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1  | INTRODUC TION

Chordoma is an uncommon malignant bone tumor of the axial 
skeleton; it is assumed to originate from residual embryonic no-
tochord and accounts for approximately 1%-4% of all skeletal 
tumors.1 Chordomas are chemoresistant and relatively radioresis-
tant.2-4 Unfortunately, more than 40% of patients present with 

local recurrence, and metastases occur in 40%-60% of patients 
during follow-up. There is currently no standard medical therapy for 
chordoma.5,6 Although various biomarkers in chordoma have been 
identified in recent years, the underlying molecular mechanisms reg-
ulating tumorgenesis and progression of chordoma are not fully un-
derstood. To enhance our understanding of chordoma and improve 
the overall prognosis of patients with chordoma, there is an urgent 
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Chordomas are rare bone tumors with a poor prognosis and no approved targeted 
therapy. Y-box binding protein-1 (YBX1) promotes tumor growth, invasion and drug 
resistance. However, the role of YBX1 in chordoma is unclear. In this study, we exam-
ined the expression of YBX1 using immunohistochemistry and found that YBX1 was 
significantly upregulated in 32 chordoma tissues compared to distant normal tissues. 
In addition, YBX1 upregulation was associated with surrounding tissue invasion, re-
currence and poor prognosis. Biological function studies demonstrated that YBX1 
promoted cell proliferation and invasion, accelerated G1/S phase transition, and in-
hibited apoptosis. Further investigation revealed that YBX1 enhanced epidermal 
growth factor receptor (EGFR) transcription by directly binding to its promoter in 
chordoma cells. YBX1 regulated protein expression of p-EGFR, p-AKT and its down-
stream target genes that influenced cell apoptosis, cell cycle transition and cell inva-
sion. YBX1 activated the EGFR/AKT pathway in chordoma and YBX1-induced 
elevated expression of key molecules in the EGFR/AKT pathway were downregu-
lated by EGFR and AKT pathway inhibitors. These in vitro results were further con-
firmed by in vivo data. These data showed that YBX1 promoted tumorigenesis and 
progression in spinal chordoma via the EGFR/AKT pathway. YBX1 might serve as a 
prognostic and predictive biomarker, as well as a rational therapeutic target, for 
chordoma.
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need to identify novel effective biomarkers and to develop new 
therapeutic strategies.

Y-box binding protein-1 (YBX1), encoded by the YBX1 gene, is a 
member of the cold-shock protein superfamily and participates in a 
wide variety of cellular processes.7 Many studies have indicated that 
YBX1 expression is significantly elevated and correlates with poor 
outcome and recurrence in common tumor types, such as pancreatic 
cancer and melanoma.8,9 In addition, YBX1 regulates tumor cell prolif-
eration, apoptosis, invasion, migration and chemoresistance through 
the related pathways.10 Multiple key molecules that interact with YBX1 
have been shown to be overexpressed in chordoma and contribute to 
chordoma development, such as hypoxia inducible factor 1 alpha sub-
unit (HIF-1α), a mechanistic target of rapamycin kinase (mTOR) and RB 
transcriptional corepressor 1 (RB).6,11-14

Receptor tyrosine kinases (RTK) have been proved to participate 
in the tumorigenesis and development of chordoma. The epidermal 
growth factor receptor (EGFR) is the most significantly activated RTK 
in chordoma.15 Studies have indicated that EGFR inhibitors significantly 
reduce the tumor growth and invasion ability of chordoma in vitro and 
vivo.16,17 Numerous studies have shown that YBX1 enhances EGFR 
expression and activates EGFR-mediated pathways, promoting the 
aggressive malignant phenotypes in multiple tumors.18,19 However, to 
our knowledge, the functional role and regulatory mechanism of YBX1 
in chordoma have not been investigated. Based on the theoretical evi-
dence mentioned above, we hypothesized that YBX1 is involved in the 
tumorigenesis and progression of chordoma through EGFR-mediated 
pathways.

In this study, we examined the expression, biological functions and 
molecular mechanisms of YBX1 in chordoma. Our results showed that 
YBX1 promoted tumorigenesis and the progression of chordoma via the 
EGFR/AKT pathway, suggesting that YBX1 could be a prognostic bio-
marker and a promising therapeutic target for chordoma.

2  | MATERIAL S AND METHODS

2.1 | Patients and tumor tissues

All cases of spinal chordoma diagnosed at Peking University Third 
Hospital between 2008 and 2016 were considered for enrolment. 
A total of 32 patients (20 men and 12 women) who had no preop-
erative treatment were included in the study, with an average age 
of 50.3 years (range, 11-70 years). All patients underwent surgery at 
our department. Nineteen distant normal tissues obtained at least 
3 cm from the surgical margins were collected as controls. The av-
erage follow-up period was 52.9 months (range, 5-121 months). We 
retrospectively reviewed clinicopathological characteristics, includ-
ing age, sex, tumor location, tumor size, surrounding muscle inva-
sion, recurrence, length of follow-up and disease status. The present 
study was conducted with the approval of the Ethics Committee of 
the Peking University Third Hospital Institutional Review Board (No. 
IRB00006761-2016048). Written informed consent was obtained 
from all patients whose specimens and clinical information were 
used for this study.

