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Abstract: There is ongoing debate whether cancer stem cells (CSCs) could arise from the transformation of non-
CSCs under specific conditions. In the present study, the role of the three prime repair exonuclease 1 (TREX1) in 
regulating CSC generation form human osteosarcoma cells was investigated. High, intermediate and low levels 
of TREX1 expression were respectively observed in low-grade, high-grade and metastatic human osteosarcoma 
samples, while the opposite tendency was observed for E2F4, a transcription factor associated with G2 arrest. 
Luciferase assay proved that TREX1 had a negative impact on the activity of E2F4 promoter. TREX1 was highly ex-
pressed in CD133- HOS cells (non-CSC osteosarcoma cells) compared to CD133+ ones; whereas TREX1 knockdown 
endowed the CD133- non-CSCs with CSC-like characteristics in vitro relying on E2F4 activation, as demonstrated by 
enlarged proportion of the subset expressing CSC markers in flow cytometry analysis, enhanced self-renewal abil-
ity in osteosphere formation assay, increased metastasis capacity in migration and invasion assays, together with 
improved chemoresistance to cisplatin. Furthermore, TREX1 knockdown and subsequent E2F4 activation could 
promote the tumorigenicity of CD133- non-CSCs in vivo. With respect to underlying mechanisms, it was found that in 
CD133- HOS cells, TREX1 suppression would allow the activation of β-catenin signaling in the dependence of E2F4, 
thus possibly leading to the up-regulation of the transcription factor OCT4. These findings suggested that TREX1 was 
probably a negative regulator of CSC formation and hence worth to be further studied for developing new treatments 
in cancer therapies targeting CSCs.
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Introduction

Accumulating evidence over the last years con-
firmed the existence of a cell population that 
may comprise 0.1% to 20% of the tumor tissue 
and is capable of promoting tumor initiation, 
self-propagation, and differentiation; these 
cells were so-called cancer stem cells (CSCs) 
[1]. The membrane-bound pentaspan glycopro-
tein CD133 was frequently expressed on CSCs 
and regarded as one of the classic CSC mark-
ers in various carcinomas [2, 3]. Additional cell 
surface markers had also been identified, such 
as CD117 and Stro-1 [4, 5]. CD117 and Stro-1 
double positive cells possessed the major char-
acteristics of CSCs, including higher metastatic 
potential, increased chemoresistance, reten-
tion of multipotent differentiation ability and 

considerable reconstitution capacity upon seri-
al transplantation [4, 5]. OCT4, Nanog, Sox-2 
and KLF4 are known transcription factors play-
ing significant roles in tumor cell fate, regulating 
cell proliferation, cell survival, and the tumor-
initiating properties of CSC-like cells [6, 7].

There is dispute over the origin of CSCs. It 
remains unclear whether CSCs are derived 
from a mature tissue stem cell that has under-
gone malignant change or has developed from 
a terminally-differentiated cell that de-differen-
tiates to re-initiate a stemness program, follow-
ing malignant transformation [8-12]. Osteosar- 
comas are the most common non-hematologic 
malignant tumors of bone in childhood and ado-
lescence [13]. Compelling evidence indicates 
that osteosarcoma contains CSCs [14-16]. A 
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thorough understanding of the origin as well as 
the characteristic signaling of CSCs are required 
for the development of targeted therapies for 
osteosarcoma.

Three prime repair exonuclease 1 (TREX1) is 
the major 3’ DNA exonuclease in mammalian 
cells. Mutations in the human TREX1 gene 
have been linked to autoimmune diseases [17]. 
The dominant TREX1 mutations associated 
with the autoimmune diseases result in defec-
tive exonuclease activity during double-strand-
ed DNA (dsDNA) degradation [18]. Also, the 
association of TREX1 expression with the inci-
dence of various kinds of cancer has been 
characterized by previous studies. For example, 
a significant difference in cytoplasmic and 
nuclear expression of TREX1 between cancer 
and paracancerous tissues (P=0.038 and 
<0.001, respectively) of esophageal squamous 
cell carcinoma has been reported [19]. TREX1 
has been implicated as a putative methylation 
specific biomarker in neuroblastoma [20], 
whereas single nucleotide polymorphisms of 
TREX1 have been shown to be associated with 
overall survival of pancreatic cancer patients 
[21]. However, the functions and regulatory 
mechanisms of TREX1 in tumors are still rela-
tively poorly characterized. In particular, very 
little is known regarding the expression of 
TREX1 in osteosarcoma, and more importantly, 
its roles in the initiation and progression of 
osteosarcoma with respect to regulation of 
CSC generation. 

Our recent study on clinical samples has 
revealed that the level of TREX1 may be nega-
tively related to metastasis in patients with 
osteosarcoma, and point out preliminarily the 
lower expression of TREX1 in CD133+ subset of 
osteosarcoma cell lines when compared to 
CD133- subset [22]. In the present study, a 
more detailed analysis concerning the expres-
sion and clinical relevance of TREX1 was car-
ried out in human osteosarcoma samples with 
a larger size; furthermore, the role of TREX1 in 
the regulation of CSC generation, and the sig-
naling involved in these processes were 
explored. 

Materials and methods

Clinical specimen and data collection

The use of tissue samples and patient informa-
tion was approved by the Ethics Committee of 

the First Affiliated Hospital, Fujian Medical 
University. Written informed consents were 
taken from all the participants, and ethical 
guidelines under Declaration of Helsinki were 
followed. 

Specimens from 94 cases of primary untreat- 
ed osteosarcoma (non-metastatic: low-grade 
[n=9] and high-grade [n=34]; metastatic 
[n=51]) were collected between January 2004 
and January 2013 in the Department of 
Pathology, First Affiliated Hospital, Fujian 
Medical University, Fuzhou, Fujian, China. Total 
cellular RNA of human osteosarcoma samples 
was extracted for quantitative real-time PCR. 
The formalin-fixed and paraffin-embedded sur-
gical tumor samples were performed with 
immunohistochemical (IHC) staining. Following 
the review of the medical records and the con-
tact of the patients and/or their relatives by 
telephone, the required follow-up information 
was obtained until December 31, 2014. The 
relevant clinical data recorded in the present 
study included gender, age, tumor location, 
tumor size, local recurrence status, lung metas-
tasis status and overall survival.

Immunohistochemical (IHC) staining 

For IHC analysis, tissue samples were stained 
with anti-TREX1 (1:200) or anti-E2F4 (1:100) 
antibodies (Abcam, Carlsbad, CA, USA), and 
each sample was evaluated [23]. The percent-
age of TREX1 and/or E2F4-positive tumor cells 
was counted and categorized according to four 
levels: <2%, 2%-10%, 11%-50%, and 51%- 
100%. 

