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Abstract: The sirtuin family has been reported to participate in the regulation of oxidative stress, cancer metabolism, 
aging, and so on. However, few studies have demonstrated its role in ferroptosis. Our previous studies confirmed 
that SIRT6 is upregulated in thyroid cancer and associated with cancer development by regulating glycolysis and 
autophagy. In this research, we aimed to elucidate the association between SIRT6 and ferroptosis. RSL3, erastin, 
ML210, and ML162 were applied to induce ferroptosis. Cell death and lipid peroxidation were measured by flow cy-
tometry. We found that overexpression of SIRT6 significantly increased the sensitivity of cells to ferroptosis, whereas 
knockout of SIRT6 promoted resistance to ferroptosis. Furthermore, we demonstrated that SIRT6 induced NCOA4-
dependent autophagic degradation of ferritin, thus driving sensitivity to ferroptosis. The clinically used ferroptosis 
inducer sulfasalazine showed promising therapeutic effects on SIRT6-upregulated thyroid cancer cells in vivo. In 
conclusion, our research demonstrated SIRT6-driven sensitivity to ferroptosis via NCOA4-dependent autophagy and 
proposed ferroptosis inducers as promising therapeutic agents for anaplastic thyroid cancer patients.
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Introduction

Thyroid cancer is a common malignant tumor 
with an increased incidence in recent years and 
has four pathological types: papillary carcino-
ma (PTC), follicular carcinoma (FTC), anaplas-
tic/undifferentiated carcinoma (ATC), and med-
ullary carcinoma (MTC) [1]. Among these types, 
ATC is one of the most malignant thyroid can-
cers, with a high invasion ability and poor prog-
nosis. Moreover, ATC patients derive little ben-
efit from surgery, drugs, radiotherapy, and 
chemotherapy. Therefore, new intervention st- 
rategies are needed for ATC patients [2].

Ferroptosis is an iron dependent, new type of 
programmed cell death that is different from 
apoptosis, necrosis, and autophagy and there-
fore has great therapeutic potential in cancer. 
Through the action of divalent iron or ester  
oxygenase, the oxidation of unsaturated fatty 
acids highly expressed on the cell membrane is 

catalyzed to induce lipid peroxidation, thereby 
inducing cell death [3, 4]. Ferroptosis is related 
to the occurrence and treatment response of 
various types of tumors. Experimental reagents 
(such as erastin and RSL3), approved drugs 
(such as sorafenib, sulfasalazine, statins, and 
artemisinin), ionizing radiation, and cytokines 
(such as IFNγ and TGFβ1) can induce ferropto-
sis and inhibit tumor growth [5, 6]. Cancer cells 
maintain a labile iron pool by coordinating iron 
uptake, utilization, storage, and export, which  
is critical for the regulation of ferroptosis. 
Intracellular iron is mainly stored in ferritin in 
the form of inert iron, and nuclear receptor 
coactivator 4 (NCOA4)-mediated autophagic 
degradation of ferritin releases the iron stored 
in ferritin into unstable iron pools, thereby pro-
moting ferroptosis [7].

The sirtuin family contains nicotinamide ade-
nine dinucleotide (NAD+)-dependent histone de- 
acetylases and consists of 7 members (SIRT1-
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7), each of which has different localizations 
and functions. The sirtuin family has been 
reported to participate in the development of 
various cancers by regulating metabolism, ag- 
ing, oxidative stress, and so on [8-10]. However, 
few studies have reported the association of 
Sirtuins and ferroptosis. Our previous studies 
demonstrated that SIRT6 is upregulated in thy-
roid cancer and participates in cancer deve- 
lopment by regulating multiple mechanisms, 
including autophagy, glycolysis, and oxidative 
stress [11, 12]. In this research, we aimed to 
elucidate the association between SIRT6 and 
ferroptosis.

Material and methods

Cell culture and reagents

The human ATC cell lines CAL62 and BHT101 
were purchased from the University of Colorado 
Cancer Center Cell Bank. The cells were cul-
tured in DMEM supplemented with 10% FBS 
(Invitrogen, Carlsbad, CA, USA) at 37°C in a 5% 
CO2 atmosphere. 

