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CXC chemokine receptor 4 (CXCR4) is involved in many 
human malignant tumors and plays an important role 
in tumor growth and metastasis. To explore the effects 
of CXCR4 expression on the malignant cells of oral 
squamous cell carcinoma (OSCC), Tca8113 and SCC-9 
cell lines, as well as their xenograft models, of nude mice 
were used to detect cancer cell proliferation alteration. 
This study also examined the corresponding molecular 
mechanism after CXCR4 knockdown using a recom
binant lentiviral vector expressing small interference 
RNA (siRNA) for CXCR4. RNA interference-mediated 
knockdown of CXCR4 in highly aggressive (Tca8113 
and SCC-9) tumor cells significantly inhibited the pro-
liferation of the two cell lines in vitro and in vivo. The 
expression levels of >1,500 genes involved in cell cycle, 
apoptosis, and multiple signaling pathways were also 
altered. These results provide new evidence of CXCR4 as 
a promising tumor gene therapeutic target.
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22 November 2011. doi:10.1038/mt.2011.257

Introduction
Squamous cell carcinoma is the most common malignant tumor 
of the oral cavity. Despite advances in chemotherapy, radiotherapy, 
and surgical therapy over the last two decades, the 5-year survival 
rate for patients with oral squamous cell carcinoma (OSCC) is still 
poor (~50%).1 Local and/or regional tumor recurrence develops in 
approximately one-third of patients, despite definitive treatment. 
Patients with recurrent OSCC that is refractory to chemotherapy 
and/or radiation therapy have a median life expectancy of several 
months, and the response rate to second- or third-line chemo-
therapeutic regimens is ~15%.2 Two-thirds of patients dying of 
this disease have no evidence of symptomatic distant metastases. 
Therefore, local and regional disease control is an urgent need for 
more effective therapies.

Chemokines, a superfamily of small cytokine-like proteins, can 
bind to and activate a family of seven transmembrane G-protein-
coupled receptors, the chemokine receptors. CXC chemokine 
receptor 4 (CXCR4) and its ligand stromal cell–derived factor-1 

(SDF-1), also known as CXCL12, have been implicated in many 
malignancies.3 The CXCL12/CXCR4 axis is involved in several 
aspects of tumor progression including angiogenesis, metasta-
sis, and survival.4–7 Müller et al. identified that CXCR4 is com-
monly elevated in malignant versus normal mammary epithelial 
cell lines. Blocking antibody to CXCR4 inhibited metastasis in a 
mouse xenograft model using MDA-MB-231 human breast can-
cer cells.8 In addition to breast cancer, CXCR4 is also detected in 
malignancies of the ovary, prostate, colon, head and neck, lung, 
pancreas, brain, and bladder.6,9 The functional role of CXCR4 in 
tumor metastasis was demonstrated in multiple studies using 
low-molecular-weight inhibitory peptides or neutralizing anti-
body directed to CXCR4, which showed that inhibiting CXCR4 
activity reduced tumor cell migration and metastasis in vitro and 
in vivo.8,10,11 Uchida et al. identified that the blockade of CXCR4 
inhibited lymph node metastasis in B88 OSCC cells through 
shRNA and the AMD3100, a CXCR4 antagonist. After orthoto-
pically inoculating OSCC cells into the masseter muscle of nude 
mice, lymph node metastases, loss in body weight, and tumor 
volumes were significantly inhibited in mice inoculated with 
shCXCR4-17 cells compared with mice inoculated with con-
trol cells.12 Aside from supporting metastasis, CXCL12 and its 
receptor CXCR4 directly affects the proliferation of tumor cells. 
Ovarian carcinoma and non-Hodgkin’s lymphoma cells can grow 
very well in vitro in the presence of CXCL12. Moreover, this pro-
proliferative effect is blocked with TN14003, a specific antago-
nist of CXCR4.11 Small molecular inhibitors of CXCR4, such as 
plerixafor, TN14003, or BKT140, are being investigated in various 
cancer settings. Inhibition of CXCR4 with plerixafor has shown 
utility by facilitating mobilization of hematopoietic stem cells 
(HSCs) for autologous transplant in non-Hodgkin’s lymphoma 
and multiple myeloma.13 However, there are some potential side 
effects of CXCR4 antagonists. The long-term inhibition of the 
CXCR4-CXCL12 axis would potentially expose patients to risks 
of immune system and hematopoietic dysfunctions.14 The use of 
CXCR4 antagonists in cancer patients may also cause the mobi-
lization of normal progenitor cells, such as hematopoietic stem 
cells, from their microenvironments to the blood. Mobilized 
hematopoietic stem cells that are normally protected in marrow 
niches would be exposed to the effects of cytotoxic drugs in trials 
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where CXCR4 antagonists are administered along with cytotoxic 
drugs, which could result in prolonged cytopenias.15 Therefore, 
seeking a safe and effective therapeutic method is an urgent task 
for cancer therapy. In recent years, RNA interference (RNAi), a 
powerful gene-silencing technology with high efficiency and 
specificity as well as low toxicity, has been widely used for silenc-
ing malignant cellular and viral genes.16,17 This technique provides 
great promise in the field of cancer therapy.

