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A B S T R A C T

Thyroid cancer results from unregulated expansion of a self-renewing tumor-initiating cell population. The
regulatory pathways essential for sustaining the self-renewal of tumor-initiating cells remain largely unknown.
Reactive oxygen species (ROS) play a vital role in tumor initiation and progression. In the present study, we
found that the level of ROS was higher in CD133 + thyroid cancer cells than in CD133- thyroid cancer cells. The
transcriptional level of ROS-generating oxidase NADPH oxidase 1 (NOX1) is high in CD133 + thyroid cancer
cells. Activation of STAT3 through phosphorylation is responsible for high activation of NOX1 transcription in
CD133 + thyroid cancer cells. Knock down of NOX1 obviously reduced the level of ROS and inhibited the self-
renewal activity and tumorigenicity of CD133 + thyroid cancer cells. Furthermore, knock down of NOX1 re-
duced the activity of PI3K/Akt pathway. Overexpression of active form of Akt rescued the negative effect of
NOX1 knockdown on the self-renewal capability of CD133 + thyroid cancer cells. Together, NOX1 promotes the
self-renewal property of CD133 + thyroid cancer cells at least partly through activation of the Akt signaling.

1. Introduction

Thyroid cancer is the most common type of endocrine cancer. Its
incidence is growing rapidly over the last 20 years [1]. Understanding
the mechanisms underlying thyroid cancer initiation and progression
will aid in treating thyroid cancer [2]. Cancer stem cells are responsible
for the initiation, propagation, and recurrence of tumors [3,4]. For
thyroid cancer, CD133 is a marker of thyroid cancer stem cells [5].
CD133 + thyroid cancer cells exhibited stem-cell-like features such as
self-renewal and differential potential [6]. However, the pathways
sustaining the self-renewal of thyroid cancer stem cells remain largely
unknown.

Cancer cells tend to have persistently high levels of reactive oxygen
species (ROS) [7,8]. ROS play a vital role during cancer initiation and
progression [9]. An increase in intracellular ROS levels activates tu-
morigenesis-associated pathways, including the MAPK and PI3K/Akt
pathways [10]. However, the contribution of ROS to thyroid cancer
stem cells self-renewal remains largely unknown.

In the present study, we found that the level of ROS was higher in
CD133 + thyroid cancer cells than in CD133-thyroid cancer cells. The
transcriptional level of ROS-generating oxidase NADPH oxidase 1
(NOX1) is high in CD133 + thyroid cancer cells. Knock down of NOX1

reduced the level of ROS and inhibited the self-renewal activity and
tumorigenicity of CD133 + thyroid cancer cells. Furthermore, knock
down of NOX1 reduced the activity of PI3K/Akt pathway.
Overexpression of active form of Akt rescued the negative effect of
NOX1 knockdown on the self-renewal capability of CD133 + thyroid
cancer cells. Altogether, NOX1 promotes the self-renewal property of
CD133 + thyroid cancer cells at least partly through activation of the
Akt signaling.

2. Materials and methods

2.1. Cell lines and cell culture

Thyroid cancer cell lines C643 and 8305C were purchased from Cell
Bank affiliated to China Academy of Science and were cultured in
Dulbecco's modified Eagle's medium supplemented with 10% fetal bo-
vine serum containing 100 U/ml penicillin and 50 μg/ml streptomycin.
Cells were cultured at 37 °C in a humidified CO2 incubator (5% CO2,
95% air).

The sorted CD133 + cells isolated from xenograft formed from
thyroid cancer cells were cultured in the DMEM/F12 media supple-
mented with B27 lacking vitamin A (Invitrogen), 2 μg/ml heparin
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(Sigma), 20 ng/ml EGF (Chemicon) and 10 ng/ml FGF-2 (Chemicon)
for a short period before treatment and analysis. CD133- tumor cells
were plated in DMEM with 10% fetal bovine serum for at least 12 h to
permit cells survival. Prior to performing experiments with CD133-
cells, DMEM with 10% fetal bovine serum was replaced with supple-
mented DMEM/F12 media in order for experiments to be performed in
identical media. Cell transient transfection with plasmids or siRNA was
performed with Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions. Cells were harvested 48-72 h after trans-
fection.