Nicotinamide, RSL3, Erastin, ML210, ML162, 
ferrostatin-1, chloroquine (CQ), and sulfasala-
zine (SSZ) were purchased from MedChem- 
Express (Monmouth Junction, NJ, USA).

Measurement of cell viability, cell death and 
lipid peroxidation

A total of 104 cells suspended in 100 μl medi-
um were seeded into 96-well plates overnight. 
Then, the cells were treated with the required 
concentration of RSL3 for 24 h. Finally, cell via-
bility was measured by the addition of 10 μl 
CCK8 reagent (Dojindo Molecular Technologies, 
Kumamoto, Japan) per well. After incubation for 
2 hours, the absorbance of the wells was mea-
sured at a wavelength of 450 nm (OD450) 
using a Tecan Infinite M200 microplate reader 
(Tecan Co., Männedorf, Switzerland).

Measurement of cell death and lipid peroxida-
tion

For measurement of lipid peroxidation and cell 
death, 106 cells suspended in 2 ml of medium 
were seeded in 6-well plates overnight. Then, 
the cells were treated with the required concen-
tration of RSL3 for 24 h and incubated with 2 
μM C11 BODIPY 581/591 (Invitrogen, Carlsbad, 
CA, USA) for the detection of lipid peroxidation 

or with 1 μg/mL propidium iodide (PI) (Invitro- 
gen) in PBS for the detection of cell death. After 
washing twice with PBS, the cells were collect-
ed and then subjected to fluorescence-activat-
ed cell sorting (FACS) analysis using an Accuri 
C6 flow cytometer (BD biosciences, San Jose, 
CA, USA).

CRISPR/Cas9-mediated genome editing

For CRISPR/Cas9-mediated genome editing, 
single-guide RNAs (sgRNAs, sgSIRT6#1: TACG- 
TCCGAGACACAGTCGT; sgSIRT6#2: TCCATGGT- 
CCAGACTCCGTG; sgNCOA4: GTAAGGAGCTTG- 
ATAACCAC) were designed using the http://cris-
pr.mit.edu website and inserted into the 
CRISPR-V2 vector (Addgene, #52961) [13]. 
Lentivirus packaging and infection were per-
formed as described previously [14]. After 
screening with puromycin (2 μg/ml) for 72 h, 
single cells were sorted into 96-well plates to 
obtain single clones. Finally, the clones were 
validated by Sanger sequencing and Western 
blot analysis to obtain genome-edited cells.

Cell transfection

The pcDNA3.1-SIRT1-7 plasmids were pur-
chased from HedgehogBio, Inc. (Shanghai, 
China). For transfection, 106 cells were seeded 
in 6 cm dishes and cultured at 37°C. After 18 h, 
2 μg plasmid and 10 μl Lipofectamine 3000 
(Invitrogen, Inc.) was added to the culture medi-
um. Subsequently, the cells were further cul-
tured at 37°C for 36 h. Sirtuin overexpression 
was validated by RT-qPCR as described previ-
ously [14]. The primers are listed in Table S1.

Western blot analysis

Total cellular protein from each group was 
extracted using RIPA lysis buffer with 1% 
phenylmethanesulfonyl fluoride (PMSF). Then, 
equal amounts (20 μg) of protein, as deter-
mined by a BCA protein assay kit (Thermo 
Fisher Scientific, Waltham, MA, USA), were sep-
arated using 10% SDS-PAGE gels. The proteins 
were then transferred to PVDF membranes 
(0.45 mm, Solarbio, Beijing, China). The mem-
branes were blocked with 5% nonfat milk for 1 
h at room temperature and then incubated with 
primary antibodies at 4°C for 12 h. Rabbit poly-
clonal antibodies specific for the following  
proteins were used: Tubulin, ACSL4, SLC7A11, 
GPX4, NCOA4, FTH (1:1000, Abclonal, Inc., 
China); DHODH, FSP1, LC3, p62 (1:1000, 
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Proteintech Group. Inc.); SIRT6 (1:4000, Ab- 
cam, UK). Anti-mouse and anti-rabbit antibod-
ies conjugated to horseradish peroxidase (HRP) 
(1:4000, Proteintech Group. Inc.) were used as 
secondary antibodies. The secondary antibod-
ies were used at a 1:4000 dilution, and the 
membranes were incubated with these anti-
bodies for approximately 1 h at room tempera-
ture. The bands were visualized with ECL re- 
agents (Thermo Fisher Scientific) and imaged 
with an Omega Lum G imaging system (Aplegen, 
USA).

