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A B S T R A C T

Serine/threonine/tyrosine interacting protein (STYX), a member of protein tyrosine phosphatases, has recently
been reported as a potential oncogene. However, the role of STYX in colorectal cancer (CRC) remains unknown.
In this study, we found that STYX was highly expressed in CRC tissues and closely correlated with tumor de-
velopment and survival of CRC patients. In vitro studies showed that overexpression of STYX promoted pro-
liferation, migration, invasion, and epithelial-mesenchymal transition (EMT) and inhibited apoptosis in CRC
cells, while STYX knockdown had the opposite effects. Consistently, in vivo experiments showed that over-
expression of STYX promoted tumor growth and lung metastasis. Mechanically, STYX bound to the F-box and
WD repeat domain-containing7 (FBXW7) protein and inhibited its function. Co-regulation of STYX and FBXW7
expression reversed the biological changes mediated by regulation of STYX expression alone in CRC cells.
Additionally, FBXW7 expression was negatively associated with STYX expression in CRC tissues, and low STYX
levels accompanying high FBXW7 levels predicted favorable prognosis of CRC patients. In conclusion, our results
suggest that STYX plays an oncogenic role by inhibiting FBXW7 and represents a potential therapeutic target and
prognostic biomarker in CRC.

1. Introduction

As one of the most common malignant tumors, colorectal cancer
(CRC) is the second leading cause of cancer-related deaths, with an
estimated annual incidence of 1.4 million cases worldwide [1,2]. De-
spite recent curative improvements made in CRC therapy, the prognosis
of CRC patients remains poor due to the lack of effective therapeutic
targets [3,4]. Diverse signaling pathways and abnormally expressed
genes involved in CRC have been identified, but the precise molecular
mechanism of CRC is not fully understood. Thus, to improve the
prognosis of patients with CRC, it is imperative to explore novel mo-
lecular markers that can better risk assessment and therapy.

Serine/threonine/tyrosine interacting protein (STYX), a proto-
typical pseudophosphatase, belongs to the family of protein tyrosine
phosphatases (PTPs) [5]. STYX displays the structural features of PTPs
but lacks an active catalytic loop. Within its phosphatase domain, the

catalytic cysteine at position 120 is replaced by glycine, resulting in the
lack of dephosphorylation function [6]. Although STYX is widely ex-
pressed in various tissues [6,7], less is known about its biological
function as available studies are very limited. Wishart et al. [8] found
that STYX combined with a testicular RNA binding protein, suggesting
the potential role of STYX in spermatogenesis. Reiterer et al. [9]
showed that STYX worked as a nuclear anchor for extracellular signal-
regulated kinases 1/2 to modulate their nucleo-cytoplasmic shuttling.

A recent study implicated STYX as a potential oncogene, showing
that STYX inhibited the apoptosis of breast cancer cells by binding the
F-box and WD repeat domain-containing7 (FBXW7) protein with its
expression negatively related to prognosis in breast cancer patients
[10]. FBXW7 is a member of the F-box family that ubiquitinates sub-
strate proteins in a variety of biological process [11–13] and has a high
mutation frequency (9%) in colon cancer [14,15]. Strong evidence has
demonstrated that FBXW7 plays a negative role in the pathogenesis of
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CRC [16–18], including inhibition of the proliferation and migration as
well as the promotion of apoptosis of CRC cells [19–21]. The high ex-
pression of FBXW7 independently related to a favorable prognosis for
CRC patients [22]. Based on this background, we propose a hypothesis
that STYX may be involved in the pathogenesis of CRC by regulating
FBXW7.

In this present study, STYX expression was examined both in CRC
tumor tissues and normal tissues, the correlation between STYX

expression and prognosis were studied, the direct role of STYX was
assessed in the growth and metastasis of CRC, and the underlying
molecular mechanism was investigated.

Fig. 1. STYX was up-regulated in CRC tissues. (A) STYX expression in 20 paired CRC samples as detected by Western blot analysis. (B) Immunohistochemical staining
of STYX in tumor tissues and the matched normal tissues. (C) Kaplan–Meier survival analysis of overall survival and disease free survival according to the STYX
expression in 140 CRC patients.
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2. Materials and methods

2.1. Cell culture and transfection

Human CRC cell lines (SW480, SW620, HCT116, HT29, RKO, and
Lovo) were purchased from Procell Life Sciences Co. Ltd., (Wuhan,
Hubei, China), and were recently authenticated by Procell Life Sciences
Co. Ltd., using STR analysis [Supplementary materials]. The cell lines
SW480, SW620, HCT116 and HT29 were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS). The Lovo cell line was
maintained in Ham's Fe12K medium with 10% FBS, and the RKO cell
line was cultured in MEM with 15% FBS. All of these cells were in-
cubated at 37 °C in an atmosphere of 95% air-5% CO2.

