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Abstract: Objective: Recent studies have shown that understanding the differences between Gleason 3+4 and 
Gleason 4+3 in PCa patients may improve their treatment. This study aimed to evaluate the different expression 
levels of glycolytic proteins for Gleason score of 4+3 and 3+4. Methods: A total of 90 PCa patients, including 38 
cases with a Gleason score of 7, were included in this study. The expression of glycolytic proteins in both prostate 
cancer and normal prostate tissues, in GGG2 and GGG3 as well were assessed by immunohistochemical staining. 
Results: Compared with GGG3, the GGG2 cases displayed significantly lower expression of all proteins (P < 0.05). 
The correlation among all enzymes showed that the key glycolytic enzyme, HK2, was significantly positively related 
to another key enzyme, PKM2 (r = 0.550, P < 0.01), and the expression of PFKFB4 was correlated with the expres-
sion of HK2 (r = 0.236, P < 0.05) and PKM2 (r = 0.392, P < 0.01). Additionally, neither GLUT1 nor PFKFB3 was  
correlated with PFKFB4, HK2 or PKM2. Further analysis showed that HK2 (r = 0.297, P < 0.01) and PKM2 (r = 
0.431, P < 0.01) were significantly positively related to the Gleason score in PCa tissues. Conclusions: Glycolytic 
proteins expression levels were upregulated in PCa tissues. Furthermore, GGG3 exhibits a higher level of glycolysis 
compared with GGG2 in PCa tissues. Additionally, the key glycolytic enzymes, HK2 and PKM2, are overexpressed 
simultaneously in PCa and significantly correlate with PCa progression as represented by the GS.

Keywords: Glycolysis, key enzymes, prostate cancer, immunohistochemical staining, Gleason grade group

Introduction

Metabolic reprogramming has recently emer- 
ged as a new hallmark of cancer [1]. Aerobic 
glycolysis, in which cancer cells opt for glycoly-
sis rather than mitochondrial respiration even 
in the presence of oxygen [2], has been de- 
scribed as a promising target for the develop-
ment of new therapies [3, 4].

There are steps of particular importance for the 
regulation of glycolysis, which is initiated by the 
cellular uptake of glucose via glucose trans-
porters (GLUTs) on the cell surface [5]. Next, 
glucose is phosphorylated to glucose-6-phos-
phate by hexokinase (HKs). Fructose-6-phos- 
phate is again phosphorylated to fructose-1,6- 
bisphosphate by phosphofructokinase (PFK), 
the activity of which is allosterically regulated 
by fructose-2-6-biphosphate (F2,6BP), which is 

the product of the bifunctional enzyme, ph- 
osphofructokinase 2/fructose-bisphosphatase 
(PFKB). In particular, studies have reported that 
although PFKBP3 has the highest kinase activ-
ity for the production of F2,6BP, the expression 
of PFKFB4 is essential for the survival of pros-
tate cancer cells but not for normal cells based 
on unbiased screens [6]. Another key enzyme, 
pyruvate kinase (PK), catalyzes the conversion 
of phosphoenolpyruvate to pyruvate. Further- 
more, HK, PK and PFK are three key enzymes in 
the process of glycolysis that regulate the rate 
of glycolysis as rate-limiting enzymes.

Cancer tissues exhibit a higher level of glycoly-
sis than normal tissues to satisfy their increased 
needs for energy and biosynthetic precursors. 
In addition, fluorodeoxyglucose [I8F] enters 
cancer cells through the same GLUTSs as glu-
cose. Therefore, fluorodeoxyglucose positron 
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emission tomography (FDG-PET) for malignan-
cy has been widely introduced as a metabolic 
imaging technique [7]. However, there seems to 
be a consensus that the application of FDG-
PET for the detection or grading of prostate 
cancer (PCa) is limited, which may suggest that 
glucose consumption in PCa is not directly 
associated with malignancy [8]. However, Tom 
Powles et al. [9] concluded that although FDG-
PET does not appear to be useful in primary 
treatment decisions for hormone-sensitive dis-
ease, it may have a role as a surrogate index of 
the response to chemotherapy in hormone-
resistant disease. Additionally, some studies 
have demonstrated that the accumulation of 
FDG in the prostate is higher in advanced com-
pared with early stages of PCa [10, 11]. In sum-
mary, PCa, unlike many other neoplasms, may 
exhibit unique metabolic profiles, and there- 
fore a better understanding of the relationship 
between PCa and glycolysis is needed.