Cell culture

Human osteosarcoma cell lines HOS, MG63, 
SW1353 and U2OS were obtained from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA), and maintained in 
Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma-Aldrich, St Louis, MO, USA) supplement-
ed with 10% fetal bovine serum (FBS; Atlanta 
Biologicals, Lawrenceville, GA, USA), 100 U/ml 
penicillin and 100 μg/ml streptomycin (In- 
vitrogen, Carlsbad, CA, USA).

FACS cell sorting

The cultured osteosarcoma cell lines were tryp-
sinized with 0.02% trypsinization-EDTA and 
washed with ice cold phosphate-buffered 
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saline (PBS) containing 1% FBS and 0.1% 
NaN3. PE-conjugated mouse anti-CD133/1 
monoclonal antibody (Miltenyi Biotech, Auburn, 
CA, USA) (1:100) or the corresponding isotype 
control were diluted in 3% BSA. Following 30 
min of incubation with antibodies in the dark at 
4°C, the cells were washed and sorted using 
BD FACS Aria III (BD Biosciences; San Jose, CA, 
USA). 

Knockdown with shRNAs or siRNAs

The sorted CD133- HOS cells were plated at a 
density of 2 × 104 cells/cm2 in six-well plates 
and incubated in media containing polybrene 
(8 μg/ml; Sigma-Aldrich) overnight. Three spe-
cific TREX1 shRNAs (shTREX11-3) and one non-
specific scrambled control shRNA (shScramble) 
were cloned into Easy-vshRNA-mixTM lentiviral 
transduction vectors (Shanghai GeneChem Co, 
Ltd, Shanghai, China) and used to infect the 
cells. The media was changed 24 hours post-
transfection, and the transfected cells were 
cultured with fresh media containing puromycin 
(Sigma-Aldrich) (5 μg/mL) for the selection of 
the corresponding clones. A pure culture was 
established at the time point when only trans-
fected cells were viable. The stably-transfected 
cells were divided into 10 cm plates and main-
tained in culture. 

Double-stranded siRNA against E2F4 (siE2F4) 
was prepared using sense and antisense RNA 
oligonucleotides, as previously described (Du- 
Pree et al., 2004) and a non-targeting control 
sequence was used as a control (siCon). The 
cells were cultured to ~50% confluence, and 
transfected with siE2F4 (100 nM) using 
Oligofectamine (2.6 μl/ml) and Opti-MEM (10 
μl/ml; Invitrogen).

Xenograft model

The animal experiments were approved by the 
Ethics Committee of Fujian Medical University. 
The cells were collected and resuspended at a 
ratio of 1 × 106 per 50 μl of PBS. A total of 50 μl 
of Matrigel (BD Biosciences) was added to each 
aliquot, and the cell-Matrigel suspensions were 
subcutaneously injected into the dorsum of 4- 
to 6-week-old non-obese diabetic/severe com-
bined immunodeficiency (NOD/SCID) mice that 
were under anesthesia. The mice were 
observed for a time period of 12 weeks.

Osteosphere formation assay

Spherical colony formation assay was carried 
out as described by Gibbs et al (2005) with 
some modifications. The cells were plated at 2 
× 103 cells per well in 6-well ultra-low attach-
ment plates (Corning Inc., Corning, NY, USA). 
Fresh aliquots of epidermal growth factor (EGF) 
and basic fibroblast growth factor (FGF) were 
added every following day. On day 14, the num-
bers of the colonies were counted.

Migration and invasion assays

Cell invasion and migration were assayed in 
triplicate using 24-well Transwell inserts (8-mm 
pore size; Corning, CA, USA) coated with or with-
out Matrigel (1 mg/ml; BD Biosciences) respec-
tively. The cells (1 × 105 per well) were seeded 
into the upper chambers in culture media con-
taining 0.2% FBS, and the lower chambers were 
filled with 500 μl of medium containing 10% 
FBS to induce cell migration. Following incuba-
tion for 24 h, the cells inside the chamber were 
removed using a cotton swab, and the migrated 
or invaded cells were stained with crystal violet 
(Lexiang Biotec, Shanghai, China) and exam-
ined using microscopy (Olympus BX61). The 
cells that were present in at least six randomly-
selected microscopic fields (×200 magnifica-
tion) were counted per well to determine the 
relative invasive potential.

Multilineage differentiation assay

The cells were plated at a density of 2 × 104 
cells/well in 24-well plates or 2 × 105 cells/well 
in 6-well plates. For osteogenic differentiation, 
the cells were incubated in the presence of 10 
mM β-glycerol phosphate and 100 μg/ml ascor-
bic acid for the indicated times; the induction 
medium was changed every 3 to 4 days. 
Osteogenic differentiation was assessed fol-
lowing 21 days of incubation. The cells were 
fixed with 4% formaldehyde and stained with 
2% Alizarin red S (Sigma) in order to visualize 
the formation of calcium deposits. The cells 
were incubated in the presence of 100 nM 
dexamethasone, 250 μM iso-butyl-methyl-xan-
thine (IBMX), 100 μM indomethacin and 10 μg/
ml insulin in order to induce adipogenic differ-
entiation. The cultures were fixed in 4% formal-
dehyde and stained with Oil Red O (Sigma; 3 mg 
in 60% isopropanol) following 14 days of incu-
bation in adipogenic induction medium in order 
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to visualize adipogenic differentiation. The 
images were taken using an inverted fluores-
cence microscope (Nikon, Eclipse TS 100).

Cell cycle analysis

The cell cycle analysis was conducted using 
propidium iodide staining and flow cytometry. 
The cells were washed with PBS containing 
0.5% BSA, and centrifuged at 2,000 rpm for 5 
min. The pellets were suspended in hypotonic 
buffer (0.5% Triton X-100 in PBS) containing 
RNase and incubated for 30 min at 37°C. The 
cells were then incubated with 50 μg propridi-
um iodide on ice for 30 min. Fluorescence was 
quantified using BD FACS Aria III. The DNA con-
tent was analyzed and the fraction of cells in 
the G0/G1, S and G2 phases were calculated 
using ModFit (Verity Software House, Topsham, 
ME, USA).

FACS analysis of CSC surface markers and 
checkpoint proteins

To measure the proportions of cells expressing 
specific proteins, the cells were incubated with 
① CD133/1 antibody (as mentioned above); ② 
FITC-conjugated antibody against CD117 and 
APC-conjugated antibody against Stro-1 (BD 
Biosciences; San Jose, CA, USA); ③ PE- 
conjugated anti-phospho-p53 (Ser15) mono-
clonal antibody (BioLegend, San Diego, CA, 
USA); ④ anti-p21 or anti-Chk2 primary anti-
bodies (Abcam Laboratories, Carlsbad, CA, 
USA), respectively with FITC/APC-conjugated 
goat anti-mouse IgG secondary antibody. Then 
the cells were fixed in paraformaldehyde 1% for 
15 min, and next washed and analyzed using 
BD AccuriTM C6 flow cytometer (BD Biosciences; 
San Jose, CA, USA). At least 1 × 104 events per 
sample were acquired for analysis.