This study shows that the CXCR4 expression is necessary for 
OSCC cells to become proliferative, and inhibiting this expression 
using a recombinant lentiviral vector expressing small interference 
RNA (siRNA) for CXCR4 can induce tumor growth inhibition 
in vivo. Furthermore, CXCR4 expression is identified to promote 
cancer cell proliferation by altering the expression of >1,500 genes 
involved in cell cycle, apoptosis, and multiple signaling pathways 
using microarray analysis technology.

Results
CXCR4 expression is increased in multiple 
OSCC tumors and cell lines
The CXCR4 expression was examined using real-time polymerase 
chain reaction (RT-PCR) in five matched normal and OSCC 
biopsies as well as in OSCC cell lines, including Tca8113, SCC-4, 
and SCC-9 cell lines. The results show that CXCR4 mRNA lev-
els increased more than tenfold in OSCC tumors from patients 
1–4 compared with their matched normal tissues. Additionally, 
the CXCR4 mRNA levels in Tca8113 and SCC-9 cell lines were 
approximately increased fourfold compared with the SCC-4 cell 
line. Therefore, Tca8113 and SCC-9 cell lines were selected for fur-
ther studies (Figure 1a,b).

Effects of CXCR4 recombinant vector and TN14003 
on the protein expression of CXCR4 in Tca8113 and 
SCC-9 cells in vitro
First, siRNA recombinant vector from two different CXCR4 
sequences (siRNA1 or siRNA2) were expressed in the highly 
malignant Tca8113 and SCC-9 cell lines (Figure 2a). To determine 
whether the recombinant vectors were transduced into the tumor 
cells, the green fluorescent protein (GFP) expression of Tca8113 
and SCC-9 cells in the NC-LV, CXCR4-lentivirus 1 (CXCR4- 
LV1), and CXCR4-lentivirus 2 (CXCR4-LV2) groups was assessed 
using flow cytometry. The results show that the delivery efficiency 
of NC-LV, CXCR4-LV1, and CXCR4-LV2 was more than 95%, 
and no GFP expression was observed in the Tca8113 and SCC-9 
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Figure 1 E levated CXCR4 mRNA expression in OSCC. (a) Transcript 
levels of CXCR4 in five patients with OSCC and three OSCC cell lines 
(Tca8113, SCC-4, SCC-9). β-actin loading control is also shown. (b) 
Quantitative analysis of transcript levels of CXCR4, relative to β-actin, 
determined by qRT-PCR and compared with SCC-4 cells. Error bars indi-
cate mean ± SD, n = 3 experiments; **P < 0.01. OSCC, oral squamous cell 
carcinoma; qRT-PCR, quantitative real-time polymerase chain reaction.
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Figure 2 T he inhibition of CXCR4 protein expression in OSCC cells 
treated with CXCR4-LV1 and TN14003. (a) Tca8113 and SCC-9 tongue 
squamous cell carcinoma cells were transduced with CXCR4-LV1 (MOI =  
50), CXCR4-LV2 (MOI = 50), and NC-LV (MOI = 50) for 72 hours and 
were then photographed under an inverted fluorescence microscope 
(×100). (b) After 50 μmol/l TN14003 treatment for 8 hours and trans-
duction with CXCR4-LV1 and NC-LV for 72 hours in Tca8113 and SCC-9 
cells, CXCR4 protein levels were detected using Western blot analysis in 
the two cell lines. β-actin loading control is also shown. (c) Densitometric 
analysis of protein levels of CXCR4, relative to β-actin, determined by 
Western blot and compared with Tca8113 cells. (d) Densitometric analy-
sis of protein levels of CXCR4, relative to β-actin, determined by Western 
blot and compared with SCC-9 cells. Error bars indicate mean ± SD; 
n = 3 experiments; *P < 0.05; **P < 0.01. OSCC, oral squamous cell 
carcinoma.
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groups, as expected (Supplementary Figure S1). Then, the effects 
of different recombinant vectors and TN14003, the antagonist of 
CXCR4, on CXCR4 expression were detected. After CXCR4-LV1 
(multiplicity of infection (MOI) = 50), CXCR4-LV2 (MOI = 50), 
and NC-LV (MOI = 50) transduction for 72 hours in Tca8113 
and SCC-9 cells, the expression of CXCR4 protein levels was 
substantially reduced by ~90% and 80% in CXCR4-LV1 express-
ing Tca8113 and SCC-9 cells, respectively, compared with their 
parental cells (Figure 2b–d). However, the expression of CXCR4 
protein was substantially reduced by ~20% and 30% in CXCR4- 
LV2 expressing Tca8113 and SCC-9 cells, respectively (data not 
shown). Therefore, the CXCR4-LV1 vector was chosen for further 
study. Additionally, the effect of TN14003 on protein expression 
of CXCR4 was tested. After 50 μmol/l TN14003 treatment for 8 
hours, the protein expression levels of CXCR4 was substantially 
reduced by ~60% in Tca8113 and SCC-9 cells (Figure  2b–d). 
Interestingly, TN14003 (50 μmol/l) induced a significant reduc-
tion of CXCR4 protein levels at 8 hours, but the expression of 
CXCR4 completely recovered at 24 hours in Tca8113 cells and 16 
hours in SCC-9 cells (Supplementary Figure S2).