2.2. Lentiviral shRNAs

Briefly, using calcium phosphate transfection, 293T cells were co-
transfected with lentiviral vector expressing LacZ shRNA or NOX1
shRNA, and the packaging vectors RRE, REV and RSVG. Two days later,
the supernatants were collected and concentrated. Cells were trans-
duced by using lentivirus with polybrene (Sigma; 8 μg/ml). Following
infection for 48 h, cells were selected with 2.0mg/ml G418 (Sigma).
Knockdown efficiencies were confirmed via western blotting.

2.3. Sphere formation assay

CD133 + thyroid cancer cells were cultured in serum-free DMEM/
F12 media (Invitrogen), supplemented with 20 ng/ml EGF (Chemicon),
10 ng/ml human recombinant bFGF Chemicon), and B27 (Invitrogen).
Cells were cultured in suspension in 96-well plates at different density.
After 10 days, the number of spheres with diameter> 50 μM was
quantified.

2.4. Western blot

Equal amounts of cell lysate were resolved by SDS-PAGE, trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Roche).
Blocking was performed for 60min with 5% nonfat dry milk or %1 BSA
in TBST. Blotting was performed with primary antibodies for 12–16 h at
4 °C. Primary antibodies included: rabbit polyclonal anti-NOX1 anti-
body (Abcam), rabbit monoclonal anti-GAPDH antibody (Cell sig-
naling), rabbit monoclonal anti-phospho-Akt (Thr308) antibody (Cell
signaling), rabbit polyclonal anti-Akt antibody (Cell signaling), and
mouse monoclonal anti-phospho-STAT3 antibody (BD Biosciences).
After extensive washing with TBST, the membranes were incubate for
1.5–2 h at room temperature with HRP-conjugated goat anti-rabbit
antibody (Santa Cruz Biotechnology), and signal was detected by

Fig. 1. The level of ROS is higher in CD133+ thyroid cancer cells. (A) Representative image of spheres from CD133 + cells isolated from xenograft formed from
thyroid cancer cells (C643 or 8305C). Scale bar represents 10 μM. (B and C) QPCR analysis was performed for stem cell-associated genes in CD133 + cells versus
CD133- cells isolated from C643 xenograft (B) or 8305C xenograft (C). CD133- cells were defined as 1, and the relative expression of each gene in CD133 + cells was
expressed as the fold difference over CD133-cells. (D) An in vivo limiting dilution tumor formation assay (employing 100,000, 50,000, 10,000, 5,000, 1000 or
500 cells per mouse) was performed to compare the tumor-initiating capacity of CD133 + cells or CD133- cells isolated from C643 xenograft or 8305C xenograft.
Mice were sacrificed when they were moribund or 180 days after implantation. Tumor formation was determined by histology. (E) The level of ROS in CD133 + cells
and CD133- cells were analyzed by FACS. The level of ROS in CD133- cells were defined as 1 (calibrator). Results are expressed as mean ± SEM from three separate
experiments; ***p < 0.001.
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enhanced chemiluminescence substrate (Pierce Biotechnology). For
quantification, the western blot films were scanned and were analyzed
using ImageJ Version 1.33u software.

2.5. Quantitative RT-PCR

Total RNA was isolated with Trizol reagent (Invitrogen). cDNA was
synthesized using the RT-PCR kit (TakaRA). Equal amounts of cDNA
were mixed with Power SYBR Green PCR master mix (Applied
Biosystems, Carlsbad, CA) and primers. GAPDH was amplified as an
internal control. Experiments were performed using an ABI Prism 7500
System (Applied Biosystems). The relative quantification of each mRNA
was calculated using the comparative Ct method. The crossing
threshold value was noted for each transcript and normalized with the

internal control. The sequences of primers used for PCR amplification
are as follows: Sox2 (forward, 5′-AAATGGGAGGGGTGCAAAAGAG
GAG-3′; reverse, 5′- CAGCTGTCATTTGCTGTGGGTGATG-3′); Nanog
(forward, 5′- AATACCTCAGCCTCCAGCAGATG-3′; reverse, 5′- TGCGT
CACACCATTGCTATTCTTC-3′); OCT4 (forward, 5′- CTTGCTGCAGAAG
TGGGTGGAGGAA-3′; reverse, 5′- CTGCAGTGTGGGTTTCGGGCA-3′);
GAPDH (forward, 5′-ACAACTTTGGTATCGTGGAAGG-3′; reverse,
5′-GCCATCACGCCACAGTTTC-3′); NOX1 (forward, 5′- CACAAGAAAA
ATCCTTGGGTCAA -3′; reverse, 5′- GACAGCAGATTGCGACACACA -3′);
NOX2 (forward, 5′- CAAGATGCGTGGAAACTACCTAAGAT -3′; reverse,
5′- TCCCTGCTCCCACTAACATCA-3′); NOX3 (forward, 5′- CCAGGGCA
GTACATCTTGGT-3′; reverse, 5′eCCGTGT TTCCAGGGAGAGTA-3′);
NOX4 (forward, 5′-TGGCTGCCCATCTGGTGAATG-3′; reverse, 5′- CAG
CAGCCCTCCTGAAACATGC-3′).

