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Abstract

Objective The abnormal expression of the key enzymes in glycolytic pathways, including glucose transporter-1, glucose
transporter-3, hexokinase-II, lactate dehydrogenase 5, pyruvate kinase M2, glucose-6-phosphate dehydrogenase, transketo-
lase-like protein 1 and pyruvate dehydrogenase kinase-1 was reported to be associated with poor prognosis of various cancers.
However, the association remains controversial. The objective of this study was to investigate the prognostic significance
of glycolysis-related proteins.

Materials and methods We searched MEDLINE, EMBASE, Cochrane Database of Systematic Reviews, Cochrane Central
Register of Controlled Trials, using Pubmed and Ovid as search engines and Google Scholar from inception to April 2017.
Eighty-six studies with 12,002 patients were included in the study.

Results Our pooled results identified that glycolysis-related proteins in cancers were associated with shorter overall survival
of colorectal cancer (HR 2.33, 95% CI 1.38-3.93, P=0.002), gastric cancer (HR 1.55, 95% CI 1.31-1.82, P<0.001), cancer
of gallbladder or bile duct (HR 2.16, 95% CI 1.70-2.75, P <0.001), oral cancer (HR 2.07, 95% CI 1.32-3.25, P <0.001),
esophageal cancer (HR 1.66, 95% CI 1.25-2.21, P=0.01), hepatocellular carcinoma (HR 2.04, 95% CI 1.64-2.54, P <0.001),
pancreatic cancer (HR 1.72,95% CI 1.39-2.13, P <0.001), breast cancer(HR 1.67,95% CI 1.34-2.08, P <0.001), and naso-
pharyngeal carcinoma (HR 3.59, 95% CI 1.75-7.36, P <0.001). No association was found for lung cancer, ovarian cancer
or melanoma. The key glycolytic transcriptional regulators (HIF-1a, p5S3) were analyzed in parallel to the glycolysis-related
proteins, and the pooled results identified that high-level expression of HIF-1a was significantly associated with shorter over-
all survival (HR 0.57, 95% CI 0.42-0.79, P <0.001) Furthermore, glycolysis-related proteins linked with poor differentiated
tumors (OR 1.81, 95% CI 1.46-2.25, P<0.001), positive lymph node metastasis (OR 2.73, 95% CI 2.16-3.46, P <0.001),
positive vascular invasion (OR 2.05, 95% CI 1.37-3.07, P<0.001), large tumor size (OR 2.06, 95% CI 1.80-2.37, P<0.001),
advanced tumor stage (OR 1.58, 95% CI 1.19-2.09, P <0.001), and deeper invasion (OR 2.37, 95% CI 1.93-2.91, P <0.001).
Conclusion Glycolytic transcriptional regulators and glycolysis-related proteins in cancers were significantly associated
with poor prognosis, suggesting glycolytic status may be potentially valuable prognostic biomarkers for various cancers.
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Introduction

Re-programming of metabolic pathways is a hallmark
of physiological changes in cancer cells (Furuta et al.
2010). Glycolysis and oxidative phosphorylation are the
two important metabolic pathways associated with energy
provision. Glycolysis, one of the most ancient metabolic
processes, is a relatively low-energy-providing pathway
compared with oxidative phosphorylation. Increased need
for glycolysis, known as the Warburg effect, and glucose
uptake for energy production have been identified in vari-
ous cancers (Warburg 1956a, b; Warburg et al. 1927).
Emerging data have demonstrated that cancer-specific
aerobic glycolysis, which is characterized by increased
glucose uptake, lactate export and extracellular acidifi-
cation, has contributed to cancer initiation, progression,
chemotherapy resistance and recurrence. Although oxida-
tive catabolism is more efficient in ATP production, gly-
colysis was identified increased along with up-regulation
of glucose transporters when the Krebs cycle is blocked in
the presence of oxygen. Due to the highly activated level
in various tumor tissues, the glycolysis status is consid-
ered to have potential prognostic value to predict patients’
outcome. Over the last decades, in vitro, vivo and clini-
cal studies have implicated the key enzymes in glycolytic
pathways, including glucose transporter-1 (GLUT1), glu-
cose transporter-3 (GLUT3), hexokinase-II (HKII), lactate
dehydrogenase 5 (LDHS), pyruvate kinase M2 (PYK-M2),
glucose-6-phosphate dehydrogenase (GLC6PDH), transke-
tolase-like protein 1 (TKTL1), and pyruvate dehydroge-
nase kinase-1 (PDK-1) as potential candidate biomarkers
for survival of lung cancer, gastric cancer, pancreatic can-
cer, hepatocellular carcinoma, breast cancer and so on.
However, inconsistent results were reached. To the best
of our knowledge, meta-analysis data on the correlation of
glycolysis-related proteins with the prognosis and clinico-
pathological features of patients with various tumors are
already unavailable. Thus, the present study was carried
out to investigate the glycolysis-related proteins in various
cancers and its relationship with prognosis and clinico-
pathological features of various cancer patients.

Among the key enzymes in glycolysis, most widely
used markers including GLUT1, GLUT3, HKII, LDHS,
PYK-M2, GLC6PDH, TKTL1, and PDK-1 were selected
as glycolysis-related protein marker.

GLUT]1 fuels glycolysis through increased uptake of
glucose across membrane, which is the first rate-limiting
step in glycolysis. Increased expression of GLUT1 con-
tributes to enhanced glycolysis (Kitamura et al. 2011).
GLUTS3 largely mediates basal glucose transport in can-
cer cells, facilitating the maintenance of glycolytic energy
metabolism in cases of limited supply of the substrate in
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moderately to poorly perfused regions (Kallinowski et al.
1989). HKII is located in both mitochondria and cytosol,
and catalyzes the first step of glycolytic pathway where
glucose is converted to glucose-6-phosphate HKII (Pau-
wels et al. 2000). PYK-M2, an alternatively spliced variant
of pyruvate kinase, catalyzes the conversion of phospho-
enolpyruvate to pyruvate, which is an essential step in
process of glycolysis (Christofk et al. 2008a, b). LDHS5
was identified as a key checkpoint of glycolysis because
it drives the conversion of pyruvate to lactate. LDHS exe-
cutes the final step of aerobic glycolysis and has been con-
sidered to be engaged in the tumor initiation and progres-
sion (Giatromanolaki et al. 2006; Kolev et al. 2008). Both
glucose-6-phosphate dehydrogenase (GLC6PDH) and
transketolase-like-1 (TKTL1) participated in an important
branch of glycolysis, pentose phosphate pathway (Bentz
et al. 2013; Ho et al. 2007; Kuo et al. 2000). PDK-1, one
of the four known isozymes of pyruvate dehydrogenase
kinases, acts to inactivate the function of pyruvate dehy-
drogenase and thus inhibits pyruvate recruitment into the
tricarboxylic acid cycle (Zhao et al. 2011). Therefore,
glycolysis-related proteins above have been shown to be
engaged in process of glycolysis.

The key glycolytic transcriptional regulators such as
HIF-1alfa and p53 play important roles in glycolysis. p53,
a well-studied tumor suppressor, plays a critical role in
controlling numerous cellular processes, including apop-
tosis, cell cycle arrest, and genomic stability. p53 is also
known to reduce the glycolysis rate by increasing the
activity of a fructose-2,6-bisphosphatase which is involved
in the regulatory pathways of apoptosis (Bensaad et al.
2006; Bensinger and Christofk 2012). Therefore, a reduced
expression of protein p53 in cancer cells was linked to the
Warburg effect in regulating cell apoptosis.

Recent studies have revealed a number of new functions
of p53 in the regulation of glucose and energy metabolic
pathways, including glucose transport (Symmans et al.
2007), glycolysis (Bensaad et al. 2006), tricarboxylic acid
cycle (Contractor and Harris 2012), mitochondrial respira-
tory chain/oxidative phosphorylation (Matoba et al. 2006),
and PPP (McArdle et al. 1992; Gottlieb 2011).

Hypoxia-inducible factor-1 alpha (HIF-1a) is known as
a key regulatory factor of tissue adaptation under hypoxia.
It is highly expressed in most tumors and metastases, and
is inseparable from the glycolytic pathway of tumor cells
(Lum et al. 2007). Related glycolytic genes regulated
by HIF-1a include the GLUT-1, lactate dehydrogenase
A (LDHA), phosphofructokinase 2 (PFK2), aldolase A,
enolase 1, phosphoglycerate kinase 1 and glyceraldehyde-
3-phosphate dehydrogenase coding genes. HIF-1 induced
the expression of the above genes to enhance glycolysis to
meet the needs of energy metabolism when the process of
oxidative phosphorylation was inhibited by the condition
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of hypoxia (Yu et al. 2008; Elson et al. 2000; Ashrafian
20006).

Methods
Search strategy

An extensive search of articles and abstracts was conducted
in all major electronic databases from inception to April
2017, using the following MeSH terms and text words:
“glycolysis”, “Warburg effect”, “Immunohistochemistry”,
“tumor(s)”, “cancer(s)”, “carcinoma(s)”’, “malignant”,
“neoplasm(s)”, “survival”, “prognosis or prognostic or out-
come”, “survival”, and “HR”. Two reviewers (Yu and Hong)
independently conducted a search of EMBASE, MEDLINE,
Cochrane Central Register of Controlled Trials, Cochrane
database of Systematic Reviews, using PubMed and Ovid
as search engines as well as Google Scholar. Finally, we
scrutinized the reference lists of all relevant articles to iden-
tify studies that may not have been identified by the strategy

outlined above.