The STYX-shRNA (LV-STYX-shRNA-Puromycin), STYX (LV-Flag-
STYX-Puromycin), FBXW7-shRNA (LV-FBXW7-shRNA-Puromycin),
FBXW7 (LV-Flag-FBXW7-Puromycin) and the negative control viruses
were purchased from Genechem Co. Ltd. (Shanghai, China). The shRNA
sequences used for targeting were as follows: STYX (#1) 5ʹ-CCAGATA
GAAAGGTCATTA-3ʹ; STYX (#2) 5ʹ-CTATGACTAAGGAATTTAT-3ʹ;
STYX (#3) 5ʹ- CATATTCATCTGCTATGAA-3ʹ; FBXW7 5ʹ- AGAGAAATT
GCTTGCTTTA-3ʹ. The lentiviruses were transfected into CRC cells in

presence of polybrene and selected in medium containing 2 μg/mL
puromycin.

2.2. Tissue samples and immunohistochemistry (IHC)

A total of 140 CRC tissues and paired adjacent normal tissues were
obtained from the West China Hospital (Chengdu, Sichuan, China)
between 2009 and 2011. Written informed consent was obtained from
the patients for publication of this manuscript, and the study was ap-
proved by the Biomedical Ethics Committee of West China Hospital.
Immunohistochemistry was performed as previously described [23].
Briefly, after a series of previous steps, slides were incubated with
primary antibodies including STYX (1:100, Abcam), FBXW7 (1:500,
Abcam), and Ki-67 (1:500, Abcam), followed by incubation with HRP
labeled secondary antibody.

Under high-power magnification (× 100), photographs of three
representative fields were captured by the ZEN 2012 software (blue
edition). Identical settings were used for each photograph.
Densitometric measurement was performed by imageJ software (NIH,
MD, USA). Integrated optical density (IOD) of all the positive staining of
STYX in each photograph was measured, and its ratio to total area of
each photograph was calculated as STYX density [24]. FBXW7 density
was calculated by the same method. The optimal cutoff-point of STYX
or FBXW7 density was obtained with X-TILE 3.6.1 software (Yale
University, CT, USA), as described previously [25].

2.3. Cell proliferation and colony formation assay

Cell viability was tested by the cell counting kit (CCK)-8 assay
(Dojindo, Tokyo, Japan) as previously reported [26]. For the colony
formation assay, 1× 103 cells/per well were incubated in 6-well plates.
After 12 days, the visible colonies were fixed with 4% formaldehyde
and stained with crystal violet. Colonies containing more than 50 cells
were counted.

2.4. Apoptosis assay

In vitro and in vivo apoptosis assays were assessed by flow cytometry
(BD Biosciences, CA, USA) and TUNEL (Promega, WI, USA) experiment,
respectively, as previously described [27,28].

2.5. Migration and invasion assay

Cell migration and invasion assays were performed using transwell
plates (8-μm pore size; Corning, 3422). Briefly, 3×105 cells/well were
resuspended with serum-free medium in the top chamber of the
transwell plates coated with or without Matrigel (BD, 356234), and
medium with 10% FBS was added to the bottom chamber. After 24 h,
the cells that had migrated across the membrane were fixed with 4%
paraformaldehyde, stained with crystal violet. Migrated or invaded
Cells were counted by three randomly selected fields with a microscope
(Olympus Corporation, Tokyo, Japan) under 200×magnification.

Table 1
Relation between STYX expression level and clinicopathologic features in 140
CRC patients.

Variables Case (n= 140) STYX expression P value

High (n= 91) Low (n= 49)

Age 0.282
< 65 59 35 (59.3%) 24 (40.7%)
≥ 65 81 56 (69.1%) 25 (30.9%)

Gender 0.379
male 64 39 (60.9%) 25 (39.1%)
female 76 52 (68.4%) 24 (31.6%)

Locationa 0.302
Left sides 106 66 (66.2%) 40 (37.8%)
Right sides 34 25 (73.5%) 9 (26.5%)

Size (cm) 0.046∗

< 5 55 30 (54.5%) 25 (45.5%)
≥ 5 85 61 (71.8%) 24 (28.2%)

