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Abstract. The sirtuin 2 (SIRT2) protein is a member of the sirtuin 
family and homologous to Sir2 (silent information regulator 2) 
of Saccharomyces cerevisiae. To assess the pathobiological 
significance of SIRT2 protein expression and/or subcellular 
localization in human glioma, we examined SIRT2 protein 
expression in human gliomas using a polyclonal anti-SIRT2 
antibody and immunohistochemistry. In this study, samples 
from 23 patients with glioblastoma (GB, grade IV), 8 patients 
with diffuse astrocytoma (DA, grade II) and 5 healthy indi-
viduals were examined. We established a SIRT2 labeling index 
(SIRT2-LI) that represents the percentage of cells with SIRT2 
localized to the nucleus. The mean SIRT2-LI was 65.8±18.6 in 
GB samples, 41.2±22.8 in DA samples, and 28.6±12.3 in normal 
control samples. The SIRT2-LI of GB samples was significantly 
higher than that of normal control samples (P<0.01, Mann-
Whitney's U-test) and that of DA samples (P<0.05). Moreover, 
the SIRT2-LI was positively correlated with malignant progres-
sion. Specifically, samples from patients with GB were divided 
into two groups, low SIRT2-LI (<60%) and high SIRT2-LI 
(≥60%), and the patients with low SIRT2-LI samples survived 
significantly longer than patients with high SIRT2-LI samples 
(P<0.05, Kaplan-Meier method and log-rank test). In conclusion, 
SIRT2-LI was indicative of glioma malignancy, and it may be 
predictive of GB patient survival.

Introduction

Gliomagenesis, like development of other malignancies, 
involves the accumulation of a series of genetic alterations (1). 
Many of the genes altered during glioma development were 
identified using standard molecular approaches, and these 
genes normally participate in a range of cellular functions (e.g., 
governing cellular proliferation, cell infiltration, angiogenesis, 
and cell death). Genetic aberrations are frequently found in 
human glioma: gene amplification of epidermal growth factor 
receptor (EGFR) (2) and murine double minute 2 (MDM2) 
(3,4); overexpression of platelet-derived growth factor receptor 
(PDGFR) (5); gene mutation of retinoblastoma (Rb), p53 (6) and 
phosphatase and tensin homolog deleted on chromosome ten 
(PTEN) (7); deletion of cyclin-dependent kinase inhibitor 2A 
(CDKN2A/p16INK4A) (3,4). Despite this information, mecha-
nism of tumorigenesis and progression in glioblastoma (GB) 
have not been understood in detail because malignant gliomas, 
including GB, have significant morphological heterogeneity 
in each tumor; individual tumors are genetically and histo-
pathologically very heterogeneous. In order to overcome this 
complexity in glioma phenotypes and identify putative thera-
peutic targets, more global and systematic approaches, including 
proteomic (8), transcriptomic (5,6), and comparative genomic 
hybridization analyses, have been performed. Under these 
circumstances, we performed proteomic analysis to compare 
protein expression profiles in diffuse astrocytoma (DA) and 
GB, and we found that total expression of SIRT2 was lower in 
GB than in DA (8).

Sirtuin 2 (SIRT2) is a NAD-dependent deacetylase, and is a 
member of the human sirtuin family that was initially identified 
based on structural homology to the Saccharomyces cerevisiae 
Sir2 protein (silent information regulator) (9). In human, there 
are seven proteins of the sirtuin family (SIRT1-7) (10,11). Among 
all sirtuins, SIRT2 was the most highly express in brain tissue, 
and SIRT2 expression was particularly prominent in the post-
natal hippocampus (12), and it has been suggested that SIRT2 
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has neuronal functions, including cytoskeletal growth cone 
dynamics (11), neurite outgrowth, and oligodendrocyte arbori-
zation in vitro (13). It has been suggested that SIRT2 may have 
tumor-suppressor activity because SIRT2 suppressed colony 
formation in glioma cell lines and controlled cell cycle progres-
sion by acting as a regulator of mitotic exit (14-16). Additionally, 
we reported that subcellular localization of SIRT2 was trans-
located from cytoplasm to nucleus when cells were exposed to 
ionizing radiation in the human fibroblast cell line TIG-1 (16). In 
the present study, we evaluated of the expression and subcellular 
localization of SIRT2 in samples from patients with GB and/
or DA using immunohistochemistry, and we assessed the prog-
nostic significance of SIRT2 expression pattern in GB patients. 
We demonstrated that although nuclear SIRT2 expression was 
seen in all gliomas examined, SIRT2 localization was predomi-
nantly nuclear in GB samples but predominantly cytoplasmic 
in control samples; moreover, the percentage of GB cells with 
SIRT2-positive nuclei was negatively correlated with survival 
time of patients with GB.