Cyto-immunofluorescence staining 

The cells were grown on coverslips, fixed in 
3.7% formaldehyde/PBS for 20 min at room 
temperature (RT), washed three times with 
PBS, blocked using 2% goat serum in 0.3% 
Triton X-100 in PBS and permeabilized for 5 
min at RT with blocking buffer. The cells were 
incubated with anti-TREX1, anti-E2F4 and/or 
anti-OCT4 antibodies (1:100 in Triton X-100 
blocking buffer) for 1 h at RT, washed three 
times, incubated respectively with Alexa 488- 
or 594-conjugated anti-rabbit/anti-mouse sec-
ondary antibodies (1:200 in Triton X-100 block-
ing buffer) for 45 min in the dark, rinsed three 

times with blocking buffer and mounted in 
Vectashield containing 4,6-diamidinophenylin-
dole (DAPI) (Vector Laboratories, Burlingame, 
CA, USA). The fluorescent signals were visual-
ized using a Leica TCS-SP5 microscope (Leica 
Microsystems AG, Wetzlar, Germany) using a 
×40 magnification analysis. 

The antibodies against TREX1, E2F4 were pur-
chased from Abcam Laboratories (Carlsbad, 
CA, USA). The antibody against OCT-4 was  
purchased from Cell Signaling Technology 
(Danvers, MA, USA). 

Immunoprecipitation and western blotting

The immunoprecipitation experiments were 
conducted following lysis of the cells in lysis 
buffer (50 mmol/L Tris at pH 7.5, 150 mmol/L 
NaCl, 5 μg/mL aprotinin, pepstatin, 1% Nonidet 
P-40, 1 mmol/L EDTA, 0.25% deoxycholate, 
and protease inhibitor cocktail tablet). Total cell 
lysates (1.0 mL) were incubated with 1 μg of 
anti-E2F4 overnight at 4°C and then mixed with 
50 μl of the protein-G conjugated beads (Roche 
Molecular Biochemicals). The beads were then 
washed with lysis buffer, and the immunopre-
cipitated protein complexes were analyzed by 
western blotting using anti-p130, anti-E2F4, 
and anti-β-catenin antibodies, respectively. 

Western blotting was conducted as described 
previously [24]. The antibodies against TREX1, 
E2F4, ABCB1, ABCB5, p130, c-Kit, MYB, c-MYC, 
CTGF, Osteocalcin, FABP-4, PPARγ, AdipoQ were 
purchased from Abcam Laboratories (Carlsbad, 
CA, USA). The antibodies against ABCG2, 
GSK3β, phospho-GSK3β (Ser9), β-catenin, 
phospho-β-catenin (Ser33/37/Thr41), TCF3, 
Axin2, Timp3, OCT4, ALP, Runx2 and β-actin 
were purchased from Cell Signaling Technology 
(Danvers, MA, USA). 

Luciferase reporter assay

The OCT4 promoter-Luc construct was pur-
chased from Addgene (Addgene plasmid 
17221). The E2F4 promoter-Luc was construct-
ed by inserting the E2F4 promoter (600bp), 
using the following primers: (forward) 5’-GC- 
AAAGCTTACTTGGTGGTGAGCAGTC-3’, (reverse) 
5’-GCAAG ATCTCAGTAGGGCAGCCTTTAG-3’. The 
primers were inserted into the pGL4.10 plas-
mid. As regards the luciferase reporter assay, 
the cells were grown in 24-well plates and were 
transfected with 0.01 μg OCT4 of luciferase 
reporter plasmid and 0.15 μg of β-galactosidase 
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plasmid. Following 24 h of incubation, the 
transfected cells were lysed and luciferase 
activities were determined. Luminescence was 
measured using a TD-20e luminometer (Turner 
Design) in triplicate. The luciferase activities 
were normalized against the levels of β-gal- 
actosidase activity. The results represent data 
from three independent experiments, and error 
bars represent the standard deviations.

Quantitative real-time PCR

Total cellular RNA of human osteosarcoma 
samples, CD133+ OS CSCs and CD133- OS 
non-CSCs was extracted using TRIzol reagent 
(Ambion, Austin, TX, USA) and treated with 
RNase-free DNase (DNase I, Ambion) to remove 
potential genomic DNA contaminants. Total 
RNA (1 μg) was reverse-transcribed using the 
SuperScriptIII reverse transcriptase enzyme 
(Invitrogen) according to the manufacturer’s 
instructions. Real-time PCR was conducted 
with SYBR Green PCR supermix (SangonBiotec, 
Shanghai, China) according to the manufa- 
cturer’s instructions using an ABI Prism 7900 
Sequence Detection System (Applied Bio- 
systems). The thermal cycling conditions were 
as follows: 94°C for 2 min, followed by 35 
cycles of 15 s at 94°C, 30 s at 60°C and 30 s 
at 72°C. The expression levels were normalized 
according to the GAPDH transcript. The primers 
were designed to generate a PCR product of 
<200 bp and the primer sequences are listed in 
Table 1.

Statistical analysis

All data were analyzed using SPSS17.0 statisti-
cal software, and presented as mean ± stan-
dard error of measurement (SEM). The signifi-
cant differences among the experimental 
groups were assessed using analysis of vari-
ance (ANOVA) and the appropriate post-hoc 
test. The differences between two experimen-
tal groups were assessed using the Student’s 
t-test. A two-tailed value of P<0.05 was consid-
ered significant.