Invasive depth 0.034∗

T1+T2 31 15 (48.4%) 16 (41.6%)
T3+T4 109 76 (69.7%) 33 (30.3%)

Lymph node metastasis 0.017∗

Absent 52 27 (51.9%) 25 (48.1%)
Present 88 64 (72.7%) 24 (27.3%)

Distant metastasis 0.543
M0 127 81 (63.8%) 46 (36.2%)
M1 13 10 (76.9%) 3 (23.1%)

TNM stages 0.009∗

Ⅰ+Ⅱ 48 24 (50%) 24 (50%)
Ⅲ+Ⅳ 92 67 (72.8%) 25 (27.2%)

a: Left sided: splenic flexure, descending colon, sigmoid colon, and rectum;
Right sided: cecum, ascending colon, hepatic flexure, and transverse colon.
∗ Statistically significant.

Table 2
Multivariate Cox regression analysis for the overall survival and disease-free survival of 140 CRC patients.

Variables Overall survival Disease-free survival

P value HR (95%CI) P value HR (95%CI)

Tumor size 0.365 0.786 (0.467–1.323) 0.192 0.742 (0.475–1.161)
Invasive depth 0.508 0.804 (0.421–1.535) 0.929 1.027 (0.568–1.859)
Lymph node metastasis 0.027∗ 1.998 (1.081–3.693) 0.001∗ 2.587 (1.491–4.489)
Distant metastasis 0.000∗ 9.770 (4.617–20.675) 0.000∗ 8.648 (4.213–17.751)
TNM stage 0.052 1.820 (0. 996–3.328) 0.003∗ 2.277 (1.331–3.894)
STYX expression 0.009∗ 2.324 (1.235–4.373) 0.047∗ 1.678 (1.006–2.799)

∗ Statistically significant.
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Fig. 2. STYX promoted cell proliferation, colony formation, and inhibited apoptosis in CRC cells. (A) STYX expression in six CRC cell lines as detected by Western blot
analysis. (B) STYX knockdown and overexpression as detected by Western blot. (C) Viability of STYX-silenced or STYX-overexpressed CRC cells as detected by the
CCK-8 assay. (D) Colony-formation ability of STYX-silenced or STYX-overexpressed CRC cells as detected by the colony formation assay. (E) Apoptosis of STYX-
silenced or STYX-overexpressed CRC cells as detected by flow cytometry. Results represent means ± SD from three independent experiments. ∗P < 0.05,
∗∗P < 0.01.
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Fig. 3. STYX contributed to cell migration, invasion, and EMT in CRC cells. (A) Transwell Matrigel invasion and migration assay for STYX-silenced HCT116 cells. (B)
Transwell Matrigel invasion and migration assay for STYX-overexpressed HT29 cells. (C) EMT marker expression in STYX-silenced HCT116 cells as detected by
Western blot analysis. (D) EMT marker expression in STYX-overexpressed HT29 cells as detected by Western blot analysis. Results represent means ± SD from three
independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Fig. 4. STYX bound to FBXW7 in CRC cells and negatively correlated with FBXW7 in CRC tissues. (A) Cellular co-localization of STYX and FBXW7 is validated by
immunofluorescence in HCT116 cells. (B) Interaction of STYX and FBXW7 was validated by co-immunoprecipitation in HCT116 cells. (C) The expression of FBXW7,
cyclin E, and c-Jun in CRC cells as detected by Western blot assay. (D) Representative images of FBXW7 expression in CRC tissues tested by immunohistochemistry.
(E) The relationship between the expression of STYX and FBXW7 in CRC tissues analyzed by Pearson's correlation analysis. (F) Kaplan–Meier survival analysis
according to the combination of STYX and FBXW7 expression in 140 CRC patients. nsP>0.05, ∗P < 0.05, ∗∗P < 0.01.
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2.6. Western blot (WB) and co-immunoprecipitation (co-IP)

Total cellular proteins were extracted using lysis buffer containing
phenylmethylsulfonyl fluoride (PMSF) and phosphatase inhibitor.
Equal amounts (30 μg) of total protein from various samples were se-
parated via SDS–PAGE and transferred to PVDF membranes, which
were blocked with 5% skimmed milk in TBST for 1 h, and incubated
overnight at 4 °C with the various primary antibodies. The membranes
were then incubated with secondary antibody (CST, MA, USA) for 1 h at
room temperature. Protein visualization was performed using a che-
miluminescence kit (Beyotime Biotechnology, China). The primary
antibodies used are listed as follows: STYX (1:1000; Abcam, USA);
FBXW7 (1:1000; Abcam, USA); Cyclin E (1:1000; Abcam, USA); c-Jun
(1:1000; Abcam, USA); E-cadherin (1:5000; Abcam, USA); N-cadherin
(1:5000; Abcam, MA, USA); Vimentin (1:1000; Abcam, MA, USA); Snail
(1:1000; Abcam, MA, USA); Slug (1:1000; CST, MA, USA); ZEB1
(1:1000; Abcam, MA, USA); and β-actin (1:2000; CST, MA, USA).