Inclusion and exclusion criteria

Articles which passed the primary screening were further
scrutinized for the presence of all the following items: (1)
cohort studies or case—control studies, which were con-
cerned about the relationship between prognostic role of
glycolysis and cancer; (2) cancer diagnosis must be clearly
proved; (3) the hazard ratio and 95% confident intervals were
best characterized by sufficient information; (4) ruling out
such studies which were concerning animals or cell lines and
even case-series, letters, editorials, comments, reviews, and
abstracts. Those studies that lead us to no detailed informa-
tion to estimate the hazard ratio and 95% confident inter-
vals were also excluded, even though contacts with relevant
authors had been made.

Data collection process and data synthesis

Eligible studies and data were extracted using a standard-
ized data collection form to increase the uniformity of data
extraction. The reviewers had a discussion to resolve the
inconsistencies between their data until consistency was
reached. The relation between glycolysis and overall sur-
vival or disease-free survival of cancer patients in each study
was extracted as the hazard ratio and 95% confident inter-
val. Studies that only provided overall survival curves and/
or disease-free survival curve were processed for extracting
the hazard ratio and 95% confident intervals based on the
method previously described.

Assessment of study quality

The Newcastle—Ottawa Scale (NOS) was used to assess the
quality of included studies which were performed. A star
system has been developed for the assessment. It is feasible
for us to set a study awarded 0-3, 4-6, or 7-9 stars as a
low-, moderate-, or high-quality study dividedly as previ-
ously described. The selected studies were evaluated inde-
pendently by two investigators (Yu and Hong) in a blinded
fashion. Besides, any inconsistency would be solved by dis-
cussion with the third investigators (Gu).

Statistical analysis

We performed meta-analysis using Review Manager (ver-
sion 5.3 for Windows) and Stata (version 12 for Windows).
HR and 95% CI were used to compare the different impacts
of driver status on survival of patients, whereas OR with
95% CI was applied to assess the association between the
level of glycolystic enzymes and clinicopathological fea-
tures. HRs and corresponding 95% Cls of low expression
versus high expression were adopted in some studies, then
we calculated reciprocal to get high-expression versus low-
expression data (Tierney et al. 2007). In cases of no direct
HR and corresponding 95% CI found in some studies, we
using the methods developed by Parmar et al. (1998), Wil-
liamson et al. (2002) and Tierney et al. (2007) to estimate
these values based on available data, such as survival curves.
In our meta-analysis, heterogeneity was assessed by the chi-
square test and P value. The I* value was used to assess
heterogeneity, and if I* = 0-50%, a fixed-effect model is
used, meaning there is no significant heterogeneity. Other-
wise, the random-effect model was applied. The illustration
of the HRs and 95% ClIs of each included study was shown
by forest plots and the results were pooled. Funnel plots
were used to assess evidence for publication bias. Sensitivity
analysis was conducted by extraction of each single study
to investigate the stability of the results and the resource of
heterogeneity. All P values were two sided, being statisti-
cally significant when the P value is less than 0.05.

Results
Literature search

Detailed search steps are depicted in Fig. 1. Eighty-six stud-
ies were selected for further analysis in the present meta-
analysis. All clinicopathological features of the 86 eligible
studies are presented in Tables 1 and 2. These observa-
tional studies consisted of 12,002 cancer patients. Glycol-
ysis-related protein markers included glucose transporter-1
(GLUT1), hexokinase-II (HKII), lactate dehydrogenase 5
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Fig. 1 Flow diagram of study
selection

1655 Potentially relevant
articles identified by

database searching

272 review articles

298 not in human

72 single—nucleotide polymorphism

248 no survival data

174 not in tissue

116 not report the included glycolysis

475 articles selected for full

manuscript review

related proteins

121 incomplete IHC methods or not

on resection specimens

123 no adequate survival analysis

75 not enough data for estimating

HR and its 95% CI

86 articles selected for this meta—
analysis including seven glycolysis—

related makers

22 PDF not available either
electronically or after contacting the

authors

48 without clear cancer diagnosis

(LDHS), pyruvate kinase M2 (PYK-M2), glucose-6-phos-
phate dehydrogenase (GLC6PDH), and transketolase-like
protein 1 (TKTL1), pyruvate dehydrogenase kinase-1 (PDK-
1). Of these selected studies, 31 articles reported relation
between GLUT1 and prognosis (Furudoi et al. 2001; Kawa-
mura et al. 2001; Kang et al. 2002; Kim et al. 2002; Mineta
et al. 2002; Hoskin et al. 2003; Sebastiani 2004; Lyshchik
et al. 2007; Mori et al. 2007; Fenske et al. 2009; Sung et al.
2010; Andersen et al. 2011; Kitamura et al. 2011; Jang et al.
2012), four reported GLUT3 (Baer et al. 2002; Zhou et al.
2008; Ayala et al. 2010; Schlosser et al. 2017), 11 reported
HKII, 11 reported LDHS5 (Koukourakis et al. 2003, 2006,
2009; Giatromanolaki et al. 2006; Kolev et al. 2008; Danner
et al. 2010; Kayser et al. 2010; Zhuang et al. 2010; Grimm
et al. 2013a, b; Lu et al. 2013; Kim et al. 2014), 19 reported
PYK-M2 (Benesch et al. 2010; Lim et al. 2012; Hjerpe et al.
2013; Karachaliou et al. 2013; Zhan et al. 2013; Zhang et al.
2013; Li et al. 2014a, b; Yuan et al. 2014; Chen et al. 2015;
Gao et al. 2015; Hu et al. 2015), three reported GLC6PDH
(Wang et al. 2012, 2015a, b, Pu et al. 2015), four reported
TKTL1 (Foldi et al. 2007; Fritz et al. 2012; Grimm et al.
2013a, b; Song et al. 2015), and three reported PDK-1 (Kim
et al. 2013; Yang et al. 2014; Dai et al. 2016). Among the eli-
gible studies, 74 articles reported overall survival (Baer et al.
2002; Koukourakis et al. 2003, 2006; Giatromanolaki et al.
2006; Foldi et al. 2007; Rho et al. 2007; Kolev et al. 2008;
Zhou et al. 2008; Ayala et al. 2010; Schlosser et al. 2017;
Furudoi et al. 2001; Kawamura et al. 2001; Kang et al. 2002;
Kim et al. 2002; Hoskin et al. 2003; Lyshchik et al. 2007,
Mori et al. 2007). Twenty articles evaluated disease-free
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survival as end point (Kolev et al. 2008; Zhuang et al. 2010;
Grimm et al. 2013a, b; Kim et al. 2013; Kang et al. 2002;
Sebastiani 2004; Fenske et al. 2009; Andersen et al. 2011;
Kitamura et al. 2011; Jang et al. 2012; Kwon et al. 2013;
Maki et al. 2013), seven evaluated PFS (Karachaliou et al.
2013; Suh et al. 2014; Huang et al. 2015; Pu et al. 2015;
Dong et al. 2016; Zhang et al. 20164, b; Iwasaki et al. 2015),
three evaluated RFS (Lim et al. 2012; Mineta et al. 2002;
Sawayama et al. 2014), two evaluated CSS (Sato-Tadano
et al. 2013; Sawayama et al. 2014), and one evaluated TTR
(Liu et al. 2015).

Correlation of glycolysis-related proteins
with survival

A meta-analysis was performed on 70 studies assessing
the association of glycolysis-related proteins with overall
survival. The pooled HR was 1.69 (95% CI 1.54-1.86;
P =0.000), with significant heterogeneity (I>=51%,
P=0.000) (Fig. 2a). To investigate the source of hetero-
geneity, subgroup analysis by types of glycolysis-related
proteins, sample size, categories of diseases, study
location and study quality was performed. As depicted
in Table 3, subgroup analysis suggested that several
increased expression of glycolysis-related proteins were
correlated with poor survival, including GLUT1 (HR
1.77, 95% CI 1.50-2.08, P=0.000), HKII (HR 2.17,
95% CI 1.72-2.74, P=0.000), PYK-M2 (HR 1.71, 95%
CI 1.46-1.99, P=0.008), GLC6PDH (HR 2.01, 95% CI
1.37-2.95, P=0.000), and PDK-1 (HR 1.61, 95% CI
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Table 2 Characteristics of staining in included studies