Animal model

Six-week-old male BALB/c-nu mice were pro-
vided by Beijing Vital River Laboratory Animal 
Technology Co. Ltd. All detailed experimental 
procedures were approved by the Institutional 
Animal Care and Utilization Committee of Fudan 
University Pudong Animal Experimental Center. 
All mice were randomly divided into 6 equal 
groups (CAL62-NC-Blank, CAL62-NC-sulfasala- 
zine, CAL62-NC-sulfasalazine+CQ; CAL62-SIR- 
T6-Blank, CAL62-SIRT6-sulfasalazine, CAL62-
SIRT6-sulfasalazine+CQ). CAL62-NC or CAL62-
SIRT6 cells (5 × 106) suspended in 100 µl PBS 
were injected subcutaneously into the axilla of 
each nude mouse. After 5 days, the mice were 
treated with different reagents: solvent (100 μl 
0.1 M NaOH and 100 μl saline), sulfasalazine 
(200 mg/kg, i.p., dissolved in 100 μl 0.1 M 
NaOH), CQ (50 mg/kg, i.p., dissolved in 100 μl 
saline). The long (L) and short (S) diameters of 
the tumors were measured with Vernier cali-
pers every 3 days (tumor volume = L*S2/2). The 
growth curve of the subcutaneous tumors was 
generated on the basis of the measured tumor 
volumes. All mice were euthanized by rapid  
cervical dislocation after 3 weeks. The xeno-
grafts were sliced into paraffin sections for 
immunohistochemical (IHC) staining. IHC stain-
ing was performed as described previously 
using anti-SIRT6, anti-NCOA4, and anti-4-HNE 
antibodies (1:100, Abcam, UK) [14]. An H-score 
was calculated using the following formula: 
H-score = ∑ (PI × I) = (percentage of cells of 
weak intensity × 1) + (percentage of cells of 
moderate intensity × 2) + percentage of cells of 
strong intensity × 3) [15]. 

Statistical analysis

All experiments were performed at least 3 
times. SPSS software (version 19.0, IBM Corp., 

Armonk, NY, USA) was used for statistical anal-
ysis of all the experimental data. GraphPad 
Prism (version 7, GraphPad Software, La Jolla, 
CA, USA) was used to visualize the statistical 
results. All data are expressed as the mean + 
standard deviation (mean + sd) values. Sta- 
tistical analysis of data from 2 groups was per-
formed using a t test. Comparisons among mul-
tiple groups were performed by one-way ANOVA 
followed by the LSD-t test. P<0.05 was consid-
ered to be significant.

Results

Sirtuin family members regulate the response 
to ferroptosis

To further investigate the role of sirtuins in fer-
roptosis, we induced ferroptosis in thyroid can-
cer cell lines using RSL3 (0-2 μM, 24 h) com-
bined with the pansirtuin inhibitor nicotinamide 
(5 mM, 24 h). Interestingly, cotreatment with 
nicotinamide alleviated the lethal effect of 
RSL3 (Figure 1A, 1B). To further determine the 
role of each member of the sirtuin family (1-7), 
we separately overexpressed SIRT1-7 in CAL62 
cells (Figure 1C). We found that overexpression 
of any Sirtuin (SIRT1-7) did not affect cell viabil-
ity in the short term (24 h). Moreover, overex-
pression of SIRT3, 6, or 7 promoted the lethal 
and lipid peroxidation-inducing effects of RSL3, 
and the ferroptosis inhibitor ferrostatin-1 (Fer1) 
reversed the increase in the lethal effect 
(Figure 1D-F). Among the sirtuins, SIRT6 sh- 
owed the strongest sensitizing effect on ferrop-
tosis. Furthermore, we measured the expres-
sion of SIRT6 in CAL62 cells treated with RSL3 
for different times. After the addition of RSL3, 
the expression of SIRT6 increased rapidly after 
the 2 h time point. Overexpression of SIRT6 
lasted until the 24 h time point, with loss of 
total protein induced by the severe cell death 
(Figure 1G, 1H).

