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Abstract 

Background: Vitamin C has been demonstrated to kill BRAF mutant colorectal cancer cells 
selectively. BRAF mutation is the most common genetic alteration in thyroid tumor development and 
progression; however, the antitumor efficacy of vitamin C in thyroid cancer remains to be explored.  

Methods: The effect of vitamin C on thyroid cancer cell proliferation and apoptosis was assessed by 
the MTT assay and flow cytometry. Xenograft and transgenic mouse models were used to 
determine its in vivo antitumor activity of vitamin C. Molecular and biochemical methods were used 
to elucidate the underlying mechanisms of anticancer activity of vitamin C in thyroid cancer.  

Results: Pharmaceutical concentration of vitamin C significantly inhibited thyroid cancer cell 
proliferation and induced cell apoptosis regardless of BRAF mutation status. We demonstrated that 
the elevated level of Vitamin C in the plasma following a high dose of intraperitoneal injection 
dramatically inhibited the growth of xenograft tumors. Similar results were obtained in the 
transgenic mouse model. Mechanistically, vitamin C eradicated BRAF wild-type thyroid cancer cells 
through ROS-mediated decrease in the activity of EGF/EGFR-MAPK/ERK signaling and an increase 
in AKT ubiquitination and degradation. On the other hand, vitamin C exerted its antitumor activity 
in BRAF mutant thyroid cancer cells by inhibiting the activity of ATP-dependent MAPK/ERK signaling 
and inducing proteasome degradation of AKT via the ROS-dependent pathway. 

Conclusions: Our data demonstrate that vitamin C kills thyroid cancer cells by inhibiting 
MAPK/ERK and PI3K/AKT pathways via a ROS-dependent mechanism and suggest that 
pharmaceutical concentration of vitamin C has potential clinical use in thyroid cancer therapy. 
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Introduction 
Vitamin C (L-ascorbic acid or ascorbate), an 

essential nutrient for humans, has been debated for 
years because of its controversial role in cancer 
therapy. Several pioneering studies have 

demonstrated the efficacy of high-dose vitamin C in 
improving the survival of patients with advanced 
cancers [1-3]. However, randomized controlled trials 
failed to replicate the above findings [4,5]. It was later 
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revealed that the route of vitamin C administration is 
important for the therapeutic effect of high-dose 
vitamin C [6]. More recently, it has been shown that 
vitamin C at pharmacologic plasma concentrations 
acquired intravenously can selectively kill KRAS or 
BRAF mutant colorectal cancer cells through targeting 
GAPDH [7]. Furthermore, a recent study showed that 
vitamin C preferentially killed hepatocellular cancer 
stem cells via SVCT-2, but had little cytotoxic effect on 
normal cells [8]. Importantly, a series of in vivo studies 
further supported the antitumor efficacy of high-dose 
vitamin C by parenteral administration [9,10]. 

BRAF mutations are frequent genetic alterations 
in human cancers particularly in melanoma, thyroid 
cancer, and colorectal cancer [11,12]. In particular, 
BRAFV600E mutation accounts for about 90% of all 
oncogenic BRAF mutations and has been 
demonstrated to play a critical pathologic role in 
tumorigenesis [13]. Thyroid cancer is the most 
common endocrine malignancy, which is 
histologically classified into papillary thyroid cancer 
(PTC, 80-85%), follicular thyroid cancer (FTC, 
10-15%), medullary thyroid cancer (MTC, 3-5%) and 
anaplastic thyroid cancer (ATC, <2%) [14]. There is 
enough in vitro and in vivo evidence demonstrating 
that BRAFV600E mutation is a driving force for thyroid 
tumorigenesis and progression particularly in PTC, 
and has become the most important therapeutic target 
in thyroid cancer [15,16]. We hypothesized that 
high-dose vitamin C supplement might be a safe and 
effective strategy for the treatment of thyroid cancer, 
and help improve the management and quality of life 
of thyroid cancer patients.  

In this study, we demonstrated that vitamin C 
could effectively kill thyroid cancer cells regardless of 
BRAF mutation status through a series of in vitro and 
in vivo experiments. Mechanistic studies revealed that 
vitamin C inhibits the MAPK/ERK and PI3K/AKT 
signaling pathways in BRAF wild-type or mutant 
thyroid cancer cells through distinct mechanisms via a 
ROS-dependent pathway, thereby suppressing the 
malignant progression of thyroid cancer. 

Materials and Methods 
Cell culture 

Human thyroid cancer cell lines 8305C, BCPAP, 
8505C, FTC133, and TPC-1 and human immortalized 
thyroid epithelial cells Hthy-ori3-1 were kindly 
provided by Dr. Haixia Guan (The First Affiliated 
Hospital of China Medical University, Shenyang, 
China). C643 was obtained from Dr. Lei Ye (Ruijin 
Hospital, Shanghai, China). The cells were routinely 
cultured at 37°C in RPMI-1640 or DMEM/Ham’s F-12 
medium with 10% fetal bovine serum (FBS). In some 

experiments, the medium was prepared by adding 
different amounts of D-Glucose (Gibco, Cat#: 
15023-021) to RPMI-1640 medium without glucose 
(Gibco, Cat#: 11879-020) supplemented with 10% FBS. 