Reference Antibody source Dilution  Counting method Definition of positive
GLUTI
Furudoi et al. (2001) Polyclonal, DAKO NR Percentage of positive cells >30% of tumor cells
Kawamura et al. (2001) Polyclonal, Chemicon 1:4000  Percentage of positive cells >30% of positive cells
Mineta et al. (2002) Polyclonal, Chemicon 1:1000  Percentage of positive cells >70% of positive cells
Kang et al. (2002) Polyclonal, DAKO 1:200 Percentage of positive cells Absence of positive cells
Kim et al. (2002) Polyclonal, DAKO 1:200 Percentage of positive cells Absence of positive cells
Hoskin et al. (2003) Polyclonal, DAKO 1:200 Percentage of positive cells > 10% cells with positive
Sebastiani (2004) Monoclonal, NA NR Combination of staining inten- >6

sity score and percentage of

positive cells
Mori et al. (2007) Polyclonal, DAKO 1:50 Percentage of positive cells > 15% of positive cells
Lyshchik et al. (2007) Polyclonal, DAKO 1:200 Percentage of positive cells >40% of positive cells
Fenske et al. (2009) Polyclonal, DAKO 1:100 Percentage of positive cells > 10% of positive cells
Kitamura et al. (2011) Polyclonal, DAKO 1:200 Percentage of positive cells > 0% of positive cells
Sung et al. (2010) Polyclonal, DAKO 1:200 Percentage of positive cells > 5% of positive cells
Andersen et al. (2011) Monoclonal, abcam 1:500 Combination of staining inten- > 1

sity score and percentage of

positive cells
Jang et al. (2012) Monoclonal, abcam 1:250 Percentage of positive cells > 10% of positive cells
Sasaki et al. (2012) Monoclonal, Thermo Scientific NA NA NA
Maki et al. (2013) Monoclonal, abcam 1:200 Percentage of positive cells > 10% of positive cells
Kim et al. (2013) Monoclonal, NeoMarkers 1:3000 Combination of staining inten- > 1

sity score and percentage of

positive cells
Kwon et al. (2013) Monoclonal, abcam 1:200 Percentage of positive cells > 10% of positive cells
Cho et al. (2013) Monoclonal, R&D Systems NA Combination of staining inten-  >3.85

sity score and percentage of

positive cells
Ramani et al. (2013) Polyclonal, Merck-Millipore NA NA NA
Sawayama et al. (2014) Polyclonal, abcam 1:7500  Percentage of positive cells > 50% of positive cells
Yu et al. (2015a, b) NA NA Combination of staining inten- >2

sity score and percentage of

positive cells
Osugi et al. (2015) Polyclonal, DAKO 1:500 Percentage of positive cells > 50% of positive cells
Goos et al. (2016) Polyclonal, abcam 1:600 Combination of staining inten- NA

sity score and percentage of

positive cells
Starska et al. (2015) Polyclonal, abcam 1:1000  Combination of staining inten- >5

sity score and percentage of

positive cells
Iwasaki et al. (2015) NR, abcam 1:200 Percentage of positive cells >50%
Berlth et al. (2015) Polyclonal, Thermo Fisher 1:200 Percentage of positive cells >10%

Scientific

Bostrom et al. (2016) Polyclonal, DAKO 1:2000 NR >0
Lu et al. (2016) Monoclonal, abcam 1:300 Combination of staining inten- > 1

sity score and percentage of

positive cells
Yan et al. (2016) NR, abcam 1:200 Combination of staining inten- >0

sity score and percentage of

positive cells
Swartz et al. (2016) NR, DAKO 1:100 Percentage of positive cells > 66% of positive cells
GLUT3
Ayala et al. (2010) Polyclonal, Lab Vision Corpo- NR Percentage of positive cells >10%

ration
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Table 2 (continued)

Reference Antibody source Dilution Counting method Definition of positive
Baer et al. (2002) Polyclonal, Chemicon Interna-  1:1000 NR NR
tional
Schlosser et al. (2017) NR, DAKO 1:100 Percentage of positive cells >10%
Zhou et al. (2008) Polyclonal, DAKO 1:50 NR NR
HKII
Rho et al. (2007) NR, Santa Cruz 1:100 Percentage of positive cells >10%
Qiu et al. (2011) Polyclonal, Santa Cruz 1:200 NR NR
Gong et al. (2012) Polyclonal, Santa Cruz NR Percentage of positive cells >10%
Kwee et al. (2012) Monoclonal, cell signaling 1:100 Intensity of staining >0
technology
Sato-Tadano et al. (2013) Monoclonal, cell signaling 1:100 Combination of staining inten- >4
technology sity score and percentage of
positive cells
Suh et al. (2014) Polyclonal, Santa Cruz 1:100 combination of the percentage > 10% of cells with a staining
of positively stained cells and  intensity of at least grade 1
staining intensity
Ogawa et al. (2015) Monoclonal, cell signaling 1:400 Combination of staining inten-  >5
technology sity score and percentage of
positive cells
Huang et al. (2015) NR, cell signaling technology 1:600 Percentage of positive cells >25%
Katagiri et al. (2016) Monoclonal, cell signaling NR Percentage of positive cells >10%
technology
Zhang et al. (20164, b) Polyclonal, Thermo Scientific 1:150 Combination of staining inten- >3
sity score and percentage of
positive cells
Zhang et al. (2016) Monoclonal, cell signaling 1:50 Combination of staining inten- >3
technology sity score and percentage of
positive cells
LDH5
Koukourakis et al. (2003) Polyclonal, Abcam 1:200 Percentage of positive cells > 10% of cells with nuclear
LDH-5
Giatromanolaki et al. (2006) Polyclonal, Abcam NR Percentage of positive cells ® Strong cytoplasmic in more
than 50% of tumor cells
®@ High nuclear in more than
10% of tumor cells
Koukourakis et al. (2006) Polyclonal, Abcam 1:400 Percentage of positive cells >30% of positive cells
Kolev et al. (2008) Polyclonal, Abcam 1:500 Percentage of positive cells @ Strong cytoplasmic in more
than 50% of tumor cells
@ High nuclear in more than
10% of tumor cells
Koukourakis et al. (2009) Polyclonal, Abcam 1:400 Percentage of positive cells @ Strong cytoplasmic in more
than 50% of tumor cells
® High nuclear in more than
10% of tumor cells
Zhuang et al. (2010) Polyclonal, Abcam 1:400 Combination of staining inten- > 15
sity score and percentage of
positive cells divided by 10
Danner et al. (2010) Polyclonal, Abcam NR Semi-quantitative scaling >25%
with five levels (< 10-25%,
25-50%, 50-75%, > 15%,
respectively)
Kayser et al. (2010) Polyclonal, Abcam NR Percentage of positive cells >50%
Luetal. (2013) NR NR NR >250
Grimm et al. (2013a, b) Polyclonal, Abcam 1:200 Percentage of positive cells > 10% of positive cells
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Table 2 (continued)

Reference Antibody source Dilution Counting method Definition of positive
Kim et al. (2014) Polyclonal, Abcam NR Percentage of positive cells @ Strong cytoplasmic in more
than 50% of tumor cells
® High nuclear in more than
10% of tumor cells
PYK-M2
Benesch et al. (2010) Monoclonal, ScheBo Biotech 1:250 Combination of staining inten- >4
AG sity score and percentage of
positive cells
Lim et al. (2012) NR, cell signaling technology 1:500 Percentage of positive cells >25%
Hjerpe et al. (2013) NR NR Staining intensity score and per- >20% tumor cells staining 3+
centage of positive cells
Karachaliou et al. (2013) NR NR NR NR
Zhan et al. (2013) NR 1:3000  Combination of staining inten- > 1
sity score and percentage of
positive cells
Zhang et al. (2013) Polyclonal, Abgent 1:30 Combination of staining inten- >4
sity score and percentage of
positive cells
Lietal. (2014a, b) NR 1:100 Percentage of positive cells >25%
Chen et al. (2015) NR 1:800 Staining intensity score >0
Liu et al. (2015) NR NR Staining intensity score and per- Moderate staining in one-third
centage of positive cells to two-thirds of the cells or
strong staining in more than
two-thirds of the cells
Liet al. (2014a, b) NR, EPITOMICS 1:100 Combination of staining inten-  >0.75
sity score and percentage of
positive cells
Kim et al. (2014) NR, cell Signaling 1:200 Combination of staining inten- >4
sity score and percentage of
positive cells
Hu et al. (2015) NR, cell signaling technology 1:1000  Combination of staining inten- >3
sity score and percentage of
positive cells
Yu et al. (2015a, b) NR 1:100 Combination of staining inten-  >75
sity score and percentage of
positive cells
Zhao et al. (2015) NR, Abcam 1:600 Percentage of positive cells >25%
Dong et al. (2016) Monoclonal, OriGene 1:10,000 Combination of staining inten- > 1
sity score and percentage of
positive cells
Wang et al. (2015a, b) NR, cell signaling 1:250 Combination of staining inten- >4
sity score and percentage of
positive cells
Gao et al. (2015) NR, EPITOMICS 1:100 Intensity of staining >0
Lockney et al. (2015) Polyclonal, cell signaling 1:800 Combination of staining inten- >0
technology sity score and percentage of
positive cells
Mohammad et al. (2016) Monoclona, 1ScheBo Biotech 1:100 Combination of staining inten- >3
sity score and percentage of
positive cells
Glc6PDH
Wang et al. (2012) Polyclonal, Abcam 1:200 Combination of staining inten- >4

sity score and percentage of
positive cells
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Table 2 (continued)