Results

TREX1 expression in human osteosarcoma 
samples and cell lines

To investigate whether TREX1 participates in 
the development of osteosarcoma, the mRNA 

Table 1. Primer sequences
Gene Primer Sequences
TREX1 5’-CGTCAACGCTTCGATGACA-3’

5’-AGTCATAGCGGTCACCGTTGT-3’
E2F4 5’-GCAGACCCCACAGGTGTTTT-3’

5’-GCTCCGAGCTCATGCACTCT-3’
ALP 5’-CACTGCGGACCATTCCCACGTCTT-3’

5’-GCGCCTGGTAGTTGTTGTGAGCATA-3’
Osteocalcin 5’-CCCTCACACTCCTCGCCCTATT-3’

5’-AAGCCGATGTGGTCAGCCAACTCGT-3’
Runx2 5’-CTCCCTGAACTCTGCACCAAGTCCT-3’

5’-GGGGTGGTAGAGTGGATGGACG-3’
FABP-4 5’-AAGAAGTGGGAGTGGGCTTT-3’

5’-CTGTCGTCTGCGGTGATTT-3’
PPARγ 5’-ACCCCTATTCCATGCTGTATG-3’

5-AAGGAATCGCTTTCTGGGTC-3’
AdipoQ 5’-TGGATGCTGCCATGTTCCCAT-3’

5’-CTTGTGTCTGTGTCTAGGCCTT-3’
OCT–4 5’-AAGCGATCAAGCAGCGACTAT-3’

5’-GGAAAGGGACCGAGGAGTACA-3’
SOX2 5’-GCCGAACACATTGGAAGGA-3’

5’-TGCCATCAAGCAGCACTTTC-3’
Nanog 5’-ACCTATGCCTGTGATTTGTGGG-3’

5’-AGAAGTGGGTTGTTTGCCTTTG-3’
Klf4 5’-CCCAATTACCCATCCTTCCT-3’

5’-AGGTTTCTCACCTGTGTGGG-3’
ABCB1 5’-TGACATTTATTCAAAGTTAAAAGCA-3’

5’-TAGACACTTTATGCAAACATTTCAA-3’
ABCG2 5’-CCGCGACAGTTTCCAATGACCT-3’

5’-GCCGAAGAGCTGCTGAGAACTGTA-3’
ABCB5 5’-TCTGGCCCCTCAAACCTCACC-3’

5’-TTTCATACCGCCACTGCCAACTC-3’
c-KIT 5’-GTCTCCACCATCCATCCATC-3’

5’-TTTCCGACAGCACTGACTTG-3’
MYB 5’-GCCAATTATCTCCCGAATCGA-3’

5’-ACCAACGTTTCGGACCGTA-3’
TCF4 5’-ATCCTCAGTCTGGAGCAGCAAG-3’

5’-TGAAGCAATGTGGCAACTTGGAC-3’
c-Myc 5’-GGACAGTGTTCTCTGCC-3’

5’-CGTCGCAGATGAAATAGG-3’
Axin 5’-AGTGTGAGGTCCACGGAAAC-3’

5’-CTTCACACTGCGATGCATTT-3’
Timp3 5’-GGCCTCAATTACCGCTACCA-3’

5’-CTGATAGCCAGGGTACCCAAAA-3’
CTGF 5’-TTGGCAGGCTGATTTCTAGG-3’

5’-GGTGCAAACATGTAACTTTTGG-3’
GAPDH 5’-CCCATCACCATCTTCCAGGAG-3’

5’-CTTCTCCATGGTGGTGAAGACG-3’
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Figure 1. Expression of TREX1 in human osteosarcoma samples and cell lines. (A) Quantitative real-time PCR analysis of TREX1 mRNA expression was carried out in 
human osteosarcoma samples classified by differentiation status and histologic grade. Non-metastatic: low-grade (IA [n=5] and IB [n=4]), high-grade (IIA [n=21] and 
IIB [n=13]); Metastatic: IIIA [n=33] and IIIB [n=18]. For every sample the PCR was carried out in triplicate. Results are expressed as means ± SEM and normalized 
to IA. *P<0.05 and **P<0.01 versus IA. (B) Immunohistochemical analysis of paraffin-embedded human osteosarcoma samples with polyclonal antibody against 
TREX1. Representative images are shown. Scale bar indicates 100 μm. The numbers of osteosarcoma samples with varied degrees of TREX1-positive staining are 
shown in a proportional graph. (C, D) Quantitative real-time PCR (C) and western blotting (D) of TREX1 expression in CD133+ cancer stem cells (CSCs) and CD133- 
non-CSCs derived from different osteosarcoma cell lines. For (C), results are expressed as means ± SEM and normalized to CD133+ CSCs. n=3, **P<0.01. For (D), 
representative images are shown. (E) Immunofluorescent staining for TREX1 (red) in CD133+ CSCs and CD133- non-CSCs from the osteosarcoma cell line HOS; 
Nuclei were stained with DAPI (blue). Representative images are shown. The scale bar indicates 200 μm. 
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expression of TREX1 was examined in 94 sam-
ples of freshly-isolated tumor tissues from 
patients with non-metastatic low-grade (IA [n=5] 
and IB [n=4]), non-metastatic high-grade (IIA 
[n=21] and IIB [n=13]) or metastatic (IIIA [n=33] 
and IIIB [n=18]) osteosarcoma. The patients 
were 52 males and 42 females, aged 8-56 
years-old (mean, 21 years-old), including 84 
cases of conventional osteosarcoma (68 osteo-
blastic and 16 chondroblastic) and 10 cases of 
telangiectatic osteosarcoma. High, intermedi-
ate, and low expressions of TREX1 mRNA were 
respectively observed in low-grade, high-grade, 
and metastatic osteosarcoma samples (Figure 
1A). Furthermore, immunohistochemical (IHC) 
staining was performed to confirm the differen-
tial expression of TREX1. It was observed that 
TREX1-positive cells could be detected in all 
the tumor samples. However, the more 
advanced stages of the cancer were associat-
ed with the lower level of TREX1 expression 
(Figure 1B). The data demonstrated that TREX1 
expression was negatively correlated with the 
degree of malignancy of osteosarcoma. 

Taking into account the heterogeneity of tumor 
cells, we further analyzed the expression of 
TREX1 respectively in CD133- non-CSCs and 
CD133+ CSCs isolated from human osteosar-
coma cell lines using FACS (Figure 2). TREX1 
mRNA and TREX1 protein were expressed at a 
greater level in CD133- non-CSCs compared 
with CD133+ CSCs in four types of osteosarco-
ma cell lines (Figure 1C, 1D). Confocal laser 
scanning further demonstrated a stronger 
TREX1 peri-nuclear staining in CD133- non-
CSCs isolated from HOS cells (Figure 1E). Taken 
together, the data suggested that TREX1 may 

play a role in hampering the emergence of 
CSCs that was notably associated with the 
tumor severity.

TREX1 suppression endows CD133- HOS cells 
with self-renewal ability relying on E2F4 activa-
tion 

Subsequently, the effects of TREX1 knockdown 
(KD) on the features of CD133- HOS cells were 
examined. Short-hairpin interfering RNAs (shR-
NAs) targeting the TREX1 gene (shTREX11-3) 
was used to induce a stable TREX1- knockdown 
cell line (Figure 3). The efficiencies of the shR-
NAs appeared no obvious difference. The 
CD133- HOS cells that contained the shTREX11 
k/o plasmid were used for subsequent experi-
ments. It was found that TREX1 KD could pro-
mote CD133- HOS cells to transform into the 
CD133+ population, while it increased the fre-
quency of CD117+Stro-1+ cells (Figure 4A). In 
other words, TREX1 suppression might bring 
about the transformation of osteosarcoma 
cells into CSC-like phenotypes, as indicated by 
the corresponding markers of tumor initiating 
cells [4].