Inhibition of CXCR4 expression promotes cell cycle 
arrest and apoptosis of OSCC cells in vitro
To detect the effects of CXCR4 knockdown and TN14003 on OSCC 
cell proliferation and apoptosis, the cell cycle distribution of cells 
treated with CXCR4-LV1 and TN14003 in Tca8113 and SCC-9 
cell lines were examined. After 50 μmol/l TN14003 treatment 
for 8 hours and transduction with CXCR4-LV1 (MOI = 50) and 
NC-LV (MOI = 50) for 72 hours in Tca8113 and SCC-9 cells, both 
cell lines showed decreased accumulation in S and G2/M phases 
and increased accumulation in the G1 as well as sub-G1 phases. 
After 8 hours of TN14003 treatment, the percentages of cells in 
the S phase decreased from ~32% to 14% in Tca8113 and from 
35% to 21% in SCC-9 cells. The percentages of cells in the G2/M 
phase decreased from ~23% to 10% in Tca8113 and from 19% to 
11% in SCC-9 cells. Conversely, the percentages of cells in sub-
G1 phase increased from ~4% to 21% in Tca8113  and from 3% 
to 18% in SCC-9 cells. Interestingly, the percentages of cells in 
the G1 phase increased from ~40% to 54% in Tca8113 and from 
42% to 50% in SCC-9 cells. Similarly, for the two cell lines trans-
duced with CXCR4-LV1, the percentages of cells in the S phase 
decreased from ~32% to 11% in Tca8113 and from 35% to 13% in 
SCC-9 cells. The percentages of cells in the G2/M phase decreased 
from ~23% to 8% in Tca8113 and from 19% to 9% in SCC-9 cells. 
The percentages of cells in sub-G1 phase increased from ~4% to 
32% in Tca8113 and from 3% to 28% in SCC-9 cells. The percent-
ages of cells in G1 phase increased from ~40% to 48% in Tca8113 
and from 41% to 49% in SCC-9 cells (Figure 3a–c). In addition, 
the cell cycle distribution of Tca8113 and SCC-9 cells at different 
time points of TN14003 treatment were examined. At 24 hours 
after TN14003 treatment, the percentages of cells in the S phase 
were restored to 28% and 32% in the Tca8113 and SCC-9 cells, 
respectively. The percentages of cells in the G2/M phase were 
restored to 19% and 17% in the Tca8113 and SCC-9 cells, respec-
tively, whereas those in the sub-G1 phase were 9% and 7%, respec-
tively. Finally, the percentages of cells in G1 phase were restored 
to 44% and 43% in the Tca8113 and SCC-9 cells, respectively 

(Supplementary  Figure  S3). These  results suggest that CXCR4 
downregulation promotes OSCC cell apoptosis.

An Annexin V-FITC kit was used to determine the percent-
age of cells that underwent apoptosis. After 50 μmol/l TN14003 
treatment for 8 hours, Annexin V/PI staining of Tca8113 and 
SCC-9 cells showed that ~35% and ~33% of cells were Annexin 
V positive, respectively. Furthermore, after transduction with 
CXCR4-LV1 (MOI = 50) and NC-LV (MOI = 50) in Tca8113 
and SCC-9 cells for 72 hours, Tca8113 and SCC-9 cells showed 
that ~51% and ~48% of cells were Annexin V positive, respec-
tively. These data suggest that the inhibitory effect on the protein 
expression of CXCR4 promotes Tca8113 and SCC-9 cell apoptosis 
(Figure 3d–f).