Materials and methods

Cell culture. As a control, we analyzed primary glial cells 
isolated from brain tissue of C57BL/6 mice. Cells were grown 
in Dulbecco's modified Eagle's medium (DMEM, Gibco 
Invitrogen Corp., Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum, at 37˚C, under 5% CO2, and in 12-well 
chamber slides (17).

Tissue collections. This study used surgically resected samples 
from 16 patients with glioma being treated at Tottori University 
and from 15 patients with glioma whose samples were stored 
at the tissue archive of Toyama University Hospital (Table I). 
The samples were fixed with 10% formalin and embedded in 
paraffin. The glioma specimens were classified according to the 
World Health Organization (WHO) International Histological 
Classification of Tumors (18). We also examined autopsy 
specimens of brain tissue from 5 neurologically and neuro-
pathologically normal individuals (causes of death: acute heart 
failure, squamous cell carcinoma, acute myocardial infarction, 
disseminated intravascular coagulation, or pneumonia). Among 
31 brain tumor samples, 15 samples of GB (patient nos. 10-24 in 
Table I) were subjected to the tissue microarray (TMA) method, 

in which tissue cylinders with a diameter of 0.6 mm were 
punched from GB areas of each tissue blocks (19) (Table I). 
Clinical data, including age, gender, and survival time from 
the initial operation, were obtained from the hospital records. 
Multiple 5-µm sections were prepared from each specimen. 
One section was stained with hematoxylin and eosin (H&E), 
and the others were used for the immunohistochemical tests. 
This study was approved by the Ethics Committer of Tottori 
University (Permission: no. 1434) and Toyama University 
Hospital (Permission: no. 19-12).

Immunofluorescence. Primary glial cells grown in 12-well 
chamber slides were washed twice in phosphate-buffered 
saline, pH  7.4 (PBS); fixed in 4% paraformaldehyde for 
15 min; and permeabilized in 0.2% Nonidet P-40 (Nacalai 
Tesque, Kyoto, Japan) in PBS for 2 min. After two sequential 
5-min washes in PBS, cells were incubated in PBS with 5% 
skim milk (Difco, Detroit, MI, USA) for 30 min. Normal serum 
served as blocking reagent. A rabbit polyclonal antibody raised 
against purified, recombinant human SIRT2 protein was used at 
a 1:100 dilution; the antibody was diluted in PBS containing 1% 
bovine serum albumin. The specificity and affinity of the poly-
clonal anti-human-SIRT2 antibody (anti-SIRT2) (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA) for use in primary 
cell cultures was established previously by using the anti-SIRT2 
antibody to detect SIRT2 in mouse cells (20). Herein, cells were 
incubated with anti-SIRT2 antibody for 1 h at room tempera-
ture. Thereafter, they were washed three times for 5 min each in 
PBS with 0.2% Nonidet P-40, then incubated in PBS with 5% 
skim milk for 15 min, and finally incubated with Alexa Flour 
488 goat anti-rabbit IgG (Invitrogen Corp., Carlsbad, CA, USA) 
diluted 1:1,000 for 30 min. Stained cells were washed three 
times for 5 min each in PBS with 0.2% Nonidet P-40 and then 
counterstained with 1 µg/ml Hoechst 33258 (Sigma-Aldrich 
Inc., St. Louis, MO, USA). PBS replaced the anti-SIRT2 anti-
body in parallel negative-control experiments.

Immunohistochemistry. Sections were deparaffinized, and 
endogenous peroxidase activity was quenched by incubation 
for 30 min with 0.3% hydrogen peroxide, and samples were 
washed with PBS. Normal serum served as blocking reagent. 
The anti-SIRT2 antibody was diluted in PBS with 1% bovine 
serum and used at a dilution of 1:250. The specificity and 

Figure 1. Anti-SIRT2 immunofluorescence of primary glial cell isolated from C57BL/6 mouse. (A) Anti-SIRT2 staining in a glial cell; cytoplasmic staining 
is observed. (B) Hoechst counterstaining. (C) Merged image. Bar, 10 µm.
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affinity of anti-SIRT2 for use in sectioned tissue samples was 
established previously by using the anti-SIRT2 antibody for 
immunohistochemical detection of SIRT2 in paraffin sections 
(20). Sections were incubated with the anti-SIRT2 antibody 

for 18 h at 4˚C. PBS replaced the antibody in parallel negative-
control samples. The EnVision kit (Dako, Glostrup, Denmark) 
was used according to the manufacturer's protocol to detect 
the bound antibody. 3,3'-Diaminobenzidene tetrahydrochloride 

Table I. Characteristics of 23 patients with glioblastoma, eight patients with astrocytoma, and five normal individuals.