Fig. 2. NOX1 is highly expressed in CD133+ thyroid cancer cells. (A) QRT-PCR analysis was performed for NOX1-4 genes in CD133 + cells versus CD133- cells
isolated from C643 xenograft. NOX members expression levels in CD133- cells were defined as 1 (calibrator), and the relative expression of each gene in
CD133 + cells was expressed as the fold difference over CD133- cells. (B and C) RT-PCR analysis was performed for NOX1 in CD133 + cells versus CD133- cells
isolated from C643 xenograft (B) or 8305C xenograft (C). GAPDH served as a loading control. (D and E) Western blot analysis was performed for NOX1 in
CD133 + cells versus CD133- cells isolated from C643 xenograft (D) or 8305C xenograft (E). (F and G) (F) IHC staining for NOX1 in paired thyroid cancer tissues.
Scale bar represents 20 μM. B. (G) The scores for quantitative staining of NOX1 in thyroid cancer tissues and para cancerous tissues were determined. Values are
mean ± SEM; ***p < 0.001. Para Ca, para cancerous; Ca, cancer.

C. Wang et al. Cancer Letters 447 (2019) 154–163

156



2.6. Tumor formation assay

To examine the tumor-initiating capacity of CD133 + thyroid
cancer cells or CD133- thyroid cancer cells, cells was transplanted into

6- to 8-week old immunodeficient mice in accordance with a Fudan
University Institutional Animal Care and Use Committee approved
protocol concurrent with national regulatory standards. Mice were sa-
crificed when they were moribund or 180 days after implantation.

Fig. 3. Activation of STAT3 is responsible for up-regulation of the NOX1 expression in CD133+ thyroid cancer cells. (A) Schematic drawing of Nox1
promoters depicted the relative position of the STAT3-binding sites. (B) The NOX1 promoter construct pGL3-NOX1(-200/+1) was transiently co-transfected with
pRL-SV40 into CD133 + cells or CD133- cells. The luciferase activity was determined. The values were presented as fold activation over CD133- cells. Values are
mean ± SEM; ***p < 0.001. (C) The NOX1 promoter construct pGL3-NOX1(-200/+1) was transiently co-transfected with pRL-SV40 and control siRNA or STAT3
siRNA into CD133 + cells. The luciferase activity was determined. The values were presented as fold activation over CD133 + cells expressing control siRNA. Values
are mean ± SEM; ***p < 0.001. (D) The NOX1 promoter construct pGL3-NOX1(-200/+1) or its mutant M(STAT3) was transiently co-transfected with pRL-SV40.
The values were presented as fold activation over CD133 + cells expressing pGL3-NOX1(-200/+1). Values are mean ± SEM; ***p < 0.001. (E) Western blot
analysis of STAT3 phosphorylation (Y705) level and total STAT3 level in CD133 + cells or CD133- cells. GAPDH served as a loading control. (F) ChIP assay of STAT3
binding to NOX1 promoter in CD133 + cells or CD133- cells. Immunoprecipitations were carried out with normal IgG (N.IgG), anti-STAT3 antibody (STAT3-Ab). Co-
precipitating DNA was revealed by PCR with the indicated primers. Input DNA was diluted 50-fold before amplification. PCR primers for the NOX1 promoter or the
GAPDH promoter were used to detect promoter fragments in immunoprecipitates. (G) QRT-PCR analysis was performed for IL-6Rα in CD133 + cells versus CD133-
cells isolated from C643 xenograft or 8305C xenograft. CD133 + cells were defined as 1. Values are mean ± SEM; ***p < 0.001. (H) The NOX1 promoter construct
pGL3-NOX1(-200/+1) was transiently co-transfected with pRL-SV40 and control siRNA or IL-6Rα siRNA into CD133 + cells. The luciferase activity was determined.
The values were presented as fold activation over CD133 + cells expressing control siRNA. Values are mean ± SEM; ***p < 0.001.
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Tumor formation was determined by histology.