Reference Antibody source Dilution Counting method Definition of positive
Wang et al. (2015a, b) NR, Santa Cruz 1:100 Combination of staining inten- > 1
sity score and percentage of
positive cells
Staining cells X staining inten-
sity
Pu et al. (2015) NR NR Combination of staining inten- > 10% cells moderate or strong
sity score and percentage of straining
positive cells
TKTLI
Foldi et al. (2007) Monoclonal, NR NR Percentage of positive cells >20%
Grimm et al. (2013a, b) Monoclonal, TAVARTIS 1:100 Combination of staining inten- >0
GmbH sity score and percentage of
positive cells
Fritz et al. (2012) Monoclonal, TAVARTIS 1:30 Combination of staining inten- > 150
GmbH sity score and percentage of
positive cells
Song et al. (2015) Polyclonal, Abcam NR Combination of staining inten- >3
sity score and percentage of
positive cells
PDK-1
Kim et al. (2013) Polyclonal, Santa Cruz 1:100 Percentage of positive cells >10%
Yang et al. (2014) Polyclonal, cell signaling 1:100 Combination of staining inten-  >3.69
technology sity score and percentage of
positive cells
Dai et al. (2016) Monoclonal, Abcam 1:500 Combination of staining inten- >4

sity score and percentage of
positive cells

1.14-2.25, P=0.006), whereas there was not significant
correlation between LDHS, TKTL1, GLUT3 and survival.
But heterogeneity was significant in GLUT1 (I*>=43%,
P=0.010) and PYK-M2 (I>=49%, P=0.007). Results also
demonstrated that higher expression of glycolysis-related
proteins was correlated with worse OS in Asian (HR 1.75,
95% CI 1.53-2.01, P=0.000) and Europe (HR 1.41, 95%
CI 1.15-1.73, P=0.001), while heterogeneity was signifi-
cant in Asian (I>=76%, P =0.000) and Europe (I* = 63%,
P=0.000). No significant result was found between higher
expression of glycolysis-related proteins and worse OS in
America (HR 1.46, 95% CI 0.98-2.18, P=0.07), since
there are only four studies, it needs more data to substanti-
ate this conclusion. Importantly, we found that significant
link between glycolysis-related proteins and overall sur-
vival existed in cancers of digestive system without any
significant heterogeneity across studies except colorectal
cancer, such as gastric cancer (HR 1.55, 95% CI 1.31-1.82,
P<0.001; ’=39%, P= 0.08), cancer of gallbladder
or bile duct (HR 2.16, 95% CI 1.70-2.75, P =0.000;
I’=0%, P=0.95), esophageal cancer (HR 1.66 95%
CI=1.25-2.21,P=0.001; ’=9%, P= 0.360), hepatocel-
lular carcinoma (HR 2.04, 95% CI 1.64-2.54, P=0.000;
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I’ =46%, P=0.100) pancreatic cancer (HR 1.72, 95% CI
1.39-2.13, P=0.000; I*’=14%, P= 0.320), and colorectal
cancer (HR 2.33, 95% CI=1.38-3.93, P=0.000; P=52%,
P=0.010). Significant link also existed in relation between
overall survival and glycolysis-related proteins in oral
cancer (HR 2.07, 95% CI 1.32-3.25, P <0.001), but het-
erogeneity was significant (/>=84, P <0.001). Significant
link was also found in breast cancer (HR 1.67, 95% CI
1.34-2.08, P=0.000; ’=0%, P=0.430) and nasopharyn-
geal carcinoma (HR 3.59, 95% CI 1.75-7.36, P=0.001,
I?=0%, P=0.470). There was no significant association
between prognosis and glycolysis-related proteins in lung
cancer (HR 1.03,95% CI=0.80-1.32, P=0.810; ’=57%,
P=0.02), ovarian cancer (HR 1.32, 95% CI=0.75-2.31,
P=0.34; I’=0%, P=0.740), and melanoma (HR 1.31,
95% CI=0.46-3.70, P=0.61; I’=0%, P =0.330).

As disease-free survival (DFS) and progression-free
survival (PFS) were reported in several articles, meta-
analyses were also performed to evaluate the associa-
tion of glycolysis-related proteins with DFS and PFS.
Results showed that there was a significant association
between glycolysis-related proteins and DFS with sig-
nificant heterogeneity (HR 2.27, 95% CI=1.72-2.99,
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Fig_ 2 Forest plOt of hazard a Hazard Ratio Hazard Ratio
. L. Study or Subgroup __log[Hazard Ratio] SE_Weight IV, Random, 95% Cl [\ 95% Cl
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2015, Lockney 056189889 0.23656392  1.6% 1.75[1.10, 2.79] —
2015, Liu 0.64238006 0.18583505  1.9% 1.90 [1.32, 2.74] -
2015, Hu 051581316 0.09541282  2.3% 1.67 [1.39, 2.02] -
2015, Gao 0.20863886 0.30796724  1.3% 1.23[0.67, 2.25] T
2015, Chen 1.13943428 0.23374764 1.6% 3.12[1.98, 4.94] -
2015, Berlth 0539996 0.12489692  2.2% 1.72 [1.34, 2.19] -
2014, Yuan 179425635 0.70453653  0.4%  6.01[1.51,23.93] S —
2014, Yang 0.57661336 027446961  1.5% 1.78 [1.04, 3.05] —
2014, Suh 059332684 051297307  0.7% 1.81[0.66, 4.95] S
2014, Li3 0.19392069 0.26110144  1.5% 1.21[0.73, 2.03] -T—
2014, Li2 079299252 0.27106077  1.5% 2.21[1.30, 3.76] —_—
2014, Lit 0.9858168 0.45906311  0.8% 2,68 [1.09, 6.59]
2014, Kim 0.39877612 0.26039591  1.5% 1.49[0.89, 2.48] T
2013, Zhang 0.8578138 0.36381302  1.1% 2.36 [1.16, 4.81] _—
2013, Zhan2 0.40546511 0.39690144  1.0% 1.50 [0.69, 3.27] T
2013, Zhant 0.07696104 0.45134863  0.8% 1.08 [0.45, 2.62] e
2013, Ramani 05988365 1.1419357 02%  1.82[0.19, 17.06]
2013, Lu 0.05921186 0.17087259  2.0% 1.06 [0.76, 1.48] -
2013, Kwon -0.69314718 1.29023645  0.1% 0.50 [0.04, 6.27]
2013, Kim2 0.2904283 0.19408834  1.9% 1.34[0.91, 1.96] —'—
2013, Kim1 061518564 0.89158181 0.3%  1.85[0.32, 10.62] — T
2013, Karachaliou 0.32930375 0.16457601  2.0% 1.39[1.01, 1.92] —
2013, Hjerpe 0.09531018 0.37796034  1.0% 1.10[0.52, 2.31] I
2013, Grimm2 126172271 036312312 1.1% 3.53[1.73, 7.20]
2013, Cho 0.3074847 0.88043608  0.3% 1.36 [0.24, 7.64]
2012, Wang 056474547 022728321  1.7% 1.76 [1.13, 2.75] —
2012, Sasaki 049469624 0.29463399  1.4% 1.64[0.92, 2.92] T
2012, Lim -0.08338161 0.17682326  1.9% 0.92 [0.65, 1.30] -
2012, Kwee 048242615 0.24375292  1.6% 1.62[1.00, 2.61] —
2012, Jang 1.04556307 0.43878415  0.9% 2.85[1.20, 6.72] —_—
2012, Gong 0.71735187  0.3550157 1.1% 2.05[1.02, 4.11] —
2012, Fritz 0.10436002 0.13799882  2.1% 1.11[0.85, 1.45] T
2011, Qiu 124559448 0.40732073  1.0% 3.47 [1.56, 7.72] —_—
2010,Ayala 06590732 027888672  1.4% 1.93[1.12, 3.34] —_—
2010, Zhuang 115373159 1.05264634 0.2%  3.17 [0.40, 24.95] —_— T
2010, Sung4 0.84586827 0.23478675  1.6% 2.33 [1.47, 3.69] —_—
2010, Sung3 055388511 0.25280144  1.6% 1.74 [1.06, 2.86] —
2010, Sung2 040546511  0.2450158  1.6% 1.50 [0.93, 2.42] —
2010, Sung1 041551544 043322281  0.9% 0.66 [0.28, 1.54] —
2010, Kayser -0.5798185 0.23520121  1.6% 0.56 [0.35, 0.89] —_
2010, Danner2 -0.69314718 04715446  0.8% 0.50 [0.20, 1.26] T
2010, Dannert 0.03922071 0.14994558  2.1% 1.04[0.78, 1.40] T
2010, Benesch 0.30010459 0.28679967  1.4% 1.35[0.77, 2.37] T
2009, Koukourakis2 0.26236426 0.84340659  0.3% 1.30[0.25, 6.79] ——
2009, Koukourakis 1 -0.30110509 057764385  0.6% 0.74 [0.24, 2.30] e
2009, Fenske2 1.84687877 0.36373092 1.1%  6.34[3.11, 12.93] I
2009, Fenske1 0.37156356 0.33058936  1.2% 1.45[0.76, 2.77] T
2008,Zhou 0 00330444  25% 1.00 [0.94, 1.07]
2008, Kolev 091228271 0.36639153  1.1% 249121, 5.11] —_—
2007, Rho 0.38390093 0.22638471  1.7% 1.47[0.94, 2.29] —
2007, Mori 147682039 0.64693887 0.5%  4.38[1.23, 15.56]
2007, Lyshchik 026236426 0.1961375  1.8% 1.30 [0.89, 1.91] T
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2006, Koukourakis 042526774 111541373  0.2%  1.53[0.17,13.62]
2006, Giatromanolaki 0.39204209 1.19653827  0.2%  1.48[0.14, 15.44]
2003, Koukourakis 0.31481074 0.32107567  1.3% 1.37[0.73, 2.57] -
2003, Hoskin 11442228 0.53687007  0.7% 3.14[1.10, 8.99] —_—
2002,Baer 0 0.03064906  2.5% 1.00 [0.94, 1.06]
2002, Kim 073236789 0.41517734  0.9% 2,08 0.92, 4.69] T
2002, Kang 0.09531018 0.75433455  0.4% 1.10[0.25, 4.82] ——
2001, Kawamura 0.3435897 0.15585117  2.1% 1.41[1.04,1.91] —
2001, Furudoi 136097655 0.33591973  1.2% 3.90 [2.02, 7.53] —_—
Total (95% Cl) 100.0% 1.65 [1.50, 1.82] ¢
Heterogeneity: Tau? = 0.10; Chi? = 327.47, df = 81 (P < 0.00001); I* = 75% 0_65 0?2 1 é 2:0

Test for overall effect: Z = 9.96 (P < 0.00001)
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P=0.000; I>=74%, P=0.000) (Fig. 2b). A significant
association also found between glycolysis-related proteins
and PFS with significant heterogeneity (HR 2.48, 95%
CI=1.66-3.70, P=0.000; I*=62%, P=0.020) (Fig. 2c).

