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Background: SIRT4, a protein localized in the mitochondria, is one of the least characteristic 

members of the sirtuin family. It is known that SIRT4 has deacetylase activity and plays a role 

in energy metabolism, but little is known about its possible role in carcinogenesis. Recently, 

several studies have suggested that SIRT4 may function as either a tumor oncogene or a tumor 

suppressor gene. However, its relationship with thyroid cancer remains unclear.

Methods: We stably overexpressed SIRT4 or silenced its expression in the human thyroid 

cancer cell line BCPAP by means of lentiviral vectors. We conducted a variety of tests, such 

as CCK-8, wound healing, migration, and invasion assays, to investigate the role of SIRT4 in 

the proliferation, migration, and invasion abilities of thyroid cancer cells. We also investigated 

the effects of SIRT4 overexpression on cell cycle progression and apoptosis of BCPAP cells 

and studied the role of glutamine metabolism in the effects of SIRT4 on BCPAP cell migra-

tion and invasion. Finally, we analyzed SIRT4 expression levels in thyroid cancer specimens 

by immunohistochemistry and investigated their association with clinicopathological features.

Results: Overexpression of SIRT4 inhibited the proliferation, migration, and invasion abili-

ties of BCPAP thyroid cancer cells, blocked the cell cycle in the G0/G1 phase, and induced 

apoptosis. Mechanistically, SIRT4 inhibited BCPAP migration and invasion by inhibiting 

glutamine metabolism. Moreover, we found that SIRT4 protein levels in thyroid cancer tissues 

were markedly lower than in their non-neoplastic tissue counterparts (P,0.001).

Conclusion: SIRT4 plays a pivotal role in the growth and metastasis of thyroid cancer cells 

and could be a potential therapeutic target in thyroid cancer.

Keywords: SIRT4, thyroid cancer, proliferation, migration, invasion, glutamine

Introduction
Thyroid cancer is the most common malignant tumor of the endocrine glands, and its 

incidence in the past few decades has increased rapidly worldwide.1–3 There are four 

types of thyroid cancers: papillary thyroid cancer, follicular thyroid cancer, medullary 

thyroid cancer, and anaplastic thyroid cancer. Papillary thyroid cancer accounts for 

80% of all thyroid malignancies.4

Great progress has been made in recent years investigating the molecular patho-

logical changes in thyroid cancer.4 Its etiology and pathogenesis are highly complex 

and involve many risk factors and a variety of genetic and epigenetic alterations. 

Some of the key genes and signaling pathways that have been found to play a role 

in the development of thyroid cancer include the BRAFV600E mutation, PIK3CA, 

CTNNB1, TP53, EGFR, NF-κB pathway, FOXO pathway, and the MAPK and 

PI3K-AKT signaling pathways.5
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The SIRT family (SIRT1-7) includes a group of NAD+-

dependent deacetylases and ADP-ribosyltransferases that 

play important roles in pressure resistance, genomic stability, 

energy metabolism, and aging.6 SIRT4 is an NAD+-dependent 

ADP-ribosyltransferase located in the mitochondria which 

catalyzes the transfer of ADP ribosyl moieties to glutamate 

dehydrogenase (GDH).7 SIRT4 has been found to regulate 

metabolic functions, such as insulin secretion and fatty acid 

oxidation.7–10 Recent studies also indicate that SIRT4 may 

exert a tumor suppressor function by regulating the metabo-

lism of glutamine.10–14 However, other studies have shown 

that SIRT4 may function as an oncogene.15,16 Thus, the role 

played by SIRT4 in cancer is still unclear and no studies have 

investigated its effects in thyroid cancer cells.

In the current study, we investigated the effects of SIRT4 

on thyroid cancer cell proliferation, migration, invasion, and 

apoptosis, and cell cycle distribution. We also investigated a 

potential mechanism that could explain some of the effects of 

SIRT4 on thyroid cancer cells. Finally, we analyzed SIRT4 

protein levels in thyroid cancer specimens by immunohisto-

chemistry and investigated the association between SIRT4 

levels and clinicopathological features.

Materials and methods
This study was approved by the First Affiliated Hospital of 

Wenzhou Medical University (Wenzhou, China), and was 

conducted in accordance with the principles of the Declara-

tion of Helsinki.