SIRT6 promotes sensitivity to ferroptosis

To further investigate the role of SIRT6 in fer-
roptosis, we generated CAL62 and BHT101 cell 
lines with stable SIRT6 overexpression (Figure 
2A). We found that overexpression of SIRT6 sig-
nificantly augmented the lethal effect of RSL3 
at different concentrations (0-2 μM) (Figure 
2B). Additionally, we found that overexpression 
of SIRT6 promoted lipid peroxidation in both 
BHT101 and CAL62 cells. Treatment with RSL3 
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Figure 1. The sirtuin family regulates the response to ferroptosis. A. Viability of BHT101 and CAL62 cells treated with multiple concentrations of RSL3 (0-2 μM, 24 h) 
combined with the pansirtuin inhibitor nicotinamide (5 mM, 24 h). The viability of cells treated with different concentrations of RSL3 was normalized to the viability 
of cells without RSL3 treatment (0 μM). B. Representative images of CAL62 cells cotreated with RSL3 (0.5 μM, 24 h) and nicotinamide (5 mM, 24 h). C. Overexpres-
sion of SIRT1-7 in CAL62 cells was validated by RT-qPCR. CAL62 cells were transfected with pCDNA3.1 vectors (SIRT1-7, and NC: negative control). D. Viability of 
CAL62 cells (transfected with SIRT1-7) treated with RSL3 (0.5 μM, 24 h) and ferrostatin-1 (Fer1, 5 μM, 24 h). E. Lipid peroxidation in CAL62 cells (transfected with 
SIRT3/6/7) treated with RSL3 (0.5 μM, 24 h). F. Quantification of lipid peroxidation. G. The expression of SIRT6 in CAL62 cells treated with RSL3 (0.5 μM) for differ-
ent times (0-24 h). H. Viability of CAL62 cells treated with RSL3 (0.5 μM) for different times (0-24 h) (***P<0.001).
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Figure 2. SIRT6 promotes sensitivity to ferroptosis. A. Overexpression of SIRT6 in BHT101 and CAL62 cells was 
validated by Western blotting. B. Viability of BHT101 and CAL62 cells treated with multiple concentrations of RSL3 
(0-2 μM, 24 h). C. Lipid peroxidation in BHT101 cells treated with RSL3 (0.3 μM). DMSO was used as a control. D. 
Lipid peroxidation in CAL62 cells treated with RSL3 (0.3 μM). E. Viability of CAL62 cells treated with different FINs 
(Erastin, 20 μM; ML210, 2 μM; ML162, 2 μM; all treated for 24 h). F. Knockout of SIRT6 in BHT101 and CAL62 cells 
was validated by Western blotting. G. Viability of BHT101 and CAL62 cells treated with multiple concentrations of 
RSL3. H. Lipid peroxidation in BHT101 cells treated with RSL3 (0.3 μM). I. Lipid peroxidation in CAL62 cells treated 
with RSL3 (0.3 μM). J. Viability of CAL62 cells treated with different FINs (**P<0.01, ***P<0.001).

further augmented the promoting effect (Figure 
2C, 2D). Overexpression of SIRT6 also aug-
mented the lethal effect of other ferroptosis 
inducers (FINs) in addition to RSL3, including 
erastin, ML210, and ML162 (Figure 2E). Fur- 
thermore, we knocked out the expression of 
SIRT6 to determine its role in ferroptosis (Figure 
2F). As expected, SIRT6 knockout significantly 
suppressed the lethal effect of RSL3 and the 
lipid peroxidation induced by RSL3 in both 
BHT101 and CAL62 cells (Figure 2G-I). Knock- 
out of SIRT6 also suppressed the lethal effect 
of other FINs in addition to RSL3 (Figure 2J).