2.2 | Immunohistochemistry

Immunohistochemical examination of YBX1 expression in tissue 
samples was performed as described previously.20 Primary anti-
body (anti-YBX1 antibody, Cat. No. ab76149, 1:200 dilution, Abcam, 
Cambridge, MA, USA) was incubated at 4°C overnight.

The percentage of positive cells was graded as follows: 0 (none); 1 
(<25%); 2 (26%-50%); 3 (50%-75%); and 4 (>75%). The intensity of im-
munoreactivity was graded as follows: 0 (no reaction); 1 (weak); 2 (mod-
erate); and 3 (strong). The final score was the product of these 2 indices 
and ranged from 0 to 12. As the mean IRS was 7.6, samples with IRS ≤6 
and IRS ≥8 were classified as low and high YBX1 expression, respectively.

Immunohistochemical staining of phospho-EGFR and phospho-
Akt expression in tissue samples were also performed using primary 
antibodies (anti-phospho-EGFR antibody, Cat. No. 3777, 1:200 dilu-
tion, anti-phospho-Akt antibody, Cat. No. 4060, 1:100 dilution, Cell 
Signal Technology, Danvers, MA, USA). The score was applied as 
mentioned above to make classifications of low and high expression, 
respectively.

2.3 | Chordoma cell lines and cell culture

Human chordoma cell lines U-CH1 (CRL-3217) and MUG-Chor1 
(CRL-3219) were purchased from American Type Culture Collection 
(Manassas, VA, USA) and were cultivated in Iscove’s modified 
Dulbecco’s medium (IMDM) and RPMI medium (HyClone, Logan, 
UT, USA) at a ratio of 4:1 supplemented with 10% FBS (Gibco, Grand 
Island, NY, USA), 2 mmol/L L-glutamine (HyClone), 100 U/mL penicil-
lin and 100 μg/mL streptomycin (PS, HyClone) at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. Culture flasks were coated with 
rat tail type I collagen (Corning, Bedford, MA, USA) prior to use.

2.4 | Lentivirus packaging and infection

To knockdown the endogenous YBX1 gene, shRNA targeting YBX1 
was synthesized and cloned into the pLL3.7-U6-EGFP lentivirus vec-
tor (Addgene, Watertown, MA, USA). A scrambled plasmid was used 
as a negative control.

For YBX1 gene overexpression, the full length CDS of the YBX1 
gene was cloned into the pHIV-EGFP-lentivirus vector and an empty 
plasmid was used as a control. The knockdown and overexpression 
effects of YBX1 were detected by western blot (WB).

The lentivirus overexpressing YBX1 and the control lentivirus 
were termed YBX1 HA and Ctrl HA, respectively. The lentiviruses ex-
pressing YBX1 shRNA1, YBX1 shRNA2 and the control lentivirus were 
termed YBX1 shRNA1, YBX1 shRNA2 and shRNA Ctrl, respectively.

2.5 | Nucleus pulposus cell isolation and culture

Human intervertebral disc nucleus pulposus tissues were collected 
from patients with lumbar disc herniation or lumbar spinal stenosis. 
The tissues were rinsed 3 times with sterile PBS with 1% penicillin-
streptomycin to remove any residual blood and minced into small 
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fragments of approximately 1 mm3. Then, the cells were isolated by 
digestion with .25% trypsin (BI, Cromwell, CT, USA) and .1% type 
II collagenase (Gibco) for 2 hours at 37°C. The isolated cells were 
seeded in DMEM-F12 culture medium (HyClone) with 10% FBS and 
1% PS. After the primary cells adhered, the culture media was re-
placed every 3 days. The NP cells were passaged when the cells were 
approximately 80%-90% confluent.

2.6 | Real-time quantitative PCR 

Total RNA was isolated using TRIzol Reagent (Invitrogen). cDNA 
was generated using a First-Strand cDNA Synthesis Kit (KR116, 
Tiangen, Beijing, China). Real-time quantitative PCR (RT-qPCR) was 
performed using a commercial SYBR Green RT-PCR Kit (FP209, 
Tiangen) according to the manufacturer’s instructions. The primers 
for RT-qPCR were listed in Table 1. mRNA expression was calculated 
using the 2−ΔΔCt method. GAPDH expression was used as control. All 
reactions were repeated in triplicate.

2.7 | Western blot analysis

Total proteins were extracted by RIPA lysis buffer containing 1% 
protease inhibitors (PMSF, Beyotime Institute of Biotechnology, Cat. 
No. ST506) and 1% phosphatase inhibitors (Applygen Technology, 
Cat. No. P1260) at 4°C. Nuclear protein was extracted using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Cat. No. 78833, 
Thermo Fisher Scientific MA, USA). Then, 30 μg of denatured pro-
teins were electrophoresed in 10% SDS-PAGE Gels (Invitrogen) and 
transferred to nitrocellulose membranes. The information regarding 
primary antibodies is listed in Table S1.