Cell viability assay 
Cells (3000 to 4000/well) were seeded in 96-well 

plates. After a 24-h culture, cells were treated with 
different doses of vitamin C (Sigma, Cat, # A4034) for 
the indicated times. The MTT assay was then carried 
out to assess the effect of vitamin C on cell viability, 
and IC50 values were calculated as described 
previously [17].  

Colony formation assay 
Cells (3000 to 4000/well) were seeded in 12-well 

plates and treated with different doses of vitamin C or 
vehicle control for 48 h, followed by culturing in 
RPMI-1640 or DMEM/Ham’s F-12 medium with 10% 
FBS for 6-10 days. Colonies were then fixed with 4% 
paraformaldehyde, washed with PBS and stained 
with crystal violet. Each assay was performed in 
triplicate. 

Cell apoptosis assay 
Cells were treated with 2 mM vitamin C or 

vehicle control for 2 h and then stained with Annexin 
V-FITC/PI Apoptosis Detection Kit (Roche Applied 
Science, Penzberg, Germany) according to the 
manufacturer’s protocol. Apoptotic cells were 
measured by flow cytometry. Each experiment was 
carried out in triplicate. 

Detection of reactive oxygen species (ROS) 
Cells (5 × 105/well) were seeded in 6-well plates. 

After culturing for 24 hrs, cells were washed with PBS 
and incubated in RPMI-1640 containing 2-6 mM 
glucose and 2 mM vitamin C for 2-4 h. Cells were then 
washed and re-suspended in serum-free medium 
containing10 μM of DCFH-DA and kept at 37°C for 60 
min in the dark. Next, cells were washed and 
analyzed by flow cytometry. In some experiments, 2 
mM N-acetylcysteine (NAC) (Sigma, Cat#: A7250) 
was added to the medium to eliminate cellular ROS.  

Animal studies 
To establish a xenograft mouse model, 8305C (6 

× 106) and C643 cells (4 × 106) were injected 
subcutaneously into right armpit region of 5- to 
6-week-old female nude mice purchased from SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China). Mice 
were then randomly divided into three groups (five 
mice/group) when tumor volume grew to 50-80 mm3: 
vehicle control, vitamin C and vitamin C plus NAC. 
In brief, vitamin C (4 g per kg of body weight; twice a 
day) or vehicle control was administered by 
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intraperitoneal injection at a total volume of 0.2 mL 
for 2-3 weeks. To determine the effect of vitamin 
C-induced ROS on tumor growth, 30 mM NAC was 
supplemented in drinking water after adjusting pH to 
7.0 and freshly prepared every 4 days. Tumor sizes 
were measured with calipers every other day, and 
tumor volumes were calculated using the formula: 
(length × width2 × 0.5). All mice were sacrificed and 
tumors were collected and weighted 5 h after the final 
dose of vitamin C. 

 Transgenic mouse strains TPO-Cre and BrafCA 
were kindly provided by Drs. Kimura Shioko 
(National Institutes of Health, USA) and Martin 
McMahon (University of California, USA), 
respectively. BrafV600E-driven thyroid cancer of 
transgenic mice was produced by crossing BrafCA mice 
with TPO-Cre mice. Six-week-old TPO-Cre; BrafCA 
mice were randomly divided into three groups (six 
mice/group), and similarly treated for 30 days and 
tumors were measured as described above. Animal 
experiments were approved by the Institutional 
Review Board of Xi’an Jiaotong University Health 
Science Center. 

Immunohistochemical (IHC) staining  
The IHC staining was carried out as described 

previously [18]. Antibodies used in this study are 
presented in Supplementary Table S1. Protein 
expression was quantitated by integral optical density 
(IOD) using Image-pro plus 6.0 (Media Cybernetics, 
USA). 

Western blot analysis 
The indicated cells (4-5 × 105/well) were seeded 

in 6-well plates and cultured in RPMI 1640 with 6 mM 
glucose containing 10% FBS. Cells were then treated 
with different doses of vitamin C for the indicated 
times. Subsequently, cells were lysed, and lysates 
were subjected to Western blot analysis. Antibodies 
used in this study are also presented in 
Supplementary Table S1. In some experiments, 2 mM 
NAC was used to eliminate cellular ROS. 

Adenosine triphosphate (ATP) measurement 
Relative ATP levels were measured using the 

ATP Assay Kit (Beyotime Institute of Biotechnology, 
Shanghai, China) as described previously [19]. In 
some experiments, 2 mM ATP (Sigma, Cat#: A6419) 
was supplemented to the medium to rescue vitamin 
C-mediated ATP reduction. 