Correlation of the key glycolytic transcriptional
regulators with survival

Some included studies have reported the key glycolytic
transcriptional regulators such as HIF-1a (Kolev et al.
2008; Qiu et al. 2011; Andersen et al. 2011; Kim et al.
2002, 2013a, b; Kwon et al. 2013; Berlth et al. 2015; Star-
ska et al. 2015; Bostrom et al. 2016; Goos et al. 2016;
Swartz et al. 2016) and p53 (Dong et al. 2016; Kang
et al. 2002; Sung et al. 2010). We analyze the association
between prognosis and key glycolytic transcriptional regu-
lators (HIF-1a, p53) in parallel to the glycolysis-related
proteins. All characteristics of the studies for glycolytic
transcriptional regulators are listed in Table 4. The pooled
results identified that high-level expression of HIF-1a was
significantly associated with shorter overall survival (HR
0.57, 95% CI 0.42-0.79, P <0.001, I>=64%, P=0.01)
(Supplemental Fig. 1A), and shorter disease-free sur-
vival (HR 0.54, 95% CI 0.37-0.77, P <0.001, I*=41%,
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P=0.14) (Supplemental Fig. 1B), and mutation of p53
was significantly associated with shorter overall survival
(HR 0.38, 95% CI 0.28-052, P <0.001, >=19%, P=0.27)
(Supplemental Fig. 2).

Correlation of the key glycolytic transcriptional
regulators with glycolysis-related proteins

The correlation of the key glycolytic transcriptional regu-
lators with glycolysis-related proteins is shown in Table 5.
Significant correlation was found between Glc6PDH and
pS53 (Dong et al. 2016), while no significant correlation was
observed between GLUT1 and p53 (Kang et al. 2002; Kim
et al. 2002; Sung et al. 2010). For HIF-1a, it was found to
have significant correlation with LDHS (Kolev et al. 2008)
and HK-II (Qiu et al. 2011), and some studies found that
HIF-1a have significant correlation with GLUT1 (Kim et al.
2013a, b; Kwon et al. 2013; Berlth et al. 2015; Starska et al.
2015; Goos et al. 2016) while some studies did not support
this conclusion (Andersen et al. 2011; Bostrom et al. 2016;
Swartz et al. 2016).
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Table 3 Stratified analysis for OS
Stratified analysis Number of Number of Pooled HR (95% CI) P value Heterogeneity

studies patients )

I~ (%) P value

Antibodies
GLUT1 23 3580 1.77 (1.50-2.08) 0.000 43 0.010
GLUT3 4 369 1.05 (0.94-1.18) 0.390 70 0.020
HKII 9 1320 2.17 (1.72-2.74) 0.000 15 0.310
LDHS5 10 1701 1.08 (0.83-1.41) 0.560 43 0.050
PYK-M2 18 3359 1.71 (1.46-1.99) 0.000 49 0.007
TKTL1 4 535 1.62 (0.96-2.74) 0.070 75 0.007
Glc6PDH 3 315 2.01 (1.37-2.95) 0.000 0 0.510
PDK-1 3 823 1.61 (1.14-2.25) 0.006 16 0.300
Study location
Asian 49 8652 1.75 (1.53-2.01) 0.000 76 0.000
Europe 20 2793 1.41 (1.15-1.73) 0.001 63 0.000
America 4 464 1.46 (0.98-2.18) 0.07 79 0.002
Sample size
>100 48 10,074 1.72 (1.54-1.92) 0.000 58 0.000
<100 26 1928 1.34 (1.17-1.54) 0.000 60 0.000
Categories of diseases
Colorectal cancer 4 648 2.33 (1.38-3.93) 0.002 52 0.100
Gastric cancer 12 2803 1.55(1.31-1.82) 0.000 39 0.080
Lung cancer 7 1129 1.03 (0.80-1.32) 0.810 57 0.020
Cancer of gallbladder and bile duct 4 521 2.16 (1.70-2.75) 0.000 0.0 0.950
Oral cancer 7 924 2.07 (1.32-3.25) 0.002 84 0.000
Esophageal cancer 5 726 1.66 (1.25-2.21) 0.001 9.0 0.360
Hepatocellular carcinoma 6 1635 2.04 (1.64-2.54) 0.000 46 0.100
Breast cancer 7 1327 1.67 (1.34-2.08) 0.000 0.0 0.430
Pancreatic cancer 7 508 1.72 (1.39-2.13) 0.000 14 0.320
Ovarian cancer 3 214 1.32 (0.75-2.31) 0.340 0.0 0.740
Melanoma 2 192 1.31 (0.46-3.70) 0.610 0.0 0.330
Nasopharyngeal carcinoma 2 222 3.59 (1.75-7.36) 0.001 0.0 0.470
Quality of studies
High quality 62 9883 1.77 (1.61-1.95) 0.000 40 0.000
Moderate quality 12 2119 1.19 (1.03-1.36) 0.020 72 0.000

Correlation of glycolysis-related proteins
with clinicopathological features

The results showed that significant associations existed
between glycolysis-related proteins and biologically aggres-
sive phenotypes such as large tumor size (pooled OR 2.06,
95% CI 1.80-2.37) (Fig. 3a), poor tumor differentiation
(pooled OR 1.81, 95% CI 1.46-2.25) (Fig. 3b), advanced
tumor stage (pooled OR 1.58, 95% CI 1.19-2.09) (Fig. 3c¢),
deeper invasion (pooled OR 2.37, 95% CI 1.93-2.91)
(Fig. 3d), positive lymph node metastasis (pooled OR 2.73,
95% CI 2.16-3.46) (Fig. 3e), and positive vascular invasion
(pooled OR 2.05, 95% CI 1.37-3.07) (Fig. 3f). Significant
association did not exist between glycolysis-related proteins

and male gender (pooled OR 1.11, 95% CI 0.99-1.25)
(Fig. 3g), while no significant association was found between
glycolysis-related proteins and age (pooled OR 0.99, 95% CI
0.83-1.18) (Fig. 3h).

Meta-regression and sensitivity analysis

Due to the high heterogeneity in the analysis of correlation
of prognosis and glycolysis-related proteins, subgroup analy-
sis (Tables 3, 6, 7) and meta-regression model were applied
utilizing the variables as antibody subtypes, disease sub-
types, geographic region, sample size and study quality to
explore the potential source of heterogeneity found in these
analyses. The results showed no variables contributing to the
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Table 5 Correlation between glycolytic transcriptional regulators and glycolytic proteins in this analysis

Reference Country Study design Cancer types Glycolytic proteins Recruitment time Conclusion
HIF-1a
Kolev et al. (2008) Japan R Gastric carcinoma LDHS5 1992-1999 Positive
Qiu et al. (2011) China R Gastric carcinoma HK-IT 1999-2001 Positive
Andersen et al. (2011) Norway R Squamous cell lung cancer ~ GLUTI1 1990-2004 Negative
Kwon et al. (2013) Korea R Phyllodes tumors GLUT1 2000-2010 Positive
Kim et al. (2013) Korea R Cervical cancer GLUT1 1996-2010 Positive
Berlth et al. (2015) Germany R Gastric Adenocarcinoma GLUT1 1996-2007 Positive
Goos et al. (2016) Dutch R Colorectal cancer GLUT1 1990-2010 Positive
Starska et al. (2015) Poland R Laryngeal cancer GLUTI1 2003-2011 Positive
Swartz et al. (2016) Netherland R Oropharyngeal squamous GLUT1 1997-2011 Negative
cell carcinomas
Bostrom et al. (2016) Canada R Bladder cancer GLUT1 NR Negative
Bostrom et al. (2016) Finland R Bladder cancer GLUT1 NR Negative
P53
Kim et al. (2002) Korea R Gallbladder cancer GLUT1 1981-1999 Negative
Kang et al. (2002) Korea R Breast cancer GLUTI1 1996-1997 Negative
Sung et al. (2010) Korea R Ampulla of vater cancer GLUTI1 1983-2007 Negative
Sung et al. (2010) Korea R Pancreatic cancer GLUTI1 1983-2007 Negative
Sung et al. (2010) Korea R Extrahepatic bile duct cancer GLUT1 1983-2007 Negative
Sung et al. (2010) Korea R Gallbladder cancer GLUTI1 1983-2007 Negative
Dong et al. (2016) China R Breast cancer Glc6PDH 2003-2009 Positive

heterogeneity. Sensitivity analysis was performed by sequen-
tially omitting each study. For the meta-analyses between
prognosis and glycolysis-related proteins, the pooled HR and
95% CI were not obviously influenced by removing any sin-
gle study in OS (Fig. 4a). But the result of sensitivity analy-
sis indicated that the study published by Sebastiani et al.
(2004) in DFS and Karachaliou et al. (2013) in PFS signifi-
cantly influenced the pooled HR (Fig. 4b, c). After exclud-
ing the studies by Sebastiani et al. (2004) and Karachaliou
et al. (2013), the meta-analyses of the remaining studies
were stable. The pooled HRs for DFS changed from 2.27
(95% CI1.72-2.99, P <0.001) to 2.40 (95% CI 1.84-3.13,
P <0.001), and the pooled HR for PFS altered from 2.48
(95% CI 1.66-3.70, P <0.001) to 2.79 (95% CI 2.22-3.51,
P <0.001). For the meta-analyses between clinicopathologi-
cal features and glycolysis-related proteins, the results were
similar after the sequential exclusion of each study, which
suggested the stability of meta-analyses (Fig. 4d—k).