Inhibition of tumor cell proliferation by  
RNAi-mediated knockdown for CXCR4 in vitro  
and in vivo
CCK-8 and plate colony formation assays were used to assess the 
effect of CXCR4 knockdown on the proliferation of OSCC cell lines 
in vitro. CXCR4 knockdown significantly decreased the prolifera-
tion and colony formation of Tca8113 and SCC-9 cells (P < 0.05) 
(Figure  4a–e). To investigate whether shRNA targeting CXCR4 
caused an inhibitory effect on preestablished tumor growth in nude 
mice, 36 nude mice were observed and measured in a 35-day fol-
low-up period. On day 42, a rapid increase in the Tca8113 tumor 
volumes in the Mock (2,210 ± 458 mm3) and NC-LV (1,965 ± 
389 mm3) groups compared with that in the CXCR4-LV1 (288 ± 
85 mm3) group (P < 0.01) was observed, and the same tendency was 
found in the SCC-9 tumors. The volume of tumors in the Mock 
(2,489 ± 587 mm3) and NC-LV (2,367 ± 678 mm3) groups was sig-
nificantly increased compared with the CXCR4-LV1 (323 ± 78 mm3) 
group (P < 0.01). However, there were no differences in tumor size 
and growth tendency between the Mock and the NC-LV groups 
either in Tca8113 or in SCC-9 tumors (Figure 5a–c). To determine 
whether the vectors were transduced into tumor cells, GFP expres-
sion of tumor tissues was assessed by counting 10 random fields 
of frozen sections under an inverted fluorescence microscope ×100  
(Figure 5d). This vector independently expresses a green fluorescent 
protein, facilitating a direct monitoring of the delivery efficiency of 
the gene-silencing construct. The delivery efficiency in the NC-LV 
and CXCR4-LV1 groups was ~70%, and no GFP expression was 
observed in the Mock group, as expected. Given that the CXCR4 
mRNA levels in SCC-4 cells were comparable with that of normal 
tissues (Figure  1), and to further confirm whether the observed 
effects are caused by downregulation of CXCR4 by shRNA, SCC-4 
cells were also used as a control for simultaneous in vitro and in 
vivo experiments. CXCR4 downregulation did not inhibit SCC-4 
cell proliferation in vitro and in vivo (Supplementary Figure S4). 
Additionally, to confirm whether the RNAi sequences have off-
target effects, after transduction with CXCR4-LV1 (MOI = 50) 
and NC-LV (MOI = 50) in SCC-4 cells for 72 hours, the mRNA 
levels of multiple genes identified by microarray analysis includ-
ing CCND1, MAPK3, ERBB2, MMP9, MMP13, CDKN1A, TP53, 
CDKN1B, BRCA1, and erythropoietin receptor in SCC-4 cells were 
detected. The results demonstrate that SCC-4 cells transduced by 
CXCR4-LV1 and NC-LV do not affect the mRNA levels of these 
genes (Supplementary Figure S5).
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CXCR4 knockdown promotes tumor cells apoptosis 
and Ki-67 protein expression in vivo
To further confirm whether CXCR4 downregulation can inhibit 
OSCC cell proliferation in tumor tissues, the protein expression 
of CXCR4 and proliferation-related gene Ki-67 were analyzed 
by  immunohistochemistry, and the results show that CXCR4 
and Ki-67 protein expression levels were weaker in the CXCR4- 
LV1 group than in the Mock and NC-LV groups (Figure 6a,b). 
The TUNEL assay was then used to evaluate apoptosis of tumor 
cells. The number of apoptotic cells was significantly increased 

in tumors treated with CXCR4-LV1 compared with those in the 
Mock and NC-LV groups (Figure  6c–e). These results demon-
strate that CXCR4-specific shRNA can significantly inhibit tumor 
growth and promote tumor cell apoptosis in vivo.

Gene expression profile analysis
To investigate further the effects of CXCR4 knockdown in OSCC 
cells on downstream targets, gene expression profiling on Tca8113 
and SCC-9 cells expressing either NC-LV or CXCR4-LV1 grown 
in culture was performed. Unsupervised clustering analysis of 

Figure 3 C ell cycle and apoptosis analysis of Tca8113 and SCC-9 cells which were treated with CXCR4-LV1 and TN14003. (a) After 50 μmol/l 
TN14003 treatment for 8 hours and transduction with CXCR4-LV1 (MOI = 50) and NC-LV (MOI = 50) in Tca8113 and SCC-9 cells for 72 hours, cell 
nuclei were fixed, stained with PI, and analyzed by flow cytometry. Representative histograms are shown. (b) The fractions of Tca8113 cells in sub-G1 
(black), G1 (2N; gray), S (white), and G2–M (4N; speckled) are shown. (c) The fractions of SCC-9 cells in sub-G1 (black), G1 (2N; gray), S (white), 
and G2–M (4N; speckled) are shown. Error bars indicate mean ± SD, n = 3 experiments. (d) Apoptosis cells were stained with Annexin V-FITC and 
were analyzed as described in the text (see Materials and Methods). PI indicates propidium iodide. (e) Quantitative analysis of positive Annexin V 
Tca8113 cells in different groups. (f) Quantitative analysis of positive Annexin V SCC-9 cells in different groups. Error bars indicate mean ± SD; n = 3 
experiments; **P < 0.01.
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1,503 genes identified two groups of genes (trees 1 and 2) that sig-
nificantly changed expression levels (by >twofold) after CXCR4 
downregulation in Tca8113 and SCC-9 tumor cells. Tree 1 included 
467 downregulated genes and tree 2 contained 289 upregulated 
genes on CXCR4 downregulation (Figure  7a). Functional pro-
filing of these genes revealed that the greatest proportion of the 
genes was associated with cell cycle, followed by JAK/STAT sig-
naling, extracellular matrix (ECM) protein signaling, apoptosis, 
and p53 signaling. Quantitative RT-PCR was performed to con-
firm CXCR4-dependent expression of over 30 genes identified in 
the microarray analysis. Except for PLAGL1 and HOXB2 genes, 
the expression levels of the other 30 genes were consistent with 
that from the microarray analysis (Figure 7b,c).