Patient and tissue samples
Eighty-nine individual thyroid cancer patient tissue samples 

were purchased between February 2009 and March 2012. The 

patients’ ages ranged from 14 to 91 years, with an average of 

50 years. Various clinical and pathological parameters were 

recorded, including patient age, gender, tumor size, patho-

logical grade, depth of tumor infiltration, lymph node status, 

and American Joint Committee on Cancer (AJCC, seventh 

Edition) staging information. The main clinicopathological 

parameters are shown in Table 1.

Tissue array chips were obtained from Superchip Inc. 

(Shanghai, China). We analyzed a total of 89 patient samples 

containing every point of papillary thyroid carcinoma and 

the corresponding adjacent non-tumor tissue samples. The 

tissue microarray blocks had a diameter of 2.0 mm, and all 

points were covered with paraffin.

immunohistochemistry
Tissue microarrays were first prepared by incubating the 

samples for 2 hours in an oven at 60°C and then incubating 

them in xylene for 2 minutes at room temperature. The 

tissue microarrays were then sequentially immersed and 

incubated for 5 minutes in decreasing (100%, 100%, 95%, 

85%, and 70%) ethanol concentration solutions to rehydrate 

the samples. Antigen retrieval was carried out in citrate buffer 

(10 mM citrate and 0.05% Tween 20, pH 6.0), incubating 

in an autoclave for 5 minutes at 170 kPa and 120°C. The 

microarray chips were then incubated for 15 minutes at 

room temperature in 0.3% H
2
O

2
 in Tris–HCl buffer to inhibit 

endogenous peroxidase activity. Next, tissue microarrays 

were incubated overnight at 4°C with rabbit polyclonal 

anti-SIRT4 antibody (HPA029691, 1:400; Sigma, St Louis, 

MO, USA). The secondary antibody was applied using a 

GT Vision Kit (GeneTech Inc., Tokyo, Japan). The micro-

array chips were then stained with diaminobenzidine and 

counterstained with hematoxylin. Finally, the chips were 

dehydrated and sealed with a coverslip. Tissues treated only 

with the buffer solution (without antibody) were used as 

negative controls.

The SIRT4 immunostaining intensity was assessed under 

an optical microscope by two independent pathologists who 

were blinded to the sample information. A score based on the 

staining intensity multiplied by the stained area was assigned to 

each tissue point. The staining intensity was classified into four 

categories: 0= no staining, 1= weak staining, 2= medium stain-

ing, and 3= strong staining. The staining area was evaluated 

as follows: 0= ,5% of cells stained positive, 1=5%–25% of 

Table 1 correlation between the clinicopathological variables 
and sirT4 expression in thyroid carcinoma

Clinicopathological 
parameters

SIRT4 expression χ2 P-valuea

All cases Low High

age (years) 0.009 0.926
#45 43 9 34

.45 46 10 36

gender 1.846 0.174
Male 33 10 23
Female 56 10 46

Tumor size (cm) 0.171 0.679

#2 46 13 32

.2 43 11 33

stage (T) 1.872 0.392
T1 41 8 33
T2 38 9 29
T3–T4 10 4 6

stage (n) 0.005 0.942
n0 43 10 33
n1 46 11 35

aJcc stage 1.045 0.307
i 51 11 40
ii–iV 38 5 33

Note: achi-squared test.
Abbreviation: aJcc, american Joint committee on cancer.
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cells stained positive, 2=26%–50% of cells stained positive, 

3=51%–75% of cells stained positive, and 4= .75% of the 

cells stained positive. The final scores were classified into two 

categories: 0–5= low expression and 6–12= high expression. 

When the assessment of the staining pattern was inconsistent, 

both pathologists met and reached a consensus.

cell lines and culture conditions
The human thyroid cancer cell line BCPAP was purchased 

from the Shanghai Institute of Cell Biology, Chinese 

Academy of Sciences. The cells were grown at 37°C under 

5% CO
2
 in DMEM (Thermo Fisher Scientific, Waltham, MA, 

USA) supplemented with 10% FBS (Thermo Fisher Scien-

tific) and penicillin/streptomycin (Thermo Fisher Scientific). 

Stable overexpression or silencing of SIRT4 was achieved 

by infecting with lentiviruses for 72 hours and then culturing 

with puromycin for 2 weeks.