Enzyme-linked immunosorbent assay (ELISA) 
Cells (3-5×105/well) were seeded in 6-well 

plates. The medium was then changed to FBS-free 
RPMI-1640 and cells were subjected to different 
treatments for 4 h. Subsequently, The EGF levels were 

measured using the Human EGF ELISA kit 
(NeoBioscience, ShenZhen, China) according to the 
manufacturer’s protocol. 

Cycloheximide (CHX) chase assay 
To assess the effect of vitamin C on AKT protein 

stability, cells were incubated with 200 µg/mL CHX 
(MP Biomedicals, Santa Ana, CA) for 2 h to inhibit de 
novo protein synthesis, and then treated with 2 mM 
vitamin C. At the indicated time points, cell lysates 
were harvested and subjected to Western blot analysis 
using the indicated antibodies. 

Co-Immunoprecipitation (Co-IP) 
Following pre-treatment with 25 μM MG132 

(Selleck, Cat, S2619), cells were treated with 2 mM 
vitamin C for 2 h and were then lysed. The 
concentration of proteins was adjusted to equal 
incorporation before immunoprecipitation assays. 
Next, the lysates were incubated with antibodies 
against AKT or IgG at 4°C for 4-5 h followed by 
incubation with protein A/G-agarose beads (Santa 
Cruz, CA, USA) at 4°C overnight. 
Immunoprecipitates were washed and further 
analyzed by Western blotting.  

RNA extraction and quantitative RT-PCR 
(qRT-PCR) 

The protocols of RNA extraction, cDNA 
synthesis, and qRT-PCR were described previously 
[18]. The mRNA expression was normalized to 18S 
rRNA. The primer sequences are presented in 
Supplementary Table S2. Each sample was run in 
triplicate. 

Statistical analysis 
Student’s t-test, two-way ANOVA with 

Bonferroni post-test, and one-way ANOVA with 
Dunnett’s post-test were used for comparing the data 
using SPSS statistical package (16.0, Chicago, IL). The 
data were expressed as mean ± standard deviation 
(SD). P <0.05 was considered statistically significant.  

Results 
Vitamin C inhibits cell viability and induces cell 
apoptosis in thyroid cancer cells regardless of 
BRAF mutation status 

GLUT1, as a major glucose transporter, has been 
demonstrated to play a key role in inhibiting the 
growth of KRAS/BRAF mutant colorectal cancer cells 
by increased uptake of the oxidized form of vitamin 
C, dehydroascorbate (DHA) (7). Therefore, we first 
investigated GLUT1 expression in a panel of thyroid 
cancer cell lines and an immortalized normal thyroid 
epithelial cell line Nthy-ori3-1 by Western blot 
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analysis. The results showed that GLUT1 expression 
was much higher in the majority of thyroid cancer cell 
lines compared with Nthy-ori3-1 cells 
(Supplementary Figure S1). This observation was 
consistent with the previous studies showing that the 
enhanced glycolysis in thyroid cancer cells required 
an increased rate of glucose uptake [20,21].  

Next, we performed the MTT assay to determine 
the effect of vitamin C on cell viability in a panel of 
thyroid cell lines under physiological glucose 
concentration (6 mM). As shown in Figure 1A and B, 
vitamin C treatment significantly inhibited cell 
viability in both BRAF mutant and wild-type thyroid 
cancer cells in a time- and dose-dependent manner 
but barely affected the viability of Hthy-ori3-1 cells. 
Consistent with a previous study (7), we found that 
thyroid cancer cells were more sensitive to vitamin C 
treatment in a low-glucose medium (2 mM) relative to 
a high-glucose medium (10 mM) (Supplementary 
Figure S2A and B). However, different glucose 

concentrations did not affect the viability of 
Hthy-ori3-1 cells (Supplementary Figure S2C).  

The dose-dependent inhibitory effect of vitamin 
C treatment on thyroid cancer cells under 
physiological glucose concentration was also evident 
by colony-forming assay regardless of the BRAF 
mutation status (Figure 1C). Figure 1D shows that 2 
mM vitamin C treatment induced significant 
apoptosis of both BRAF mutant and wild-type thyroid 
cancer cells under physiological glucose 
concentration. Notably, previous studies have shown 
that vitamin C concentrations higher than 2 mM are 
easily achieved in human plasma without significant 
toxicity [6,22,23], and, as our results have 
demonstrated here that 2 mM vitamin C was 
sufficient to kill thyroid cancer cells. Taken together, 
these observations indicated that vitamin C might be 
a safe and effective cytotoxic agent against thyroid 
cancer. 

 

 
Figure 1. Vitamin C kills thyroid cancer cells regardless of BRAF mutation status. (A) Different thyroid cancer cell lines and immortalized thyroid epithelial cell lines 
were treated with different doses of vitamin C (VC) for the indicated times, and the MTT assay was performed to evaluate the effect of VC on cell viability. (B) The above cells 
were treated with different doses of VC for 48 h. Cell viability was then similarly measured by MTT assay, and IC50 values were calculated using the Reed-Muench method. (C) 
Colony formation assay was used to validate the effect of VC on cell growth when thyroid cancer cells were treat with indicated doses of VC for 48 h. (D) Cell apoptosis was 
evaluated by flow cytometry when the indicated cells were treated with 2 mM VC for 2 h. The data were presented as mean ± SD. ***, P <0.001. 