2.8 | Cell Counting Kit-8 assay

U-CH1 and MUG-Chor1 cells were seeded into 96-well plates at a 
final density of 5 × 103 cells per well (100 μL of medium per well) 

and incubated for 1, 4 and 7 days. At each time point, 10 μL of Cell 
Counting Kit-8 (CCK-8) reagent (Dojindo Laboratories, Kumamoto, 
Japan) was added to each well and incubated for 3 hours. The ab-
sorption at 450 nm was determined for each sample.

2.9 | Colony formation assay

U-CH1 and MUG-Chor1 cells were seeded into 12-well plates at 
3 × 102 cells per well. Then, the cells were cultured with complete 
growth medium, which was refreshed every 2 days. After incuba-
tion for 2 weeks, the colonies were fixed with 4% paraformaldehyde 
and stained with .5% crystal violet. The number of colonies with at 
least 50 cells in each well was counted under an inverted microscope 
(Leica, Frankfurt, Germany).

2.10 | Transwell invasion assay

Cell invasion assays were performed in Boyden chambers contain-
ing polycarbonate filters with a pore size of 8 μm and coated with 
a Matrigel (BD Biosciences, Franklin Lakes, NJ). U-CH1 and MUG-
Chor1 cells were starved in serum-free medium for 24 hours and 
then re-suspended in serum-free medium. Then, 5 × 103 cells per 
well were added to the upper chamber pre-coated with Matrigel, 
while the bottom chambers were filled with 500 μL of complete cul-
ture medium with 10% FBS. After incubation for 48 hours, the in-
vaded cells were fixed with 75% ethanol, stained with crystal violet, 
and counted using light microscopy.

2.11 | Annexin V-FITC/PI apoptosis assay

Cell apoptosis was detected by flow cytometry using an Annexin 
V-FITC/PI apoptosis detection kit (BD, USA). After incubation for 
48 hours, 1 × 106 cells were re-suspended in 300 μL of 1× binding 
buffer. A total of 5 μL of Annexin V-FITC and 5 μL of propidium io-
dide (PI) were added to the samples, and the cells were vortexed and 

Gene Sequences (5′-3′)

shRNA1 YBX1 CCACGCAATTACCAGCAAA

shRNA2 YBX1 AGAAGGTCATCGCAACGAA

RT-qPCR primer YBX1 F: GACCGACCAGACTCTCATCC

YBX1 R: TCACCAACCTCCATGTTCCT

GAPDH F: GGTGGTCTCCTCTGACTTCAACA

GAPDH R: GTTGCTGTAGCCAAATTCGTTGC

ChIP-qPCR primer1 EGFR F: TCCCATTTGCCTTTCTCTAGTTTTGTTTTC

EGFR R: GTCCACCCCATCCCCACTGTTCCTTCTC

ChIP-qPCR primer2 EGFR F: GTGGGACACTTAGCCTCTCTAAAAG

EGFR R: AGGCCTCCTTAATGTTTATTGCAAC

ChIP-qPCR primer3 EGFR F: AGGAAAAGAAAGTTTGCCAAGGCAC

EGFR R:AGCCACCTCCTGGATGGTCTTTAAG

ChIP-qPCR primer4 EGFR F: GATGCAAATAAAACCGGACTGAAGG

EGFR R:GGTTCTGGAAGTCCATCGACATGTT

TABLE  1 ShRNA and primer sequences 
used in the present study
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incubated for 30 minutes at 4°C in the dark according to the manu-
facturer’s protocol. The fluorescence intensity analysis of the cells 
was immediately conducted by flow cytometry (Cytoflex; Beckman 
Coulter, USA).

2.12 | Cell cycle analysis

For cell cycle analysis, the collected cells were fixed in ice-cold 70% 
ethanol for 1 hour and re-suspended in PBS with .1% BSA. Then, the 
fixed cells were stained with PI (20 μg/mL) containing RNase (1 μg/
mL) for 20 min in the dark. The cells were run on a FACSCalibur flow 
cytometer (Cytoflex; Beckman Coulter, USA). The data were ana-
lyzed using CELL Quest software (BD Biosciences).

2.13 | ChIP

U-CH1 and MUG-Chor1 cells were plated at a density of 1 × 107 in a 
150-mm dish for 48 hours. The binding ability of YBX1 on the EGFR 
promoter was evaluated by ChIP assays followed by real-time qPCR 
(ChIP-qPCR). ChIP assays were performed using a ChIP assay kit 
(Simple ChIP Plus Enzymatic Chromatin IP Kit, #9005, CST) accord-
ing to the manufacturer’s protocol. Chip qPCR primer 1,2 targeted 
region of EGFR promoter. Primer 3,4 targeting 2 pairs of primers lo-
cated in the CDS region were used as negative control. The primer 
sequences are listed in Table 1.