Vector and virus production
The siRNA sequence targeting SIRT4 was 5′-TCCTATA 

CAGCTACGGCTC-3′, and the negative control sequence 

was 5′-TGTCACTCTCCGGAACGTT-3′. Lentiviruses 

inducing overexpression or silencing (shSIRT4) of SIRT4 

were purchased from a biotechnology company (Hanbio, 

Shanghai, China). The viral vector used was pHBLV-

CMVIE-ZsGreen-T2A-Puro. The final titer of the lentivirus 

and the negative control virus was 2×108 PFU/mL.

reverse transcription (rT)-Pcr
Total RNA was purified by using the TRIzol kit (Thermo  

Fisher Scientific), following the manufacturer’s protocol. 

A total of 500 ng of cDNA was synthesized using an RT 

kit (PrimeScript™ RT Master Mix; TaKaRa, Kusatsu, 

Japan). The cDNA was diluted three times in SYBR® 

Premix Ex Taq™ II (TaKaRa) and amplified by means of 

an RT-PCR reaction apparatus (DNA Engine Opticon2; 

BioRad). GAPDH was selected as the reference gene. The 

primer sequences for each gene were as follows: SIRT4 for-

ward primer 5′-GCGAGAAACTTCGTAGGCTG-3′, reverse 

primer 5′-TCAGGACTTGGAAACGCTCT-3′; and GAPDH 

forward primer 5′-TCAAGAAGGTGGTGAAGCAGG-3′, 
reverse primer 5′-TCAAAGGTGGAGGAGTGGGT-3′. 
The PCR conditions were as follows: 2 minutes at 94°C; 

followed by 40 cycles of 30 seconds at 94°C, 30 seconds at 

57°C, and 1 minute at 72°C; and ending with 5 minutes at 

72°C and cooling at 4°C. After the reaction, the melting curve 

was analyzed to ensure uniformity of the PCR product. Gene 

expression was calculated by means of the 2−∆∆Ct method.

Western blot
Cells were lysed with RIPA lysis buffer (Beyotime, Haimen, 

China) supplemented with a protease inhibitor cocktail (Beyo-

time). Protein concentrations were determined by using a BCA 

protein assay kit (Beyotime). Cell lysates were separated by 

SDS-PAGE and transferred onto polyvinylidene fluoride 

membranes. The antibodies used in this assay were: rabbit 

polyclonal anti-human SIRT4 antibody (clone HPA029691; 

Sigma), rabbit monoclonal anti-human cyclin D antibody 

(60816-1-IG; Proteintech, Rosemont, IL, USA), rabbit mono-

clonal anti-human cyclin E antibody (Ab33911; Abcam, Lon-

don, UK), rabbit polyclonal anti-human ERK antibody (9102; 

CST, Danvers, MA, USA), rabbit polyclonal anti-human 

p-ERK antibody (4370; CST), rabbit polyclonal anti-human 

caspase 3 (35/18 kD) antibody (9662; CST), rabbit polyclonal 

anti-human caspase 9 (46 kD) antibody (10380-1-AP; Pro-

teintech), rabbit polyclonal anti-human p65 (65 kD) antibody 

(10745-1-AP; Proteintech), rabbit polyclonal anti-human 

MMP9 (78 kD) antibody (10375-2-AP; Proteintech), rabbit 

monoclonal anti-human n-cadherin (99 kD) antibody (14472; 

CST), rabbit monoclonal anti-human e-cadherin (135 kD) anti-

body (Ab124397; Abcam, Cambridge, UK), goat anti-rabbit 

detection antibody (ab97200; Abcam), and rabbit polyclonal 

anti-human GAPDH antibody (AB-P-R 001; Hangzhou Good-

here Biotechnology Co., Ltd., Hangzhou, China).

gDh/glDh elisa
Enzyme concentrations were determined using the human 

glutamate dehydrogenase (GLDH) test kit from Jiancheng 

Bioengineering Institute (catalog # A123; Jiancheng Bio-

engineering Institute, Nanjing, China), according to the 

manufacturer’s instructions.

cell proliferation assay
Cells were seeded at 1,000/well in a 96-well plate, and 10 mL 

of CCK-8 (Dojindo, Kumamoto, Japan) solution was added 

to each well. The absorbance at 450 nm was determined after 

incubating for 2 hours in a CO
2
 incubator. In the experiments 

involving bis-2-(5-phenylacetoamido-1,2,4-thiadiazol-2-yl)

ethyl sulfide (BPTES) (SML0601; Sigma), this compound 

was added to the control group at a final concentration of 

10 mmol/L after seeding the cells.