Then the cell cycle of the TREX1-KD CD133- 
HOS cells was analyzed. TREX1 KD significantly 
increased the proportion of cells in the G2/M 
phase and decreased the proportion in the G0/
G1 phase (Figure 4B). Previous studies have 
shown that E2F4 is important for stable main-
tenance of a G2 arrest [23, 24]. TREX1 KD was 
shown to significantly increase the E2F4 mRNA 
and the corresponding protein expression in 
CD133- HOS cells (Figure 4C-E). Further, it was 
found that TREX1 KD could increase the activi-

Figure 2. FACS for CD133- non-CSCs and CD133+ CSCs from human osteosarcoma cell line HOS. Representative 
images of FACS for CD133- HOS cells and CD133+ HOS cells. P2 represents CD133+ cells and P3 represents CD133- 
cells.
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ty of E2F4 promoter (Figure 5A). The aforemen-
tioned observations and the tumorigenesis role 
of E2F4 [25, 26] prompted us to investigate 
whether E2F4 participates in the development 
of osteosarcoma at the downstream of TREX1. 
In contrast to the expression profile of TREX1 
(Figure 1B), low, intermediate and high expres-
sion of E2F4 was respectively observed in low-
grade, high-grade and metastatic osteosarco-
ma, as determined by IHC staining (Figure 4F). 
The data suggested a link between TREX1  
suppression and E2F4 activation for the main-
tenance of the G2 arrest, which may contribute 
to the initiation and progression of osteosar- 
coma. 

The regulatory relationship of TREX1 and E2F4 
was further examined using co-transfection 
with double-stranded siRNA targeting E2F4 
gene (siE2F4; Figure 5B, 5C). The co-transfec-
tion with siE2F4 reduced the frequency of  
CSC-like population upon TREX1 KD (Figure 
4A). Furthermore, the osteosphere formation 
assay was used to check the involvement of 
TREX1 and E2F4 in affecting self-renewal  
ability, since the osteospheres formed in non-
adherent conditions are generally considered 
to represent self-renewing, stem-like cells [27]. 
TREX1 KD significantly increased the number 
and size of the osteospheres formed by CD133- 
HOS cells, when cultured in suspension in 
serum-free medium supplemented with EGF 
and FGF (Figure 6A). Notably, the osteospheres 
formed by TREX1 KD cells could be serially  
passaged to form secondary and tertiary os- 
teospheres, whereas shScramble transfected 
cells formed only small irregular aggregates or 
remained as single cells that died following 3-4 
days of incubation in the sphere-culture medi-

um. However, the elevated osteosphere-forma-
tion properties induced by TREX1 KD were sig-
nificantly attenuated by E2F4 KD. 

Subsequently, the effect of the TREX1-E2F4 
axis on the tumorigenicity of CD133- HOS cells 
in immuno-compromised NOD/SCID mice was 
investigated. First, it was observed that the 
tumors formed by CD133+ HOS cells (1 × 106 
cells/mouse) were evidently larger than the 
tumors formed by CD133- HOS cells (Figure 
7A). However, TREX1 KD CD133- HOS cells (1 × 
106 cells/mouse) formed tumors within two 
weeks, whereas the shScramble transfected 
cells failed to form palpable tumors within 5 
weeks. Notably, following 10 weeks of tumor 
implantation, the tumors formed by TREX1 KD 
CD133- HOS cells were, approximately 6 times 
larger than the tumors formed by the shScram-
ble transfected cells (Figure 7B). However E2F4 
KD attenuated the in vivo tumorigenicity-pro-
moting effect of TREX1 KD (Figure 7B). 

Overall, the data suggest that TREX1 KD was 
capable of shifting the CD133- population 
towards the CD133+ population, endowing the 
HOS cells with self-renewal capability of CSCs, 
and the effect was dependent on E2F4 
activation.

TREX1 suppression and consequent E2F4 acti-
vation in CD133- HOS cells promotes metasta-
sis and chemoresistance in vitro

Next the effect of the TREX1-E2F4 axis on the 
metastatic potential of CD133- HOS cells was 
investigated. TREX1 KD markedly enhanced 
cell migration (Figure 6B) and the ability of the 
cells to invade via Matrigel (Figure 6C). In con-

Figure 3. Confirmation of the knockdown of TREX1 in CD133- HOS cells. (A) Quantitative RT-PCR and (B) western 
blotting analysis of TREX1 expression in CD133- HOS cells transfected with shTREX1 or shScramble. For (A), results 
are expressed as mean ± SEM and normalized to untreated CD133- HOS cells (NC). n=3, **P<0.01 versus NC. For 
(B), representative images are shown.
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Figure 4. TREX1 knockdown (KD) promotes CSC-like phenotypes of CD133- HOS cells in the dependence of E2F4. (A) The frequencies of CD133+ cells and 
CD117+Stro-1+ cells were analyzed by flow cytometry (FCM) in CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 
or control siRNA (siCon). Representative images are shown. Results are expressed as means ± SEM. n=3, *P<0.05 and **P<0.01. (B) Cell cycle distribution of 
CD133- HOS cells transfected with or shTREX1 or shScramble were analyzed using propidium iodide staining and FCM. Results are expressed as means ± SEM. n=3. 
(C-E) Quantitative real-time PCR (C), western blotting (D) and representative immunofluorescent staining (E) of E2F4 expression in CD133- HOS cells transfected 
with shTREX1 or shScramble. For (C), results are expressed as means ± SEM and normalized to the cells transfected with shScramble. n=3, **P<0.01. For (D) & 
(E), representative images are shown; the scale bar in (E) indicates 200 μm. (F) Immunohistochemical analysis of paraffin-embedded human osteosarcoma tissue 
samples with anti-E2F4 antibody. Representative images are shown. The scale bar indicates 100 μm. The numbers of osteosarcoma samples with varied degrees 
of E2F4-positive staining are shown in a proportional graph.
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trast to these observations, co-transfection 
with siE2F4 markedly reduced migration and 
invasion in vitro (Figure 6B, 6C). To examine 
whether the TREX1-E2F4 axis exerts an impact 
on the cellular response to chemotherapeutic 
drugs, we exposed shTREX1 or shScramble 
transfected cells to cisplatin or doxorubicin that 
are commonly used chemotherapeutic drugs 
for the treatment of osteosarcoma. TREX1 KD 
increased the chemoresistance of the CD133- 
HOS cells (Figure 6D) that was likely associated 
with enhanced expression of the drug efflux 
pumps ABCB1, ABCG2 and ABCB5 (Figure 6E, 
6F). In contrast to the chemoresistance effect 
caused by TREX1 KD, co-transfection with 
siE2F4 attenuated the resistance to chemo-
therapy that was exerted by TREX1 KD. Similar 
results were observed in doxorubicin-treated 
cells (data not shown). In a word, these data 
indicated that the metastasis and the chemo-
resistance of CD133- HOS cells induced by 
TREX1 KD were dependent on E2F4 
activation.

