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Abstract

Gamma-enolase enzymatic activity is involved in glycolysis, a prevalent process in cancer cell metabolism. Additionally,
gamma-enolase has a pro-survival function, exhibited through the active site at the C-terminal end of the molecule. This
activity is regulated by cysteine peptidase cathepsin X, which cleaves two amino acids at C-terminal end of gamma-
enolase. In clinical practice, the determination of gamma-enolase as a tumour marker does not differ between total,
uncleaved and C-terminally cleaved forms. However, levels of uncleaved gamma-enolase alone may provide additional
clinical information. In this study we analysed cathepsin X, C- terminally uncleaved and total gamma-enolase in tumour
cell lines and sera from 255 patients with colorectal cancer (CRC) by western blot, immunoprecipitation, enzymatic
activity, ELISAs and ECLIA. Results show that uncleaved gamma-enolase, rather than total gamma- enolase, exhibits
different levels in cells, being the highest in those, derived from metastatic sites or highly invasive tumours. Gamma-
enolase is secreted into the extracellular space predominantly as an uncleaved form and levels were congruent to those
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within the cells. Furthermore, levels of uncleaved gamma-enolase in cells are inversely related to cathepsin X protein level
and its enzymatic activity. Uncleaved gamma-enolase is also predominant form in sera of patients with CRC. Both forms
exhibit similar stage dependent distribution, with slightly elevated levels in stage IV patients. Higher levels of total
gamma-enolase are significantly related to shorter survival in patients with metastatic CRC. Results support evidence of
additional pro-survival function of gamma-enolase in cancer. Future studies should focus on analysis of uncleaved

gamma-enolase in tumour samples, which may provide additional relations to clinical indicators of disease progression.
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1. Introduction

Enolase is a dimeric intracellular enzyme, responsible for the conversion of 2-phosphoglycerate to phosphoenolpyruvate
in the glycolytic pathway. In mammals, there are three isoforms; alpha-, beta-, and gamma-enolase, all expressed in a
development-specific manner. Gamma-enolase, known also as Neuron-Specific Enolase (NSE), including two
isoenzymes, yy and ay, is found predominantly in neurons and neuroendocrine cells [1, 2]. Its increased expression and
secretion into the extracellular space is typical for neuroendocrine tumours and has therefore been used as a tumour
marker for differential diagnosis, prognosis, therapy monitoring and detection of recurrence in patients with cancers of
neuroendocrine origin and others [3-9]. Despite being long known and used as a tumour marker, the role of gamma-
enolase in development and progression of cancer is not clear [10, 11]. As a glycolytic enzyme it is involved in increased
aerobic glycolysis, the main source of energy in cancer cells [12]. For instance, in malignant transformation of breast [13],
urothelial [5] and astrocytic cells [14] increased expression of gamma-enolase was suggested as a critical step in the
adaptation to higher metabolic needs of cancer cells [ 15]. An up-regulation of gamma-enolase expression was detected

also in glioblastoma cells, which were cultured under stress conditions, such as serum starvation and hypoxia.

Besides the involvement in glycolysis, a pro-survival function of gamma-enolase has been proposed [16]. The pro-survival
function of gamma-enolase has already been demonstrated for neuronal and glial cells [16-19]. It is manifested through the
additional active site, which is localized at the C-terminal end of the molecule and is involved in activation of signalling
pathways promoting neuronal survival and neuritogenesis [20, 21]. Gamma-enolase pro- survival activity is regulated by
cysteine peptidase cathepsin X (Cat X), which is frequently expressed in neuronal and glial cells [22]. As shown by our
group, Cat X sequentially cleaves the last two amino acids Leu (433) and Val (432) from the C-terminal end of gamma
enolase [23] preventing its binding to gamma-1-syntrophin, a scaffold protein, which mediates trafficking of gamma-
enolase towards the plasma membrane [24]. Gamma-enolase association with the plasma membrane proteins was reported
to be a prerequisite for its neurotrophic activity [20, 24]. Recently, Trk receptor has been recognized as a binding partner
of gamma-enolase in mediating its neurotrophic signalling [25]. The role of tumour marker in addition to gamma enolase
is also attributed to Cat X. It was reported as a tumour-promoting factor in several cancer types, being overexpressed in
tumour cells and in tumour infiltrated immune cells. It is involved in migration, adhesion, invasion, epithelial-
mesenchymal transition and senescence bypass of tumour cells, therefore, supporting development, growth and
progression of tumours [26, 27]. This was confirmed in clinical studies, providing relation of higher Cat X mRNA and
protein levels to shorter survival of patients with local resectable disease [28-30]. On the other hand, lower Cat X protein
levels were related to advanced stage and shorter patient survival [31]. Currently, gamma-enolase, analysed as tumour

marker or used in cancer research is not distinguished as intact or C-terminally truncated molecule. C-terminally
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uncleaved gamma- enolase may act as a pro-survival factor in cancer cells exhibiting significantly different properties as
its cleaved form. The aim of the present study was to explore the expression pattern and secretion of uncleaved and total
gamma-enolase in different cancer cell lines and to establish their relation to Cat X expression and its activity. Further, we
determined the levels of uncleaved gamma-enolase and total gamma-enolase in serum from CRC patients and related them

to clinical and pathological parameters.