Wound healing assay
BCPAP cells in which SIRT4 was overexpressed or silenced, 

and the corresponding negative control, were seeded at 5×105 

per well in a six-well plate and cultured overnight. When the 

cell density reached approximately 90%, a straight scratch 

was created with a 200 mL pipette tip held perpendicular to 
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the bottom of the six-well plate. The cells were then washed 

three times with PBS and cultured in serum-free medium. In 

the experiment involving dimethyl α-ketoglutarate (DM-KG; 

349631; Sigma), this compound was added to the control 

group after scratching at a final concentration of 8 mM. 

Distances covered by migrating cells were quantified.

cell migration and invasion assays
Migration and invasion assays were performed as described 

previously.17 Briefly, for the migration assay, the transfected 

cells (6×104 cells) were suspended in 0.2 mL of serum-free 

medium and seeded in the upper chambers of 24-well tran-

swell plates (Corning Inc., Corning, NY, USA). The lower 

chambers were filled with 0.6 mL of growth medium contain-

ing 10% FBS. Cells were cultured at 37°C and allowed to 

migrate for 18 hours. After migration, cells in the top chambers 

were detached with a cotton swab, and the cells in the bottom 

chambers were fixed with 4% paraformaldehyde and stained 

with 0.1% crystal violet (Sigma). The stained cells were 

counted with a microscope (Olympus). For the invasion assay, 

a similar protocol was followed, except that the top chambers 

of the transwell plates were precoated with Matrigel (BD 

Biosciences). In the experiment involving DM-KG (349631; 

Sigma), this compound was added at a final concentration of 

8 mM/L to the control group after seeding the cells.

Flow cytometry to analyze apoptosis and 
cell cycle
After trypsinization, cells were harvested, centrifuged, and 

resuspended in PBS containing 3% FBS. Cellular apoptosis 

was measured by flow cytometry (C6; BD, Franklin Lakes, NJ, 

USA), after annexin V-Allophycocyanin (APC) and 7-Amino-

actinomycin D (7-AAD) (BD) staining. Only the early apop-

totic rate was calculated. The survival rate was calculated based 

on cells unstained by annexin V-APC and 7-AAD. Mortality 

was calculated as 100%- surviving cells. Flow cytometry data 

were analyzed by means of the Accuri C6 software (BD). The 

cell cycle was analyzed by means of the Propidium Iodide (PI)/

Nase kit (BD), according to the manufacturer’s instructions. 

The cell cycle results were analyzed using the ModFit software 

(Verity Software House, Topsham, ME, USA).

statistical analysis
Statistical analysis was performed using SPSS software, 

version 20.0 (IBM, Armonk, NY, USA). The paired Student’s 

t-test was used to compare the final scores of the tumor and 

non-tumor tissues. Chi-squared analysis was used to assess 

the relationship between SIRT4 expression and clinico-

pathological parameters. Unless specified otherwise, all other 

experiments were analyzed by means of the unpaired t-test. 

P,0.05 (two-tailed) was considered statistically significant.

Results
effects of sirT4 on the proliferation, 
migration, and invasion abilities of a 
thyroid cancer cell line
We generated strains of thyroid papillary carcinoma BCPCP 

cells in which SIRT4 was stably overexpressed or downregu-

lated by means of specific lentiviruses and verified SIRT4 

expression levels by RT-PCR (Figure 1A) and Western blot 

(Figure 1B). The cell proliferation assay showed that SIRT4 

overexpression significantly inhibited the proliferation of 

BCPAP cells (Figure 1C). On the contrary, when SIRT4 

expression was downregulated, the proliferation of BCPAP 

cells was significantly higher with respect to negative control 

and untransfected cells (Figure 1D). The wound healing assay 

showed that the healing rate slowed down after overexpres-

sion of SIRT4 (Figure 1E) but that it accelerated following 

interference with SIRT4 expression (Figure 1F). In addition, 

we found that the migration and invasion abilities of BCPAP 

cells decreased significantly after overexpression of SIRT4 

(Figure 1G and I) but increased after downregulating SIRT4 

expression (Figure 1H and J). Collectively, these results 

suggest that SIRT4 plays a crucial role in the proliferation, 

migration, and invasion abilities of thyroid cancer cells.