Discussion
In this study, RNAi-mediated CXCR4 silencing could significantly 
downregulate the protein levels of CXCR4 in OSCC cell lines and 
their xenograft model of nude mice. More importantly, CXCR4 
knockdown significantly promoted cell cycle arrest and apoptosis of 
tumor cells and inhibited tumor growth, resulting in the alteration 
of expression of many cell cycle-, apoptosis-, and signaling-related 
genes. This phenomenon suggests that CXCR4 is a promising gene-
targeting therapy for oral cancer. Quantitative RT-PCR results show 

that CXCR4 is overexpressed in several different OSCC tumors and 
cell lines, suggesting the potential roles of this protein in OSCC 
progression. To confirm the role of CXCR4 in OSCC, CXCR4 
recombinant lentiviral vector was used and a specific inhibitor of 
CXCR4, TN14003, was recruited to inhibit CXCR4 expression in 
Tca8113 and SCC-9 cell lines. Cell cycle plays an important role in 
cell proliferation, differentiation, and tumor progression, regulated 
by intracellular and extracellular signal transduction pathway.18 In 
this study, cells of phase G1 significantly increased, and cells of S and 
G2/M phases significantly decreased in cells treated with TN14003 
and CXCR4-LV1, suggesting that CXCR4 downregulation could 
induce phase G1 arrest and apoptosis as well as inhibit tumor cell 
proliferation. To confirm the effects of CXCR4 expression on cell 
proliferation, cancer cell proliferation and colony formation poten-
tials were investigated. The finding that CXCR4 knockdown led to 
a significant decrease in the Tca8113 and SCC-9 cell proliferation 
and colony formation was consistent with many previous reports, 
which showed that high levels of CXCR4 expression promoted 
OSCC cell proliferation.19,20 After constructing the xenograft 
tumor models using Tca8113 and SCC-9 cells in nude mice, the 
tumor volume in the CXCR4-LV1 treatment group was signifi-
cantly lower than those in the Mock and NC-LV groups on day 42.  
To detect the effects of CXCR4 expression on OSCC tumor growth 
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Figure 4 C XCR4 knockdown decreased cell proliferation of Tca8113 and SCC-9 OSCC cells in vitro. (a,b) After CXCR4-LV1 (MOI = 50) and 
NC-LV (MOI = 50) transduction for 72 hours in Tca8113 and SCC-9 cells, the number of viable cells was assessed by CCK-8 assay. (c) Representative 
photographs of plate colony formation of Tca8113 and SCC-9 cells. (d,e) Quantitative analysis of plate colony formation of Tca8113 and SCC-9 cells. 
Error bars indicate mean ± SD; n = 3 experiments; *P < 0.05; **P < 0.01. OSCC, oral squamous cell carcinoma.
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in vivo, the apoptosis of Tca8113 and SCC-9 cells with TUNEL 
assay and the Ki-67 protein expression with immunohistochemis-
try were examined. The results show that the number of apoptotic 
cells significantly increased and Ki-67 protein expression signifi-
cantly decreased in tumors treated with CXCR4-LV1 compared 
with those in the Mock and NC-LV groups. These data indicate that 
RNAi-mediated CXCR4 gene silencing could inhibit tumor growth 
and induce apoptosis of OSCC cells both in vitro and in vivo.

Finally, to identify the potential molecular mechanism of 
effects of CXCR4 downregulation on tumor growth inhibition,  
microarray analysis technology was used to detect the gene expres-
sion profile of Tca8113 and SCC-9 cells treated with CXCR4 recom-
binant lentiviral vector and control lentiviral vector. A total of 1,503 
genes with altered expression levels (by >twofold) were identified. 
A total of 467 genes were downregulated in Tca8113 and SCC-9 
cells treated with CXCR4-LV1 compared with Tca8113 and SCC-9 
cells treated with NC-LV1, which were mainly involved in cell cycle 
regulation, JAK/STAT signaling, and ECM protein regulation. 

In addition, 289 genes were upregulated in Tca8113 and SCC-9 
cells treated with CXCR4-LV1 compared with those treated with 
NC-LV1, which were mainly involved in apoptosis, p53 signaling, 
and metastasis suppressor. Subsequently, RT-PCR was performed 
to confirm the CXCR4-dependent expression of over 30 genes iden-
tified in the microarray analysis. The expression of many genes is 
known to have important role in tumor progression. CCND1, also 
known as cyclin D1, is overexpressed in many human tumors21–24 
that are induced by growth factors and occur at multiple levels 
including increased transcription, translation, and protein stabil-
ity. Cyclin D1, a kinase-independent function, plays important role 
for G1 phase transition, by sequestering cyclin-dependent kinases 
(Cdks) inhibitors such as CDKN1A (p21) and CDKN1B (p27) for 
efficient activation of CDK2-containing complexes.25,26 Based on 
the study of p53 influence on apoptosis and cell cycle, the expres-
sion of the key molecule of p53 passage, p21, was further confirmed 
in an attempt to explore the associated molecular mechanism of 
CXCR4 on OSCC cells. p21 mediates p53-dependent G1 growth 
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arrest.27 Earlier studies reported that p21 suppresses tumor growth 
by promoting cell cycle arrest in response to various stimuli. 
Substantial evidence from biochemical and genetic studies has 