TREX1 KD in CD133- HOS cells activates 
β-catenin signaling and elevates OCT4 through 
E2F4 activation

The regulatory mechanisms underlying TREX1-
KD-induced CSC-like transformation of CD133- 

HOS cells were examined, with a focus on  
critical molecules associated with the Wnt/β-
catenin pathway. TREX1 KD in CD133- non-
CSCs significantly increased p-GSK3β and 
β-catenin expression (Figure 8A). Higher 
amounts of the p130/E2F4/β-catenin complex 
were co-precipitated from TREX1 KD CD133- 
HOS cells compared with shScramble-trans-
fected cells; while the expression of the p130/
E2F4/β-catenin complex decreased in cells co-
transfected with siE2F4 (Figure 8B). In addi-
tion, the expression (both mRNA and protein 
levels) of the β-catenin targets, TCF3, c-KIT, 
MYB and c-MYC were increased in TREX1 KD 
CD133- HOS cells (Figure 8C, 8D); which would 
all be restored by siE2F4 knockdown. To sum 
up, the results suggested that during the trans-
formation of CD133- HOS cells towards CSCs 
following TREX1 KD, the elevation of β-catenin 
signaling in response to E2F4 activation may 
get involved.

Additional experiments were carried out in 
order to examine whether TREX1 KD could acti-
vate key stem cell transcription factors (SCTFs). 
A panel of key SCTFs commonly expressed in 
CSCs was examined. TREX1 KD significantly 
increased the expression of endogenous OCT-4 
(Figure 9A, 9B, 9D); however, the levels of 
NANOG, SOX2, and KLF4 did not increase 

Figure 5. TREX1 KD affects checkpoint proteins involved in the regulation of G2 arrest. (A) TREX1 knockdown 
increased the E2F4 promoter activity. Relative E2F4 promoter luciferase reporter activity was measured in CD133- 
HOS cells transfected with shTREX1 or shScramble. Results are represented as fold increase over the basal level 
and expressed as mean ± SEM. n=3, **P<0.01. (B, C) Quantitative RT-PCR (B) and western blotting  (C) of E2F4 
expression in CD133- HOS cells transfected with siE2F4 or siCon. For (B), results are expressed as mean ± SEM and 
normalized to NC. n=3, **P<0.01 versus NC. For (C), representative images are shown. (D) The frequency of cells 
expressing checkpoint proteins, including p-p53 (Ser15), p21 and Chk2, were analyzed by FCM in CD133- HOS cells 
transfected with shTREX1 or shScramble.
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Figure 6. TREX1 KD leads to enhanced self-renewal ability, metastasis capacity, and drug resistance of CD133- HOS cells in vitro, which are all E2F4-dependent. 
(A) Osteospheres formed by CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon. Untreated cells were 
used as control. Representative phase-contrast images are shown. The scale bar indicates 200 μm. Results are expressed as means ± SEM. n=3, **P<0.01. (B) 
CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon were subjected to the Boyden chamber cell migration 
assay using 10% FBS in the lower chamber as chemoattractant. The cells that migrated to the bottom of the chamber were stained with crystal violet and counted 
in six randomly selected fields of view per well. Representative images are shown. The scale bar indicates 100 μm. Results are expressed as means ± SEM. n=3, 
**P<0.01. (C) CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon were seeded in the upper compartment 
of Matrigel-coated invasion chambers and incubated for 24 h. The cells that invaded to the bottom of the chamber were counted in six randomly-selected fields of 
view per well. Representative images are shown. The scale bar indicates 100 μm. Results are expressed as means ± SEM. n=3, **P<0.01. (D) CD133- HOS cells 
transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon were treated with the indicated doses of cisplatin for 24 h and cell number 
was counted. Results are expressed as means ± SEM. n=3, *P<0.05 and **P<0.01. (E, F) Quantitative real-time PCR (E) and western blotting (F) analysis of ABCB1, 
ABCG2 and ABCB5 were conducted in CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon. For (E), results 
are expressed as means ± SEM and normalized to the cells transfected with shScramble. n=3, *P<0.05 and **P<0.01. For (F), representative images are shown.
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Figure 7. TREX1 KD led to enhanced tumorigenicity of CD133- HOS cells in vivo, which is E2F4-dependent. A. The 
tumor-forming abilities of CD133- and CD133+ HOS cells (1 × 106 cells/mouse) were assessed in NOD/SCID mice. 
Tumor weight was monitored bi-weekly. Representative photographs of tumors were taken ten weeks following 
inoculation with the tumor cells, and tumor weight was measured and expressed as means ± SEM. n=5 per group, 
and three independent experiments for each animal, **P<0.01. B. The tumor-forming ability of CD133- HOS cells 
transfected with shScramble, or with shTREX1 respectively in the presence/absence of siE2F4, was assessed in 
NOD/SCID mice. Tumor weight was monitored bi-weekly. Representative photographs of tumors were taken ten 
weeks following inoculation with the tumor cells, and tumor weight was measured and expressed as means ± SEM. 
The scale bar indicates 1.0 cm. n=5 per group, and four independent experiments for each animal, **P<0.01. 

(Figure 9A, 9B). TREX1 KD also significantly 
increased the OCT-4 promoter activity (Figure 
9C). Collectively, these data suggested that the 
CSC-like characteristics induced by TREX1 KD 
may be associated with increased OCT-4 
expression.

The levels of both E2F4 (Figure 4C-E) and 
OCT-4 (Figure 9A, 9B and 9D) correlated nega-
tively with TREX1 in CD133- HOS cells, and 
putative binding sites for E2F4 exist within 8 Kb 
downstream of the 3’ end of the OCT-4 gene 
[28, 29]. Thus consequently, we determined 
whether TREX1 KD-mediated OCT-4 induction 
was dependent on E2F4. It showed that E2F4 
KD reversed the TREX1 KD-mediated OCT-4 
induction (Figure 9A-C). 