Overexpression of sirT4 induces cell 
cycle arrest in the g0/g1 phase
To characterize the influence of SIRT4 on the BCPAP 

cell cycle, we stained the DNA with propidium iodide and 

analyzed the results with flow cytometry. Overexpression 

of SIRT4 significantly increased the proportion of cells 

in the G0/G1 phase and reduced the proportion of cells 

in the S phase, when compared with the negative control 

(Figure 2A), suggesting that overexpression of SIRT4 

induced G0/G1 phase arrest. Next, the expression of G1 

phase regulatory proteins was analyzed by Western blot. We 

found that SIRT4 overexpression decreased the expression 

of cyclin D1 and cyclin E1 (Figure 2B). It also decreased the 

expression of p-ERK, and thus inactivated ERK, which is 

consistent with the G0/G1 phase arrest. These results suggest 

that the G0/G1 phase arrest is linked to the suppression of 

cell proliferation observed when SIRT4 is overexpressed.

Overexpression of sirT4 induces 
apoptosis
Next, we investigated whether SIRT4 overexpression 

induced apoptosis of thyroid cancer cells. We found that 
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Figure 1 sirT4 inhibits the proliferation, migration, and invasion abilities of thyroid cancer cells.
Notes: (A) BcPaP cells were transfected with a negative control lentiviral vector or with the shsirT4 vector and were analyzed by qrT-Pcr to evaluate sirT4 expression. 
(B) Western blot detection of sirT4 overexpression after treatment with 2 mg/ml of puromycin for 2 weeks (right), where gaPDh was included as an internal control. (C) 
Proliferation curve of control vector-transfected and sirT4-overexpressing BcPaP cells. cell proliferation was measured every 24 hours for 4 consecutive days. (D) Proliferation 
curve of control vector- and shsirT4-transfected BcPaP cells. cell proliferation was measured every 24 hours for 4 consecutive days. (E) representative image of the wound 
healing assay results for the control vector-transfected and sirT4-overexpressing BcPaP cells (left). ratio of cell migration of sirT4-overexpressing cells to that of control 
cells (right). Magnification: ×200. (F) representative image of wound healing assay results for the control vector- and shsirT4-transfected BcPaP cells with downregulated 
SIRT4 expression (left). Ratio of cell migration of SIRT4-downregulated cells to that of control cells (right). Magnification: ×200. (G) Migration and (I) invasion abilities of 
control and sirT4-overexpressing BcPaP cells determined by means of transwell assays. after culturing for 18 hours, cells which had migrated or invaded were stained 
and counted with a microscope. Magnification: ×200. (H) Migration and (J) invasion abilities of control vector and shsirT4-transfected BcPaP cells determined by means of 
transwell assays. After culturing for 18 hours, cells which had migrated or invaded were stained and counted with a microscope. Magnification: ×200. **P,0.01.
Abbreviation: qrT-Pcr, quantitative reverse transcription Pcr.

overexpression of SIRT4 significantly increased the number 

of BCPAP apoptotic cells when compared with the negative 

control group (Figure 3A). To investigate the underly-

ing molecular mechanism of SIRT4-induced apoptosis 

of BCPAP cells, we analyzed the expression of apoptosis 

regulatory proteins by Western blot when SIRT4 was over-

expressed. Our results showed that SIRT4 overexpression led 

to increased expression of caspase 3 18 kD and caspase 9, 
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and decreased expression of p65 (Figure 3B). These results 

agree with our previous flow cytometry results and suggest 

that SIRT4 promotes cell apoptosis by regulating apoptosis-

related proteins.

sirT4 regulates the proliferation, 
migration, and invasion abilities of thyroid 
cancer cells by inhibiting glutamine 
metabolism
To explore the potential mechanisms underlying SIRT4-

induced inhibition of migration and invasion, the expression 

of epithelial–mesenchymal transition-related proteins was 

analyzed by Western blot. We found that SIRT4 overex-

pression resulted in increased expression of E-cadherin 

but decreased expression of N-cadherin and matrix metal-

loproteinase (Figure 4A). These results suggest that SIRT4 

plays an important role in thyroid cancer cell migration and 

invasion.