Publication bias

Begg’s test, Egger’s test and funnel plot were conducted to
estimate the publication bias of the included studies. For
the correlation between prognosis and glycolysis-related
proteins, the results of Begg’s test and the shape of fun-
nel plot presented us with no significant publication bias

for OS (P=0.246), DFS (P=0.284), and PFS (P=1.000)
(Fig. 5a—c). Further Egger’s tests showed the similar result.
As to the correlation between clinicopathological features
and glycolysis-related proteins, no evidence of publication
bias for other meta-analyses was observed except for lymph
node metastasis (P=0.007) (Fig. 5d-k). For the correlation
between prognosis and the key glycolytic transcriptional
regulators, no evidence of publication bias was observed
(Supplemental Figs. 3A, B, 4).

Discussion

The phenomenon, increased glucose uptake in cancer cells
in normoxic condition, was originally found by Otto War-
burg and have been clinically exploited to detect tumor cells
by positron-emission tomography (PET). Evidence sug-
gested that overexpression of glycolytic enzymes signifi-
cantly associated with high 18F-FDG uptake (Fong et al.
1999; Lubezky et al. 2007; Brito et al. 2015; Cho et al. 2015;
Cavalcante et al. 2016). Metabolic genes, especially glyco-
lytic genes, held immense potential as ideal biomarkers for
diagnosis and prognosis in tumors. Quite a few studies were
carried out to assess the probability. However, inconsist-
ent results were found in different studies (Baer et al. 2002;
Koukourakis et al. 2003, 2006, 2009; Giatromanolaki et al.
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a Experimental  Control Odds Ratio 0Odds Ratio
2001, Furudoi 27 66 20 8 53%  136[0.70,2.64] —
2002, Kang 35 62 12 37 23%  270[1.15,633] —
2007, Mori 13 32 0 17 0.1% 24.23[134,438.40] —
2008, Kolev 51 72 43 80 42%  209[1.07,4.09] —
2009, Koukourakis1 48 64 26 38 29%  138[057,3.36 T
2009, Koukourakis2 18 27 5 10 09%  200[046,875] 1T
2010, Sung1 15 23 22 43 19%  1.79(0.63,5.09] T
2010, Sung2 18 37 15 03% 379[0.39,37.20] —

2010, Sung3d 20 51 1351 28%  1.89[0.81,439] T
2011, Qiu 3% o7 4 88 09% 1239[4.19,36.65 _—
2012, Gong 29 56 25 41 50%  0.69(030, 1.56] -

2012, Kwee % 7 32 80 53%  154[081,2.94 T
2012, Wang 49 62 67 105 37%  214[1.03,4.43] —
2013, Grimm2 33 55 35 106 34%  3.04[155,597] —
2013, Maki 14 28 14 77 13%  450(1.76,11.52)

2013, Zhant 121 142 46 66 33%  2.51(124,5.08] —
2013, Zhang 0 41 32 45 29%  1.11(0.43,285] -1
2014, Lit 17 2 9 20 13%  231[070,7.63 T
2014, Li2 24 30 21 50 11% 552[192, 1588 —
2014, Li3 21 32 38 111 21%  367[1.60,840] —
2014, Yuan 9 16 33 47 26%  055[0.17,1.76] —

2015, Chen 49 126 28 110 65%  186[1.07,3.26] —
2015, Gao 13 24 34 100 24%  2.29(0.93,5.66] —
2015, Huang 35 53 42 79 41%  1.71(0.83,352 T
2015, Iwasaki 23 27 7 27 09% 338[091,1264] 1

2015, Liu 38 124 51 243 85%  166[1.02,272 —
2015, Ogawa 1M 18 10 18 14%  1.26(0.33,4.74] T
2015, Osugi 45 63 30 71 29%  342[166,7.03 —
2015, Pu 6 8 11 12 08% 027[002367) [
2015, Song 4 51 22 50 26%  255[1.14,5.70] —
2015, Starska 57 67 32 39 22%  125[043,359 T
2015, Wang1 9 30 39 81 53%  046[0.19,1.13 7

2015, Yut 50 85 12 21 28%  107(041,282 -1
2015, Zhao 41 53 49 79 32%  209[0.95,4.60] —
2016, Lu 31 3 8 18 04%  9.69[240,39.13]

2016, Zhang2 26 40 40 115 26%  348[1.64,7.41) —_—
Total (95% Cl) 1894 2266 100.0%  2.06 [1.80, 2.37] ¢

Total events 132

Heterogeneity: Chi* = 66.84, df = 35 (P = 0.0009); I = 48%

Test for overall effect: Z = 10.26 (P < 0.00001) oot o1 ! 1o 100

c Experimental  Control Odds Ratio Odds Ratio
2001, Kawamura 17 89 26 87 27% 0.55(0.28, 1.12]

2002, Kim 1n 3% 97 11% 0.17(0.02,1.38]

2002, Mineta o 17 3 & 22% 1.37 [0.48, 3.90] 1T
2007, FOLDI 8 20 48 104 23% 0.78[0.29, 2.06] T
2008, Kolev 39 48 55 104 25% 386(1.70,8.77) —_—
2010,Ayala 2 3 28 105 17% 0.16 (0.04, 0.70] —_—
2011, Qiu 14 97 26 9 26% 042(0.20,0.87] —_—
2012, Gong 38 68 16 29 24% 1.03[0.43, 2.47) 1
2012, Kwee 64 142 8 15 22% 0.72(0.25, 2.09] 1
2012, Lim 76 194 68 174 30% 1.00 (0.6, 1.53] T
2012, Sasaki 81 122 57 161 29% 3.60(2.20,5.92)

2012, Wang 45 T4 0TI 93 27% 0.48(0.25, 0.94] —
2013, Grimm1 2 e 17 99 27% 2.57 131, 5.06]

2013, Lu 88 122 54 144 29% 4.31(256,7.26]

2013, Zhant 98 130 69 78 25% 040(0.18, 0.89] —
2014, Kim 71 115 148 263 29% 1.25[0.80, 1.96]

2014, Li1 3 12 28 3 17% 0.16 (0.04, 0.71] —_—
2014, Li3 47 80 12 61 26% 5.82(2.69, 12.59]

2014, Sawayama 20 47 21 98 26% 2.72(1.28,5.77]

2014, Suh 3% 62 19 48  26% 2.11(0.98, 4.55]

2014, Yang 40 45 25 75 22%  16.00[5.62,45.56]

2014, Yuan 2 3 20 29 22% 0.82(0.29, 2.37) —
2015, Berlth 47 86 15 38 26% 1.85(0.85, 4.02) T
2015, Chen 25 49 52 187 27% 270 (1.42, 5.15]

2015, Gao 35 64 12 60 25% 4.83[2.17,10.76]

2015, Huang 4 62 3T 70 26% 1,62 0.80, 3.27] T
2015, Iwasaki 15 15 25 39 07%  17.63[0.98,316.86]

2015, Liu 12 54 77 313 27% 0.88(0.44, 1.75] T
2015, Lockney 44 86 17 20 25% 0.74(0.32,1.73] 1
2015, Ogawa 19 28 2 8 14% 6.33[1.06, 37.78]

2015, Osugi 2 50 43 84 26% 1.70 (0.83, 3.48] 1
2015, Pu 8 8 9 12 06%  6.26[0.28 13963 —
2015, Schiosser 64 100 35 50 26% 0.76 (037, 1.58]

2015, Song 37 86 19 45 25% 2.66(1.19,5.99]

2015, Wang1 42 58 21 53 25% 4.00 (180, 8.87]

2015, Wang2 38 42 57 8 21% 4.83[1.57, 14.86]

2015, Yut 10 28 52 78 24% 0.28(0.11, 0.69]

2015, Zhao 46 62 44 70 26% 1.70 [0.80, 3.59]

2016, Dai 21 857 2 25 16% 6.71[1.44,31.35)

2016, Katagir 57 93 43 102 28% 2.7 (1.2, 3.85]

2016, Lu 28 31 1Moo2 7% 9.33[2.18, 39.98]

2016, Mohammad 8 11 8 16 15% 267051, 13.88]

2016, Zhang1 81 128 11 12 12% 0.16 [0.02, 1.25]

2016, Zhang2 2 3% 44 119 26% 2.68(1.24,5.76)

Total (95% CI) 2862 3589 100.0% 1.58 [1.19, 2.00]

Total events 1582 1520

Heterogeneity: Tau® = 0.64; Chi? = 211.13, df = 43 (P < 0.00001); I* = 80%
Test for overall effect: Z = 3.21 (P = 0.001)