 Theranostics 2019, Vol. 9, Issue 15 
 

 
http://www.thno.org 

4465

 
Figure 2. Vitamin C kills thyroid cancer cells through inducing cellular ROS production. BRAF mutant thyroid cancer cell lines 8305C and BCPAP (A) and BRAF 
wild-type thyroid cancer cell lines C643 and FTC133 (B) were treated with 2 mM vitamin C (VC) alone or in combination with 2 mM NAC for 2-4 h, followed by a 1-h incubation 
with a ROS-sensitive fluorescent dye DCF-DA. The ROS-positive cells were then measured by flow cytometer (upper panels), and the mean fluorescence intensity of three 
independent experiments was calculated by Student’s t test (lower panels). (C and D) The indicated cells were treated with 2 mM VC alone or in combination with 2 mM NAC 
for 48 h, and cell viability and apoptosis were then measured by MTT assay and flow cytometry, respectively. Data were presented as mean ± SD. **, P <0.01; ***, P <0.001 for 
comparison with the control; ##, P <0.01; ###, P <0.001 for comparison with a combined treatment of VC and NAC 

 

Vitamin C inhibits thyroid cancer cell growth 
in vitro and in vivo through inducing cellular 
ROS production 

Considering that vitamin C treatment potently 
kills KRAS/BRAF mutant colorectal cancer cells by 
inducing substantially elevated endogenous ROS [7], 
we measured cellular ROS levels in thyroid cancer 
cells treated with 2 mM vitamin C for 2-4 h by 
dichloro-fluorescein (DCF) staining. As expected, 
vitamin C treatment significantly increased cellular 
ROS levels in both BRAF mutant and wild-type cells, 
and this effect could be effectively reversed by 2 mM 
ROS scavenger NAC treatment (Figure 2 A and B). 
Also, vitamin C-induced cytotoxicity (including a 
decrease in cell viability and induction of cell 
apoptosis) could be completely reversed upon 
treatment with 2 mM NAC in both BRAF mutant and 
wild-type thyroid cancer cells (Figure 2 C and D). 

To determine in vivo antitumor activity of 
vitamin C, nude mice bearing xenograft tumors 
derived from BRAF mutant thyroid cancer cell line 

8305C and BRAF wild-type thyroid cancer cell line 
C643 were treated with 4 g/kg vitamin C or PBS 
(control) twice a day for 2-3 weeks via intraperitoneal 
injection. This dosage has been proved to achieve 
pharmacological concentration recommended by a 
phase I clinical trial and two preclinical studies 
[23-25]. As shown in Figure 3A, regardless of the 
BRAF mutation status, xenograft tumors 
progressively grew in the control group, while 
vitamin C treatment significantly reduced tumor 
growth. Also, NAC supplement in drinking water 
throughout vitamin C treatment could abolish the 
inhibitory effect of vitamin C on the growth of 
xenograft tumors (Figure 3B). We further tested the 
antitumor activity of vitamin C in a transgenic model 
of thyroid cancer driven by BRAFV600E mutation by 
crossing the BrafCA mice with TPO-Cre mice. The 
transgenic mice were treated daily with high-dose 
vitamin C (4 g/kg) or PBS for 30 days via 
intraperitoneal injection. As displayed in Figure 3C, 
vitamin C treatment caused a significant reduction in 
tumor volume and weight in comparison with the 
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controls, while NAC supplement during treatment 
effectively reversed the antitumor effect of vitamin C 
(Figure 3C). We also assessed the effect of vitamin C 
on cell proliferation in tumor tissues from xenograft 
and transgenic mouse models by performing the cell 
proliferation marker Ki-67 staining. The results 

showed that the percentage of Ki-67 positive cells was 
remarkably decreased in the vitamin C-treated group 
compared to the control group while NAC treatment 
could reverse this effect (Figure 3D and E). 
Collectively, our results further supported the 
antitumor activity of vitamin C in thyroid cancer. 

 

 
Figure 3. Vitamin C inhibits tumor growth in xenograft and transgenic mouse models. (A) Xenografts derived from 8305C or C643 cells were treated with vitamin 
C (VC, 4 g/kg) twice a day or in combination with 30 mM NAC (in drinking water), and tumor growth was compared among control, VC- and VC+NAC-treated groups. Data 
were shown as mean ± SD (n =5/group). (B) Photographs of dissected tumors from the indicated groups. Box-whisker plot represents mean tumor weight in different groups. 
Data were shown as mean ± SD (n = 5/group). (C) TPO-Cre/LSL-Braf V600E mice was grouped and treated with as mentioned above. Representative photographs of thyroid tumors 
in different groups were shown in left panel. Right panel represents mean tumor weight. Data were shown as mean ± SD (n =6/group). Shown is representative Ki-67 staining in 
dissected tumors from xenograft (D) and transgenic mouse (E) models with the indicated treatments. Scale bars: 100 μm. Data were presented as mean ± SD. *, P <0.05; **, P 
<0.01; ***, P <0.001 for comparison with the control; #, P <0.05; ###, P <0.001 for comparison with a combined treatment of VC and NAC.  