RIPA lysis buffer was used to obtain total protein lysates from cells.
Primary antibody (4 μg) was added into 1000 μg of total protein, and
then the mixture was incubated on a rotary shaker at 4 °C overnight.
The protein A Sepharose beads (Santa Cruz, Texas, USA) were added to
the mixture and rotated at 4 °C for 1 h. The beads were collected by
centrifugation for 3min at 800 g. Subsequently, 2× sample loading
buffer was used to resuspend the Sepharose beads–antigen–antibody
complexes. The samples were collected for the WB assay after boiling
for 5min with the sample-loading buffer.

2.7. Immunofluorescence (IF)

The cells were seeded on glass coverslips for 24 h, fixed with 4%
paraformaldehyde for 10min, and permeabilized in 0.25% Triton X-
100 (ZSGB-Bio, Beijing, China) for 10min. The cells were then blocked
with 5% BSA in PBS for 30min at room temperature and incubated in
antibodies overnight at 4 °C. Following this, the cells were incubated in
Alexa Fluor 488 Goat anti-rabbit IgG and Alexa Fluor 647 Donkey anti-
mouse IgG (each, 1:500, Abcam, USA) secondary antibodies for 1 h at
room temperature. The nuclei were counterstained with DAPI (Thermo,
MA, USA) for 30min. Fluorescence images were captured using a
fluorescence microscope (Olympus Corporation, Tokyo, Japan).

2.8. In vivo models

Male BALB/c nude mice (6-week-old) were purchased from the
Experimental Animal Center of the Sichuan University and housed in
SPF conditions. All animal care and handling procedures were per-
formed in accordance with the National Institutes of Health guide for
the care and use of Laboratory animals and approved by the Animal
Care and Use Committee of West China Hospital, Sichuan University.

For the tumor growth model, 3× 106 cells (two groups including
HT29-vector cells and HT29-STYX cells) were subcutaneously injected
into the right flanks. Tumor volume was measured with calipers every 7
days and calculated using the formula: Volume
(mm3)= length×width2/2. All mice were sacrificed 5 weeks post-

injection, and tumor growth and apoptosis analyzed by IHC and TUNEL
staining.

For the tumor metastasis model [29], HT29 cells were transfected
with PGKV5-luciferase vector and treated with G418 at 4 μg/mL to
obtain a cell line stably expressing luciferase, which was treated with
control or STYX to generate two groups. Each mouse was injected with
1×106 cells in 100 μL PBS by the tail-vein. After 5 weeks, the mice
were anesthetized with 3% isoflurane, intraperitoneally injected with
luciferin (300mg/kg, 10min prior to imaging), and imaged in an IVIS
spectrum imaging system (Caliper, Newton, USA). The images were
analyzed using the Living Image software (Caliper, Newton, USA). Post-
imaging, the mice were sacrificed, and the lungs were removed for H&E
staining.

2.9. Statistical analysis

The χ2 test or Fisher's exact test was used to analyze the correlation
between STYX expression and the clinicopathological features of CRC
patients. The Kaplan-Meier method was used to analyze patient sur-
vival. The Student's t-test was used to analyze the comparisons between
the two groups. Cox regression model was used in multivariate analysis
to study the effectors of clinical variables on survival. Statistical ana-
lysis and graphs were generated using the SPSS 20.0 software program
and the GraphPad Prism 7 software. P < 0.05 were considered sig-
nificant.