2.7. Detection of the intracellular redox state

Cells were incubated with 2 μM redox-sensitive probe, CM-
H2DCFDA (Molecular Probes) for 15min of incubation at 37 °C. As the
permeable positive control, 0.025% H2O2 was added 15min prior to
CM-H2DCFDA. Oxidation of the probe was detected by the increase of
FITC fluorescence. The true level of intracellular ROS was estimated by
subtracting the background mean fluorescence intensity (MFI) of the
non-fluorescent sample (negative control) from the measured MFI va-
lues of fluorescent samples in flow cytometry analysis. To examine the
effect of NAC or BSO on the level of ROS, cells were pre-treated with
NAC (sigma) or BSO (sigma) for 72 h.

2.8. Immunohistochemistry

Paraffin-embedded sections were deparaffinized and rehydrated.
Antigens were retrieved by boiling sections in 10mM sodium citrate
(pH 6.0). After the endogenous peroxidase was blocked by incubating
with 3% H2O2 solution in PBS for 10min, sections were blocked with
5% normal serum and were incubated with primary antibody. After
extensive washing in TBST, sections were incubated for 60min with
HRP-conjugated secondary antibody (Santa Cruz Biotechnology). The
immunoreactivity was visualized with 3, 3-diaminobenzidine (Dako).
The images were captured using the Motic Image Advanced 3.2 image
analysis system. The scores for semi quantitative staining of the tissue
sections (score 1–6) were determined according to a total score that was
obtained by combining the score of the percentage of positive cells and
the score of the staining intensity.

2.9. Statistical analysis

Results are expressed as the mean ± standard error of the mean
(mean ± SEM). In general, significance was tested by unpaired two-
tailed Student's t-test using GraphPad InStat 5.0 software. P values <
0.05 were considered statistically significant.

3. Results

3.1. The level of ROS is high in CD133 + thyroid cancer cells

CD133 is a marker of thyroid cancer stem cells [5]. We isolated
CD133 + and CD133- cells from xenografts formed from thyroid cell
lines C643 and 8305C. CD133+ tumor cells displayed characteristics
consistent with cancer stem cells: sphere formation (Fig. 1A); expres-
sion of stem cell markers (Fig. 1B and C); and high tumorigenicity in
immunocompromised mice (Fig. 1D). Therefore, CD133+ subpopula-
tions are enriched for thyroid cancer stem cells.

Using this CD133-based selection system in conjunction with flow
cytometry and the ROS-sensitive dye DCFDA, we compared ROS levels
between CD133 + cells and CD133- cells. The level of ROS was higher
in CD133 + cells than in CD133- cells isolated from xenografts formed
from thyroid cancer cells (Fig. 1E; p < 0.001). These findings suggest
that the level of ROS is high in CD133 + thyroid cancer cells.

3.2. ROS-generating oxidase NOX1 is highly expressed in CD133 + thyroid
cancer cells

Endogenous ROS are mainly produced by NADPH oxidase (NOX)
enzymes, which compose a family of seven enzymes, including NOX1-5
and DUOX1-2 [11,12]. We compared the expression of NOX members
in CD133 + and CD133-thyroid cancer cells. Compared to matched
CD133-cells, NOX1 mRNA expression was dramatically up-regulated in
CD133 + cells (Fig. 2A). RT-PCR analysis confirmed this finding
(Fig. 2B and C). We further compared NOX1 protein expression be-
tween CD133 + and CD133- thyroid cancer cells and found NOX1
protein level to be high in CD133 + cells (Fig. 2D and E). Next, we
characterized NOX1 expressions during thyroid cancer progression.
Compared to para tumor tissues, NOX1 was highly expressed in thyroid
cancer tissues (Fig. 2F and G; p < 0.001). These findings suggest that
NOX1 is highly expressed in CD133 + thyroid cancer cells.