The current GS system, which ranges from 
6-10, has a significant deficiency when used to 
evaluate the prognosis of cases with a Gleason 
score of 7. There are clear differences in bio-
logical characteristics, such as aggressivene- 
ss, and the prognosis of PCa between mostly 
well-differentiated cancer with a reduced com-
ponent of more poorly differentiated cancer 
(Gleason 3+4 = 7) and mostly poorly differenti-
ated with a reduced component of well-differ-
entiated cancer (4+3 = 7) [12]. A new Gleason 
grade group (GGG) was proposed, in which 
GGG2 and GGG3 represent 3+4 = 7 and 4+3 = 
7, respectively [13]. Therefore, using the new 
GGG score, the difference between 3+4 = 7 
and 4+3 = 7 can be recognized. In addition, 
increasing numbers of studies suggest that the 
percentage of Gleason pattern 4 in radical 
prostatectomy specimens represents the most 
important prognostic factor among early-stage 
prostate cancer patients. Thus, the diagnostic 
distinction between GGG2 and GGG3 is con- 
ducive to their corresponding treatment [14].  
In conclusion, understanding the differences 
between GGG2 and GGG3 may provide more 
effective tools to help patients acquire improved 
medical benefits. 

In this study, glycolysis profiles were studied  
by evaluating the expression of all key glycoly- 
tic enzymes, including GLUT1, HK2, PFKFB3, 
PFKFB4, and PKM2, using tissue microarrays 
(TMA). Each dot in the same position of the 

TMA was derived from the same tissue by  
radical prostatectomy, making it possible to 
investigate the relationship among all markers 
in one tissue. Furthermore, the association of 
the expression of all markers with the Gleason 
score of prostate cancer patients, especially 
GGG2 and GGG3, was analyzed. The current 
study was conducted to verify the importance 
of glycolysis in PCa and the association be- 
tween the key enzymes in glycolysis and the 
progression of PCa represented by the different 
Gleason score.

Materials and methods

Patients and tissue samples

All six TMA slides generated from radical pros-
tatectomy, including 90 pairs of prostate can-
cer and matched adjacent normal tissues, were 
purchased from BioChip Company (Shanghai, 
China). None of the patients had received any 
chemical treatment or physical therapy before 
surgery. The tumor content of the prostate can-
cer specimens was defined as prostatic adeno-
carcinoma. Adjacent normal prostate tissues 
were completely embedded, step-sectioned at 
3-mm intervals and evaluated by pathologists 
with genitourinary expertise. The mean age of 
the patients was 70.7±8.1 (50-90) years. The 
present study was approved by the Ethics 
Committee of Taizhou Hospital of Zhejiang 
Province and was conducted in accordance 
with the Principles of the Declaration of 
Helsinki. All participants provided signed 
informed written consent in advance of their 
participation in the study. 

Immunohistochemistry

Immunohistochemical studies were performed 
using the Leica autostainer XL ST5010 (Leica 
Biosystems, Wetzlar, Germany). Briefly, the sec-
tions were deparaffinized in xylene, dehydrated 
with ethanol and then subjected to antigen 
retrieval in citrate buffer (10 mM, pH 6.0) for 30 
min. The sections were then blocked by wash-
ing the slides in Peroxidase-Blocking Reagent 
(Dako Cytomation, Glostrup, Denmark) for 15 
minutes at room temperature, followed by incu-
bation with the primary antibody (Abcam, 
Cambridge, UK) overnight at 4°C in a humidi-
fied chamber. The sections were then incubat-
ed with the secondary antibody (Abcam, 
Cambridge, UK) for 30 min at RT. The primary 
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antibody dilutions are detailed in Table 1. After 
complete washing in PBS, the sections were 
developed in freshly prepared diaminobenzi-
dine solution (DAB), counterstained with hema-
toxylin, dehydrated through a graded ethanol 
series, cleared with xylene, and cover-slipped.