 Theranostics 2019, Vol. 9, Issue 15 
 

 
http://www.thno.org 

4467

Vitamin C inhibits MAPK/ERK and PI3K/AKT 
pathways in thyroid cancer cells in 
ROS-dependent-manner 

MAPK/ERK and PI3K/AKT pathways play a 
fundamental role in thyroid tumorigenesis and 
malignant progression and are major therapeutic 
targets in thyroid cancer [14]. We, therefore, 
attempted to explore the effect of vitamin C on the 
activities of these two pathways in thyroid cancer 
cells. As shown in Figure 4A, regardless of the BRAF 
mutation status, vitamin C treatment markedly 
inhibited the activity of MAPK/ERK signaling in 
thyroid cancer cells characterized by decreased 

phosphorylation of ERK in a dose-dependent manner. 
Furthermore, we found that vitamin C treatment 
decreased the levels of phosphorylated AKT and total 
AKT in thyroid cancer cells in a dose-dependent 
manner, thereby inhibiting the activity of PI3K/AKT 
signaling (Figure 4A). The inhibitory effect of vitamin 
C on these pathways could be reversed by NAC 
treatment (Figure 4B). These findings were further 
validated by IHC staining in tumor tissues from 
xenograft and transgenic mouse models (Figure 
4C-E). Thus, our data indicated that vitamin C could 
block MAPK/ERK and PI3K/AKT pathways in a 
ROS-dependent fashion. 

 

 
Figure 4. ROS-dependent inhibition of MAPK/ERK and PI3K/AKT pathways by vitamin C in thyroid cancer cells. (A) The indicated cells were treated with 
vehicle control or different doses of vitamin C (VC) for 2-4 h, and cell lysates were then subjected to western blot analysis to determine the effect of VC on the levels of 
phosphor-ERK (p-ERK), total ERK (t-ERK), phosphor-AKT (p-AKT) and total AKT (t-AKT). (B) Western blot analysis of p-ERK, t-ERK, p-AKT and t-AKT in indicated cells 
treated with VC or in combination with NAC with β-Actin as a loading control. A comparison of the levels of p-ERK, p-AKT and t-AKT in nude mice (C and D) and transgenic 
mice (E) with the indicated treatments by IHC staining. Scale bars, 100 μm. The expression levels were calculated with IOD value (lower panels), and data were presented as 
mean ± SD. ***, P <0.001 for comparison with the control; ###, P <0.001 for comparison with a combined treatment of VC and NAC. 
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Figure 5. Vitamin C ROS-dependently inhibits the activity of MAPK/ERK signaling via distinct mechanisms between BRAF mutant and wild-type thyroid 
cancer cells. ATP levels were determined in BRAF mutant thyroid cancer cell lines 8305C and BCPAP (A) and BRAF wild-type thyroid cancer cell lines C643 and FTC133 (B) 
with indicated treatments. The levels of total proteins were used to normalize ATP concentration. (C) 8305C and BCPAP cells were treated with the indicated treatments, and 
the MTT assay was used to assess cell viability. (D) 8305C and BCPAP cells were treated with the indicated treatments, and western blot analysis was performed to determine 
the levels of t-AKT, p-ERK and t-ERK. β-Actin was used as a loading control. (E) C643 and FTC133 cells were treated with different doses of vitamin C (VC) for 4 h, and ELISA 
assay was then performed to measure EGF levels. (F) C643 and FTC133 cells were treated with 2 mM VC alone or in combination with 2 mM NAC, and ELISA assay was similarly 
performed to determine EGF levels. (G) Western blot analysis of phosphorylation of EGFR and ERK in C643 and FTC133 cells with the indicated treatments. (H) A schematic 
model of VC inhibiting the activity of MAPK/ERK pathway. Data were shown as mean ± SD. ***, P <0.001 for comparison with the control; ###, P <0.001 for comparison with a 
combined treatment of VC and NAC. 