Taken together, the results of this work suggest 
a novel regulatory mechanism of TREX1 and 
E2F4 that affects the transformation of non-
CSC tumor cells to CSC-like characteristics. 
TREX1 was shown to exert physical interaction 
with E2F4 that might lead to inhibition of the 
expression of the latter, as implied by immuno-

precipitation experiments. In CD133- HOS cells, 
TREX1 suppression was demonstrated to allow 
the activation of β-catenin signaling in the 
dependence of E2F4, thus possibly leading to 
the upregulation of stem cell transcription fac-
tor OCT4; as a consequence, the non-CSC 
osteosarcoma cells were endowed with 
enhanced self-renewal ability, metastasis 
capacity and drug resistance in vivo and/or in 
vitro. The findings demonstrated that TREX1 
was worth to be further studied for developing 
new treatments in cancer therapies targeting 
CSCs.

Discussion

In the present study, we provide new insights 
into the consequences and underlying mecha-
nisms of TREX1 suppression in human osteo-
sarcoma cells. TREX1 expression was found to 
be negatively correlated with the pathological 
grade and metastasis in human osteosarcoma, 
and it was shown to be higher in CD133- non-
CSCs compared to CD133+ CSCs in several 
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Figure 8. TREX1 KD induces the activation of WNT-β-catenin signaling in CD133- HOS cells, which was E2F4-de-
pendent. (A) Western blotting analysis of GSK3β, p-GSK3β (Ser9), β-catenin, and p-β-catenin (Ser33/37/Thr41) 
expression in CD133- HOS cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or 
siCon. Representative images are shown. (B) Immunoprecipitation analysis of E2F4 and β-catenin in CD133- HOS 
cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon. E2F4 was precipi-
tated from the cell extracts using a specific antibody; p130, E2F4 and β-catenin were detected in the precipitates 
by western blotting. Representative images are shown. (C, D) Quantitative real-time PCR (C) and western blotting (D) 
analysis of the β-catenin target genes c-KIT, c-MYC, TCF3 and MYB in CD133- HOS cells transfected with shTREX1 
or shScramble, respectively in the presence of siE2F4 or siCon. For (C), results are expressed as means ± SEM and 
normalized to the cells transfected with shScramble. n=3, **P<0.01. For (D), representative images are shown. (E, 
F) Quantitative real-time PCR (E) and western blotting (F) analysis of the osteoblast-specific markers Axin, TIMP3 
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kinds of human osteosarcoma cell lines. TREX1 
knockdown (KD) endowed CD133- HOS cells 
with enhanced self-renewal ability, metastasis 
capacity, and drug resistance in vivo and/or in 
vitro, which were all relying on E2F4. Moreoverf, 
it was found that in CD133- HOS cells, TREX1 
suppression would allow the activation of 
β-catenin signaling in the dependence of E2F4, 
thus possibly leading to the upregulation of 
stem cell transcription factor OCT4.

Several studies have provided ample evidence 
that non-CSCs and CSCs can inter-convert and 
that non-CSCs can dedifferentiate into CSCs 
[30, 31]. The sole overexpression of certain 
oncogenic molecules (e.g., OCT-4, SOX2 and 
Nanog) is sufficient to reprogram primary non-
tumorigenic cells or bulk cancer cells into stem-
like cancer cells [11, 12, 32]. To our knowledge, 

this is the first study to show that TREX1 KD is 
plausible to impart CSC-like characteristics to 
human CD133- non-CSCs. 

The data regarding the effects of repair exonu-
cleases on CSC emergence and the relevant 
mechanisms are scarce. TREX1 is considered 
an autonomous 3’-exonuclease that degrades 
DNA to prevent inappropriate immune activa-
tion. Recent genetic analysis has demonstrat-
ed that autoimmune diseases, such as Aicardi-
Goutières syndrome (AGS), Systemic Lupus 
Erythematosus (SLE), Familial Chilblain Lupus 
(FCL) and Retinal Vasculopathy can be caused 
by mutations in TREX1, the major human 3’-5’ 
exonuclease [17]. This is possibly attributed to 
chronic ATM-dependent checkpoint activation 
and defective transition of cell cycle, even in 
the absence of exogenous stress [33]. On the 

and CTGF in CD133- HOS cells transfected with shTREX1 or shScramble, respectively, in the presence of siE2F4 or 
siCon. For (E), results are expressed as means ± SEM and normalized to the cells transfected with shScramble. n=3, 
*P<0.05 and **P<0.01. For (F), representative images are shown.

Figure 9. TREX1 KD induces OCT4 expression in CD133- HOS cells, which is E2F4-dependent. (A, B) Quantitative 
real-time PCR (A) and Western blotting (B) analysis of OCT4, Nanog, SOX2 and KLF4 expression in CD133- HOS 
cells transfected with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon. For (A), results were 
expressed as mean ± SEM and normalized to the cells transfected with shScramble. n=3, **P<0.01. For (B), repre-
sentative images are shown. (C) Relative OCT4 promoter luciferase reporter activity in CD133- HOS cells transfected 
with shTREX1 or shScramble, respectively in the presence of siE2F4 or siCon. Results are presented as fold increase 
over the basal level and expressed as mean ± SEM. n=3, **P<0.01. (D) Representative immunofluorescent staining 
of E2F4 and OCT4 in CD133- HOS cells transfected with shTREX1 or shScramble. The scale bar indicates 100 μm.
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Figure 10. TREX1 KD imparts multiple differentiation potentials to CD133- HOS cells. (A-C) CD133- HOS cells transfected with shTREX1 or shScramble were plated in 
osteogenic medium and osteogenic differentiation was assessed following 21 days using alkaline phosphatase (ALP) staining. The representative plates are shown 
(A). The scale bar indicates 100 μm. Quantitative real-time PCR (B) and western blotting (C) of ALP, osteocalcin and Runx2 expression were carried out. For (B), 
results are expressed as mean ± SEM and normalized to the cells transfected with shScramble. n=3, *P<0.05 and **P<0.01. For (C), representative images are 
shown. (D-F) CD133- HOS cells transfected with shTREX1 or shScramble were plated in adipogenic medium. Adipogenic differentiation was assessed following 14 
days of incubation using Oil Red O staining. Representative plates are shown (D). Scale bar indicates 100 μm. Quantitative real-time PCR (E) and western blotting 
analysis (F) of FABP-4, PPARγ and AdipoQ were carried out. For (E), results are expressed as mean ± SEM and normalized to the cells transfected with shScramble. 
n=3, *P<0.05 and **P<0.01. For (F), representative images are shown.
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other hand, the inactivation of cellular division 
is one of the main features of cancer stem cells 
and it has been shown to be promoted by 
CDK1, a key regulator of mitosis that is involved 
in regulating self-renewal of stem cells, via a 
PDK1-PI3K/Akt signaling pathway [34]. It may 
be speculated that the suppression of repair 
exonuclease TREX1 would lead to strict restric-
tion of the cell cycle, which might help to gener-
ate and maintain the self-renewal ability as well 
as other features of CSCs in tumor cells. 
Accordingly, the present work revealed that 
TREX1 suppression could increase the tran-
scription of E2F4, which may partly account for 
the G2 arrest in cell cycle of CD133- HOS cells 
with TREX1 KD. Also, the CSC-like characteris-
tics appearing upon TREX1 KD would be 
reversed by E2F4 KD, which further indicated 
the roles of TREX1 in regulating CSC self-renew-
al as well as other features were E2F4 depen-
dent. To the best of our knowledge, there are no 
reports on a putative role of E2F4 in CSC self-
renewal, although studies have shown that 
abnormal expression and/or mutation of E2F4 
leads to malfunction of cell cycle controls and 
results in carcinogenesis [25, 26]. In addition to 
the upregulation of E2F4, we found that TREX1 
KD could also induce chronic activation of other 
checkpoint proteins, including increased phos-
phorylation of p53 and p21, and reduced Chk2 
(Figure 5D) phosphorylation, which were in 
agreement with a previous study in Trex1-/- 
mouse embryo fibroblasts (MEFs) [34].