2.14 | Dual luciferase reporter assays

U-CH1 and MUG-Chor1 cells were co-transfected with firefly lucif-
erase reporter plasmid containing the EGFR promoter (GeneChem, 
Shanghai, China) and an expression plasmid encoding HA-YBX1, to-
gether with pRL-TK (Renilla) control plasmid, using Lipofectamine 
2000 (Invitrogen). Luciferase activity was measured using the Dual-
Luciferase Reporter Kit (Promega). For data analysis, the luciferase 
activity was measured relative to Renilla to standardize the back-
ground signal.

2.15 | Subcutaneous xenograft model

NOD/SCID/IL2Rγnull (NOG) mouse (4-week-old, male, 20 g) were 
purchased from Beijing Vital River Laboratory Animal Technology 
(Beijing, China). U-CH1 cells (5 × 106 cells in 200 μL were mixed 1:1 
with PBS and Matrigel, Corning 354238) that stably expressed YBX1 
and the control lentiviral vector (Ctrl HA, YBX1 HA, YBX1 shRNA 
and shRNA Ctrl) were subcutaneously injected into the right flank of 
mice. Once palpable, the tumor was measured weekly with a digital 
calliper. Tumor volume was calculated using the following formula: 
volume = (a × b2)/2, where a is the widest diameter of the tumor and 
b is the diameter perpendicular to a. Eight weeks after injection, mice 
were killed. Subcutaneous tumors were excised from each mouse, 
with a portion immediately frozen for proteomic analysis and a por-
tion placed in 4% paraformaldehyde for histopathological analysis. 
Animal experiments were performed in accordance with the policies 

and principles of laboratory animal care of the Peking University of 
Medicine Animal Care and Use Committee.

2.16 | Immunofluorescence microscopy

For immunofluorescence analysis, monolayers of cells were grown 
on a confocal dish (NEST, Guangzhou, China). The cells were fixed 
in 4% paraformaldehyde for 15 minutes and permeabilized with 
PBS containing .5% TritonX-100. Blocking was performed with 5% 
BSA, and the cells were subsequently incubated overnight at 4°C 
with primary antibody (1:100, ab76149, abcam). FITC-conjugated 
rabbit anti-goat IgG (1:500, ab150079, abcam) was used as the sec-
ondary antibody. The cell nuclei were counterstained with 10 μg/
mL 4′,6‑Diamidino‑2‑phenylindole (DAPI) solution (C0065, Solarbio, 
Beijing, China). Images were obtained and analyzed using a confocal 
microscope (TCS-SP8, Leica, Wetzlar, Germany).

2.17 | Statistical analysis

All statistical analyses were performed using SPSS software 22.0 (IBM, 
Armonk, NY, USA). Continuous data were presented as mean ± SD. A 
2-tailed unpaired Student’s test was used to assess the statistical sig-
nificance of independent data. For multiple comparisons, a one-way 
ANOVA analysis was used. The associations between YBX1 expression 
and clinicopathological characteristics were evaluated using the Fisher 
exact probability test. Kaplan-Meier statistics, log-rank tests and the Cox 
proportional hazards regression model were used to examine the rela-
tionship between YBX1 expression and patients’ survival rate. A P-value 
of <.05 based on 2-tailed tests was considered significant.

3  | RESULTS

3.1 | YBX1 is overexpressed in spinal chordoma 
tissues and cells

Immunohistochemical results demonstrated that YBX1 was 
mainly localized in the cytoplasm with a few cells showing lo-
calization in the nucleus. Compared with distant normal tissues, 
YBX1 expression was significantly elevated in chordoma sam-
ples (P < .001) (Table 2, Figure 1A,B). YBX1 and p-YBX1 expres-
sion in chordoma tissues and cells compared with corresponding 
controls was also detected using RT-qPCR and western blot 

TABLE  2 Expression of YBX1 in chordoma tissues and distant 
normal tissues

Tissue 
samples Number

YBX1 expression

P-valueHigh (n) Low (n)

Chordoma 
tissues

32 20 12 <.001

Distant 
normal 
tissues

19 2 17



170  |     LIANG et al.

(Figure 1C-F, S1). YBX1 was localized in both nucleus and cyto-
plasm in U-CH1 cell line examined by immunofluorescence mi-
croscopy (Figure S2). In addition, immunohistochemical staining 
showed that tumor cells exhibited positive staining for p-EGFR 
and p-Akt. YBX1 expression was correlated to p-EGFR and p-Akt 
expression in chordoma (Figure S2, Table S2). Our results showed 
that YBX1 and p-YBX1 expression was significantly upregulated 
in chordoma tissues and cells.