 

Vitamin C modulates the MAPK/ERK cascade 
via distinct mechanisms between BRAF mutant 
and wild-type thyroid cancer cells 

Since vitamin C has been shown to selectively 
kill KRAS/BRAF mutant colorectal cancer cells by 
targeting GAPDH and inhibiting ATP production 
[7,8], we tested the effect of vitamin C on ATP levels 
in BRAF mutant and wild-type thyroid cancer cells As 
displayed in Figure 5A and B, 2 mM vitamin C 
treatment for 1-2 h significantly decreased ATP levels 
in BRAF mutant thyroid cancer cell lines 8305C and 
BCPAP but had almost no effect on ATP levels in 
BRAF wild-type thyroid cancer cell lines C643 and 
FTC133. Also, 2 mM NAC supplement in BRAF 
mutant thyroid cancer cells could completely restore 
ATP levels, indicating that vitamin C inhibited BRAF 
mutant thyroid cancer cell growth probably by 
blocking ATP production via a ROS-dependent 
pathway. The results presented in Figure 5C and 
Supplementary Figure S3 show that vitamin 

C-mediated inhibition of proliferation and induction 
of apoptosis were almost entirely reversed by NAC 
treatment, but only partially reversed by ATP 
supplement. However, ATP levels could be restored 
by adding NAC or ATP to the medium of 8305C and 
BCPAP cells (Supplementary Figure S4). These results 
indicated that vitamin C killed BRAF mutant thyroid 
cancer cells only partially by depleting ATP. 
Considering that ATP is a frequent phosphate donor 
for different protein kinases [26], we hypothesized 
that vitamin C modulated the activity of MAPK/ERK 
signaling in BRAF mutant thyroid cancer cells by 
inhibiting ATP production. The results showed that 
restoring ATP levels in BRAF mutant thyroid cancer 
cells (Supplementary Figure S5) significantly 
attenuated the inhibitory effect of vitamin C on ERK 
phosphorylation but had almost no effect on AKT 
levels (Figure 5D). These results indicated that 
vitamin C regulated the activity of MAPK/ERK 
signaling in BRAF mutant thyroid cancer cells 
partially by inducing ATP depletion.  
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Thus, we have shown that vitamin C inhibits 
ERK phosphorylation in BRAF wild-type thyroid 
cancer cells; however, the underlying molecular 
mechanism remains to be elucidated. EGF/EGFR 
signaling as an upstream effector of ERK 
phosphorylation has been demonstrated to exert a 
critical role in malignant progression of thyroid 
cancer [18, 27]. There is also evidence indicating that 
ROS can diminish the release EGF in pancreatic cancer 
cells [28]. Thus, we hypothesized that vitamin C 
inhibits ERK phosphorylation in BRAF wild-type 
thyroid cancer cells by inducing ROS production and 
decreasing EGF release. Indeed, we found that 
vitamin C significantly reduced the release of EGF in a 
dose-dependent manner (Figure 5E), and NAC 
treatment effectively reversed this effect in BRAF 
wild-type thyroid cancer cell lines C643 and FTC133 
(Figure 5F). We also observed that vitamin C 
markedly decreased EGFR phosphorylation which 
could be reversed by NAC treatment in these two cell 
lines (Figure 5G). As predicted, phosphorylated ERK 
as a downstream effector of EGF/EGFR signaling was 
inhibited upon vitamin C treatment and could be 
restored by NAC treatment in these two cell lines 
(Figure 5G). These findings indicated that vitamin C 
blocked MAPK/ERK signaling in a ROS-dependent 
fashion via distinct mechanisms in BRAF mutant and 
wild-type thyroid cancer cells (Figure 5H). 

Vitamin C promotes AKT ubiquitination and 
degradation in thyroid cancer cells by a 
ROS-dependent pathway 

Our data demonstrated the potential regulatory 
effect of vitamin C on gene transcription and/or 
protein stability of AKT thereby decreasing AKT 
protein levels. First, we determined the effect of 
vitamin C on mRNA expression of three AKT 
isoforms (AKT1-3) in 8305C and C643 cells by 
qRT-PCR. The results showed that vitamin C did not 
affect the transcription of AKT1 but upregulated 
mRNA expression of AKT2 and 3 in these two cell 
lines (Supplementary Figure S6) indicating that 
vitamin C modulated AKT expression at a 
posttranscriptional level. Next, we treated 8305C and 
C643 cells with cycloheximide (CHX) to block new 
protein synthesis to determine the effect of vitamin C 
on the protein stability of AKT. As shown in Figure 
6A and B, the pretreatment of 8305C and C643 cells 
with CHX significantly increased vitamin C-mediated 
protein instabilityof AKT compared with the control 
cells. Thus, we hypothesized that vitamin C-mediated 
AKT instability might probably be attributed to the 
ubiquitin/proteasome-dependent degradation 
pathway. To confirm this, we treated 8305C and C643 
cells with 25 μM proteasome inhibitor MG132 for the 

indicated time points and found that MG132 
effectively restored vitamin C-mediated AKT 
reduction in the AKT level after a 2- or 4-h treatment 
(Figure 6C). This indicates that vitamin C promotes 
AKT proteolysis by the ubiquitin-proteasome 
degradation pathway.  