2. Results

2.1. Specific detection of C-terminally uncleaved gamma-enolase by ELISA

The mouse monoclonal antibody against gamma-enolase, used in our study, recognizes 30- aminoacid peptide, mimicking
the uncleaved C-terminal part of the molecule, but not the two- residue-shorter peptide, cleaved by Cat X (Figure 1).
Therefore, it can be applied to distinguish between C-terminally uncleaved and cleaved gamma-enolase in tumour cells

and used in ELISA to determine uncleaved gamma-enolase in sera from cancer patients.
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Figure 1: Specificity of the mouse monoclonal antibody for detection of the C-terminally uncleaved gamma-enolase. Two
synthetic peptides corresponding to the C-terminal end of human brain gamma-enolase were used. The 30-aminoacid (30-
AA) peptide represents the C-terminally uncleaved gamma-enolase and the 28-aminoacid (28-AA) peptide represents the
C-terminally cleaved gamma-enolase. The mouse monoclonal antibody against the C-terminally uncleaved gamma-

enolase specifically recognizes the full-length protein.

2.2. Expression and secretion levels of uncleaved gamma-enolase differ from the levels of total gamma-enolase and
are related to Cat X expression

The ratio between protein levels of uncleaved and total gamma-enolase (U/T ratio) and the relation to Cat X protein level
and enzymatic activity was evaluated in cell lysates and supernatants of seven cancer cell lines, namely U87, U373, U251,
SH-SY5Y, Caco-2, MCF10A and MCF7. As shown by western blot analysis, uncleaved gamma-enolase exhibits different
expression levels in cancer cell lines lysates, while total gamma-enolase is uniformly expressed in all analysed cell lines
(Figure 2 A). U/T ratio is the highest in glioblastoma cell line U87 and neuroblastoma cell line SH-SY5Y, which are
derived from highly invasive stage IV tumour (U87) [32, 33] or metastatic sites (SH-SY5Y) [34]. On the other hand, a

lower U/T ratio can be observed in U373 and U251 glioblastoma astrocytoma cell lines, which are derived from a less
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invasive (grade IlI) tumour, compared to U87 cells [33]. Further, colorectal adenocarcinoma cells Caco-2 and non-
malignant breast epithelial MCF 10A cells [35] show the lowest U/T ratio, the latter having almost no uncleaved form.
MCF7 breast cancer adenocarcinoma cells, which are also derived from a metastatic site [36], show a high expression of
uncleaved gamma-enolase, comparable to grade Il glioblastoma astrocytoma cell lines levels. To confirm the results
obtained from western blot analysis, we measured the levels of uncleaved and total gamma-enolase in cell lysates using
direct ELISA (Figure 2B). The U/T ratio of protein levels shows a similar expression pattern as in western blot analysis.
Since Cat X processes the C-terminal end of gamma-enolase [23], higher expression of active Cat X in cells could lead to
lower levels of uncleaved gamma-enolase. Western blot analysis showed that the levels of active Cat X were indeed
inversely related to those of uncleaved gamma-enolase (Figure 2A). Protein levels of total Cat X (pro-form and active
form) in cell lysates were evaluated also by ELISA (Figure 2C) and Cat X activity by enzyme kinetics (Figure 2D). Both
levels are in accordance with western blot analysis and are inversely related to the uncleaved gamma-enolase levels.
Gamma-enolase secretion was further examined, where western blot analysis and ELISA provided a similar protein
pattern of uncleaved gamma-enolase in supernatants as in cell lysates (Figure 3 A, B). The same holds for Cat X, with the
highest protein levels present in Caco-2 and MCF 10A cell line (Figure 3A, B). Our results confirm that Cat X is secreted
from immune cells and cancer cells predominantly as a pro-form (pro-Cat X) [26-29] - as determined by western blot
analysis (Figure 3A). Taken together, these data show that uncleaved gamma-enolase and total gamma-enolase have
different expression and secretion profiles in different cancer cell lines and that the levels of uncleaved gamma-enolase,
but not total gamma-enolase, inversely correlate to the levels of active Cat X in cell lysates. Higher levels of Cat X may
therefore be related with more intensive gamma-enolase C-terminal end processing. Uncleaved gamma-enolase seems to
be the predominant form to be secreted from cells and its levels reflect well those found in cell extracts. Extracellular