3. Results

3.1. STYX expression was significantly associated with clinicopathological
characteristics and predicted prognosis in CRC patients

We first performed WB to examine the expression levels of STYX in
20 CRC tissues. As shown in Fig. 1A and Supplementary Fig. S1, STYX
expression levels were markedly increased in tumor tissues compared to
that in matched normal tissues (P < 0.05). To investigate the clinical
significance of STYX expression in CRC, we further evaluated STYX
protein expression in 140 pairs of tumor tissues and matched normal
tissues by IHC. The results showed increased expression of STYX in the
tumor tissues compared with matched normal tissues (Fig. 1B and
Supplementary Fig. S2). Further, STYX expression significantly corre-
lated with tumor size (P=0.046), invasive depth (P=0.034), lymph
node metastasis (P=0.017), and TNM stages (P=0.009), but not to
age, gender, and location (P > 0.05, Table 1). Moreover, Ka-
plan–Meier analysis showed that patients with high STYX expression
(n= 91) had a significantly poorer 5-year overall survival (OS) than
those with low STYX expression (n=49; log-rank=10.56;
P=0.0012; Fig. 1C). High STYX expression was associated with a
shorter disease-free survival (DFS) time compared to low STYX ex-
pression (log rank= 10.79, P=0.0010, Fig. 1C). Further, multivariate
COX regression analysis showed that STYX expression independently
predicted patient OS (P=0.009, HR 2.324, 95% CI 1.235–4.373) and
DFS (P=0.047, HR 1.678, 95% CI 1.006–2.799; Table 2). These
findings indicated that STYX might be a potential prognostic marker in

Table 3
Relationship between the STYX-FBXW7 expression levels, TNM stages and prognosis.

Groups Case TNM stages P value 5-year OS (%) P value 5-year DFS (%) P value

(n= 140) I + II III+Ⅳ

0.002∗ <0.001∗ <0.001∗

STYXhighFBXW7low 60 11 (18.3%) 49 (81.7%) 31.67 17.89
STYXhighFBXW7high 31 13 (41.9%) 18 (58.1%) 67.04 44.4
STYXlowFBXW7high 25 15 (60%) 10 (40%) 88 68
STYXlowFBXW7low 24 9 (37.5%) 15 (62.5%) 49.02 26.06

∗ Statistically significant.
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Fig. 5. STYX promoted CRC cell proliferation, colony-formation ability, and inhibited apoptosis by targeting FBXW7. (A) Cell viability of HCT116 cells and
HT29 cells with co-regulation of STYX and/or FBXW7 tested by the CCK-8 assay. (B) Colony-formation ability of HCT116 cells and HT29 cells with co-regulation of
STYX and/or FBXW7 detected by the colon formation assay. (C) Apoptosis of HCT116 cells and HT29 cells with co-regulation of STYX and/or FBXW7 tested by the
flow cytometry. Results represent means ± SD from three independent experiments. nsP>0.05, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; #P < 0.05, ##P < 0.01,
###P < 0.001.
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Fig. 6. STYX promoted CRC cell migration, in-
vasion, and EMT by targeting FBXW7. (A)
Transwell Matrigel invasion and migration assay
for HCT116 cells with co-depletion of STYX and
FBXW7. (B) Transwell Matrigel invasion and
migration assay for HT29 cells with co-over-
expression of STYX and FBXW7. (C) EMT marker
expression in HCT116 cells with co-depletion of
STYX and FBXW7 as detected by Western blot
analysis. (D) EMT marker expression in
HT29 cells with co-overexpression of STYX and
FBXW7 as detected by Western blot analysis.
Results represent means ± SD from three in-
dependent experiments. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.
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CRC.

3.2. STYX promoted proliferation, colony-formation ability, and inhibited
apoptosis in CRC cells

To explore the influence of STYX on the biological behaviors of CRC,
we applied lentiviral transfection technique to regulate the expression
of STYX in CRC cells. We first quantified the expression levels of STYX
in 6 CRC cell lines. As shown in Fig. 2A, STYX was especially high in
HCT116 cells, but low in HT29 cells. Therefore, HCT116 cells were
transduced with STYX-shRNA to knockdown STYX, and HT29 cells were
transduced with STYX to overexpress STYX. Control cells were trans-
duced with negative control viruses. All these stable transfected cells
were tested regularly by WB to confirm the efficiency of down-regula-
tion or up-regulation. As shown in Fig. 2B, shRNA#3 showed the
strongest efficiency of knockdown and was used for further research.

The effects of STYX on viability, colony-formation ability and
apoptosis of CRC cells were analyzed by CCK-8 assay, colony formation
assay and flow cytometry, respectively. As shown in Fig. 2C, STYX
knockdown significantly decreased the viability of HCT116 cells
whereas STYX overexpression increased the viability of HT29 cells.
Moreover, the results of the colony formation assay were in accord with
results from the CCK-8 assay (Fig. 2D). Flow cytometry analysis showed
that STYX knockdown enhanced the apoptotic rate of HCT116 cells,
whereas overexpression reduced the apoptotic rate of HT29 cells
(Fig. 2E). Therefore, we concluded that STYX promoted proliferation
and colony-formation ability, and inhibited apoptosis in CRC cells.