3.2 | YBX1 overexpression is associated with 
surrounding tissue invasion, recurrence and 
poor prognosis

Based on the immunohistochemical analysis, the samples were classi-
fied into 2 staining groups: low expression (YBX1 score ≤6, n = 12) and 
high expression (YBX1 score ≥8, n = 20) group. Fisher exact probability 
test analysis indicated that high YBX1 expression was not significantly 

F IGURE  1 Expression of YBX1 in chordoma and association of YBX1 expression with the prognosis of patients. A, Immunohistochemistry 
staining of YBX1 in chordoma tissues. B, Distant normal control tissues; bar scale = 50 μm. C, D, Real-time quantitative PCR (RT-qPCR) 
analysis of YBX1 expression in tissues and cell lines. **P < .01. NC, normal control tissues group; NP, nucleus pulposus cell group; T, tumor 
group. E, F, Western blot analysis of YBX1 and p-YBX1 expression in tissues and cell lines. G, Kaplan-Meier survival analysis of overall 
survival rate and continuous disease-free survival rate
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associated with patient age (P = .726), sex (P = 1.000), tumor location 
(P = .726) or tumor size (P = .647). In samples from patients that pre-
sented surrounding tissue invasion, 16 of 20 (80.0%) exhibited YBX1 
positivity, while in samples from patients without surrounding inva-
sion, the percentage was 33.3% (4/12); this difference was significant 
(P = .021). During follow up, 18 patients experienced local recurrence, 
and the median recurrence time was 29.3 ± 21.7 months. Among the 
samples with high YBX1 expression, 15 of 20 patients (75.0%) devel-
oped recurrence, whereas in samples with low YBX1 expression, only 3 
of 12 patients (25.0%) experienced recurrence; this difference was sig-
nificant (P = .010) (Table 3). To investigate the prognostic significance of 
YBX1 expression, Kaplan-Meier survival analysis and multivariate Cox 
proportional hazard models were performed. High YBX1 expression 
was significantly associated with poor overall survival (OS) and continu-
ous disease-free survival (CDFS) (log-lank test, P = .03 for OS, P = .017 
for CDFS; Figure 1G, Table S3). Multivariate Cox regression analysis re-
vealed that YBX1 expression was an independent prognostic marker 
for OS in patients with chordoma (P = .034, HR = 6.796, 95% CI 1.157-
39.934; Table S4).

3.3 | YBX1 promotes chordoma cell proliferation

To investigate the functional role of YBX1 in cellular proliferation in 
chordoma, we constructed YBX1 overexpression and knockdown sys-
tems by transfecting both cell lines with pHIV-EGFP-YBX1 and pLL3.7-
U6-shRNA-YBX1. The overexpression and downregulated expression 

of YBX1 and p-YBX1 were confirmed by western blot in both U-CH1 
and MUG-Chor1 cells (Figure 2A).

After culturing with pLL3.7-U6-shRNA-YBX1 for 4 and 7 days, cell 
viability was inhibited in both U-CH1 and MUG-Chor1 cell lines. The 
proliferation of U-CH1 and MUG-Chor1 cells harboring YBX1 shRNA1 
and YBX1 shRNA2 was remarkably decreased at 4 days and 7 days. The 
proliferation of U-CH1 and MUG-Chor1 cells harboring YBX1-HA was 
remarkably increased at 4 and 7 days (Figure 2B).

The results of the colony formation assay also showed that YBX1 
promoted cell proliferation in chordoma. The number of colonies 
formed in the 2 YBX1-knockdown groups was lower than that in the 
corresponding control group. The number of colonies was signifi-
cantly higher in the YBX1-overexpression groups than in the corre-
sponding control groups (Figure 2C,D).

3.4 | YBX1 enhances chordoma cell invasion

The results of transwell invasion chamber assays showed that the in-
vasive ability of both cell lines was markedly reduced by YBX1 knock-
down and enhanced by YBX1 overexpression compared with that of 
the control group (Figure 3A). The number of cells in the substratum of 
the membrane per view under high magnification (200×) in the control 
group was significantly greater compared with the YBX1-knockdown 
groups of U-CH1 and MUG-Chor1 cells. The number of U-CH1 and 
MUG-Chor1 cells in the substratum of the membrane in the YBX1-
overexpression group was significantly greater than that in the control 
group (Figure 3B).

3.5 | YBX1 knockdown induces apoptosis of 
chordoma cells

The apoptosis rate in the control group was higher compared with that 
in the YBX1-overexpression group of U-CH1 cells and MUG-Chor1 
(Figure 4A,B). The apoptosis rate in the control group was lower com-
pared with that in the YBX1-knockdown group of U-CH1 and MUG-
Chor1 cells (Figure 4C,D).

3.6 | YBX1 knockdown induces cycle arrest in 
chordoma cells

YBX1 knockdown in both chordoma cell lines markedly increased 
the proportion of cells in G0/G1 phase and decreased cell propor-
tion in S phase. Compared with the shRNA-Ctrl group, the propor-
tion of cells in G0/G1 phase increased significantly in U-CH1 and 
MUG-Chor1 cells harboring YBX1-shRNA. Furthermore, YBX1 
knockdown caused a marked decrease in the proportion of cells 
in S phase in both cell lines. These results indicate that the loss of 
YBX1 results in G1/S arrest (Figure 5A,B).