Patient no.	 Age	 Gender	 Diagnosis	 Tissue	 SIRT2 	 SIRT2	 Survival
			   (WHO grade)	 sample	 labeling	 cytoplasm	 (months)
					     index (%)

Brain tumor
  1	 70	 Female	 GB (lV)	 Biopsy	 72.3 	 -	     9
  2	 26	 Female	 GB (lV)	 Biopsy	 75.3 	 -	   30
  3	 56	 Male	 GB (lV)	 Biopsy	 69.4 	 +	   17
  4	 57	 Male	 GB (lV)	 Biopsy	 60.6 	 +	   17
  5	 58	 Female	 GB (lV)	 Biopsy	 68.8 	 +	   34
  6	 55	 Male	 GB (lV)	 Biopsy	 75.2 	 +	     4
  7	 65	 Male	 GB (lV)	 Biopsy	 91.8 	 +	   16
  8	 76	 Female	 GB (lV)	 Biopsy	 74.9 	 -	     5
  9	 71	 Male	 GB (lV)	 TMA	 39.9 	 -	   26
10	 50	 Male	 GB (lV)	 TMA	 63.1 	 +	     4
11	 72	 Female	 GB (lV)	 TMA	 89.1 	 -	     5
12	 62	 Male	 GB (lV)	 TMA	 66.3 	 +	   14
13	 78	 Female	 GB (lV)	 TMA	 69.5 	 +	   15
14	 32	 Female	 GB (lV)	 TMA	 74.4 	 -	   12
15	 58	 Female	 GB (lV)	 TMA	 22.8 	 +	     8
16	 58	 Female	 GB (lV)	 TMA	 90.4 	 -	     6
17	 58	 Male	 GB (lV)	 TMA	 96.6 	 -	   24
18	 67	 Male	 GB (lV)	 TMA	 51.7 	 -	   46
19	 49	 Male	 GB (lV)	 TMA	 56.1 	 -	   17
20	 69	 Male	 GB (lV)	 TMA	 49.7 	 +	     8
21	 69	 Male	 GB (lV)	 TMA	 28.8 	 -	   27
22	 63	 Male	 GB (lV)	 TMA	 52.0 	 +	   12
23	 71	 Male	 GB (lV)	 TMA	 75.1 	 -	     6
24	 51	 Female	 DA (ll)	 Biopsy	 40.5 	 -	 103
25	 68	 Male	 DA (ll)	 Biopsy	 34.8 	 +	     7
26	 25	 Male	 DA (ll)	 Biopsy	 26.7 	 +	   56
27	 20	 Male	 DA (ll)	 Biopsy	 19.4 	 +	   36
28	 25	 Male	 DA (ll)	 Biopsy	 34.2 	 -	   58
29	 18	 Female	 DA (ll)	 Biopsy	 17.4 	 +	   41
30	 30	 Female	 DA (ll)	 Biopsy	 73.0 	 +	   25
31	 74	 Male	 DA (ll)	 Biopsy	 83.8 	 +	     9

Normal 			   Cause of death

32	 70	 Female	 AHF	 Autopsy	 25.5 	 +	 -
33	 76	 Male	 SCC	 Autopsy	 12.8 	 +	 -
34	 77	 Male	 AMI	 Autopsy	 25.2 	 +	 -
35	 78	 Male	 DIC	 Autopsy	 29.0 	 +	 -
36	 76	 Male	 Pn	 Autopsy	 50.6 	 +	 -

GB, glioblastoma; DA, diffuse astrocytoma; TMA, tissue microarray; AHF, Acute heart failure; SCC, squamous cell carcinoma (external 
acoustic meatus); AMI, acute myocardinal infarction; DIC, disseminated intravascular coagulation; Pn, pneumonia.