Fig.3 Forest plot of hazard ratio (HR) for the association between
glycolysis-related proteins and clinicopathological features: large
tumor size (a), poor differentiated tumors (b), advanced tumor stage
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2012, Gong 0 72 14 25 17%  098(039,246]
2012, Lim 92 22 52 16 70%  128(083,197]
2012, Wang 80 1 36 56 2.5% 1.43[0.72, 2.85]
2013, Grimm2 49 122 19 30 33%  071(034,146]
2013, Lu 81 151 61 115 61%  102(063,167]
2013, Maki 21 48 7 56 0.7% 5.44 [2.05, 14.45]
2013, Zhant 134 162 3B 48 17%  218[1.04,453]
2013, Zhang 46 64 16 22 13% 096032 284]
2014, Kim 164 2717 55 101 6.2% 1.21[0.77,1.92]
2014, Li3 8 &7 21 54 28%  122(061,243
2014, Sawayama a2 7 23 16%  088[0.33,234)
2014, Yang 40 80 25 40 3.2% 0.60 [0.28, 1.30]
2014, Yuan 24 3 18 26 14%  082(028,240]
2015, Berith 49 93 13 31 17% 154068351
2015, Chen 65 206 12 30 2.7% 0.69 [0.31, 1.52)
2015, Gao 33 84 14 40 22% 120055263
2015, Liu 80 319 9 48 22%  145[0.67,3.13)
2015, Ogawa 2 2 9 15 09%  089[0.23,342)
2015, Osugi 60 92 15 42 14%  338[157,7.24]
2015, Song 35 62 21 39 21% 1.11[0.50, 2.49]
2015, Wang1 2% 50 37 61 30%  070(033150]
2015, Wang2 57 73 38 55 18% 159072353
2015, Yu1 35 57 27 49 21% 1.30 [0.60, 2.81]
2016, Dai 15 54 8 28 14%  096[0.35 265
2016, Katagri 57 M7 43 78 50%  077(044,137]
2016, Lu 21 29 18 24 1.0% 0.88 [0.26, 3.00]
2016, Mohammad 2% 39 21 33 15%  102(039,268]
2016, Zhang1 70 107 2 3 22%  095(041,2.16]
2016, Zhang2 51 125 15 30 2.7% 0.69[0.31, 1.53]
Total (95% CI) 4165 1934 100.0%  1.11[0.99,1.25] ‘
Total events 2047 939

Heterogeneity: Chi* = 47.57, df = 43 (P = 0.29); I = 10%

Test for overall effect: Z = 1.78 (P = 0.07) 001 o1 1 10 100

Fig.3 (continued)

2006; Foldi et al. 2007; Rho et al. 2007; Kolev et al. 2008;
Zhou et al. 2008; Ayala et al. 2010; Benesch et al. 2010;
Danner et al. 2010; Kayser et al. 2010; Zhuang et al. 2010;
Qiu et al. 2011; Fritz et al. 2012; Gong et al. 2012; Kwee
et al. 2012; Lim et al. 2012; Wang et al. 2012, 2015a, b;
Grimm et al. 2013a, b; Hjerpe et al. 2013; Karachaliou et al.
2013; Kim et al. 2002, 2013, 2014; Lu et al. 2013, 2016;
Sato-Tadano et al. 2013; Zhan et al. 2013; Zhang et al. 2013,
2016a, b; Li et al. 2014a, b; Suh et al. 2014; Yang et al.
2014; Yuan et al. 2014; Chen et al. 2015; Gao et al. 2015;
Hu et al. 2015; Huang et al. 2015; Liu et al. 2015; Lockney
et al. 2015; Ogawa et al. 2015; Pu et al. 2015; Song et al.
2015; Yu et al. 2015a, b; Zhao et al. 2015; Dai et al. 2016;
Dong et al. 2016; Katagiri et al. 2016; Mohammad et al.
2016; Schlosser et al. 2017; Furudoi et al. 2001; Kawamura
et al. 2001; Kang et al. 2002; Mineta et al. 2002; Hoskin
et al. 2003; Sebastiani 2004; Lyshchik et al. 2007; Mori et al.
2007; Fenske et al. 2009; Sung et al. 2010; Andersen et al.

Experimental Control Odds Ratio Odds Ratio
2002, Kang 2 44 24 56 21% 1.46[0.66, 3.23] T
2002, Kim 19 40 18 31 18% 0.65(0.25, 1.68] —T
2002,Baer 20 32 10 16 1.3% 1.00 [0.29, 3.45) I
2003, Koukourakis 82 107 16 21 1.5% 1.02[0.34, 3.08] A G
2007, Mori 12 28 1 21 0.6% 15.00 [1.76, 127.91]
2008, Kolev a7 75 41 77 24% 1.07[0.56, 2.06] T—
2009, Koukourakis1 3 51 38 51 19% 0.82(0.34, 1.96] —
2009, Koukourakis2 16 24 8 15 12% 1.75[0.47, 6.57] N
2010, Sung1 21 35 17 32 1.7% 1.32[0.50, 3.49] -
2010, Sung2 12 26 15 26 15% 063(0.21, 1.88] — 1
2010, Sung3 18 61 20 60 22% 0.84[0.39, 1.81] —T
2010, Sung4 24 58 28 56 22% 0.71(0.34, 1.48) —
2011, Qiu 19 89 21 99 23% 1.01[0.50, 2.03) 1
2012, Gong 28 58 15 39 2.0% 1.49 (0.65, 3.41] T
2012, Jang 51 135 55 141 2.8% 0.95 [0.58, 1.54] -1
2012, Kwee 2% 55 50 104 24% 0,68 [0.35, 1.32) -
2012, Lim 64 138 80 230 3.0% 1.62[1.05, 2.49) —
2012, Sasaki 82 157 56 126 29% 137 [0.85, 2.19) —
2012, Wang 51 69 65 98 2.4% 1.44(0.73, 2.84] T
2013, Grimm2 33 81 35 80 2.5% 0.88 [0.47, 1.65) -
2013, Lu 37 67 87 199 2.7% 1.59 (0.91, 2.77] [
2013, Maki 14 53 14 52 19% 097 (0.41, 2.31) —
2013, Ramani 25 55 19 41 21% 0.96(0.43, 2.17) T
2013, Zhan1 144 182 23 28 1.6% 0.820.29, 2.31] I
2013, Zhang 32 45 29 41 1.8% 1.02 [0.40, 2.59] -
2014, Kim 17 192 102 186 3.0% 1.28 (0.85, 1.93] [
2014, Li3 7 T 2 64 24% 1.77 [0.89, 3.49) —
2014, Sawayama 20 77 211 258 26% 0.08(0.04, 0.14] -
2014, Suh 29 60 26 50 2.2% 0.86 [0.41, 1.83] /1
2014, Yang 40 70 25 50 22% 1.33 (0.64, 2.76] T
2014, Yuan 19 27 23 3% 16% 134046, 3.91) —T
2015, Chen 27 15 50 121 27% 0.4 [0.25,0.76) —
2015, Gao 2% 62 21 62 22% 1.41[0.68, 2.92) T
2015, Huang 45 83 32 49 22% 0.63(0.30, 1.31) —
2015, Liu 44 212 45 156 2.9% 0.64 [0.40, 1.03) -
2015, Ogawa 1" 20 10 16 1.2% 0.73[0.19, 2.81]) [
2015, Osugi 46 74 29 60 23% 1.76[0.88, 3.50] e
2015, Pu 4 6 4 14 06% 5.000.64, 39.06] i
2015, Song 24 44 32 57 21% 0.94 [0.43, 2.07) -1
2015, Wang1 32 54 31 5T 22% 1.22(0.57, 259) IT—
2015, Wang2 52 67 43 61 21% 1.45 (066, 3.21) T
2015, Yul 23 56 21 50 21% 0.96 [0.44, 2.09] .
2015, Zhao 53 83 37 49 21% 0.57 [0.26, 1.26] -/
2016, Dai 9 36 14 46 1.7% 0.76 [0.29, 2.03) -1
2016, Dong 65 134 70 161 2.9% 1.22[0.77, 1.94] T
2016, Lu 20 25 19 28 13% 1.89 (054, 6.68] I
2016, Zhang1 42 61 50 79 23% 1.28(0.63, 2.61) -T—
2016, Zhang2 43 13 23 42 2.3% 0.51[0.25, 1.04] /]
Total (95% CI) 3513 3491 100.0% 0.99[0.83, 1.18] 4
Total events 1764 1740
Heterogeneity: Tau® = 0.22; Chi* = 126,25, df = 47 (P < 0.00001); I* = 63% b

3
2
°

Test for overall effect: Z = 0.16 (P = 0.87)

2011; Kitamura et al. 2011; Jang et al. 2012; Sasaki et al.
2012; Cho et al. 2013; Kwon et al. 2013; Maki et al. 2013;
Ramani et al. 2013; Sawayama et al. 2014; Berlth et al. 2015;
Iwasaki et al. 2015; Osugi et al. 2015; Starska et al. 2015;
Bostrom et al. 2016; Goos et al. 2016; Swartz et al. 2016;
Yan et al. 2016).