There was an increase in the proportion of cells in S phase and 
a decrease in the proportion of cells in G0/G1 phases in the YBX1-
overexpression groups compared with that in the Ctrl-HA groups 
in both cell lines. These data suggest that YBX1 overexpression 
accelerates the G1/S transition.

TABLE  3 Association of YBX1 expression with clinical 
characteristics in chordomas

Characteristics Number

YBX1 expression

P-valueHigh (n) Low (n)

Age (years)

<50 15 10 5 .726

≥50 17 10 7

Gender

Male 24 15 9 1.000

Female 8 5 3

Tumor location

Cervical 17 10 7 .726

Sacrococcygeal 15 10 5

Tumor size (mm)

<90 26 17 9 .647

≥90 6 3 3

Surrounding tissue invasion

Yes 20 16 4 .021*

No 12 4 8

Recurrence

Yes 18 15 3 .010*

No 14 5 9

*p < 0.05 
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3.7 | YBX1 binds to the enhanced epidermal growth 
factor receptor promoter to enhance transcription in 
chordoma cells

Enhanced epidermal growth factor receptor is frequently the most sig-
nificantly activated RTK in chordomas. Based on the observation that 
YBX1 binds to the EGFR promoter in breast cancer, we investigated 

whether YBX1 positively regulates EGFR promoter activity in chor-
doma. We determined that YBX1 was able to stimulate EGFR pro-
moter activity using a luciferase reporter construct. EGFR luciferase 
promoter activity in cells co-transfected with the YBX1 expression 
vector was significantly higher than that with empty vector. The pro-
moter activity correlates positively with the concentration of YBX1 
expression vector in both U-CH1 and MUG-Chor1 cells (Figure S3).

F IGURE  2 YBX1 promotes chordoma cell proliferation. A, The overexpression and knockdown of YBX1 and p-YBX1 in chordoma cell 
lines as identified by western blot. B, Cell Counting Kit-8 (CCK-8) showing YBX1-promoted cell proliferation, n = 3, mean ± SD. *P < .05, 
**P < .01, ***P < .001. C, D, Representative images and numbers of colony formation assay showing YBX1-promoted cell proliferation, n = 3, 
mean ± SD. **P < .01, ***P < .001
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Next, we performed ChIP assays to determine whether YBX1 
directly binds the EGFR promoter in chordoma cells. The YBX1 an-
tibody effectively immunoprecipitated the DNA amplified by the 
EGFR primer compared with the immunoglobulin (IgG) controls 
(Figure S3). These results suggest that YBX1 regulates EGFR tran-
scription by binding to the region of its promoter.

3.8 | YBX1 is involved in the EGFR/AKT pathway 
in chordoma

As YBX1 transactives EGFR in chordoma, we furthermore confirmed 
that YBX1 could activate the EGFR pathway in chordoma. We examined 
EGFR, p-EGFR expression in chordoma cells with YBX1 overexpression. 
Western blot results showed that YBX1 overexpression increased p-EGFR 
protein levels in U-CH1 cells. We also examined the status of the EGFR/
AKT pathway downstream target genes that influence cell apoptosis, in-
vasion and cell cycle transition. Upregulation of YBX1 led to decreased 
expression of pro-apoptotic protein (P53 and Bax) and increased expres-
sion of anti-apoptotic protein Bcl-2. YBX1 increased the expression of cy-
clin D1 and cyclin E1, while decreasing the expression of p16. To confirm 

the activating effect of YBX1 on the EGFR/AKT pathway, we investigated 
whether EGFR/AKT inhibitors could suppress the elevated expression 
of key molecules by YBX1. We found that elevated p-EGFR, c-Myc and 
P53 protein levels as a result of YBX1 overexpression in U-CH1 cells de-
creased with the administration of EGFR inhibitors (afatinib or erlotinib 
HCI). With Rapamycin and PKI-587 treatment (AKT and mTOR inhibitors), 
the protein levels of p-AKT and p-S6 were also decreased. (Figure 6A-C).

3.9 | YBX1 promotes chordoma tumor growth 
in vivo

To evaluate the effects of YBX1 on chordoma growth in vivo, we established a 
xenograft model of U-CH1 cells with different YBX1 expression vectors. Mice 
injected with YBX1 shRNA cells showed a significant increase in tumor devel-
opment compared with those injected with the shRNA-Ctrl cells after 7 and 
8 weeks (P < .01). The tumors developed from the YBX1 HA cells were larger in 
size than those from the control cells (P < .01). Furthermore, YBX1 expression 
in dissected tumors was confirmed by immunohistochemistry and western 
blot. These data supported the role of YBX1 in promoting chordoma tumor 
growth (Figure 7).