forms are not dependent on Cat X, which is present in supernatants predominantly as inactive pro-enzyme.
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Figure 2: Uncleaved and total gamma-enolase have different expression profiles in cell lines and are related to Cat X
expression. Western blot analysis of uncleaved and total gamma-enolase and Cat X in U87, U373, U251, SH-SY5Y,
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Caco-2, MCF 10A and MCF7 cell lysates. While total gamma- enolase is uniformly expressed in all analysed cell lines,
uncleaved gamma-enolase has different expression levels. Cat X is expressed mainly as active enzyme and its expression
is inversely related to uncleaved gamma-enolase expression: the highest expression of active Cat X can be detected in cell
lines with the lowest uncleaved gamma-enolase expression. Graphs below western blot images indicate the relative protein
amount of uncleaved gamma-enolase, total gamma-enolase, uncleaved/total gamma enolase ratio (U/T ratio) and pro- or
active Cat X. (A). Using ELISA, we measured the values of uncleaved gamma-enolase, total gamma-enolase and total Cat
X in cell lysates to confirm the results from western blotting. The U/T protein amount ratio (B) and levels of total Cat X
(C) are in accordance with the results from western blot analysis. Total Cat X values are presented as ng of total Cat X per
mg of total protein amount in the cell lysate. Cat X activity was demonstrated using enzyme kinetics. 30 nM human
recombinant Cat X was used as a positive control (D). Values are given as means of three independent biological

replications £SD. Abbreviations: y-Eno; gamma-enolase, Pro-Cat X; pro- cathepsin X, Active Cat X; active cathepsin X.
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Figure 3: Uncleaved and total gamma-enolase have different expression profiles in cell supernatants. Western blot
analysis of uncleaved and total gamma-enolase and Cat X in U87, U373, U251, SH-SY5Y, Caco-2, MCF 10A and MCF7
cell supernatants. Graphs below western blot images indicate the relative protein amount of uncleaved gamma-enolase and
pro- or active Cat X (A). Uncleaved gamma-enolase, total gamma-enolase and total Cat X in cell supernatants were
measured also by ELISAs. Total Cat X values are presented as ng of total Cat X per mg of total protein amount in cell
supernatants. Values are given as means of three independent biological replications +SD. Abbreviations: y-Eno; gamma-

enolase, Pro-Cat X; pro-cathepsin X, Active Cat X; active cathepsin X.
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2.3. Uncleaved and total gamma-enolase have different expression profiles in human sera

To assess the U/T ratio of gamma-enolase in sera from five patients with CRC, we immunoprecipitated total gamma-
enolase with goat polyclonal antibody. Immunoprecipitates were further resolved by SDS-PAGE and analysed on western
blot: first with mouse monoclonal antibody against uncleaved gamma-enolase and then with mouse monoclonal antibody
against total gamma-enolase. As shown in Figure 4, the amounts of uncleaved and total gamma-enolase differ between the
samples, however, U/T ratio remains similar. Therefore, the uncleaved gamma-enolase might be a predominant form in

patient sera.
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Figure 4: Uncleaved and total gamma-enolase have different expression profiles in human sera. Immunoprecipitation of
total gamma-enolase from five sera from patients with colorectal cancer. Immunoblots were resolved with SDS-PAGE and
Western blot. The graph below western blot images indicates the relative protein amounts of uncleaved and total gamma-
enolase. As a negative control nonspecific goat polyclonal 1gG was used. Besides the immunoprecipitates, we applied also
a serum sample (denoted »serum«) directly on the gel, however, the values of gamma-enolase were below the detection

limit. Data are means of two independent experiments + SD. Abbreviations: y-Eno; gamma- enolase.

2.4. Levels of uncleaved gamma-enolase, total gamma-enolase, and Cat X in sera of patients with CRC and
association with baseline variables

Protein levels of uncleaved gamma-enolase, total gamma-enolase and Cat X were measured in sera from 264 patients with
CRC. Statistical analysis was performed for 255 samples, due to haemolysis detected in nine samples. Values and
descriptive statistics are shown in Table 2. According to Roche Diagnostics GmbH Elecsys NSE assay datasheet, the
expected value of total gamma-enolase in healthy subjects is lower than 16.3 ng/ml (95% Confidence Interval (Cl): 15.7-
17.0 ng/ml). In our study, the mean value of total gamma-enolase in CRC patients was 14.3 ng/ml, while the mean value
of uncleaved gamma-enolase was 10.3 ng/ml. Uncleaved and total gamma-enolase values were stratified by stage. They
show similar, stage dependent distribution with slightly elevated levels in stage IV patients (Figure 5), however, the
difference is statistically significant for total (p<0.0001) but not for uncleaved gamma- enolase (p>0.09).
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Figure 5: Distribution of uncleaved and total gamma-enolase values by stage. Box plots show the lower and upper
quartiles and the median. The whiskers are maximal 1.5 times the interquartile range. The distribution of uncleaved

gamma-enolase (A) and total gamma-enolase (B) values by stage. NS denotes patients, which have not been staged.
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2.5. Analysis of survival