AKT, as an important survival kinase, can be 
destroyed by the ubiquitin-mediated protein 
degradation pathway [29]. Thus, we performed Co-IP 
and Western blotting to examine the effect of vitamin 
C on AKT ubiquitination in 8305C and C643 cells. The 
results showed that AKT ubiquitination was elevated 
upon vitamin C treatment which could be reversed by 
NAC treatment when these cells were pretreated with 
25 μM MG132 (Figure 6D). Also, mitochondrial E3 
ubiquitin protein ligase 1 (MUL1) has been shown to 
be a negative regulator of AKT ubiquitination [30], 
and another study reported that cellular ROS could 
increase MUL1 expression [31]. We, therefore, 
speculated that vitamin C upregulates MUL1 
expression to promote AKT ubiquitination and 
degradation via a ROS-dependent pathway. Our data 
showed that vitamin C significantly increased mRNA 
expression of MUL1, and this effect could be reversed 
by NAC treatment in 8305C and C643 cells 
(Supplementary Figure S7). Collectively, the present 
study, for the first time, demonstrated that vitamin C 
could induce ROS-mediated AKT degradation 
through the ubiquitin-proteasome pathway.  

Based on the above data, we propose a simple 
model to illustrate the antitumor efficacy of vitamin C 
in thyroid cancer cells (Supplementary Figure S8). In 
brief, cellular uptake of the oxidized form of vitamin 
C, DHA, via GLUT1 can increase cellular ROS 
production. By targeting GAPDH, the elevated ROS 
level results in ATP depletion and inhibits ERK 
phosphorylation in BRAF mutant thyroid cancer cells. 
In BRAF wild-type thyroid cancer cells, increased ROS 
inhibits EGF/EGFR-MAPK/ERK signaling by 
impeding EGF release. Furthermore, increased ROS 
levels can induce AKT ubiquitination and 
degradation in both BRAF mutant and wild-type 
thyroid cancer cells probably through regulating 
MUL1 expression via a ROS-dependent pathway. 
Thus, vitamin C kills thyroid cancer cells through 
ROS-dependent blocking of MAPK/ERK and 
PI3K/AKT signaling pathways. 

Discussion 
Antitumor efficacy of vitamin C has long been 

argued since it was first demonstrated that 
intravenous administration of vitamin C (10 g/day) 
could effectively prolong the survival of cancer 
patients [2,3]. In this context, a remarkable finding 
was reported in a recent study that vitamin C could 
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selectively kill KRAS/BRAF mutant colorectal cancer 
cells by targeting GAPDH [7]. DHA, the oxidized 
form of vitamin C, could be taken up by GLUT1 and 
reduced to vitamin C by using glutathione (GSH) and 
leading to ROS accumulation. Increased ROS resulted 
in the loss of GAPDH activity and subsequent ATP 
depletion by targeting cysteine (C152) in its active site. 
Given that cancer cells with KRAS/BRAF mutations 
are greatly dependent on glycolysis for survival and 
growth, ATP depletion causes an energy crisis in 
these cells [7]. These findings inspired other studies 
that provide new insights into the molecular 
mechanisms of pharmacologic effects of vitamin C in 
treating different types of cancers [32]. It is well 
known that BRAF mutation is the most common 

genetic alteration in thyroid cancer [11,33]. Also, it has 
been shown that thyroid cancer cells can take up 
vitamin C via a GLUT1-dependent pathway [34] 
suggesting a potential antitumor activity of vitamin C 
in thyroid cancer. 

In this study, we found that vitamin C could kill 
thyroid cancer cells in vitro regardless of the BRAF 
mutation status and vitamin C-induced ROS 
production was required for this effect. More 
importantly, in vivo data also demonstrated that 
vitamin C inhibited tumor growth in the xenograft 
and transgenic mouse models via a ROS-dependent 
pathway. Given the central role of MAPK/ERK and 
PI3K/AKT signaling pathways in thyroid 
tumorigenesis and malignant progression [14], we 

 
Figure 6. Induction of AKT ubiquitination and proteasome degradation by vitamin C via a ROS-dependent pathway. Western blot analysis of total AKT in 
8305C (A) and C643 (B) cells with vitamin C (VC) and cycloheximide (CHX) treatment alone or in combination for the indicated time points with β-Actin as a loading control. 
(C) 8305C and C643 cells was treated with 2 mM VC for 2 h after pretreatment of 25 μM MG132 for the indicated time points, and western blot analysis was then used to 
evaluate AKT expression. β-Actin was used as a loading control. (D) 8305C and C643 cells was pretreated with 25 μM MG132 for 2 h, and VC was then added for another 2 
h before harvesting. Lysates were incubated with anti-AKT antibody for 4 h and then conjugated with agarose. Bounding proteins were analyzed by immunoblot with 
anti-ubiquitin (Ub) antibody. Input samples were taken prior to immunoprecipitation and immunoblotted with the indicated antibodies. Data were presented as mean ± SD. **, 
P <0.01; ***, P <0.001. 
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investigated the effect of vitamin C on these two 
pathways to elucidate its antitumor mechanisms. The 
results demonstrated that vitamin C markedly 
blocked the MAPK/ERK and PI3K/AKT pathways 
through ROS-dependent decrease in ERK 
phosphorylation and AKT levels regardless of the 
BRAF mutation status. Furthermore, we provided 
evidence for the distinct roles of vitamin C in 
regulating the activity of MAPK/ERK signaling 
between BRAF mutant and wild-type thyroid cancer 
cells. Vitamin C suppressed ATP production in BRAF 
mutant thyroid cancer cells via a ROS dependent 
pathway while virtually did not influence ATP levels 
in BRAF wild-type thyroid cancer cells. This was 
consistent with the previous studies that KRAS/BRAF 
mutant cancer cells excessively relied on glycolysis for 
energy supply [35,36]. Moreover, we found that ATP 
supplement could significantly reverse the inhibitory 
effect of vitamin C on ERK phosphorylation but 
barely affected AKT levels. Taken together, our data 
showed that vitamin C-mediated depletion of the 
phosphate donor ATP in BRAF mutant thyroid cancer 
cells contributed to the inhibition of MAPK/ERK 
signaling.  