3.3. STYX promoted migration, invasion, and epithelial-mesenchymal
transition (EMT) in CRC cells

The effects of STYX on migration and invasion in CRC cells were

demonstrated using the Transwell migration and Matrigel invasion as-
says, respectively. As shown in Fig. 3A, suppression of STYX resulted in
significantly diminished migratory and invasive potential in
HCT116 cells. Conversely, a marked increase of cell migration and in-
vasion ability was observed in HT29 cells with elevated STYX expres-
sion (Fig. 3B). These data suggested that STYX facilitated CRC cell
migration and invasion.

Given the crucial role of EMT in tumor metastasis [30–33], we
evaluated the protein levels of EMT markers including E-cadherin, N-
cadherin and Vimentin, and a panel of EMT-associated transcription
factors including Snail, Slug, and ZEB1 in HCT116 and HT29 cells.
Knockdown of STYX in HCT116 cells led to significantly higher levels of
E-cadherin and lower levels of N-cadherin, Vimentin, Snail, Slug, and
ZEB1 (Fig. 3C). In contrast, the enhanced expression of STYX in
HT29 cells resulted in a concomitant up-regulation of N-cadherin, Vi-
mentin, Snail, Slug, and ZEB1, accompanied by reduction of E-cadherin
(Fig. 3D). These data led us to the conclusion that STYX might induce
the EMT in CRC cells.

3.4. STYX interacted with FBXW7 and regulated its function in CRC cells

To investigate the relationship between STYX and FBXW7 in CRC
cells, we first performed IF and co-IP experiments. The cellular co-lo-
calization of STYX and FBXW7 proteins was shown by IF in
HCT116 cells (Fig. 4A). The co-IP results showed that endogenous STYX
interacted with FBXW7 in HCT116 cells (Fig. 4B). Then, WB was used to
explore the effects of altering STYX levels on FBXW7 expression. As
shown in Fig. 4C, FBXW7 expression level was changed neither in the
STYX-silenced HCT116 cells nor in STYX-overexpressed HT29 cells
compared with the negative control cells (P > 0.05, respectively).
Moreover, knockdown or overexpression of STYX resulted in a drop or
rise in the expression levels of cyclin E and c-Jun, which are substrates

Fig. 7. Overexpression of STYX promoted tumor growth and metastasis in vivo. (A) Effects of STYX overexpression on tumor growth in vivo (B) Representative images
of Ki-67 expression in xenograft tested by immunohistochemistry. The apoptosis was assessed by TUNEL assays. (C) Effects of STYX overexpression on lung tumor
metastasis detected by bioluminescent images of whole mouse bodies. (D) Representative images of lung metastasis were obtained 5 weeks after injection. Results
represent means ± SD from three independent experiments. ∗P < 0.05, ∗∗P < 0.01.
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of FBXW7 (Fig. 4C). In addition, co-depletion of both STYX and FBXW7
enhanced the levels of cyclin E and c-Jun compared to depletion of
STYX alone (Fig. 4C). Co-overexpression of both STYX and FBXW7 re-
duced the levels of cyclin E and c-Jun compared with overexpression of
STYX alone (Fig. 4C). These results suggested that the effects of STYX
on the expression levels of cyclin E and c-Jun depended on FBXW7, and
further indicated that STYX regulated FBXW7 function rather than
FBXW7 expression in CRC cells.

3.5. Expression of STYX and FBXW7 were inversely correlated in CRC
tissues

We then analyzed the relationship between the expression of
FBXW7 and STYX in our cohort of 140 CRC cases. Representative
images of FBXW7 staining are shown in Fig. 4D. The expression of
FBXW7 in cancer tissues was lower than that in paired normal tissues.
(P=0.001, Supplementary Fig. S3), which correlated to the prognosis
of CRC patients (Supplementary Fig. S4). Pearson's correlation analysis
revealed a strong negative correlation between the expression of
FBXW7 and STYX (r=−0.226, P < 0.01, Fig. 4E). In addition, pa-
tients with low STYX accompanying high FBXW7 expression exhibited
the best prognoses and highest proportion of stage (I + II), whereas
patients with high STYX accompanying low FBXW7 expression ex-
hibited the worst prognoses and highest proportion of stage (III + IV)
(Fig. 4F, Table 3).