SIRT6 sensitizes cells to ferroptosis by induc-
ing autophagy

To demonstrate the mechanisms of the SIRT6-
regulated ferroptosis response, we investigat-
ed the expression of the main ferroptosis regu-

lators, including SLC7A11, ACSL4, GPX4, DHO- 
DH, and FSP1. Interestingly, SIRT6 showed no 
effect on the expression of these classical fer-
roptosis regulators. Previous research associ-
ated ferroptosis with NCOA4-mediated autoph-
agy. NCOA4-mediated autophagic degradation 
of ferritin increases the cellular labile iron con-
tent, thus supporting ferroptosis [16]. Our previ-
ous results also confirmed that SIRT6 induced 
autophagy in papillary thyroid cancer cells via 
ROS [11]. Therefore, we hypothesized that 
SIRT6 regulates ferroptosis via NCOA4-media- 
ted autophagy. As expected, overexpression of 
SIRT6 increased the ratio of LC3B II/I and pro-
moted the expression of NCOA4 but sup-
pressed the expression of p62 and ferritin 
heavy chain (FTH), indicating the activation of 
NCOA4-mediated autophagy (Figure 3A). We 
also demonstrated that the overexpression of 
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SIRT6 significantly increased the level of intra-
cellular Fe2+, suggesting the degradation of fer-
ritin (Figure 3B). Furthermore, we also demon-
strated that knockout of SIRT6 decreased the 
ratio of LC3B II/I and suppressed the expres-
sion of NCOA4 but promoted the expression of 
p62 and FTH (Figure 3C). Moreover, knockout 
of SIRT6 decreased the level of intracellular 
Fe2+ (Figure 3D). Subsequently, we treated 

SIRT6-overexpressing cell lines with the au- 
tophagy inhibitor chloroquine (CQ) to perform 
rescue experiments. As expected, treatment 
with CQ reversed the upregulation of NCOA4 
and downregulation of FTH in BHT101-SIRT6 
and CAL-SIRT6 cells (Figure 3E). Treatment with 
CQ also reversed the increase in intracellular 
Fe2+ in BHT101-SIRT6 and CAL-SIRT6 cells 
(Figure 3F).

Figure 3. SIRT6 sensitizes cells to ferroptosis by inducing autophagy. A. The expression of classical ferroptosis regu-
lators (ACSL4, SLC7A11, DHODH, FSP1, and GPX4) and NCOA4-mediated autophagy-associated proteins (LC3, p62, 
NCOA4, FTH) in SIRT6-overexpressing cell lines. B. Overexpression of SIRT6 increased the content of intracellular 
Fe2+. C. The expression of NCOA4-mediated autophagy-associated proteins in SIRT6 knockout cell lines. D. Knock-
out of SIRT6 decreased the content of intracellular Fe2+. E. Treatment with the autophagy inhibitor chloroquine (CQ, 
5 μM for 24 h) rescued the expression of NCOA4-mediated autophagy-associated proteins. F. Treatment with the 
autophagy inhibitor CQ reversed the increase in intracellular Fe2+ in BHT101-SIRT6 and CAL-SIRT6 cells (*P<0.05, 
**P<0.01, ***P<0.001).
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NCOA4-dependent autophagy contributes to 
SIRT6-regulated sensitization to ferroptosis

We further investigated cell viability, cell death, 
and lipid peroxidation in SIRT6 cell lines treated 
with autophagy inhibitor CQ or ferroptosis in- 
hibitor Fer-1. Under the baseline condition (tre- 
atment with DMSO control), overexpression of 

SIRT6 showed no effect on cell viability and cell 
death but slightly promoted lipid peroxidation. 
With RSL3 treatment, overexpression of SIRT6 
decreased cell viability but promoted cell death 
and lipid peroxidation. Interestingly, additional 
treatment of Fer-1 or CQ in RSL3-treated cells, 
the differences in cell viability, cell death, and 
lipid peroxidation were abolished (Figure 4A-G). 