indicated that p21 acts as a master effector of multiple tumor sup-
pressor pathways for promoting antiproliferative activities that were 
independent of the classical p53 tumor suppressor pathway.28 p27 
is an atypical tumor suppressor that regulates G0 to S phase transi-
tions by binding to and regulating the activity of Cdks.26,29 In G0 and 
early G1 phases, p27 translation and protein stability are maximal, 
and p27 binds, as well as inhibits, cyclin E-CDK2. The progressive 
decrease in p27 during G1 phase allows cyclin E-CDK2 and cyclin 
A-CDK2 to activate the transcription of genes that are required for 
the G1–S transition and participate in the initiation of DNA rep-
lication.30 Several retrospective multivariate studies in head and 
neck cancers have shown that reduced p27 is associated with an 
adverse outcome. Reduced p27 correlated strongly with advanced 
disease stage and increased tumor size.31,32 Bcl-2 family functions 
as a “life/death switch” that integrates diverse inter- and intracellu-
lar cues to determine whether the stress apoptosis pathway should 
be activated.33 p53 gene could precisely regulate cell apoptosis via 
activating the apoptosis promoter of Bcl-2 family, such as bax and 
bid, or inhibiting the antiapoptosis molecules, such as Bcl-2.34  
Additionally, the following genes that have roles in tumor pro-
gression were also analyzed:  β1,6 N-acetylglucosaminyltransferase 
V (MGAT5) and CD44,35,36 cell adhesion and promote tumor inva-
sion; transforming growth factors β1 and β2 (TGFB1, TGFB2),37,38 
stimulate invasion; matrix metalloproteases 9 and 13 (MMP9, 
MMP13),9,39,40 degrade ECM and promote metastasis; and delta-
like 1 (DLL1) and ERBB2 (HER-2 or NEU),41,42 Notch signaling 
and tumor growth. Notably, CXCR4 upregulated genes involved 
in JAK/STAT signaling, such as erythropoietin receptor, as well as 
Janus kinases 2 and 3 (JAK2, JAK3), signal transducer and activator 
of transcriptions 5A and 5B (STAT5A, STAT5B). Previous studies 
have suggested a role for erythropoietin/erythropoietin receptor 
signaling in the proliferation and survival of cancer cells.43 The 
overexpression of erythropoietin can recruit JAK2 and activate 
STAT factors, STAT5A and STAT5B, leading to distinct transcrip-
tional regulation events to promote tumor acquisition of aggressive 
phenotypes.44,45 Additionally, CXCR4 expression also repressed the 
metastasis suppressor genes NM23 and KAI1.46 Taken together, in 
this study, CXCR4 knockdown significantly decreased the tumor 
growth of OSCC through regulating downstream cell cycle, apop-
tosis, and multiple signaling-related genes. This study may provide 
new evidence for CXCR4 as a promising gene therapeutic target 
for cancer.

Materials and Methods
Cell lines and reagents. SCC-9, SCC-4, and Tca8113 human tongue 
squamous cell carcinoma cell lines were obtained from ATCC and State 
Key Laboratory of Oral Diseases at Sichuan University. The primary and 
secondary antibodies to human CXCR4, Ki-67, and β-actin were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Cell prolifera-
tion and cytotoxicity assay kits were from Dojindo Laboratories (Tokyo, 
Japan). Annexin V-FITC/PI Apoptosis kit was purchased from KeyGEN 
BioTECH (Nanjing, China).

Construction of lentiviral vector for knockdown of human CXCR4 
expression. Two siRNAs were designed based on the CXCR4 sequence 
(NM_001008540): siRNA 1: 5′-GGTGGTCTATGTTGGCGTCTG-3′  or 
siRNA 2: 5′-GGCAGTCCATGTCATCTAC-3′. Oligonucleotides  with 
a sequence predicted to induce efficient RNAi of CXCR4 (containing  

Figure 6 C XCR4 and Ki-67 IHC as well as TUNEL assay. (a) CXCR4-
positive staining was located in the tumor nuclei and cytoplasm, and 
more positive cells could be seen in Mock and NC-LV cells than that in 
the CXCR4-LV1 Tca8113 and SCC-9 cells. (b) Ki-67-positive staining was 
located in the tumor nuclei, and more positive cells could be seen in the 
Mock and NC-LV cells than those in the CXCR4-LV1 Tca8113 and SCC-9 
cells. (c) In the TUNEL assay, positive cells were located in the tumor nuclei. 
(d) The number of apoptotic cells significantly increased in CXCR4-LV1 
Tca8113 cells compared with those in the Mock and NC-LV cells. (e) The 
number of apoptotic cells significantly increased in the CXCR4-LV1 SCC-9 
cells compared with those in the Mock and NC-LV cells. Scale bar = 50 μm. 
Error bars indicate mean ± SD; **P < 0.01 IHC, immunohistochemistry.
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sense and antisense sequences) were synthesized (siRNA 1 sense: 5′-GA 
TCCCGGGTGGTCTATGTTGGCGTCTGGAAGCTTGCAGACGCC 
AACATAGACCACCTTTTTT-3′, antisense: 5′-CTAGAAAAAAGGTGG 
TCTATGTTGGCGTCTGCAAGCTTCCAGACGCCAACATAGACCAC 
CCGG-3′; siRNA 2 sense: 5′-GATCCCGGGCAGTCCATGTCATCTACG 
AAGCTTGGTAGATGACATGGACTGCCTTTTTT-3′, antisense: 5′-CT 
AGAAAAAAGGCAGTCCATGTCATCTACCAAGCTTCGTAGAT 
GACATGGACTGCCCGG-3′). These oligonucleotides were annealed in 
sodium chloride-tris-EDTA buffer at 94 °C for 5 minutes and cooled gradu-
ally. The double-stranded products were cloned downstream to the human 
U6 promoter of the pRNAT/U6 vector. The products were designated as 
CXCR4-shRNA1 and CXCR4-shRNA2. A control vector (NC-shRNA) 
was constructed (5′-GAAGCAGCACGACTTCTTC-3′) with no signifi-
cant homology to any mammalian gene sequence and, therefore, served as 
a nonsilencing control. Different shRNAs were screened by cotransfection 
with a human CXCR4 cDNA plasmid into 293 T cells with Lipofectamine 
LTX and plus (Invitrogen, Carlsbad, CA). The sequence of shRNA was 
then  cloned into plasmid pGCL-GFP, which encodes an HIV-derived 
lentiviral vector containing multiple cloning sites for insertion of shRNA 
constructs to be driven by an upstream U6 promoter and a downstream 
cytomegalovirus promoter-GFP fluorescent protein (marker gene) cassette 
flanked by loxP sites. The resulting lentiviral vector contained two human 
CXCR4 shRNAs, CXCR4-LV1 and CXCR4-LV2. A negative control 