Evaluation of immunohistochemical staining

TMAs were scanned by an Aperio Scanscope 
XT, and the whole field of each dot was obtained 
for immunohistochemical evaluation. All sec-
tions were examined and scored by two pathol-
ogists who were blinded to the patient clinical 
information. The IHC score was calculated by 
combining the quantity score (percentage of 
positively stained cells) with the staining inten-
sity score. The percentage of positively stained 
cells was scored on a scale from 0 to 4 as fol-
lows: 0 (< 1%), 1 (1-24%), 2 (25-49%), 3 (50-
74%), and 4 (75-100%). The staining intensity 
was scored from 0 to 3 as follows: 0 (negative), 
1 (weak), 2 (moderate), and 3 (strong). The final 
IHC score was determined by multiplying the 
intensity and the extent of the positivity scores, 
and the final scores ranged from 0-12. Samples 
with an IHC score of more than 3 were consid-
ered positive, and those with a score less than 
3 were considered negative.

Statistical analysis

The difference in protein expression between 
the tumor tissue and its normal counterpart for 
each patient was evaluated using the Mann-
Whitney U-test. Correlations between the ex- 
pression of all markers and clinicopathological 
factors were calculated using Spearman’s cor-
relation. A Cox regression model was used for 
the multivariate analyses. P < 0.05 were con-
sidered statistically significant. Statistical anal-
yses were performed using IBM SPSS Statistics 
Version 20 software.

Results

Detection of the expression of glycolytic en-
zymes by immunohistochemical staining 

Our results showed that prostate cancer cells 
with a high expression level of GLUT1, HK2, 
PFKFB3, PFKFB4 and PKM2 could be observed 
based on a widespread brown color in the  
cytoplasm or nucleus, whereas the adjacent 
normal tissues showed almost no staining 
(Figure 1A-J). The IHC scoring system was used 
to quantify the data from the TMA arrays, and 
the results showed that positive staining rates 
in cancer tissues were significantly higher for 
GLUT1 (67.8%, 61/90), HK2 (95.6%, 86/90), 
PFKFB3 (60%, 54/90) and PFKFB4 (57.8%, 
52/90) than for the adjacent non-cancerous 
tissues (56.7%, 51/90; 88.9%, 80/90; 31.1%, 
28/90; 35.6%, 32/90, P < 0.05). However, the 
expression of PKM2 did not differ between PCa 
(98.9%, 89/90) and adjacent normal (98.9%, 
89/90) tissues (P > 0.05). Further evaluation of 
the IHC scores for all enzymes showed that 
GLUT1 (5.37±3.73), HK2 (7.40±3.43), PFKFB3 
(3.00±2.61), PFKFB4 (3.68±3.61) and PKM2 
(7.12±3.30) were all expressed at higher levels 
in prostate cancer tissues compared with the 
adjacent normal tissues (3.36±2.27, 5.88± 
3.10, 1.69±1.52, 2.42±2.84, and 6.12±2.89, 
respectively), as shown in Figure 1K-O.

Correlation among glycolytic enzymes in the 
same PCa tissue

To better understand the correlation among gly-
colytic enzymes, Spearman’s correlation was 
used to analyze the expression of all enzymes 
in the same PCa tissue. Interestingly, as shown 
in Table 2, we found that one of the key glyco-
lytic enzymes, HK2, was significantly positively 
related to another key enzyme, PKM2 (r = 
0.550, P < 0.01). The expression of PFKFB4 
was correlated with that of HK2 (r = 0.236, P < 
0.05) and PKM2 (r = 0.392, P < 0.01). Add- 
itionally, there was only a weak correlation be- 
tween the expression of GLUT1 and PFKFB3  
(r = 0.270, P < 0.05). Neither GLUT1 nor PFKFB3 
was correlated with PFKFB4, HK2 or PKM2. 