F IGURE  3 YBX1 promotes cell invasion. A, B, Upregulation of YBX1 promoted cell invasion. Representative images of transwell invasion 
assays and the numbers of invaded cells, n = 3, mean ± SD.  **P < .01, ***P < .001
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4  | DISCUSSION

Chordomas are characterized by remarkable local invasiveness and 
a high recurrence rate even after complete surgical resection of the 
primary tumor. To date, there are no effective therapeutic targets 
for chordoma, although several biomarkers have been identified. 
YBX1 has been widely reported to be a negative prognostic factor 
and plays prominent pro-oncogenic roles in malignant transforma-
tion, cell proliferation, invasion, metastasis and drug resistance in 
various cancers.9,21-23 Previous studies showed that YBX1 is detect-
able in the cytoplasm and/or the nucleus in various tumors. Nuclear 
YBX1 expression is closely associated with prognosis in patients with 
pancreatic cancer, uterine cervical cancer and diffuse large B-cell 
lymphoma.8,24,25 El-Naggar et al10 report strong cytoplasmic YBX1 
staining in high-risk sarcomas, such as malignant osteosarcoma, 
Ewing’s sarcoma and rhabdomyosarcomas. Consistent with previous 
sarcoma study, our results showed that YBX1 were detected in the 
cytoplasm and nucleus in chordoma samples and cell lines. The exist-
ence of cytoplasm-nucleus translocation of YBX1 in chordoma could 
make possible the intranuclear function of YBX1. YBX1 expression 

was significantly higher in chordoma tissues than in normal tissues. 
In our study, YBX1 upregulation correlated with surrounding tissue 
invasion and recurrence of chordoma. Kaplan-Meier analysis and 
log-rank tests indicated that the CDFS and OS in patients with high 
YBX1 expression were substantially shorter than in those with low 
YBX1 expression. Multivariate Cox regression analysis showed that 
YBX1 was an independent prognostic marker for OS in patients with 
chordoma. The data suggested that cytoplasmic YBX1 expression 
could be a useful novel biomarker in chordoma.

Numerous studies have strongly suggested that YBX1 is an onco-
gene and is involved in the proliferation and malignant phenotype of 
tumors. Cell growth is strictly regulated and controlled by a careful 
balance of regulatory systems. Abnormal cell growth is the critical 
feature of malignant tumors.9,21,25-27 In this study, we observed a sig-
nificant suppression of cell proliferation of chordoma cell lines after 
YBX1 knockdown, consistent with previous studies. Cell cycle tran-
sition is the main factor influencing cell proliferation. Okada et al21 
report that specific small interfering RNA to YBX1 induced G1/S ar-
rest. Miao et al25 suggest that YBX1 could promote cell proliferation 
by accelerating the G1/S transition in diffuse large B-cell lymphoma. 

F IGURE  4 YBX1 inhibits cell apoptosis. 
A, B, YBX1 overexpression: pictures of 
cell apoptosis detected by flow cytometry. 
The results of statistical analysis of total 
apoptosis rate, n = 3, mean ± SD. **P < .01. 
C, D, YBX1 knockdown: Pictures of cell 
apoptosis detected by flow cytometry and 
the results of statistical analysis of total 
apoptosis rate, n = 3, mean ± SD. *P < .05, 
**P < .01, ***P < .001
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Similarly, cell cycle analysis showed that there was delayed G1/S 
transition with YBX1 knockdown and accelerated G1/S transition 
with YBX1 overexpression in chordoma. In sum, YBX1 promoted cell 
growth and regulated cell cycle progression at G1/S in chordoma.

Apoptosis is programmed cell death, a vital haemostasis mecha-
nism that maintains the cell population in tissues and prevents can-
cer development. The Bcl-2 family of proteins regulate mitochondrial 
membrane permeability and have special significance in the process of 
apoptosis. Bcl-2 is the representative of anti-apoptotic proteins and 
Bax belongs to the pro-apoptotic proteins. Tumor suppressor protein 
P53 regulates the repair of cellular DNA and its abnormal state cor-
relates to apoptosis in cell process.28 Cleaved caspase 3 and cleaved 
PARP1 are common apoptosis markers. Lasham observed that YBX1 
is a negative regulator of P53, protecting cells from P53-mediated 
apoptosis.29 Manik reports that YBX1 knockdown induces apopto-
sis in multiple myeloma cells.30 In addition, Wang found that YBX1 
overexpression also increased Bax, decreased Bcl-2 expression, and 
induced apoptosis in vascular endothelial cells.31 In accordance with 
the previous studies above, our study showed that YBX1 was a nega-
tive regulator of apoptosis in chordoma.

