we further verified that
RBX2 expression was relatively high in CRC cell
lines and relatively low in normal colonic epithe-
lial cell (HCoEpiC). Finally, FACS analysis after
staining with anti-RBX2 antibody in CRC cell
lines revealed the existence of colorectal carci-
noma cells expressing RBX2 (Figure 1E).

RBX2 loss suppresses colorectal cancer
growth

To dissect the functional role of RBX2 in CRC
tumor growth, we generated stable RBX2
knock-out (KO) CRC cell lines by transfection of
a CRISPR/Cas9 KO plasmid in HCT116 and
SW480 cells. Transduction of cells with KO
plasmid blocked RBX2 mRNA expression and
significantly inhibited RBX2 protein expression
compared to the parental cells (Figure 2A),
which validated the efficiency and specific
RBX2 knockout. Intriguingly, both CRC specific
RBX2 KO cell lines resulted in significantly
decreased cell proliferation relative to the
parental cells (Figure 2B). Consistently, the fre-
quencies of colony formation from RBX2 KO
HCT116 and SW480 cells were decreased dra-
matically under regular medium culture condi-
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Figure 2. RBX2 depletion inhibits growth in colorectal cancer cells. A. Western blot to test the efficiency and speci-
ficity of RBX2 knockout plasmid transfection was shown completely loss of RBX2 relative to parental HCT116 and
SW480 cells (left panel). gPCR analysis of RBX2 mRNA levels in both CRC cell lines. PCR values were normalized to
the levels of B-actin. Data are presented as the mean + SD from three independent measurements. B. Cell growth
rate from parental and RBX2 knockout HCT116 cells (left) and SW480 cells (right) at indicated time point. C. Colony
formation assay of parental and RBX2 knockout HCT116 and SW480 cells. 1000 cells were plated in 6-well plate
in complete medium and cultured for 14 days and colonies were stained and counted. D. Representative images
of xenografts. Tumor growth curve for HCT116 (left panel) and SW480 (right panel) xenogaft tumor models. Immu-
nohistochemistry analysis of RBX2 and Ki67 in xenografts of the indicated groups. Scale bar represents 100 ym.

tion (Figure 2C). We next compared the tumori-
genic ability of parental cells vs. RBX2 KO CRC
cells in Balb/c-nude mice and found that RBX2
deficient CRC cells exhibited significantly
decreased growth in mice, as evaluated by
tumor volume (Figure 2D). After 30 days, the
xenografts were harvested and processed to
immune-staining. The immunohistochemical
staining of Ki67 further revealed that knockout
of RBX2 inhibited CRC cancer growth in vivo
(Figure 2D). Collectively, these findings identify
CRC expressed RBX2 as a pro-tumorigenic
mechanism.
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RBX2 loss inhibits CRC cells metastasis

Given that the poor prognosis in patients with
CRC attributes to the metastatic property of
cancer cells, we next addressed whether RBX2
deficient suppresses CRC cells metastasis in
vitro and in vivo. Firstly, the wound healing anal-
ysis demonstrated that RBX2 knock out in two
CRC cell lines resulted in a remarkably
decreased cellular migration at 24 h point,
when compared to the parental cells (Figure
3A). The quantitative indicated the cell migra-
tion rate was decreased from 59% to 64% in
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Figure 3. RBX2 loss suppresses cancer metastasis. A. In vitro wound healing assay with human HCT116 and SW480
cells after knock out with RBX2 expression. Image was acquired at O, 24 h time points after scratching (left panel).
Scale bar represents 100 um. Quantification of wound closure was calculated (right panel). B. Representative stain-
ing of invasive potentials of human HCT116 and SW480 cells from Transwell assay in vitro (left panel). Quanti-
fication of invasive cells per field was analyzed (right panel). Scale bar: 100 ym. Data were compared using the
two-tailed students t-test, for indicated comparisons, **P < 0.01. C. RBX2 loss significant compromised tumor
metastasis in melanoma B16F10 cells lung metastasis model in vivo. Quantification of lung metastatic was calcu-

lated (right panel).

two CRC cell lines after RBX2 knockout. Con-
sistent with the demonstration of RBX2 knock-
out inhibits CRC cells migration, less cells
invaded into the bottom membrane when RBX2
was silenced in the Transwell assay (Figure 3B).
To determine the observed CRC ells metastasis
depend on RBX2, we knocked out RBX2 in
B16F10 melanoma cells (Supplementary Figure
1A), which showed high invasion ability in vivo
and injected the RBX2 KO B16F10 cells and
their parental into nude mice via tail vein.
Consistent with our in vitro findings, RBX2 KO in
B16F10 cells impaired metastasis in lung tis-
sue compared to their respective controls
(Figure 3C).