Some studies have reported that SIRT4 inhibits the activity 

of GDH enzymes, limiting the metabolism of glutamate and 

glutamine, and thus reducing ATP production.7 We measured 

the activity of GDH in BCPAP cells and found that it was 

significantly suppressed when SIRT4 was overexpressed 

(Figure 4B), but that it increased following downregulation 

of SIRT4 expression (Figure 4C). Glutamine is converted 

to glutamic acid by glutaminase and then to α-ketoglutarate 

(α-KG) by GDH or by a transaminase coupling reaction.18 

α-KG is an important product of glutamine metabolism. 

Therefore, we wondered whether SIRT4 inhibited the migra-

tion and invasion of thyroid cancer cells by interfering with 

glutamine metabolism. We found that treatment with BPTES, 

an inhibitor of GLS1, abrogated the increased proliferation 

seen after downregulation of SIRT4 expression (Figure 4D). 

We also found that when cell-permeable DM-KG was added 

to the medium in which BCPAP cells were being cultured, 

the wound healing rate increased significantly when SIRT4 

was overexpressed (Figure 4E), but not when it was added 

to negative control cells expressing baseline levels of SIRT4 

(Figure 4F), implying that the inhibitory effect of SIRT4 

on wound healing depended on repressed production of 

DM-KG. Similarly, the invasion rate of BCPAP cells over-

expressing SIRT4 increased significantly when DM-KG was 

Figure 2 sirT4 induces cell cycle arrest in thyroid cancer cells by regulating cell cycle g1-related proteins.
Notes: (A) Cell cycle distribution in control and SIRT4-overexpressing BCPAP cells analyzed by means of a PI cell cycle detection kit. The results were analyzed with Modfit. 
*P,0.05. (B) Relative expression of cyclin D1, cyclin E1, ERK, and p-ERK proteins, in relation to GAPDH, analyzed and quantified using the ImageJ software. Results are 
representative of three independent experiments and are expressed as mean ± sD. *P,0.05.
Abbreviations: ns, not significant; PI, Propidium Iodide.
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Figure 3 sirT4 induces apoptosis in BcPaP cells by regulating apoptosis-related proteins.
Notes: (A) Control vector-transfected and SIRT4-overexpressing BCPAP cells stained with annexin V-APC and 7-AAD and analyzed by means of flow cytometry. 
(B) Relative expression of caspase 3, caspase 9, and p65 proteins, in relation to GAPDH, analyzed and quantified using the ImageJ software. Results are representative of 
three independent experiments and are expressed as mean ± sD. *P,0.05.
Abbreviations: ns, not significant; APC, Allophycocyanin; 7-AAD, 7-Aminoactinomycin D; PI, Propidium Iodide; FITC, fluorescein isothiocyanate.

Figure 4 (Continued)
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Figure 4 sirT4 regulates the migration and invasion abilities of thyroid cancer cells by inhibiting glutamine metabolism.
Notes: (A) Relative expression of MMP9, E-cadherin, and N-cadherin proteins, in relation to GAPDH, analyzed and quantified using the ImageJ software. (B) glutamate 
dehydrogenase activity in control and sirT4-overexpressing BcPaP cells. (C) glutamate dehydrogenase activity in control and sirT4-underexpressing BcPaP cells. 
(D) Proliferation of control vector-transfected and sirT4-underexpressing BcPaP cells in standard media or in media supplemented with BPTes (10 mmol/l). cell 
proliferation was measured 72 hours after seeding the cells. Wound healing assay with (E) sirT4-overexpressing BcPaP and (F) control cells treated with α-Kg (8 mM) for 
0 and 24 hours. representative images at the indicated time points are shown on the left (scale bar, 100 mm). cell invasion assay with (G) sirT4-overexpressing BcPaP and 
(H) control cells treated with α-Kg (8 mM) and incubated for 0 and 24 hours. representative images at the indicated time points are shown on the left. Data are presented 
as mean ± sD from at least three independent experiments. *P,0.05, **P,0.01.
Abbreviations: α-Kg, α-ketoglutarate; BPTES, bis-2-(5-phenylacetoamido-1,2,4-thiadiazol-2-yl)ethyl sulfide; ns, not significant.
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added (Figure 4G), but in the case of negative control cells 

it did not change significantly (Figure 4H). These results 

suggest that SIRT4 inhibits the migration and invasion of 

BCPAP cells by inhibiting glutamine metabolism.