Figure 4. Autophagy contributes to SIRT6-regulated sensitization to ferroptosis. A, B. Viability of BHT101 and CAL62 
cells treated with DMSO control (0.5 μM), RSL3 (0.5 μM), RLS3 (0.5 μM) and CQ (5 μM), RSL3 (0.5 μM) and Fer-1 (5 
μM) for 24 h. C, D. Cell death in BHT101 and CAL62 cells treated with DMSO, RSL3, RLS3 and CQ, RSL3 and Fer-1 
for 24 h. E-G. Lipid peroxidation in BHT101 and CAL62 treated with DMSO control, RSL3, RLS3 and CQ, RSL3 and 
Fer-1 for 24 h (ns: nonsignificant, ***P<0.001).
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Figure 5. NCOA4-dependent autophagy contributes to SIRT6-regulated sensitization to ferroptosis. (A) Depletion of 
NCOA4 was validated by Western blotting. (B, C) Lipid peroxidation in NCOA4-depleted BHT101 cells (B) and CAL62 
cells (C) treated with RSL3 (0.3 μM) for 24 h. (D, E) Viability of NCOA4-depleted BHT101 cells (D) and CAL62 cells (E) 
treated with RSL3 (0.5 μM) for 24 h (ns: nonsignificant, *P<0.05, **P<0.01, ***P<0.001).

These results indicated that SIRT6 sensitized 
cells to ferroptosis by inducing autophagy.

Moreover, we further investigated the role of 
NCOA4 in SIRT6-regulated ferroptosis sensitiv-
ity by genetic depletion (Figure 5A). Similar to 
addition of CQ, depletion of NCOA4 significantly 
suppressed the SIRT6mediated increase in fer-
roptosis sensitivity in both BHT101 and CAL62 
cells (Figure 5B-E).

SIRT6 confers sensitivity to ferroptosis induc-
ers in ATC in vivo

Finally, we further sought to determine the role 
of the SIRT6/ferroptosis axis and its therapeu-
tic potential in ATC in vivo. Similar to the obser-
vation in our previous research, overexpression 
of SIRT6 slightly reduced the growth of ATC 
tumors in vivo (Figure 6A-C) [11]. Remarkably, 
by treating mice with sulfasalazine (SSZ), fer-
roptosis inducer used in vivo, the difference in 
growth was potently enhanced [17]. Mice im- 
planted with SIRT6-overexpressing CAL62 xe- 
nograft tumors benefited more from SSZ, with 
enhanced ferroptosis in tumors (as indicated 
by increased staining of the lipid peroxidation 
marker 4-hydroxy-2-noneal [4-HNE], Figure 6D, 
6F). Moreover, additional treatment with CQ 
reversed the sensitizing effect of SIRT6 on SSZ 
(Figure 6E, 6F).

Discussion

In our previous research, we demonstrated that 
SIRT6 was upregulated in papillary thyroid can-

cer and promoted cell invasion by regulating 
HIF-1α [18]. Additionally, SIRT6 was also found 
to regulate the Warburg effect in papillary thy-
roid cancer by inducing autophagy [11]. Of 
interest, we identified the association between 
SIRT6 and ferroptosis in this study. First, we 
found that treatment with a pansirtuin inhibitor 
promoted ferroptosis induced by RSL3. Further 
research confirmed that SIRT3, 6, and 7 con-
tributed to this regulation. In gallbladder cancer 
cells and trophoblastic cells, SIRT3 has been 
confirmed to regulate ferroptosis via the Akt 
and AMPK pathways, respectively [19, 20]. 
Because SIRT6 showed the strongest sensitiz-
ing effect on ferroptosis, we further focused 
our research on its targetable vulnerability in 
ATC. As expected, overexpression of SIRT6 pro-
moted but knockout of SIRT6 suppressed 
RSL3-induced ferroptosis in ATC cells.