RBX2 over-expression promotes colorectal
carcinoma growth

The stable overexpression of RBX2 in two CRC
cell lines were retrovirally established and des-
ignated as HCT116-RBX2 and SW480-RBX2.
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The protein and mRNA levels of RBX2 in CRC
cells were verified by immunoblotting and gPCR
assay (Figure 4A), respectively. We next investi-
gated the cell viability for four consecutive days
by MTT assay and found that the induction in
growth curve of cells infected with RBX2 lentvi-
rus was more obvious on day 4, suggesting that
RBX2 OE strongly promotes the proliferation of
HCT116 and SW480 cells (Figure 4B). In addi-
tion, colony formation assay (Figure 4C) was
performed to evaluate CRC tumor cells growth
in vitro. Consistently, both the size of signal
colony and total number of colonies in cells
transfected that RBX2 lentvirus was remark-
ably increased in HCT116 and SW480 cells. To
future shed light on the functional role of RBX2
in CRC cancer growth in vivo, ectopic expres-
sion of RBX2 in CRC cells from both HCT116
and SW480 exhibited significant stronger pro-
gression, as evaluated by larger tumor volume
over the treatment period (Figure 4D). The
immunohistochemical staining of Ki67 in tumor

Am J Cancer Res 2017,7(6):1238-1251
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Figure 4. The effects of RBX2 modulation on the growth of xenografts in nude mice. A. Western blot analysis of
RBX2 in HCT116 and SW480 cells transfected with vector or RBX2 (left panel). RBX2 mRNA level in HCT116 and
SW480 cell lines are evaluated by qPCR analysis (right panel). PCR values were normalized to the levels of B-actin.
Data are presented as the mean + SD from three independent measurements. B. MTT analysis of CRC cancer cells
infected with the indicated lentivirus. 3 x 10° cells were seeded in 96 well plates and cultured for the indicated
hours. C. Colony formation assay of parental and RBX2 over-expressing CRC cells. Cells were plated in 6-well plate
in complete medium and cultured for 14 days and colonies were stained and counted. D. HCT116 or SW480 cells
infected with RBX2 or vector and then were implanted subcutaneously into Balb/c-nude mice to form xenografts.
Representative images of tumor xenografts and immunohistochemistry analysis of Ki67 in xenografts of the indi-
cated groups. Scale bar: 100 pm.

tissues further revealed that over-expressing of RBX2 and SW480-RBX2 cells. In wound healing
RBX2 accelerate CRC cancer growth in vivo assay, the wound closure ratio of cells with high
(Figure 4D). Altogether, these results demon- RBX2 expression was obviously higher than the
strate RBX2 promote tumorigenic in colorectal cells with an empty vector (Figure 5A). Matrigel
carcinoma. assay was used to evaluate the invasive poten-

tial of cancer cells with altered RBX2 expres-
RBX2 promotes migration and invasion of CRC sion. The number of invaded CRC cancer cells
cells was significantly increased by RBX2 over

expression (Figure 5B). These results indicate
Wound healing and Transwell matrigel invasion that RBX2 promotes the migration and invasion
assays were performed to evaluate the effects of CRC cancer cells in vitro. Furthermore, to
of RBX2 on migration and invasion in HCT116- detect the function of RBX2 in distant metasta-
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Figure 5. RBX2 overexpression in CRC cancer cells increase the migration and invasion. A. HCT116 and SW480 CRC
cells with high RBX2 expression exhibited stronger migration abilities in wound healing assay (left panel). Scale bar
represents 200 pym. Quantification of wound healing was calculated (right panel). Scale bar: 100 ym. B. HCT116
and SW480 CRC cells with high RBX2 expression exhibited stronger invasion abilities in Transwell assay. Scale bar:
200 pm. Data were compared using the two-tailed students t-test, for indicated comparisons, **P < 0.01 compared
with the cells transfected with vector. Scale bar represents 100 um. C. More metastatic foci in lung were visible in
mouse injected with BI6F10-RBX2 cells (left panel). Data were compared using the two-tailed Students t-test, **P
< 0.01 compared with B16F10 cells transfected with vector. Quantification of lung metastasis loci was calculated
(right panel).