sirT4 protein expression levels are 
significantly reduced in thyroid carcinoma
Immunohistochemical staining of human thyroid cancer 

and adjacent non-tumor tissues showed that SIRT4 was 

mainly expressed in the cytoplasm. Importantly, SIRT4 

staining intensity was lower in tissues from thyroid carci-

noma patients (Figure 5A) than in adjacent non-neoplastic 

thyroid tissue (Figure 5B). This difference was statistically 

significant (Figure 5C).

association between sirT4 expression 
and clinicopathological characteristics
To elucidate the clinical significance of SIRT4 expression 

in thyroid cancer patients, we analyzed the relationship 

between SIRT4 expression and clinicopathological param-

eters. We found that SIRT4 levels were not associated with 

age, tumor size, tumor invasion depth (T), lymph node 

positive number (N), distant metastasis (M), or AJCC stage 

(P.0.05). The relationship between SIRT4 expression and 

clinicopathological characteristics of human thyroid cancer 

is summarized in Table 1.

Discussion
According to previous studies, different SIRT family mem-

bers play different roles in different tumors, depending on 

the specific tissue and tumor type.19 For example, SIRT1 is 

highly expressed in gastric cancer,20 colon cancer,21 prostate 

cancer,22 and skin cancer,23 as well as in other tumors, suggest-

ing that it promotes the formation of tumors in these tissues. 

However, other studies have found that SIRT1 expression is 

reduced in breast cancer,24 and its expression in the mouse 

APC model blocked the formation of intestinal tumors.25 

These results are similar to those seen in the case of SIRT2, 

which was downregulated in breast cancer,26 glioma,27 and 

skin cancer,28 but upregulated in acute myeloid leukemia29 

and prostate cancer.30 Thus, one cannot easily extrapolate the 

observations made in one tumor type to another.

Although there are only a few studies investigating the 

functional activity and importance of SIRT4 in tumors, they 

all agree that it functions to inhibit cancer. For example, 

Jeong et al10 found that SIRT4 inhibited tumor formation by 

inhibiting glutamine metabolism. Overexpression of SIRT4 

inhibits the growth of HeLa cells,10 and SIRT4 knockout in 

mouse embryonic fibroblasts (MEF) cells blocks their ability 

to form large tumors in nude mice.10 SIRT4-knockout mice 

spontaneously develop lung, liver, breast, and lymphoma 

tumors. Csibi et al11 also found that overexpression of SIRT4 

blocked the growth of the human colon cancer cell line 

DLD-1 and the human prostate cancer cell line DU145. Jeong 

et al31 found that SIRT4 inhibited the growth of Myc-induced 

B cell lymphoma. We and others have found that SIRT4 

expression in colon and esophageal cancer is associated with 

a reduction in the number of adverse outcomes associated 

with these tumors.13,32 In the present study, we overexpressed 

and interfered with SIRT4 gene expression in BCPAP thyroid 

Figure 5 representative immunohistochemical staining for sirT4 and statistical comparison of sirT4 protein levels in thyroid tumor cells and normal tissues.
Notes: (A and B) sirT4 was localized in the cytoplasm and was expressed at lower levels in tumor tissues than in adjacent non-neoplastic thyroid tissues. (A) The 
micrographs show weak sirT4 staining in thyroid cancer tissues. (B) Expression of SIRT4 in adjacent non-neoplastic thyroid tissues (magnification: ×100 and ×400). (C) sirT4 
protein levels measured by tissue microarray in 89 thyroid cancer tissues paired with adjacent non-neoplastic thyroid tissues. sirT4 protein levels were lower in tumor 
tissues compared with adjacent non-neoplastic thyroid tissues (P,0.001). The boxes represent the IQR, whiskers represent the fifth to 95th percentile range, and bars 
represent the median.
Abbreviation: ihc, immunohistochemical.
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cancer cells and found that SIRT4 inhibited the proliferation, 

migration, and invasion abilities of these cells. In addition, 

SIRT4 protein levels in thyroid carcinoma tissues were found 

to be significantly lower than in adjacent non-neoplastic 

thyroid tissues. To our knowledge, this study is the first to 

investigate the activity of SIRT4 in thyroid cancer cells and 

to analyze the relationship between SIRT4 expression levels 

and clinicopathological parameters in human thyroid cancer 

specimens, especially at the protein level.