3.6. STYX regulated CRC cell proliferation, colony-formation ability, and
apoptosis, by targeting FBXW7

To investigate whether FBXW7 mediated the influence of STYX on
the biological behaviors of CRC cells, we established the co-depletion of
both STYX and FBXW7 HCT116 cells, and the co-overexpression of both
STYX and FBXW7 HT29 cells. As shown in Fig. 5A and B, depletion of
STYX significantly decreased the cell viability and colony-formation
ability of HCT116 cells, while depletion of FBXW7 significantly in-
creased the cell viability and colony-formation ability of HCT116 cells.
Compared with depletion of STYX alone, co-depletion of both STYX and
FBXW7 restored cell viability and colony-formation ability back near to
control cells (Fig. 5A and B). As shown in Fig. 5C, depletion of STYX
increased cell apoptosis of HCT116 cells. Compared with depletion of
STYX alone, co-depletion of both STYX and FBXW7 restored cell
apoptosis back near to control cells (Fig. 5C). The overexpression of
STYX and/or FBXW7 resulted in effects opposite to these observations
in HT29 cells (Fig. 5A–C). These results demonstrated that STYX regu-
lated CRC cell proliferation, colony-formation, and apoptosis by tar-
geting FBXW7.

3.7. STYX regulated CRC cell migration, invasion, and EMT by targeting
FBXW7

As shown in Fig. 6A, co-depletion of both STYX and FBXW7 pro-
moted cell migration and invasion of HCT116 cells compared with de-
pletion of STYX alone. Inversely, co-overexpression of both STYX and
FBXW7 suppressed the cell migration and invasion of HT29 cells com-
pared with overexpression of STYX alone (Fig. 6B). WB results revealed
that co-depletion of both STYX and FBXW7 increased the levels of Snail,
slug, ZEB1, N-cadherin, and Vimentin, and decreased E-cadherin levels
in HCT116 cells (Fig. 6C). Co-overexpression of both STYX and FBXW7
yielded the opposite effects in HT29 cells (Fig. 6D). These data in-
dicated that STYX regulated CRC cell migration, invasion, and EMT by
targeting FBXW7.

3.8. STYX promoted CRC growth and metastasis in vivo

The data above demonstrated that STYX promotes CRC cell pro-
liferation, migration and invasion. We then examined the effects of

STYX on tumorigenesis in vivo by injecting control or STYX-over-
expressed HT29 cells subcutaneously into the right flank of nude mice.
As shown in Fig. 7A, the xenografts in the STYX group grew faster
(P < 0.05) than those in the NC group. Moreover, compared with the
NC group, Ki-67 expression was increased in the STYX group with a
corresponding decrease in the number of apoptotic cells (Fig. 7B).

To explore the effects of STYX on CRC metastasis in vivo, luciferase-
labeled control or STYX-overexpressed HT29 cells were injected into
nude mice via the tail vein. After 5 weeks, whole-body luminescence
signals in the STYX group were ∼10-fold higher than those in the NC
group (P < 0.05, Fig. 7C). Further, H&E staining revealed that STYX-
overexpressed HT29 cells formed more nodules in the lungs that were
also larger than those in the control cell-injected animals (Fig. 7D).
Together, these data strongly indicated that STYX promoted CRC
growth and metastasis in vivo.

4. Discussion

In the present study, we found that the CRC tissues overexpressed
STYX in comparison with the matched normal tissues, which positively
correlated with tumor size, tumor invasive depth, lymph node metas-
tasis, and TNM stages. Kaplan–Meier and multivariate COX regression
analysis revealed that the high expression of STYX was independently
related to a poorer 5-year OS and DFS of CRC patients. To the best of
our knowledge, this is the first study to reveal the expression level of
STYX and its relation with the clinicopathological features and prog-
nosis of patients with CRC. The results indicated that STYX may play a
role as a promoter in the development of CRC, and is a valuable
prognostic biomarker for CRC. Consistent with our findings, STYX up-
regulation in breast cancer was related to poor patient prognosis, im-
plying its oncogenic role [10].

To date, there is no study that reports the effects of STYX on CRC
cells, but previous studies have consistently demonstrated that it plays
an oncogenic role in other tumors, including inhibiting apoptosis of
breast cancer cells and promoting cell migration of Hela cells [9,10]. In
the present study, various lines of evidence indicated that STYX
knockdown reduced aggressiveness and malignancy of HCT116 cells,
with a higher ratio of apoptosis and a reduction in in vitro cell pro-
liferation and colony-formation ability. Moreover, STYX knockdown led
to a reduction in in vitro cell migration and invasion. In contrast,
overexpression of STYX had the opposite effects on HT29 cells and
promoted in vivo tumor growth and lung metastasis. These results de-
monstrated that STYX facilitated tumor growth and metastasis by en-
hancing the aggressiveness and malignancy of CRC cells and is there-
fore an oncogene in CRC.