The pro-tumorigenic role of Wnt/β-catenin sig-
naling, has been well described in epithelial 
cancers in part through the maintenance of 
CSCs; however, its role in tumors of mesenchy-
mal origin remains controversial [35, 36]. 
Studies have demonstrated that elevated cyto-
plasmic and/or nuclear localization of β-catenin 
may be associated with metastasis in osteo-
sarcoma [37]. Following TREX1 KD, we observed 
a striking increase in the activity of the Wnt 
pathway in CD133- non-CSCs, including incre- 
ased levels of active β-catenin, the endogenous 
β-catenin target genes TCF3, OCT-4, c-MYC and 
ABCB1 [10, 38]. Activation of the Wnt/β-catenin 
pathway is also associated with accumulation 
of the p130/E2F4/β-catenin complex [39], 
which in turn may activate the transcription fac-
tor TCF3 leading to the upregulation of OCT-4. 
The aforementioned factors are reported to 

have essential roles in osteosarcoma CSC 
dedifferentiation and/or self-renewal [39-42].

The present work showed that the expression 
of OCT-4 and the activity of OCT-4 promoter 
were significantly increased in CD133- non-
CSCs with TREX1 KD, which would be reversed 
by co-knockdown of E2F4. Yet the expression of 
other SCTFs, such as Nanog, SOX-2 and KLF4 
did not respond to either TREX1 KD and/or 
E2F4 KD. Some studies have been unable to 
unequivocally link the expression of the endog-
enous OCT4 gene/protein with tumorigenic 
activity, due to striking inconsistencies among 
the various types of assays employed [43], 
although the OCT4/GFP reporter was shown to 
be activated by the “reprogrammed” transcrip-
tional state of the malignant cell. In contrast to 
this study, OCT4 has been reported to be 
expressed in reprogrammed sarcomas, along 
with other markers such as Nanog, Sox-2 and 
SSEA4 in studies that explored β-catenin sig-
naling and heterogeneity of osteosarcoma cell 
lines in reprogramming to a pluripotent state 
[44, 45].

The data presented in this study are supported 
by previous findings where it was shown that 
Wnt/β-catenin signaling is activated in CD133+ 
liver cancer stem cells, by human microRNA 
(miRNA), miR-1246 [46]. The latter is believed 
to promote cancer stemness, by activation of 
the Wnt/β-catenin pathway and suppression of 
the expression of AXIN2 and glycogen synthase 
kinase 3β (GSK3β), two key members of the 
β-catenin destruction complex [46]. In addition 
OCT4 was identified as the direct upstream reg-
ulator of miR-1246, which cooperatively drives 
β-catenin activation in liver CSCs [46].

We also found that TREX1 KD could promote 
multiple differentiation signals, adding to the 
induction of CSC-like characteristics in CD133- 
HOS cells. TREX1 KD cells exhibited a more 
potent ability to induce differentiation of 
CD133- HOS cells into ALP-stained mature 
osteoblasts compared with scrambled shRNA 
(shScramble) transfected cells (Figure 10A). 
The results further indicated the increased 
expression of ALP, osteocalcin, and Runx2 
(Figure 10B, 10C), whereas TREX1 KD cells 
exhibited increased capacity induce the adipo-
cyte lineage, as indicated by the presence of Oil 
Red O-positive granules (Figure 10D) and the 
expression of the adipocyte-specific markers 
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FABP-4, PPARγ and AdipoQ (Figure 10E, 10F). 
The osteoblast-specific Wnt target genes [47] 
such as AXIN2, TIMP3 and CTGF were increased 
in TREX1 KD CD133- HOS cells (Figure 8E and 
8F) and were downregulated during E2F4 KD. 
Taken together, these results indicate that 
TREX1 KD could impart multiple differentiation 
potentials to CD133- HOS cells to some extent 
by activating E2F4. It was shown that aberrant 
self DNA is normally eliminated by cellular 
DNAses such as DNAse II and TREX1, of which 
low amounts lead to increased levels of type I 
IFNs [48]; whether such a mechanism under-
lies our findings should be further assessed.

A few limitations of this study should be men-
tioned. In this study, we failed to show that cis-
platin treatment in vivo would result in eleva- 
ted amounts of CD133+ and OCT4-expressing 
tumor cells lacking TREX1, which could revert 
to CD133- cells upon gain of TREX1 expression. 
Whether the loss of TREX1 would sufficiently 
drive stemness in CD133- cells needs further 
confirmation. In addition, a functional assay 
demonstrating stemness, e.g. aldehyde dehy-
drogenase (ALDH) level assessment, was not 
performed to confirm our findings. Finally, most 
data were generated in HOS cells, and the 
observed phenotypes as well as the analyzed 
mechanisms should be verified in other cell 
lines.

In conclusion, the present study provided the 
first experimental evidences that TREX1 sup-
pression with shRNA could impart CSC-like 
characteristics to CD133- non-CSCs. Mechani- 
stically, we found that TREX1 KD in CD133- 
non-CSCs allowed the activation of β-catenin 
signaling in the dependence of E2F4, thus pos-
sibly leading to the upregulation of stem cell 
transcription factor OCT4. The present study 
suggested TREX1 was probably a negative reg-
ulator of CSC formation in tumors such as 
osteosarcoma and hence worth further study 
for developing new treatments in cancer thera-
pies targeting CSCs.
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