To understand the mechanism through which SIRT4 

inhibited the proliferation of thyroid cancer cells, we studied 

the cell cycle distribution in BCPAP cells overexpressing 

SIRT4 and found that SIRT4 blocked the cell cycle in the G0/

G1 phase. Studies have shown that increased expression of 

cyclin D1 in cancer cells promotes the transition from the G0/

G1 phase to the S phase by phosphorylating the retinoblastoma 

tumor suppressor gene, leading to uncontrolled cell growth.33 

ERK has been reported to control the G1 cell cycle phase by 

regulating cyclin D1,34 and cyclin E1 was also found to play 

a critical role regulating the G1- to S-phase transition.35,36 Our 

results demonstrated that SIRT4 overexpression resulted in 

decreased expression of cyclin D1, cyclin E1, and p-ERK, 

which may explain the observed G0/G1 arrest.

Defective apoptosis is considered one of the main causes 

of cancer. The caspase family of proteases lies at the core of 

the cell death signaling network. Caspase 3 is the mamma-

lian homolog of the Caenorhabditis elegans cell death gene 

ced-3 and is a member of the caspase family of executioners, 

which play an important role in many apoptosis-related 

events, while caspase 9 is located upstream of caspase 3.37,38 

The transcription factor NF-κB is composed of five compo-

nent subunits that form a variety of homo- or heterodimers, 

including p65 and NF-κB1 (p105/p50). It has antiapoptotic 

effects,39 and the p65 subunit is responsible for most of the 

functions of NF-κB.40 We observed that overexpression 

of SIRT4 increased caspase 3 18 kD and caspase 9, but 

decreased p65 levels. Our results suggest that SIRT4 induces 

apoptosis to inhibit the proliferation of BCPAP cells.

An alteration of energy metabolism is another character-

istic feature of tumor cells.41 Research on SIRT4 has shown 

that it can interfere with tumor cell metabolism, especially 

by inhibiting glutamine metabolism,10,11,42 and thus plays the 

role of a tumor suppressor gene. SIRT4 is thought to be the 

gatekeeper of cell energy metabolism.42 Tumor cells and 

normal cells have distinct metabolic patterns, with tumor cells 

often showing enhanced glucose and glutamine metabolism 

to provide the energy needed for tumor cell growth.43,44

Currently, agents that block the metabolic pathways 

of tumor cells are being developed as novel anticancer 

compounds.45,46 For example, agents that inhibit glucose 

metabolic pathways have been used in cancer therapy.45–47 

However, tumor cells can survive under conditions of sup-

pressed glucose metabolism by activating additional meta-

bolic pathways, including glutamine metabolism. Therefore, 

mitochondrial glutamine metabolism can compensate for 

glucose deficiency and complement the mitochondrial tri-

carboxylic acid cycle.26,29 In addition, recent studies have 

found that KRas-driven cancer cells enter the S phase and 

stagnate due to insufficient nucleotide biosynthesis in a 

glutamine-deprived environment.48 Cells arrested in the 

S phase are susceptible to the cytotoxic drugs capecitabine, 

paclitaxel, and rapamycin.49–51 Glutamine deprivation leads 

to “synthetic fatality” in KRas-driven cancer cells treated 

with capecitabine, paclitaxel, and rapamycin. Therefore, 

blocking glutamine metabolism, simultaneously blocking 

glucose and glutamine metabolism, or combining these 

strategies with synergistic chemotherapeutic drugs has 

great potential in cancer therapy.52 In this study, we found 

that SIRT4 downregulated the expression of migration- and 

invasion-associated proteins and inhibited the proliferation, 

migration, and invasion abilities of BCPAP cells, and this 

effect was dependent on the inhibition of glutamine metabo-

lism. The higher the degree of malignancy, the faster the rate 

of proliferation and the higher the demand for energy. Our 

results show that SIRT4 can inhibit glutamine metabolism, 

in line with its properties as a tumor suppressor gene. Thus, 

these results highlight the therapeutic potential of targeting 

SIRT4 in thyroid cancer, particularly when combined with 

an inhibitor of glucose metabolism.

Conclusion
To our knowledge, this is the first study to investigate SIRT4 

activity in the context of thyroid cancer tissue and cells. Our 

results suggest that SIRT4 may participate in the develop-

ment of thyroid cancer.
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