sis in vivo, we established B16F10-RBX2 mela- in vitro. As shown in Figure 6B, the colony form-
noma cells (Supplementary Figure 1B) and ing ability in parental HCT116 cells were mark-
injected the RBX2 over-expressing B16F10 edly compromised by paclitaxel treatment, and
cells into nude mice via tail vein. As expected, as inspected, RBX2 knock-out (KO) HCT116
up-regulation of RBX2 in the B16F10 melano- cells showed greater sensitivity towards the
ma cells significantly promoted metastasis in chemotherapy agent. Because induced apopto-
lung tissue at 14 days after injection (Figure sis is an important factor of the chemothera-
4C), suggesting that RBX2 expression increas- peutic sensitivity of cancer cells, we used flow
es the number of metastatic foci in lung. cytometry to detect the apoptosis capacity of

HCT116 RBX2 knock-out/parental cells in the
RBX2 depletion enhances chemotherapeutic presence of paclitaxel. After 24 hour treatment,
sensitivity in CRC cells RBX2 KO HCT116 cells showed greater sensi-

) ) tivity towards paclitaxel, with more cells under-
To future investigate the effect of RBX2 knock going apoptosis after the treatment (Figure

out on the sensitivity of CRC cells to chemo- 6C). This assay indicated that RBX2 is associ-
therapeutic drug, the parental and RBX2 stable ated with the apoptotic potential.

knock-out cells were performed for prolifera-

tion and apoptosis analysis. Based on the MTT RBX2 stimulates CRC cells proliferation via
assay (Figure 6A), RBX2 depletion significantly mTOR signaling pathway

augmented the sensitivity of HCT116 cells to

paclitaxel. We next examined whether HCT116 To elucidate the mechanisms in which RBX2
specific RBX2 silencing affect cells colonization was engaged in the regulation of CRC cells
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Figure 6. RBX2 enhances chemotherapeutic sensitivity in colon cancer cells. A. RBX2 knock-out (KO) significantly
enhanced the sensitivity of HCT116 to paclitaxel and significantly reduced their IC50 based on the MTT assay. The
data were presented as mean + SD. The values were expressed as percentage of viable cells normalized to percent-
age of viable cells in 0.5% DMSO-treated cells. The concentration of paclitaxel resulting in 50% inhibition of control
growth (IC50) was calculated by SPSS statistics software using Probit model. B. Colony formation assay was per-
formed to detect the chemotherapeutic effects of paclitaxel on RBX2 KO HCT116 cells and control cells growth in vi-
tro. 1000 RBX2 KO HCT116 cells or parental cells were plated in 6-well plate in complete medium and cultured with
paclitaxel. After two weeks, colonies were stained and counted. C. RBX2 knock-out HCT116 cells showed greater
sensitivity towards paclitaxel. Values were presented as the mean + SD for three independent experiments. **P <

0.01 compared with control cells, #P < 0.01 compared to control cells treated with paclitaxel.

metastasis, gene set enrichment analysis indi-
cated that mTOR signaling was significantly
enriched in RBX2 targets (Figure 7A). Furth-
ermore, microarray assay was performed by
using parental cells and RBX2 knock-out
HCT116 cells. Microarray results revealed that
the expression of a list of genes including
mMmTORC1 and mTORC2 was similar between
parental and HCT116 RBX2 knock out cells,
which suggesting RBX2 down-regulation did not
affect several kinases protein expression in
CRC cells (Figure 7B). However, western blot
analysis revealed that down-regulation of RBX2
significantly inhibited the phosphorylation of
mTOR and its downstream molecule S6K1,
while up-regulation of RBX2 increased the activ-
ity of mTOR/S6K signaling (Figure 7C). To
ensure that the above approach represented a
reliable readout and to explore the impact of
blocking mTOR on RBX2 over-expressing cells,
we studied the effects of overexpression of
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RBX2 on mTOR/S6K1 signaling in the presence
of everolimus, a specific mTOR inhibitor. As
shown in Figure 7D, everolimus significantly
abrogated RBX2-induced phosphorylation of
mMTOR and S6K1. In line with this, RBX2-induced
cell proliferation was also abolished by 1 yM
everolimus as determined by MTT assay (Figure
TE). As expected, cell colony formation from
everolimus-treated groups was significantly
deceased compared with vehicle groups from
RBX2 over-expressing HCT116 cells (Figure
7F). Wound closure from scratch assay (Figure
7G) and Transwell invasion analysis (Figure 7H)
also showed that everolimus-treated group dis-
played significantly less metastatic potential
from HCT116-RBX2 cells in vitro. In addition,
to see the suppression effect of mTOR inhibitor
in RBX2 knock-out cells, we treated RBX2
knockout HCT116 cells, and found treatment
of mTOR inhibition in RBX2-KO HCT116 cells
did not significantly reduce cell proliferation