IMAOKA et al:  SIRT2-LI AS PROGNOSTIC MARKER IN GLIOMA926

(DAB) was the final chromogen. Sections were counterstained 
with hematoxylin. More than 200 tumor cells in the tumor area 
or astrocytes in normal brain were scored, and the percentage of 
cells showing positive staining in nuclei was designated as the 
SIRT2 labeling index (SIRT2-LI), as a percentage (%). SIRT2 

expression in cytoplasm was also evaluated and classified 
into two groups; negative (-), when no immunoreactivity was 
observed in cytoplasm in tumor cells in glioma specimens or 
astrocytes in normal brain specimens, positive (+), when immu-
noreactivity was observed in the cytoplasm without regard to 

Figure 2. Immunohistochemistry of normal brain tissue and glioma using the anti-SIRT2 antibody. (A-C) Normal brain tissue. Serial sections of normal 
frontal white matter stained with hematoxylin and eosin (H&E, A) and anti-SIRT2 antibody (B). At high-power magnification B, ~28.6% of the astrocytic 
cells have positively-stained cytoplasm (C). (D-F) Diffuse astrocytoma (grade II). Contiguous sections of a diffuse astrocytoma stained with H&E (D) and 
anti-SIRT2 antibody (E). At high-power magnification of panel E, ~37% of the astrocytic tumor cells have nuclear staining (F). (G-I) Glioblastoma (GB, 
grade IV). Contiguous sections of GB stained with H&E (G) and anti-SIRT2 antibody (H). At high-power magnification H, ~74% glioblastoma cells have 
positively-stained nuclei (I). Bars in panel A, B, D, E, G and H = 160 µm; Bar in panel C, F and I = 40 µm.
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percentage of positive cells. SIRT2 cytoplasm positive rate 
(%) was calculated as follows: positive case number/total case 
number in GB, DA and normal control, respectively.

Statistical analysis. Mann-Whitney's U-test was used to compare 
nuclear SIRT2-LI in GB, DA, and normal control samples. The 
survival curve was estimated by the Kaplan-Meier method and 
log-rank test. P<0.05 was considered significant.

Results

Immunofluorescence and immunohistochemistry of SIRT2. 
No antibody staining was seen in cells treated with PBS rather 
than anti-SIRT2 antibody (negative controls) in the immu-
nofluorescent or immunohistochemical studies. As expected 

(10), anti-SIRT2 antibody staining localized to the cytoplasm 
in astrocytic cells from primary cultures of normal mouse 
brain, but no significant reaction was seen in the nucleus of 
these cells (Fig. 1). Similarly, anti-SIRT2 antibody staining 
was observed in the cytoplasm of some astrocytes in autopsy 
samples from the normal individuals, although the cyto-
plasmic staining varied from cell to cell (Fig. 2A-C). Nuclear 
staining was also seen in a small percentage of astrocytes in 
autopsy samples (Fig. 2C). The signal intensity and propor-
tion of positively stained glioma cells varied with histological 
grade. A representative stained section from a DA (grade II) 
is shown in Fig. 2D-F, and a specimen from a GB (grade IV) 
is shown in Fig. 2G-I and Fig. 3, respectively. Clear immu-
noreactivity was also observed in TMA specimens (Fig. 3). 
The mean SIRT2-LI for all specimens within each group was 

Figure 3. Tissue microarray (TMA) of GB patients. (A) Implant specimens from patients with GB were immunostained with the anti-SIRT2 antibody (patient 
nos. 10-24 in Table I). (B) High-power magnification images of samples from GB patient no. 12 in Table I. (C) High-power magnification images of samples 
from GB patient no. 18 in Table I. Bar in A, 300 µm; Bars in B and C, 100 µm.
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65.8±18.6 for GB (grade IV) specimens, 41.2±22.8 for DA 
(grade II) specimens, and 28.6±12.3 for normal control speci-
mens (mean ± SD, Fig. 4A and Table I). The mean SIRT2-LI 
of the GB specimens was significantly higher than that of 
normal control specimens (P=0.003, Mann-Whitney's U-test) 
and significantly higher than that of DA specimens (P=0.021) 
(Fig.  4A and Table  I). However, there was no significant 
difference in mean SIRT2-LI between DA and normal control 
specimens (P=0.31). Conversely, SIRT2 cytoplasm positive 
rate was 43.4% for GB specimens (11/23), 75.0% DA speci-
mens (6/8), 100% normal control specimens (5/5) (Fig. 4B and 
Table  I). In this analysis, SIRT2 nuclear localization was 
observed more frequent in the more malignant specimens, 
and, conversely, cytoplasmic localization was less frequent in 
the more malignant samples (Fig. 5).