3.3. Activation of STAT3 is responsible for up-regulation of the NOX1
expression in CD133 + thyroid cancer cells

To examine the mechanism of high NOX1 expression in
CD133 + thyroid cancer cells, we generated the NOX1 reporter con-
struct pGL3-NOX1(-200/+1), which retained relative strong promoter
activity and contained one STAT3-binding site at nucleotides −80/-72

Fig. 4. High expression of NOX1 is responsible for the high ROS level in CD133+ thyroid cancer cells. (A) QRT-PCR analysis of NOX1 expression in
CD133 + cells expressing LacZ shRNA or NOX1 shRNA. Values are mean ± SEM; ***p < 0.001. (B) Western blot analysis of NOX1 expression in CD133 + cells
expressing LacZ shRNA or NOX1 shRNA. GAPDH expression served as a loading control. (C) The level of ROS in CD133 + cells isolated from C643 or 8305C
xenograft expression LacZ shRNA or NOX1 shRNA were analyzed by FACS. ROS level in CD133 + cells were defined as 1. Results are expressed as mean ± SEM
from three separate experiments; ***p < 0.001.
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(Fig. 3A) [13,14]. The NOX1 promoter activity was higher in
CD133 + cells than in CD133- cells (Fig. 3B). We next examined the
contribution of the activation of NOX1 promoter by STAT3 to NOX1
high expression in CD133 + cells. Down-regulation of STAT3 using
siRNA obviously reduced activation of the NOX1 promoter (Fig. 3C).
The STAT3-binding site was then modified using site-directed muta-
genesis to create M(STAT3), which reduced NOX1 promoter activity in
CD133+ thyroid cancer cells (Fig. 3D). STAT3 becomes activated upon
phosphorylation at Tyr705, which induces dimerization, nuclear
translocation, and DNA binding [15,16]. We next compared STAT3
phosphorylation levels in CD133 + and CD133- cells and found high
levels of STAT3 Y705 phosphorylation in CD133 + cells (Fig. 3E).
Consistent with this, CHIP assay revealed more binding of STAT3 to the
NOX1 promoter in CD133 + cells than in CD133- cells (Fig. 3F). STAT3
is usually activated by the IL-6/IL-6Rα signaling pathway [17,18], and
IL-6Rα is highly expressed in cancer stem cells [19]. Analysis using
qRT-PCR revealed that IL-6 Rα was more highly expressed in
CD133 + cells (Fig. 3G). Furthermore, down-regulation of IL-6Rα re-
duced NOX1 promoter activity (Fig. 3H). Together, these data indicates
that induction of STAT3 phosphorylation is responsible for high acti-
vation of the NOX1 promoter in CD133 + thyroid cancer cells.

3.4. High expression of NOX1 is responsible for the high ROS levels in
CD133 + thyroid cancer cells

The contribution of high NOX1 expression to high ROS levels ob-
served in CD133 + cells was examined using a lentiviral shRNA-based
system targeting NOX1 expression. Knockdown of NOX1 in
CD133 + cells significantly reduced NOX1 mRNA levels and protein
levels (Fig. 4A and B). Furthermore, knockdown of NOX1 clearly re-
duced ROS levels in CD133 + cells isolated from C643 xenografts and
8305C xenografts (Fig. 4C). These data indicates that high NOX1 ex-
pression is responsible for the high ROS levels observed in
CD133 + thyroid cancer cells.

3.5. NOX1 promotes the self-renewal activity of CD133 + thyroid cancer
cells

The contribution of NOX1 to CD133 + thyroid cancer cells self-
renewal activity and tumorigenicity was examined using a lentiviral
shRNA-based system targeting NOX1 expression. Sphere formation
assay is the conventional method of measuring the self-renewal capa-
city of cancer stem cells [20,21]. NOX1 knockdown impaired sphere
formation not only in primary assays (Fig. 5A–C), but also in secondary
passages (Fig. 5D), indicating the requirement of NOX1 for CD133 +
thyroid cancer cells self-renewal in vitro. Furthermore, NOX1 knock-
down reduced the growth rate of CD133 + thyroid cancer cells in vivo
(Fig. 5E). Third, we examined the effect of altered ROS levels on the
self-renewal activity of CD133 + thyroid cancer cells. BSO (L-buthio-
nine sulfoximine), an inhibitor of glutathione (GSH) synthesis, and NAC
(N-acetyl-L-cysteine), a widely-used antioxidant against ROS, were used

to endogenously increase and decrease, respectively, intracellular ROS
levels [22,23]. NAC reduced the level of ROS (Fig. 5F), and inhibited
the sphere formation ability of CD133 + cells (Fig. 5G and H). Al-
though BSO increased the level of ROS (Fig. 5I), BSO did not promote
the sphere formation of CD133- cells (Fig. 5J). Together, NOX1 pro-
motes the self-renewal property of CD133 + thyroid cancer cells.