Correlation between the expression of glyco-
lytic enzymes and clinical parameters

The correlations between the expression of gly-
colytic proteins and clinicopathological factors 

Table 1. Details of the antibody and dilution

Protein Location Antibody Company Antibody  
dilution

GLUT1 Cytoplasm ab115730 Abcam 1:1500
HK2 Cytoplasm ab104836 Abcam 1:2000
PFKFB3 Nucleus ab181861 Abcam 1:500
PFKFB4 Cytoplasm ab71622 Abcam 1:1200
PKM2 Cytoplasm ab38237 Abcam 1:1000
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are detailed in Table 3. The Spearman statis-
tics demonstrated that there was no significant 
correlation between the expression of any en- 

zymes and the age of the patient. Additionally, 
the expression of GLUT1, PFKFB3, and PFKFB4 
in PCa tissues did not correlate with the 

Figure 1. Representative immunohistochemistry demonstrates that all key glycolytic enzymes, GLUT1 (A), HK2 (C), 
PFKFB3 (E), PFKFB4 (G), and PKM2 (I), are more highly expressed in PCa tissues than in adjacent tissues (B, D, F, H 
and J). The histograms (K-O) represent the IHC score of glycolytic key enzymes, and the results show that the expres-
sion levels of all enzymes were significantly elevated in PCa tissues compared with the adjacent normal tissues, as 
assessed by the Mann-Whitney U test. 
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Gleason score (P > 0.05). However, further 
analysis showed that HK2 (r = 0.297, P < 0.01) 
and PKM2 (r = 1, P < 0.01) were significantly 
positively related to the Gleason score in PCa 
tissues.

Different expression levels of glycolytic 
enzymes in PCa with Gleason score 3+4 and 
Gleason score 4+3 

To evaluate differences in the expression of  
glycolytic proteins in PCa with Gleason score 
3+4 and Gleason score 4+3, 20 cases with 
Gleason score 3+4 and 18 cases with 4+3 
were studied. Figure 2A-J shows that the de- 
gree of staining was clearly diminished in the 

in PCa as in liver or lung cancer [6]. However, 
the correlation between PCa and glycolysis 
remains largely unknown. Additionally, differ-
ences in terms of the expression of key enzymes 
involved in glycolysis between PCa and adja-
cent normal tissue and the relationship among 
these key enzymes have not been fully eluci-
dated. Here, we investigated the expression of 
five glycolytic enzymes by immunohistochemis-
try and found that all enzymes were more highly 
expressed in PCa tissues than in the adjacent 
normal tissues. Importantly, the key glycoly- 
tic enzymes, HK2 and PKM2, were positively 
stained in almost all 90 cases of PCa tiss- 
ues, while GLUT1, PFKFB3, and PFKFB4 were  
positive in approximately 60% of the cases. 

Table 2. Spearman’s correlation assay of the correlation between proteins expression in PCa tissue
PCa tissue GLUT1 staining HK2 staining PFKFB3 staining PFKFB4 staining PKM2 staining
GLUT1 Correlation 1 -0.052 0.270 -0.044 -0.011
Staining Sig. (2 tailed) < 0.01** 0.627 0.010* 0.682 0.919
HK2 Correlation -0.052 1 -0.007 0.236 0.550
Staining Sig. (2 tailed) 0.627 < 0.01** 0.946 0.025* < 0.01**
PFKFB3 Correlation 0.270 -0.007 1 0.207 0.025
Staining Sig. (2 tailed) 0.010* 0.946 < 0.01** 0.051 0.818
PFKFB4 Correlation -0.044 0.236 0.207 1 0.392
Staining Sig. (2 tailed) 0.682 0.025* 0.051 < 0.01** < 0.01**
PKM2 Correlation Coefficient -0.011 0.550 0.025 0.392 1
Staining Sig. (2 tailed) 0.919 < 0.01** 0.818 < 0.01** < 0.01**
N 90 90 90 90 90 90
*Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level.