Prognostic significance of SIRT2-LI for glioblastoma. In 
general, it seemed that SIRT2-LI value was negatively related 

to survival time in patients with glioma (Table I). To evaluate 
the prognostic significance of the SIRT2-LI and this apparent 
relationship, the samples from patients with GB were divided 
in two groups, low SIRT-LI (<60%, n=7) and high SIRT2-LI 
(≥60%, n=16), and survival curve of the patients represented 
in each group was calculated using the Kaplan-Meier method 
and log-rank test. The patients represented in the low SIRT2-LI 
group had a significantly longer survival time than the patients 
represented in the high SIRT2-LI group (Fig. 6, P<0.05, Kaplan-
Meier method and log-rank test). These findings indicated that 
SIRT2-LI might be a useful marker for the prognosis of GB 
patients.

Discussion

Glioma is the most common brain tumor in humans, and it 
represents ~25% of primary brain tumors. According to WHO 
International Histological Classification of Tumors, glioma is 
divided into four grades based on histology (19). High grade 
glioma, glioblastoma (GB, grade IV), is the most malignant and 
has a median survival time of ~1 year, even after surgical resec-
tion, radiation therapy, and chemotherapy. By contrast, patients 
with low-grade DA (grade II) have a better prognosis and a 
median survival time of 10-15 years (21). To develop new and 
useful prognostic markers for GB, it is necessary to understand 
more precisely the process of gliomagenesis. The proportion 
of tumor cells with abnormal p53 protein expression increases 
in gliomas as they undergo malignant progression (7,22). As 
in the case of p53, aberrant SIRT2 protein expression may 
contribute to malignant progression in glioma.

Reportedly, SIRT2 protein mainly localizes to the nucleus 
during the mitotic phase of the cell cycle in normal cells, 
and the protein mainly localized to the cytoplasm during all 
other phases of the cell cycle (10). In neoplastic tissues, the 
percentage of cells showing mitotic phase increases according 
to malignancy progresses. Thus, the high SIRT2-LI and the 
low SIRT2 cytoplasm positive rate in GB samples might have 
reflected a larger percentage of cells in mitosis in gliomas.

SIRT2 protein mainly localizes to the centrosome in nucleus 
of the HeLa cells (10). Moreover, overexpression of SIRT2 in 
the nucleus of HeLa cells causes multinucleation (10). Based 
on these observations, we suggest that nuclear accumulation of 
SIRT2 in glioma might cause multinucleation, a morphological 
marker of malignancy in gliomas. In cytoplasm of SAOS2 cells, 
SIRT2 protein binds to histone deacetylase 6 (HDAC6) (23), 
and activation of cytoplasmic HDAC6 is reportedly related to 
oncogenic tumorigenesis (24). Moreover, a SIRT2 and HDAC6 
(SIRT2-HDAC6) complex binds to the spindle apparatus at 
mitosis in SAOS2 cells (23). SIRT2, together with HDAC6, 
plays a role in regulating microtubule dynamic instability and 
the deacetylation of tubulin to control progression of mitotic 
phase (23). Therefore, the high SIRT2-LI and low SIRT2 cyto-
plasm positive rate that we observed in some glioma samples 
might have reflected the phenomena of tumorigenesis itself, 
and SIRT2 protein might translocate from cytoplasm to the 
nucleus as gliomas become more malignant.

The immunohistochemical determination of proliferative 
activity using the monoclonal antibody MIB-1, which recog-
nizes Ki-67 a nuclear antigen, has been widely demonstrated 
to be clinically useful in distinguishing malignancies from 

Figure 4. Nuclear and cytoplasmic SIRT2 expression in glioblastoma, astro-
cytoma, and normal brain samples. (A) Nuclear SIRT2 expression is shown as 
SIRT2 labeling index (LI). SIRT2-LI in GB samples was significantly higher 
than that in normal control samples (*P<0.01, Mann-Whitney's U-test) and 
was significantly higher than that in diffuse astrocytoma samples (**P<0.05). 
(B) SIRT2 cytoplasm-positive rate was lower in the highest grade gliomas. 
N.S., not significant.
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benign tumor cells (25,26). However, MIB-1-LI did not reli-
ability correlate with patient survival in cases of GB (27). 
To date, there are few established diagnostic markers for GB 
or useful prognostic markers for patients with GB (28,29), 
although expression of WT1 (Wilms' tumor gene) and nestin, 
and IDH-1/2 gene mutation are reported as diagnostic or prog-
nostic markers (30,31). Our study demonstrated that SIRT2-LI 
was a marker of malignancy for GB and that SIRT2-LI was 
significantly correlated with the survival time of patients with 
GB, indicating that SIRT2-LI could predict the prognosis of 
GB patients.
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