Am J Cancer Res 2017;7(6):1238-1251
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Figure 7. Inhibition of mTOR significantly suppresses RBX2 over-expression tumor cell growth. A. Enrichment scores
of signaling pathways among RBX2 targets. B. Heat-map of genes differentially expressed in parental cells and
RBX2 KO HCT116 cells. C. Western blot analysis of the expression of p-mTORC152448, p-mTORC252481, t-mTOR, p-
S6K1™8 and S6K1 in the HCT116 cells in response to RBX2 up-regulation. B-actin was used as loading control.
D. Whole cell lysates were prepared from everolimus and vehicle treated HCT116-RBX2 cells and examined for p-
MTORC152448 p-mTORC252481 t-mTOR, p-S6K1™8 and S6K1 by immunoblotting. E. Cell growth rate from everolimus
and vehicle treated HCT116-RBX2. F. Representative pictures (left panel) and statistical analysis (right panel) shown
colony formation from everolimus and vehicle treated HCT116-RBX2 cells. G. In vitro wound closure of everolimus
and vehicle treated HCT116-RBX2 cells from 24 h after scratch assay. Scale bar: 100 ym. H. Transwell invasion as-
say of everolimus and vehicle treated HCT116-RBX2 cells (left panel). Quantification of invasive cells per field was
analyzed (right panel). Scale bar: 100 um. Data were compared using the two-tailed students t-test, for indicated
comparisons, **P < 0.01 compared to the cells treatment with vehicle. I. Mice were injected with HCT116-RBX2
cells and then were treated with everolimus and vehicle (n = 6). Tumor volume was analyzed at indicated time point.
J. Histochemistry staining of Ki67, p-mTORC15%*48, p-mTORC25%%8! and p-S6K1™%° shown decreased positive cells
from everolimus treated tumors originally from injection of HCT116-RBX2 cells compare to vehicle-treated group.
Scale bar: 100 pm.

(Supplementary Figure 2A) and mobility signaling. We next evaluated the tumor charac-
(Supplementary Figure 2B) in vitro, indicating terization by inhibition of mTORC1 from
mTOR was one of the specific targets in RBX2 HCT116-RBX2 cells in vivo. As shown in Figure
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Figure 8. Proposed model of RBX2 promotes colon cancer metastasis via

mTOR/S6K1 signaling pathway.

71, tumor volume was significantly decreased
from in HCT116-RBX2 cells with administration
of everolimus through inhibition of cell prolifer-
ation (Ki67) and mTOR pathway (Figure 7J).
These results strongly suggested that RBX2
induced CRC cells growth and metastasis was
mainly mediated via mTOR/S6K1 signaling
pathway.

Discussion

Recent studies suggest that RBX2 is frequently
over-expressed in a variety of malignancies and
contributes to cancer development and pro-
gression [14]. In lung, liver and stomach can-
cers, RBX2 were significantly overexpressed in
cancerous tissues compared with normal adja-
cent tissues [15]. In prostate cancer, RBX2 cor-
relates strongly with tumor cells proliferation
and chemotherapy-resistant [16]. In consis-
tence with these studies, we observed higher
expression of RBX2 in colorectal cancer (CRC)
relative to the matched normal tissues.
Moreover, the present study identified that
human CRC cells contain RBX2-expressing can-
cer subpopulations. Inspired by these findings,
we further explored the role of RBX2 in CRC
proliferation in vitro and in vivo. As expected,
RBX2 interference inhibited colorectal carcino-
ma cells growth as well as clonogenic forming
ability in vitro and tumorigenesis in vivo.
Conversely, ectopic expression of RBX2 showed
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the opposite effects. Further-
more, RBX2 knock out increas-
es the sensitivity of CRCHCT116
and SW480 cells target to pacli-
taxel treatment. These findings
were consistent with the previ-
ous reports that RBX2 was a key
regulator in promoting tumor
cell proliferation in other tumor
types.