lentiviral vector containing NC-shRNA was constructed by a similar pro-
cess (NC-LV). The recombinant lentivirus of siRNA targeting CXCR4, as 
well as the control lentivirus, was prepared and titered to 109 transfection 
units/ml. Tca8113, SCC-4, and SCC-9 cells were infected by the addition 
of lentivirus into the cell culture at an MOI of ~50.

Cell culture and treatment. The cells were cultured at 37 °C in 5% CO2 
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 
bovine serum (Gibco, Rockville, MD), 2 mmol/l glutamine, 1 mmol/l 
sodium pyruvate, 10 mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), 100 U/ml penicillin G, 100 mg/ml streptomycin, and 
50 ng/ml SDF-1 (Sigma, St. Louis, MO). The cell lines were treated with 
TN14003 (50 μmol/l) for 4, 8, 16, and 24 hours. For transduction assay, 
the cells were seeded onto 6-well plate with a concentration of 2 × 105 per 
well. After 24 hours, the cells were transduced in Opti-MEM I medium 
with lentiviral vectors in accordance with the manufacturer’s instructions. 
Cultured for another 72 hours, fluorescence-activated cell sorting was 
performed for quantitation of infection efficiency.

Patients. Five patients with OSCC who received surgical treatment in the 
West China Hospital of Stomatology, Sichuan University, were randomly 
chosen for this study. All patients had surgery as their first treatment and 
did not undergo preoperative radiotherapy and chemotherapy.
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Quantitative RT-PCR. Total RNA was isolated from frozen tumor tissue or 
1 × 106 cells with the TRIzol reagent (Invitrogen, Rockville, MD). Total RNA 
was subsequently reverse transcribed to cDNA using the SuperScript First-
Strand Synthesis System (Invitrogen, Rockville, MD). Quantitative RT-PCR 
was performed using the SYBR premix Ex Taq II Kit (Takara, Kyoto, Japan). 
Specific primers are listed in Supplementary Table S1. The comparative 
threshold cycle method was used to calculate amplification fold. β-actin 
gene was used as a reference control gene to normalize the expression value 
of target genes. Triple replicates were performed for each gene, and the aver-
age expression value was computed for subsequent analysis. The relative 
expression level of the genes was calculated using the 2−ΔΔCt method.47

Western blot. The cells were lysed in lysis buffer (phosphate-buffered saline 
containing 1% Triton X-100, protease inhibitor cocktail, and 1 mmol/l 
phenylmethylsulfonyl fluoride) at 4 °C for 30 minutes. Equal quantities 
of protein were subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). After the transfer to immobilon-P transfer 
membrane, successive incubations with anti-CXCR4 and β-actin anti-
body, as well as horseradish peroxidase-conjugated secondary antibody, 
were conducted. Immunoreactive proteins were then detected using the 
enhanced chemoluminescence (ECL) system. Bands were scanned using 
a densitometer (GS-700; Bio-Rad, Hercules, CA), and quantification was 
performed using Quantity One 4.6.3 software.

Cell cycle assay. Cells (1 × 106) were obtained from the appropriate sam-
ples, and nuclei were stained with propidium iodide. Flow cytometry was 
performed using an FACSCalibur (BD Biosciences, San Jose, CA), and the 
fraction of cells in each phase of cell cycle was determined using the cell 
cycle analysis platform in the FlowJo software (Tree Star, Ashland, OR).

Apoptosis assay. Cells (1 × 106) were collected, washed, and resuspended 
in phosphate-buffered saline, Annexin V-fluorescein isothiocyanate 
(FITC; 5 μl/ml). Then, propidium iodide (KeyGEN, Nanjing, China) was 
added and the cells were incubated for 20 minutes at 4 °C. Cells were ana-
lyzed using FACScan flow cytometer (Becton Dickinson, San Jose, CA) 
with FlowJo software. The TUNEL assay was performed using In Situ Cell 
Death Detection Kit, POD (Roche Applied Science, Basel, Switzerland), 
according to the manufacturer’s protocol. The sections were observed in 
a bright-field microscope, and the number of apoptotic cells in the tumor 
tissue in each section was counted in 10 different microscopic fields.