Our meta-analysis demonstrated that glycolysis-related
proteins is significantly associated with biologically
aggressive phenotypes such as larger tumor size, poor
tumor differentiation, advanced tumor stage, deeper inva-
sion, positive lymph node metastasis and positive vascular
invasion. The results demonstrated that increased glycoly-
sis was significantly linked with poor prognosis. Notably,
we found that a significant link between glycolysis-related
proteins and overall survival existed in cancers of the
digestive system, including colorectal cancer, gallbladder
cancer, bile duct cancer, esophageal cancer, hepatocellular
cancer and pancreatic cancer. Subsequent pooled results
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Table 6 Stratified analysis for

DFS Stratified analysis Nur‘r}ber of Number of Pooled HR (95% CI) P value Heterogeneity
studies patients y
I (%) P value
Antibodies
GLUTI1 10 1785 1.97 (1.33-2.91) 0.001 62 0.002
HKII 2 313 2.55 (1.49-4.73) 0.001 0.0 0.920
LDHS5 814 3.84 (1.19-12.35) 0.02 89 0.000
PYK-M2 3 858 2.13 (1.35-3.37) 0.001 57 0.100
Study location
Asian 14 3380 1.86 (1.54-2.23) 0.000 15 0.290
Europe 5 819 2.93 (1.23-6.99) 0.020 92 0.000
Sample size
>100 19 4210 2.23 (1.67-2.98) 0.000 75 0.000
<100 2 181 2.86 (1.60-5.11) 0.000 0.0 0.910
Categories of diseases
Gastric cancer 1151 1.62 (1.21-2.17) 0.001 12 0.320
Breast cancer 3 728 1.98 (1.15-3.40) 0.010 0.0 0.610
Quality of studies
High quality 16 3625 2.53 (1.83-3.49) 0.000 70 0.000
Moderate quality 5 766 1.52 (1.01-2.27) 0.040 57 0.050
;anSIe 7 Stratified analysis for Stratified analysis Number of Number of Pooled HR (95% CI) P value  Heterogeneity
studies patients y
I (%) P value
Antibodies
HKII 382 2.96 (1.96-4.48) 0.001 0.0 0.730
PYK-M2 359 1.88 (0.95-3.72) 0.070 90 0.002
Sample size
>100 677 2.74 (2.18-3.46) 0.000 0.0 0.850
<100 3 139 2.64 (0.60-11.74) 0.200 53 0.120
Categories of diseases
Cervical cancer 187 2.91 (1.56-5.46) 0.001 0.0 0.890
Breast cancer 2 315 4.06 (1.00-16.55) 0.050 51 0.150

showed that there was a significant association between
glycolysis-related proteins and DFS as well as PFS.
Results above showed that higher activated glycolysis
was obviously correlated with poor prognosis. Accumulat-
ing data supported that increased metabolic activity and
glucose consumption had been linked to tumor aggres-
siveness. The incorporation of molecular assessment has
become part of routine practice for therapeutic stratifica-
tion, current treatment algorithms for most of cancers still
depend on only imaging and histological assessments to
guide treatment and help classify prognosis. It is benefi-
cial to stratify patients and to develop subgroup-specific
therapies. Moreover, glycolysis was independent of intact
mitochondrial function, which was reported dysfunction
in some cancer cells (Zhang et al. 2013a, b). During the
process of glycolysis, glucose was converted into lactate
whose export subsequently created an acidic extracellular

@ Springer

environment. Acidification of the cellular matrix by lac-
tate production during glycolysis was probably one of
the main factors that accelerated cancer aggressiveness
(Stubbs et al. 2000). Therefore, it may be the reason that
why glycolytic status was significantly associated with
biologically aggressive phenotypes.

In subgroup analysis, we found that significant link
between glycolysis-related proteins and overall survival
existed in cancers of digestive system. Significant link also
existed in relation between overall survival and glycolysis-
related proteins in breast cancer and nasopharyngeal carci-
noma. However, there was no significant association between
prognosis and glycolysis-related proteins in lung cancer,
ovarian cancer, and melanoma. Due to insufficient data in
ovarian cancer and melanoma, the association between prog-
nosis and glycolysis-related proteins was still obscure and
the results should be taken into careful consideration. As for
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Fig.4 Sensitivity analysis was performed in present studies for glycolysis-related proteins. a OS; b DFS; ¢ PFS; d tumor grade; e tumor stage; f
depth of invasion; g lymph node metastasis; h age; i gender; j vascular invasion; k tumor size

lung cancer, there were several subtypes of lung cancer and
the prognosis differed significantly among subtypes of lung
cancer. Therefore, the association between glycolysis-related
proteins and lung cancer is still unclear.

In the included studies, significant correlation was found
between Glc6PDH and p53. HIF-1a was found to have a
significant correlation with LDHS and HKII, and some

studies found that HIF-1a has a significant correlation
with GLUT1. The association between prognosis and key
glycolytic transcriptional regulators was analyzed in paral-
lel to the glycolysis-related proteins with the data from the
included studies. And we found that high-level expression of
HIF-1a and mutation of p53 was significantly associated with
shorter overall survival which has the same conclusion with
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Table 8 Drugs in development in patients with cancer in glycolysis (http://www.clinicaltrials.gov)

Targets Corresponding chemicals Development stage Trial ID number Cancer types
GLUTs Resveratrol Phase 1 NCT00256334 Colon cancer
Phase 1/Phase 2 NCTO02261844 Liver cancer
Phase 1 NCT00098969 Unspecified adult solid tumor
HKII 2-Deoxyglucose Phase 1/Phase 2 NCT00633087 Prostate cancer
Phase 1 NCT00247403 Intracranial neoplasms, neoplasm metastasis
Phase 1 NCTO00096707 Lung cancer, breast cancer, pancreatic cancer, head and
neck cancer, gastric cancer
Phase 2 NCT00001568 Colorectal neoplasm
Phase 3 NCT00435448 Prostate cancer
Resveratrol Phase 1 NCT00256334 Colon cancer
Phase 1/Phase 2 NCT02261844 Liver cancer
Phase 1 NCT00098969 Unspecified adult solid tumor
PFK Sulforaphane Phase 2 NCT01228084 Adenocarcinoma of the prostate, recurrent prostate cancer
Phase 2 NCT00982319 Breast cancer
PK siRNA Phase 1 NCTO01591356 Advanced cancers
MCT1 AZD3965 Phase 1 NCT01791595 Adult solid tumor, prostate cancer, gastric cancer, diffuse
large B-cell lymphoma
PDK Dichloroacetate Phase 2 NCT01029925 Metastatic breast cancer
Phase 2 NCT01386632 Squamous cell carcinoma of the head and neck
Phase 1 NCTO01111097 Brain tumor, glioblastoma
Phase 1 NCT00566410 Neoplasms

glycolysis-related proteins. These results provide a more solid
support that glycolysis-related proteins were regulated by key
glycolytic transcriptional regulators and played important
roles in glycolysis which can be used as predictors for sur-
vival in cancers. Recently, there has been growing interest in
understanding cancer altered metabolism and targeting cancer
metabolism holds a promising strategy for cancer treatment.
Evidence showed that inhibition of these proteins in cancer
cells obviously disrupted cancer cell proliferation, invasion,
and reduced chemoresistance (Hamanaka and Chandel 2012;
Galluzzi et al. 2013; Son et al. 2013). As glycolysis is vital
for tumor cell metabolism and have prognostic potential in a
variety of tumors, targeting glycolysis-related markers is an
effective node of pharmacological interference against tumor
metabolism. However, these proteins are also involved in cru-
cial processes, targeting these proteins with inhibitors may
also interfere biological behavior in normal cells. Therefore,
it is a challenging problem to develop and implement increas-
ingly specific inhibitors that can distinguish cancerous from
normal cells. To date, as reported in Table 8, some attempts
have been made and some molecular targets in glycolysis
have shown their potential value in the cancer therapy. Sev-
eral small molecules, as a single agent or in combination with
other therapeutic modalities, exhibit promising anticancer
activity. Anyway, it needs further studies to find more effec-
tive targeted anti-tumor agents and its mechanisms. Taken
together, these targeting glycolysis-related inhibitors may be

widely applied in treatment of most human cancers according
to findings in present study.

However, limitations of this meta-analysis should also be
discussed as they may affect the interpretation of the results.
Some limitations of our meta-analysis should be acknowledged.
First, only papers published in English were included, which
probably introduced bias. Second, there was no united IHC
evaluation and cutoff point in this field currently. The evalua-
tion of GLUT1 expression and determination of cutoff values
were varied across studies. Since no standardized techniques
and scores to assess expression of glycolysis-related proteins
are available in cancers, inconsistency in methodology may
be an issue. Third, different methods of survival data analysis
in different studies should be considered a potential source of
heterogeneity. Although most studies adjusted their HRs and
95% Cls using multivariate analysis, variables added into Cox
proportional hazard models were different from study to study.
Finally, these findings were all based on studies with retrospec-
tive de sign studies, which would also reduce the statistic power.

Conclusion

To sum up, our study indicated that glycolytic transcrip-
tional regulators and glycolysis-related proteins in cancers
were significantly associated with poor prognosis, which
suggested that glycolytic transcriptional regulators and
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glycolysis-related proteins may be potential valuable prog-
nostic biomarkers for various cancers, especially in cancers
of digestive system. The results also showed that glycolysis-
related proteins was significantly associated with biologi-
cally aggressive phenotypes, which suggests that glycolysis
is probably one of the main factors that drives cancer aggres-
siveness. However, glycolysis is a complex, multistep, and
highly dynamic process; the association between glycolytic
status and tumor aggressiveness, metastasis, and patient sur-
vival is still reliant on future validation. Therefore, further
studies, both epidemiological and experimental, are war-
ranted to clarify the association between glycolytic status
and prognosis of cancer patients.
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