Table 3. Spearman’s correlation assay of the correlation between 
protein expression and clinical parameters in PCa tissue
PCa tissue Age Gleason score
GLUT1 staining score Correlation -0.097 -0.031

Coefficient Sig. (2-tailed) 0.362 0.770
N 90 90

HK2 staining score Correlation -0.178 0.297
Coefficient Sig. (2-tailed) 0.093 < 0.01**
N 90 90

PFKFB3 staining score Correlation 0.060 0.088
Coefficient Sig. (2-tailed) 0.573 0.410
N 90 90

PFKFB4 staining score Correlation -0.205 0.086
Coefficient Sig. (2-tailed) 0.053 0.421
N 90 90

PKM2 staining score Correlation -0.052 0.431
Coefficient Sig. (2-tailed) 0.629 < 0.01**
N 90 90

**Correlation is significant at the 0.01 level (2-tailed).

3+4 cases compared with the 
4+3 cases. Further investiga-
tion of the IHC score indicated 
a significantly lower express- 
ion level of all glycolytic prote- 
ins (GLUT1 (5.10±3.89), HK2 
(6.40±3.07), PFKFB3 (2.65± 
1.90), PFKFB4 (3.75±3.54) 
and PKM2 (7.00±3.40)) in Gle- 
ason score 3+4 cases com-
pared with Gleason score 4+3 
cases (7.2±3.2; 9.00±2.77; 
5.28±3.53; 6.72±3.91; 9.33± 
2.74, P < 0.05), as shown in 
Figure 2K-O. 

Discussion

PCa seems to exhibit special 
metabolic characteristics such 
that glycolysis is not as active 
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Although the adjacent normal tissues also 
showed a high positive staining rate of HK2  
and PKM2, there were significant differences 

between the PCa tissues and the matched nor-
mal tissues in the expression of HK2 and PKM2 
using the IHC scoring system, which is more 

Figure 2. Representative immunohistochemistry showing that compared with Gleason score 3+4, all key glycolytic 
enzymes, GLUT1 (A), HK2 (C), PFKFB3 (E), PFKFB4 (G), and PKM2 (I), are more highly expressed in Gleason score 
4+3 (B, D, F, H and J). The histograms (K-O) show the IHC score of key glycolytic enzymes, as assessed by the Mann-
Whitney U test. The expression levels of all enzymes were significantly higher in Gleason score 4+3 than in Gleason 
score 3+4. 
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precise than using the positive staining rate 
alone. Further correlations between the expres-
sion of enzymes and the Gleason score were 
studied, and the results showed that the key 
enzymes of glycolysis, HK2 and PKM2, were 
highly correlated with the Gleason score, while 
GLUT1, PFKFB3, and PFKFB4 showed no cor-
relation. Although PFKFB4 showed no correla-
tion with the Gleason score, correlative studies 
have shown that PFKFB4 plays an essential 
role in prostate cancer [6]. The PFKFB4 merits 
further research. Based on these results, we 
may infer that HK2 and PKM2 play major roles 
in the progression of PCa, and the levels of all 
glycolytic enzymes are also important. 

We further analyzed the correlation among five 
glycolytic proteins. Every dot in the same posi-
tion of each TMA was derived from the same 
PCa or adjacent normal tissue, allowing us to 
investigate the internal relationship among gly-
colytic proteins. We found a weak correlation 
between the expression of GLUT1 and PFKFB3. 
However, these issues remain to be clarified in 
subsequent analyses. In addition, Ando et al. 
found that both GLUT1 and PFKFB2 were weak-
ly activated by IL-6 in the presence of cyclohexi-
mide, which supports a potential association 
among the glycolytic enzymes [15]. Interestingly, 
there was a significant correlation between the 
expression of the key glycolytic enzymes, HK2 
and PKM2. HK has been shown to catalyze the 
first committed step in glucose metabolism 
and to facilitate all major glucose utilization 
pathways [16]. Although there are four types of 
HK enzymes in mammals, HK1, HK2, HK3, and 
glucokinase (GCK) [17], only HK2 appears to be 
more highly expressed in cancer compared 
with normal cells [18] and to contribute to con-
trolling the rate of glycolysis in tumors [19]. 
Apart from its role in glucose metabolism, HK2 
is required for the initiation and maintenance of 
several tumor types including prostate cancer 
[20, 21]. Recent studies have shown that meta-
bolic reprogramming driven by AKT-associated 
HK2 functions as one survival mechanism in 
PI3K-driven prostate cancer after the inhibition 
of AR [22]. There are four types of PKs-PKM1, 
PKM2, PKL and PKR-and a large of number 
studies have shown that PKM2 important for 
the progression of PCa [23, 24]. Additional 
research has shown that PKM2 shares similar 
characteristics to HK2. PKM2 regulates the 
final step of glycolysis during the production of 