Cell proliferation assay. Cell proliferation assays were performed using 
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Cells were plated in 
96-well plates at 1 × 104 cells per well and incubated for 5 days. Ten micro-
liters of Cell Counting Assay Kit-8 solution was added to each well daily. 
The cells were incubated for another 2 hours. The value of optical density 
was measured at a wavelength of 450 nm using a microplate reader (VARI 
OSKAN FLASH 3001; Thermo, Marietta, OH). The amount of the forma-
zan dye generated by the activities of dehydrogenases in cells is directly 
proportional to the number of living cells. Additionally, the plate colony 
formation assay was performed to evaluate the colony formation ability of 
tumor cells. The tumor cells were cultured at 1,000 cells/5 ml with DMEM 
medium and 10% fetal bovine serum in a 6-well plate. After 10 days in cul-
ture, the cells were fixed with methanol for 10 minutes and stained with 1% 
crystal violet solution for 20 minutes to visualize colonies for counting.

Tumor xenografts model and CXCR4 recombinant lentiviral vector  
treatment. The construction of the tumor xenografts model was conducted 
at the Laboratory Animal Center of Sichuan University (Chengdu, China). 
The animal experiment was authorized by West China Hospital Ethics 
Committees. Fifty-four 4-week-old nude mice were bred in an aseptic 
condition. The animals were kept at a constant humidity and temperature 
(25–28 °C) with a 12-hour light/dark cycle. After 1 week of acclimatization, 
0.1 ml of Tca8113, SCC-4, and SCC-9 cell suspension at a concentration of 
2 × 106 cells/ml was subcutaneously injected into the right lateral of axilla 

region. Tumor xenografts were staged for 7 days and reached ~150 mm3 in 
size. Then, same volumes (0.1 ml) of saline solution (Mock), control vec-
tor (NC-LV), and CXCR4-specific lentiviral vector (CXCR4-LV1) were 
injected into multiple sites intratumorally in three different groups, respec-
tively, every 7 days. The size of tumors was measured with vernier calipers, 
and the volume of tumor was determined using the simplified formula of 
a rotational ellipsoid (L × W2 × 0.5). On day 42, mice were euthanized and 
the tumors were removed for further study.

Immunohistochemistry. Five-micrometer sections of formalin-fixed, paraf-
fin-embedded tissue were cut onto silanized glass slides, deparaffinized in 
xylene, rehydrated in graded ethanol concentrations (100%, 95%, 70%, and 
50%), and finally submerged in phosphate-buffered saline. The sections were 
blocked for endogenous peroxidase with 3% hydrogen peroxide solution for 
15 minutes and placed in an autoclave with 0.01 mol/l sodium citrate solu-
tion at 121 °C for 3 minutes for antigen retrieval. Sections were incubated 
with the CXCR4 and Ki-67 primary antibody overnight at 4 °C and then 
incubated with biotin-labeled secondary antibody at room temperature for 
1 hour. Negative controls were performed by replacing the primary anti-
body with phosphate-buffered saline. Diaminobenzidine tetrahydrochlo-
ride was used as a chromogen. All sections were then counterstained with 
hematoxylin and then observed in a bright-field microscope.

Microarray analysis. The 44K Human Genome Oligo Microarray, includ-
ing 44,000 60-mer oligonucleotide probes representing 41,000 unique genes 
and transcripts, was purchased from Agilent Technologies (Palo Alto, CA). 
In brief, total RNA from Tca8113 and SCC-9 cells transduced with NC-LV 
and CXCR4-LV1, respectively, were harvested using TRIzol and the RNeasy 
kit (Qiagen, Germany). The amplification and labeling of 500 ng of total 
RNA were performed according to the Agilent Quick Amp labeling kit’s 
protocol using Cy3. Hybridization was performed for 16 hours at 50 °C. 
After hybridization and washing, the processed slides were scanned with 
the Agilent DNA microarray scanner (part number G2505B; Agilent, Santa 
Clara, CA). The resulting text files extracted from Agilent Feature Extraction 
Software (version 10.5.1.1) were imported into the Agilent GeneSpring GX 
software (version 10.0) for further analysis. To identify the differentially 
expressed genes, a fold-change screening between the two groups obtained 
from the experiment was performed. The threshold used to screen up- or 
downregulate genes is fold change >2. Hierarchical clustering and tree dia-
gram were generated by Cluster 3.0 software.

Statistical analysis. Data are expressed as mean ± SD (standard deviation), 
when normally distributed. The statistical significance of differences was 
determined by Student’s two-tailed t-test in two groups and one way ANOVA 
in multiple groups. Differences at probability of less than 0.05 were consid-
ered statistically significant. All data were analyzed with SPSS 15.0 software.

SUPPLEMENTARY MATERIAL
Figure  S1.  GFP expression of Tca8113 and SCC-9 cells transduced by 
recombinant retroviral vector.
Figure  S2.  The CXCR4 protein expression in Tca8113 and SCC-9 
cells treated with TN14003.
Figure  S3.  Cell cycle analysis of Tca8113 and SCC-9 cells which were 
treated with CXCR4 antagonist TN14003.
Figure  S4.  Inhibition of CXCR4 protein expression in SCC-4 cells 
treated with CXCR4-LV1.
Figure  S5.  Quantitative real-time polymerase chain reaction analysis.
Table  S1.  Genes and Primer Sequences for the quantitative Real-Time 
RT-PCR.
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