The EMT process is a major factor resulting in the metastasis of
various cancers including CRC [34–36]. During this process, cells lose
epithelial characteristics including decreased E-cadherin expression and
acquire mesenchymal features such as an increase in N-cadherin and
Vimentin expression [37]. The proteins Snail, Slug, and ZEB1 play key
roles in EMT as upstream transcription factors [30,31]. The present
study revealed that depletion of STYX enhanced E-cadherin expression,
with a concomitant reduction in the expression of the mesenchymal
markers N-cadherin and Vimentin, and that of the transcription factors
Snail, slug, and ZEB1. Overexpression of STYX had the reverse effects
on expression of these proteins. These results indicated that STYX fa-
cilitated EMT by up-regulating Snail, slug, and ZEB1. Therefore, reg-
ulation of EMT may be one of the mechanisms by which STYX promotes
CRC metastasis.

FBXW7 represents a general tumor suppressor in various cancers by
targeting several important oncoproteins, such as cyclin E [38], c-Jun
[39], c-Myc [40], and Notch [41]. Many oncogenes are reported to
promote the development of tumors by regulating FBXW7. Previous
studies mainly focused on the regulation of FBXW7 expression by mi-
croRNAs, regulation of FBXW7 dimerization, or the phosphorylation of
its substrates [42–44]. In the present study, several lines of evidence

D. He, et al. Cancer Letters 454 (2019) 53–65

63



suggested that STYX inhibits FBXW7 function by direct protein-protein
interaction without influencing its expression in CRC cells: (1) STYX
and FBXW7 were co-localized and interacted in the nucleus of CRC
cells. (2) Depletion or overexpression of STYX did not alter FBXW7
expression, but significantly down or up-regulated the expression of
substrates of FBXW7, cyclin E, and c-Jun. (3) Co-regulation of STYX and
FBXW7 expression reversed the changes in expression of cyclin E and c-
Jun mediated by regulation of STYX alone. Further, we speculated that
the effects of STYX on CRC cells might be associated with the dys-
function of FBXW7 protein. To confirm this hypothesis, we explored the
effects of co-regulation of STYX and FBXW7 expression on the biolo-
gical behaviors of CRC cells. As expected, co-regulation of both STYX
and FBXW7 expression reversed the biological changes of CRC cells
mediated by regulation of STYX expression alone, implying FBXW7
might be involved in STYX-modulated biological behaviors and could
be a critical target of STYX in CRC cells. Thus, we concluded that the
biological impact of STYX on CRC cells was achieved by regulating
FBXW7.

Furthermore, we integrated the expression information of STYX and
FBXW7 to analyze the significance in prognosis prediction. As seen in
Table 3, patients with high STYX accompanying low FBXW7 expression
had the highest proportion of stage (III + IV) cases and worst 5-year OS
and DFS. Conversely, patients expressing low STYX accompanying high
FBXW7 had the highest proportion of stage (I + II) and best 5-year OS
and DFS. The results strongly demonstrated that the combination of
STYX and FBXW7 expression could provide more accurate information
in predicting the tumor stage and prognosis, thus representing a pro-
mising biomarker. The findings were consistent with the functions of
the two genes in CRC, as shown in the present study.

The main limitation of this study is the relatively small number of
CRC patients, which may compromise the reliability of some results.
For example, in vivo experiments showed a promoting role of STYX in
lung metastasis, but the analysis of clinicopathological features did not
show a significant relation between STYX expression and distant me-
tastasis for CRC patients. The lack of correlation between STYX ex-
pression and distant metastasis may be explained by the relatively small
number of samples, which has confined the statistical significance.

In conclusion, this is the first study to identify the clinical sig-
nificance of STYX in CRC through analyzing the relationship between
STYX expression and prognosis of CRC patients and to delineate its
effects on the biological behaviors of CRC and the underlying me-
chanism. Our study strongly suggests that STYX promotes CRC growth
and metastasis by modulating the activity of FBXW7. These findings
point out a potential role of STYX in the development of CRC, which
might represent a novel prognostic biomarker and a promising ther-
apeutic target for CRC. Future studies may be needed to identify small
molecular compounds that prevent STYX from binding to FBXW7,
thereby rescuing FBXW7 from inhibition and restoring its tumor sup-
pressor effects.
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