3.6. NOX1 promotes the self-renewal property of CD133 + thyroid cancer
cells through activation of the Akt signaling

ROS activates the PI3K/Akt pathway through the reversible in-
activation of the PTEN protein [24]. PI3K/Akt pathway maintains the
self-renewal ability of cancer stem cells [25]. The contribution of Akt
pathway to NOX1 promoting CD133 + thyroid cancer cells self-re-
newal was examined. Analysis using PI3K enzyme-linked im-
munosorbent assay revealed that NOX1 knock down significantly re-
duced PI3K activity in CD133 + cells (Fig. 6A). NOX1 knock down
clearly reduced Akt phosphorylation without obvious changes of the
total Akt level (Fig. 6B and C). Furthermore, overexpression of a con-
stitutively active form of Akt rescued the negative effect of NOX1
knockdown on the self-renewal capability of CD133 + thyroid cancer
cells. (Fig. 6D and E). Together, NOX1 promotes the self-renewal ac-
tivity of CD133 + thyroid cancer cells through activation of the Akt
signaling.

4. Discussion

In this study, we found that the level of ROS was higher in
CD133 + thyroid cancer cells than in CD133- thyroid cancer cells. High
expression of ROS-generating oxidase NOX1 induced by STAT3 acti-
vation was responsible for the high ROS level in CD133 + thyroid
cancer cells. NOX1 promoted the self-renewal property of
CD133 + thyroid cancer cells partly through activation of the Akt
signaling (Fig. 6F). These results suggest that ROS are necessary for
CD133 + thyroid cancer cells self-renewal.

Normal and cancer Stem cells generally have been thought to
maintain low levels of ROS as a protection against DNA damage. In
breast tumor, CSCs contain lower ROS levels than corresponding non-
tumorigenic cells [26]. Higher ROS levels limit hematopoietic stem
cells their lifespan [27]. In thyroid cancer, ROS-low cells are more
spherogenic than ROS-high cells [23]. In contrast to these studies, ROS
generated by Nox1 are necessary for spermatogonial stem cells self-
renewal in vitro [28]. In proliferative neural stem cells, high levels of
ROS promote self-renewal by driving PI3K/AKT signaling [29]. In
colorectal cancer, ROS facilitates Wnt-driven intestinal SC proliferation
leading to colorectal cancer [30]. In airway basal stem cells, moderate
ROS levels activate Nrf2, which activates the Notch pathway to sti-
mulate airway basal stem cells self-renewal [31]. Together, the role of
ROS in normal and cancer stem cells maintenance appears to be context
and tissue specific. Low ROS levels protect stem cells from DNA da-
mage; moderate ROS levels stimulate stem cell self-renewal. In this