Ferroptosis is regulated by several main pro-
cesses or systems, including ACSL4-catalyzed 
peroxidation of polyunsaturated fatty acids 
(PUFAs), the GPX4-GSH system, the FSP1-Co- 
QH2 system, the DHODH-CoQH2 system, and 
the cystine transporter SLC7A11/Xct [6, 21, 
22]. Interestingly, SIRT6 showed no effect on 
any of these classical regulators/molecules. 
Our previous research demonstrated that 
SIRT6 induced autophagy by depleting histone 
H3 lysine 56 acetylation (H3K56ac) of negative 
regulator of reactive oxygen species (NRROS) 
[11]. Several studies have also confirmed that 
autophagy promotes ferroptosis via NCOA4-
dependent autophagic degradation of ferritin. 
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Figure 6. SIRT6 confers sensitivity to ferroptosis inducers in ATC in vivo. (A) Representative images of xenografts from each group (n = 6 mice per group). Blank group 
(100 μl 0.1 M NaOH and 100 μl saline per day), SSZ group (SSZ, 200 mg/kg per day), and SSZ+CQ group (200 mg/kg SSZ and 50 mg/kg CQ per day). (B) Weight of 
xenograft tumors in each group. (C-E) Growth curve of xenografts in each group: Blank group (C), SSZ group (D), and SSZ+CQ group (E). (F) IHC staining for SIRT6, 
NCOA4, and 4-HNE (a marker of lipid peroxidation) in xenografts in each group (ns: nonsignificant, *P<0.05, ***P<0.001).
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Iron is incorporated into ferritin in the form of 
Fe2+ through ferritin iron pores and is further 
oxidized to Fe3+ by ferritin heavy chain (FTH) [7]. 
Compared to Fe3+, Fe2+ has stronger oxidizing 
properties and can participate in the Fenton 
reaction with ROS, thus resulting in lipid peroxi-
dation and ferroptosis [23]. NCOA4 is an au- 
tophagy cargo receptor for ferritin; thus, it binds 
to ferritin and promotes its autophagic degra-
dation. Depletion of NCOA4 inhibits ferritin 
delivery to lysosomes, thereby inhibiting ferritin 
degradation. Therefore, we hypothesized that 
SIRT6 regulates ferroptosis via autophagy in 
ATC cells. As expected, overexpression of SIRT6 
induced NCOA4-dependent autophagic degra-
dation of ferritin, thus increasing the level of 
Fe2+ and sensitizing cells to ferroptosis. The 
autophagy inhibitor CQ also successfully re- 
versed SIRT6-mediated sensitization to ferrop-
tosis. Finally, we confirmed that overexpression 
of SIRT6 promoted the response to SSZ, a fer-
roptosis inducer that inhibits SLC7A11. SSZ 
has been approved by the FDA and extensively 
tested in the treatment of inflammatory bowel 
disease and ankylosing spondylitis.

Conclusion

In conclusion, our research demonstrated that 
SIRT6 drives sensitivity to ferroptosis by induc-
ing NCOA4-dependent autophagic degradation 
of ferritin in ATC. Considering the upregulation 
of SIRT6 in thyroid cancer patients, a ferropto-
sis inducer (sulfasalazine) may be a promising 
treatment agent.
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Table S1. The primers used for RT-qPCR
Gene Forward Primer Reverse Primer
SIRT1 TAGCCTTGTCAGATAAGGAAGGA ACAGCTTCACAGTCAACTTTGT
SIRT2 TGCGGAACTTATTCTCCCAGA GAGAGCGAAAGTCGGGGAT
SIRT3 ACCCAGTGGCATTCCAGAC GGCTTGGGGTTGTGAAAGAAG
SIRT4 GCTTTGCGTTGACTTTCAGGT CCAATGGAGGCTTTCGAGCA
SIRT5 GCCATAGCCGAGTGTGAGAC CAACTCCACAAGAGGTACATCG
SIRT6 CCCACGGAGTCTGGACCAT CTCTGCCAGTTTGTCCCTG
SIRT7 GACCTGGTAACGGAGCTGC CGACCAAGTATTTGGCGTTCC
Actin GGGACCTGACTGACTACCTC TCATACTCCTGCTTGCTGAT