Metastasis is one of the six ini-
tial cancer hallmarks, which is
one of the main causes of CRC-
associated deaths. Approxima-
tely 35% of patients with CRC
have metastatic when diagnosis
and more than 30% patients
ultimately develop metastatic
disease [17]. However, the exact
molecular mechanism underly-
ing CRC metastasis is poorly
known and improving under-
standing the key molecules may provide novel
insight for designing effective anti-CRC thera-
pies. Since migration and invasion are the cru-
cial events regulating CRC metastasis [18], we
checked RBX2 knockout and overexpression
CRC cells metastasis in vitro. Loss of RBX2
decreases the cellular migration in wound heal-
ing assay and invasion in Transwell analysis in
vitro. Oppositely, RBX2 over-expressing pro-
motes cell migration and invasion of colon can-
cer cells, further showing the importance of
RBX2 in CRC metastasis.

Gene-annotation enrichment analysis (https://
david.ncifcrf.gov/) was conducted to investi-
gate the pathway of RBX2 in regulating and
mTOR was identified as an effective mediator
of RBX2 targeted. mTOR is an important
upstream regulator of various signaling path-
ways that participates in tumor progression,
including PIBK/AKT and adenosine 5-mono-
phosphate (AMP)-activated protein kinase
(AMPK) pathway. As a protein kinase, mTOR
could phosphorylate key components of the
protein synthesis machinery, such as S6 kinase
(S6K1). Plenty of researches show the aber-
rantly activated mTOR is critical for tumor cell
proliferation and predicts poor prognosis in
patients. Therefore, we investigated the possi-
ble role of mTOR signaling in RBX2 mediated
CRC cell growth and metastasis. We found that
up-regulation of RBX2 activated mTOR/S6K1
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and led to increased cell proliferation. On the
contrary, RBX2 knockout attenuated this path-
way and resulted in suppression of CRC cells
growth. To further prove these findings, we
studied the effects of everolimus on vector or
RBX2 over-expressed CRC cancer cells. The
results suggested that treatment with everoli-
mus dramatically abolished RBX2-induced
MmTOR/S6K1 activation and CRC cells prolifera-
tion as well as metastasis in vitro. These data
sufficiently indicates that mTOR/S6K1 serves
as downstream effecter of RBX2 in promoting
colorectal carcinoma progression. Our findings
were in agreement with the previous reports
that mTOR pathway was an essential mediator
of the RBX2-dependent cell growth in prostate
cancer.

In conclusion, our in vitro and in vivo studies
demonstrate that the RBX2 have profound
pathogenic effects on CRC cells growth and
metastasis via mTOR signaling (Figure 8), and
identifies RBX2 as a potential therapeutic tar-
get for combatting colorectal carcinoma
aggression.
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Supplementary Table 1. Association of RBX2 expression with
clinic-pathological factors from patientswith coloncancer

RBX2 expression

Clinicopathological variables N score (Mean + SD) P-value
Age (years)
<60 39 712 +4.23 0.657
>60 17 435+4.11
Tumor differentiation
Well 11 2.79+1.86 0.524
Moderate 19 498 +1.35
Poor 26 4.32+2.63
Infiltration depth
T +T, 24 2.79+2.74 0.004
T,+T, 32 4.31+1.45
Lymph node metastasis
N, 30 5.56 + 3.17 <0.001
N, , 26 3.47 +1.73
Distant metastasis
M, 29 3.84 +£4.38 0.003
M, 27 434+1.4
TNM stage
| 10 513+ 1.72 <0.001

Il 17 5.01 +3.53
1] 13 3.19 + 1.56
1% 16 6.21 +4.45
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Supplementary Figure 1. A. The efficiency of RBX2 knock out plasmid transfection exhibited completely loss of
RBX2 relative to parental B16F10 cells. B. Western blot analysis of RBX2 in BL6F10 cells transfected with vector
or RBX2.
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Supplementary Figure 2. A. The effect of on everolimus on HCT116 RBX2 konoc-down cells proliferation was as-
sayed by MTT analysis. B. Transwell invasion assay was performed to evaluate the effect of everolimus on HCT116
RBX2 knock-out cells invasion in vitro.