Fig. 5. NOX1 promotes the self-renewal ability of CD133+ thyroid cancer cells. (A) Single cell sphere formation assay of CD133 + cells expressing LacZ shRNA
or NOX1 shRNA. Representative images of sphere are shown. Scale bar represents 20 μM. (B and C) A total of 1, 10, or 100 CD133 + cells isolated from C643
xenograft (B) or 8305C xenograft (C) expressing LacZ shRNA or NOX1 shRNA were cultured in 96-well plates. After 10 days, the number of sphere was counted.
Results are expressed as mean ± SEM from three separate experiments; ***p < 0.001. (D) Secondary sphere formation assay of CD133 + cells expressing LacZ
shRNA or NOX1 shRNA. Data mean the percentage of sphere containing wells in each group. (E) CD133 + cells from C643 xenograft expressing LacZ shRNA or NOX1
shRNA were subcutaneously implanted into immunocompromised mice. Tumor volumes were measured every 3 days after tumor cells inoculation. Results are
expressed as mean ± SEM; **p < 0.01. (F) The level of ROS in CD133 + cells isolated from C643 xenograft treated with or without 5 mM NAC (N-acetylcysteine)
for 72 h was analyzed by FACS. The level of ROS in CD133 + cells treated with control was defined as 1. Results are expressed as mean ± SEM from three separate
experiments; ***p < 0.001. (G and H) 100 CD133 + cells isolated from C643 xenograft treated with or without 5 mM NAC (N-acetylcysteine) were cultured in 96-
well plates. After 10 days, the number of sphere was counted. (G) Representative images of sphere are shown. Scale bar represents 20 μM. (H) Results are expressed as
mean ± SEM from three separate experiments; ***p < 0.001. (I) The level of ROS in CD133-cells isolated from C643 xenograft treated with or without 10 μM BSO
for 72 h were analyzed by FACS. The level of ROS in CD133- cells treated with control was defined as 1. Results are expressed as mean ± SEM from three separate
experiments; ***p < 0.001. (J) 100 CD133- cells isolated from C643 xenograft treated with or without 10 μM BSO were cultured in 96-well plates for 10 days.
Representative images of sphere are shown. Scale bar represents 10 μM.
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Fig. 6. NOX1 promotes the self-renewal property of CD133+ thyroid cancer cells through activation of the Akt signaling. (A) The PI3K activity of
CD133 + cells expressing LacZ shRNA or NOX1 shRNA were assessed using a PI3 kinase ELISA kit. Values are normalized to that of CD133 + cells expressing LacZ
shRNA. Results are expressed as mean ± SEM from three separate experiments; ***p < 0.001. (B and C) (B) Western blot analysis of Akt T308 phosphorylation
level and Akt total level in CD133 + cells expressing LacZ shRNA or NOX1 shRNA. GAPDH expression served as a loading control. (C) The relative densities of pT308-
Akt to total Akt in B were quantified using densitometry. Values are normalized to that of CD133 + cells expressing LacZ shRNA. Results are expressed as
mean ± SEM from three separate experiments; ***p < 0.001. (D and E) A total of 100 CD133 + cells isolated from C643 xenograft expressing LacZ shRNA or
NOX1 shRNA or/and myr-Akt (active form of Akt) were cultured in 96-well plates for 10 days. (D) Representative images of sphere are shown. Scale bar represents
20 μM. (E) The number of sphere was counted. Results are expressed as mean ± SEM from three separate experiments; ***p < 0.001. (F) Schematic modeling of
STAT3-activated NOX1 expression and downstream signaling activities, promoting the self-renewal ability of CD133 + thyroid cancer cells.
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present study, our data suggest that ROS promotes the self-renewal
ability of CD133 + thyroid cancer cells. In accordance with this,
CD133 + clonal SW620 cells displayed high tumorigenesis ability and
higher cellular reactive oxygen species (ROS) [32]. We would hy-
pothesize that increased ROS facilitates CD133 + thyroid cancer cells
self-renewal during thyroid cancer progression.

The cellular ROS are majorly generated by NOX family members
(NOXs 1–5, DUOX1, and DUOX2) [33,34]. We found that NOX1 mRNA
expression was higher in CD133 + thyroid cancer cell than in CD133-
cells. Knock down of NOX1 reduced ROS level in CD133 + thyroid
cancer cells. STAT3 binds to NOX1 promoter and induces NOX1 pro-
moter activity [13]. CHIP assay revealed that the binding of STAT3 to
NOX1 promoter was higher in CD133 + cells than in CD133- cells. The
activity of STAT3 phosphorylation was higher in CD133 + cells than in
CD133- cells. Together, high expression of NOX1 induced by STAT3
activation was responsible for the high ROS level in CD133 + thyroid
cancer cells. STAT3 is an important regulator of cancer stem cells self-
renewal [35]. Our findings might provide a new mechanism of STAT3
regulating cancer stem cells self-renewal.

Increasing evidence suggests the functional association of
CD133 + cancer stem cells with Akt signaling. CD133 + tumor cells
derived from hepatoma, colon cancer, neuroblastoma and glioma con-
sistently displayed increased phospho-Akt levels compared with mat-
ched CD133- tumor cells [36–39]. In glioma, the interaction between
CD133 and p85 activates Akt phosphorylation in CD133 + glioma stem
cells [39]. In neuroblastoma, high expression of neurotrophic receptor
activates Akt phosphorylation in CD133 + neuroblastoma cells [40]. In
this present study, our data reveal that high expression of NOX1 in
CD133 + thyroid cancer cell activates Akt phosphorylation. Our
finding might provide a new mechanism of Akt activation in
CD133 + cancer stem cells.

In conclusion, ROS-generating oxidase NOX1 promotes the self-
renewal property of CD133 + thyroid cancer cells at least partly
through activation of the Akt signaling. These findings provide a new
mechanism sustaining the self-renewal of thyroid cancer stem cells.
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