Receptor tyrosine kinases are the key regulators of cellular processes 
and play an important role in tumor development and progression. As 
a cell-surface receptor tyrosine kinase, EGFR transduces growth sig-
nals. Binding to epidermal growth factor (EGF) induces the autophos-
phorylation of EGFR, which, in turn, activates downstream pathways, 

including the MAPK-ERK and PI3K-AKT pathways. EGFR is frequently 
the most significantly activated RTK in chordoma.15 Abnormal activa-
tion of the EGFR-mediated pathway is reported to promote tumor inva-
sion ability and development of chordoma. Previous studies indicated 
that EGFR inhibitor markedly diminished EGFR phosphorylation in a 
dose-dependent manner and suppressed proliferation of the chordoma 
in vitro and vivo.6,16,17 EGFR was transcriptionally induced by YBX1 
in breast cancer and glioma.18,19 In our study, immunohistochemical 
staining showed that YBX1 expression was correlated to p-EGFR and 
p-Akt expression in chordoma. These data supported the hypothesis 
that YBX1 was involved in chordoma development through the EGFR 
pathway. We observed that YBX1 promoted the transcriptional activa-
tion of EGFR promoter via a luciferase reporter system using chordoma 
cells. Furthermore, we performed ChIP assays that clearly revealed that 
YBX1 directly regulated EGFR transcription by binding to its promoter 
in chordoma cell lines. Indeed, we observed that YBX1 overexpression 
promoted the expression of p-EGFR in chordoma cell lines.

As the major downstream pathway of EGFR, the AKT-
mediated pathway plays a critical role in tumorigenesis. Bin 
reports that YBX1 promotes epithelial-mesenchymal transition 
via AKT activation in lung adenocarcinoma cells.32 Sinnberg sug-
gests that YBX1 activation contributes to the increased activity 
of the PI3K/AKT pathway in melanoma cells.33 Consistent with 
previous studies, we found that YBX1 activated the AKT path-
way in chordoma.

F IGURE  5 YBX1 knockdown induces G1/S arrest. A, Representative results of flow cytometric analysis of cell cycle. B, Alterations in cell 
cycle phases and their distributions, n = 3, mean ± SD. *P < .05, **P < .01
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Furthermore, we examined target genes downstream of EGFR/
AKT pathway that influenced cell cycle transition, cell apoptosis and 
cell invasion. In terms of cell cycle transition, the G1/S transition is 
principally controlled by the interplay of G1 cyclins and cyclin kinase 
inhibitors.34 G1 cyclins mainly include cyclin D1, cyclin E1 and cyclin 

A, facilitating cell cycle transition from the G1 phase to the S phase. 
P16 is recognized as an tumor suppressor gene encoding a specific 
inhibitor of cyclin-dependent kinase, resulting in G1/S phase arrest. 
It has been reported that cyclinD1, cyclinE1 and p16 are governed by 
AKT-mediated pathways in the regulation of cell cycle transition.35,36 

F IGURE  6 YBX1 activates the EGFR/AKT pathway. A, EGFR pathway-related protein alterations in chordoma cell lines after YBX1 
overexpression and EGFR/AKT pathway inhibitors. B, C, Apoptosis-related protein and cell cycle-related proteins after YBX1 overexpression 
and knockdown
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Thus, we evaluated the effects of YBX1 on the levels of cyclinD1, 
cyclinE1 and p16 in chordoma cell lines. YBX1 overexpression pro-
moted the expression of cyclin D1 and cyclinE1, and decreased the 
expression of p16, accelerating G1/S transition.

P53, Bax and Bcl-2 are considered as the main regulators in the 
process of apoptosis. Multiple studies have revealed that AKT acti-
vation promotes apoptosis through regulation of Bax and Bcl-2.37,38 
Therefore, we investigated their levels in the chordoma after YBX1 
overexpression and knockdown. YBX1 knockdown significantly de-
creased the level of P53 and Bax and increased the expression of Bcl-
2, cleaved caspase-3 and cleaved PARP1. In addition, previous study 
illustrated that activation of S6 and c-Myc promoted the proliferation, 
apoptosis and invasion properties of tumor cells.39-42 In our study, the 
elevated expression of P53, c-Myc and p-S6 by YBX1 overexpression 
were downregulated by EGFR/AKT pathway inhibitors, confirming 
that YBX1 regulates the EGFR/AKT pathway in chordoma. Combining 
our findings with the previous results, YBX1 may promote the cell 
proliferation, invasion and inhibit apoptosis in chordoma through the 
EGFR/AKT pathway.

Although our findings reveal YBX1’s role in tumorigenesis and 
progression in chordoma, this study still had several limitations. As 
YBX1 is a multifunctional protein, further studies should focus on 
other functions of YBX1 in chordoma. In addition, the study of reg-
ulatory mechanism of YBX1 in chordoma is inadequate. The YBX1 

phosphorylation level and nucleocytoplasmic shuttling in chordoma 
should be researched in depth.

In summary, our results suggest that YBX1 acts as an oncogene, 
promoting tumorigenesis and progression via the EGFR/AKT path-
way in spinal chordoma. Accordingly, we believe that YBX1 may 
serve as a clinically useful biomarker and a promising molecular tar-
get for chordoma.
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