In BRAF wild-type thyroid cancer cells, our 
results showed that vitamin C inhibited ERK 
phosphorylation via an ATP-independent pathway; 
however, the exact mechanism is unclear. It has been 
previously reported that ROS can decrease the release 
of the EGFR ligand, EGF, thereby inhibiting its 
downstream signaling pathways including 
MAPK/ERK signaling [28]. It is possible that a similar 
mechanism exists in thyroid cancer. Our data showed 
that upon vitamin C treatment of BRAF wild-type 
thyroid cancer cells, the release of EGF was inhibited 
in a ROS-dependent fashion. Consequently, EGFR 
phosphorylation and the levels of its downstream 
effector phosphorylated ERK were markedly 
inhibited in these cells via a ROS-dependent pathway. 
Collectively, our data indicate that vitamin C blocks 
the MAPK/ERK signaling through a ROS-dependent 
pathway by distinct mechanisms between BRAF 
mutant and wild-type thyroid cancer cells. 

Besides the MAPK/ERK pathway, the critical 
role of PI3K/AKT pathway has also been 
demonstrated in thyroid cancer development and 
progression both in vitro and in vivo [37,38]. In the 
present study, we observed that vitamin C treatment 
could significantly decrease AKT levels in both BRAF 
mutant and wild-type thyroid cancer cells resulting in 
ROS-dependent inhibition of PI3K/AKT signaling. 
Further studies demonstrated that vitamin C 
treatment did not significantly affect the mRNA 
expression of three AKT isoforms but promoted 
proteasome degradation of AKT proteins via a 

ROS-dependent pathway. It has been previously 
reported that ROS could upregulate MUL1 and 
induce AKT ubiquitination and proteasome 
degradation in different types of cancers [30,31]. 
MUL1 was first identified as a ubiquitin E3 ligase with 
a C-terminal RING finger motif and was shown to 
exert a key role in regulating mitochondrial dynamics 
[39]. Our data strongly supported that MUL1 
expression was significantly elevated upon vitamin C 
treatment in a ROS-dependent manner. 

Pharmacokinetic studies have indicated that 4 g 
of intravenous administration of vitamin C can 
achieve a plasma concentration of nearly 2 mM [6], 
which is sufficient to kill thyroid cancer cells as 
evidenced by our in vitro studies. However, in vitro 
conditions are unable to sufficiently mimic the in vivo 
environment with hypoxia, hypoglycemia, and other 
metabolic changes. Importantly, the present study 
also demonstrated that high-dose vitamin C (4 g/kg) 
significantly inhibited tumor growth in xenograft and 
transgenic mouse models, indicating that vitamin C 
can be used as a potential adjuvant therapy for 
thyroid cancer. Several clinical trials have shown that 
intravenous administration of high-dose vitamin C 
can improve the quality of life and prolong overall 
survival in patients with advanced cancers [40]. Thus, 
additional clinical trials will be needed to evaluate the 
clinical use of vitamin C in thyroid cancer therapy and 
determine its safety and efficacy. 

Conclusion 
In summary, through a series of in vitro and in 

vivo studies, we demonstrated ROS-dependent killing 
of thyroid cancer cells by vitamin C through multiple 
molecular mechanisms. Vitamin C could induce a 
ROS-dependent decrease in ATP leading to the 
inhibition of MAPK/ERK signaling in BRAF mutant 
thyroid cancer cells. However, in BRAF wild-type 
thyroid cancer cells, vitamin C inhibits the 
MAPK/ERK pathway by ROS-dependent blocking of 
its upstream regulator EGF/EGFR signaling. Also, 
vitamin C inhibits the PI3K/AKT pathway in a 
ROS-dependent fashion promoting proteasome 
degradation of AKT in thyroid cancer cells regardless 
of the BRAF mutation status. Overall, we believe that 
vitamin C is a safe and effective antitumor agent 
against thyroid cancer. The cytotoxicity induced by 
vitamin C in thyroid cancer cells and the underlying 
molecular mechanisms elucidated in our study 
provide a rationale for exploring the therapeutic use 
of vitamin C for thyroid cancer, particularly in 
combination with other conventional or targeted 
therapies. 
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