pyruvate [25, 26] and contributes to glycolysis 
by interacting with and activating HIF-1α to ele-
vate the expression of glycolytic genes, such as 
GLUT1 and lactate dehydrogenase A (LDHA) 
[27]. In addition to its role in glycolysis, recent 
studies have found that PKM2 functions as a 
kinase that promotes cell cycle progression by 
regulating mitotic checkpoints, chromosome 
segregation and cytokinesis in cancer cells [28, 
29]. Recently, Panasyuk et al. identified a far-
reaching phenomenon indicating that the ex- 
pression of HK2 and PKM2 in fatty livers is 
simultaneously regulated by PPARγ [30], eluci-
dating a possible relationship between HK2 
and PKM2. However, the correlation between 
HK2 and PKM2 in PCa has not yet been eluci-
dated. Our findings revealed a significant cor-
relation between the expression of HK2 and 
PKM2 in PCa, which may indicate an interac-
tion between HK2 and PKM2. The combination 
of HK2 and PKM2 may provide promising diag-
nostic and therapeutic strategies.

PCa patients with Gleason score 3+4 or 4+3 
were classified as the same group by the tradi-
tional Gleason score system and were deemed 
to be have the same prognosis. After the pro-
posal of the new GGG system, studies have vali-
dated its role in the prediction of prognosis and 
cancer-related death in PCa [31, 32]. Stamey et 
al. have shown that the percentage of Gleason 
grade 4/5 among radical prostatectomy speci-
mens represents the most important prognos-
tic factor in early-stage prostate cancer patients 
[33]. Remarkably, AS may be offered to PCa 
patients with certain characteristics, such as a 
Gleason score of 3+4 and a “favorable interme-
diate-risk (FIR)” (percentage of positive scores 
< 50%, and only one additional IR factor), 
according to National Comprehensive Cancer 
Network guidelines [34]. However, research 
addressing the risk of unfavorable disease 
among GS 3+4 FIR PCa patients revealed limi-
tations in predicting a GS upgrade using clini- 
cal parameters alone, and new risk assess-
ment tools to improve the prediction models 
are urgently needed [35]. Hence, the identifica-
tion of an alternative tool to better distinguish 
GGG2 and GGG3 may be a promising strategy. 
In the present study, we investigated, for the 
first time, differences between the expression 
of all key enzymes of glycolysis in GGG2 and 
GGG3. The results showed that compared with 
GGG2, the expression of glycolytic enzymes 
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was significantly higher in cases with GGG3, 
which indicated that GGG3 had a higher rate of 
glycolysis. Our findings suggest that PCa with 
GGG3 exhibits a higher glycolytic rate than 
GGG2, which indicates that surveillance at the 
level of glycolysis may be a potential and effec-
tive tool to predict an upgrade in PCa with 
GGG2.

To summarize, our findings showed that com-
pared with adjacent normal tissues, PCa tis-
sues exhibit high levels of glycolysis. Moreover, 
PCa with GGG3 displays higher glycolytic levels 
than GGG2. Additionally, the key glycolytic en- 
zymes, HK2 and PKM2, are overexpressed in 
PCa and significantly correlate with the Gleason 
score. Furthermore, there is a significant corre-
lation between HK2 and PKM2, which suggests 
that combining HK2 and PKM2 may provide  
an effective diagnosis and therapies for PCa. 
However, the present study has some limita-
tions. First, although all specimens were exam-
ined and scored by fully trained pathologists 
with genitourinary expertise, the retrospective 
nature and the lack of pathologist reexamina-
tion of all cases represent potential limitations. 
Second, the sample size is a limitation. How- 
ever, this is the first study to demonstrate dif-
ferences between the expression of all key 
enzymes involved in glycolysis between GGG2 
and GGG3. Further analyses with larger sample 
sizes across multiple centers are needed to 
confirm the correlation between PCa and gly-
colysis and between PKM2 and HK2.
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