Univariate analysis of uncleaved and total gamma-enolase for the entire set showed that higher levels of both, uncleaved
(HR=1.10; 95% CI: 1.01-1.21; p=0.0363) and total gamma-enolase (HR=1.86; 95% CI: 1.46-2.37; p<0.0001) are
significantly related to shorter survival of patients with CRC. Multivariate analysis of the entire set included as covariates
total gamma-enolase, age (stratified per 10 years), gender, stage, and tumour localisation (Table 3). A significant
interaction was demonstrated between total gamma-enolase and stage (p=0.038). Total gamma-enolase was associated to
outcome in patients in stage IV only (HR: 1.77, 95% CI: 1.40-2.24; p<0.0001). Further, multivariate analysis was
performed separately for patients at stages I-111 and those with stage 1V, as previously reported [29]. Analysis of patients
in stages I-111 could not demonstrate a significant association of total gamma-enolase to outcome (HR=0.90, 95% CI: 0.58-
1.39, p=0.64), however analysis of stage IV patients showed that total gamma- enolase was significantly associated to
overall survival (HR=2.02 95% CI: 1.49-2.75, p<0.0001). Treatment with chemotherapy has not been included in the
analysis for stages I-111, since primarily only patients in stage 111 received treatment (p=0.97). On the other hand, analysis
for stage IV included treatment with chemotherapy, but no interaction between total gamma-enolase and chemotherapy
could be demonstrated (p=0.48). It has to be emphasized that these patients were not randomized to palliative
chemotherapy, but selected as part of the clinical decisions. Kaplan-Meier curves provide a similar result for patients in
stage IV using tertiles as the cut off value (Figure 6). Taken together, in sera from patients with CRC, total gamma-enolase

has a prognostic value for metastatic CRC.

Subijects, n (%)
Gender Female 104 (40.8)
Male 151 (59.2)
70.3, 32.7 - 93.3 (median, range) 255 (100.0)
Localisation
Age (years) Left-sided colon cancer 96 (37.7)
Right-sided colon cancer 58 (22.8)
Rectal cancer 101 (39.6)
[ 42 (16.5)
Il 70 (27.5)
Stage 1] 62 (24.3)
v 66 (25.9)
Not staged 15 (5.9)
5-FU 1(0.4)
5-FU + Isovorin 17 (6.7)
Irinotecan 1(0.4)
Administered | Irinotecan + 5-FU Irinotecan +
chemotherapy 5-FU + Calcium folinat +
Avastin 7 (2.8)
3(12)
Oxaliplatin + 5-FU Oxaliplatin + 11 (4.3)
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5-FU + Cetuximab
3(12)
Capecitabine 6 (2.4)
Oxaliplatin + Capecitabine 27 (10.6)
Other 4 (1.6)
Total 80 (31.4)

Table 1: Patient characteristics and applied first line therapies.

Variable Median | Minimum | Maximum
uncleaved gamma-enolase 4.54 0.8 469.26
total gamma-enolase 10.8 25 295.3
total Cat X 23.18 8.69 47.14
Values are given as ng/ml.

Table 2: Descriptive statistics.

Parameter Stages I-111 HR | 95% CI | p-value
Gamma-enolase 2-fold difference in HR 0.9 | 0.58-1.39 | 0.6397
Age (per 10 years) Per 10 years 1.52 | 1.19-1.93 | 0.0007
Gender Fvs.M 0.7 | 0.41-1.19 | 0.1849
Left-sided colon cancer | 1.13 | 0.59-2.18 | 0.7174
Localisation
Rectal cancer 0.84 | 0.42-1.68 | 0.6161
I vs. | 1.1 | 0.51-2.35 | 0.8152
Stage
I vs. | 2.38 | 1.18-4.79 | 0.0152
Stage IV
Gamma-enolase 2-fold difference in HR | 2.02 | 1.49-2.75 | <0.0001
Chemotherapy Yes vs. No 0.17 | 0.08-0.34 | <0.0001
Age (per 10 years) Per 10 years 1.01 | 0.72-1.40 | 0.965
Gender Fvs.M 0.67 | 0.39-1.16 | 0.1531
Left-sided colon cancer | 0.23 | 0.11-0.48 | <0.0001
Localisation
Rectal cancer 0.27 | 0.12-0.61 | 0.0016

Table 3: Multivariate analysis for overall survival of patients in stages I-111 and 1V.
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Figure 6: Kaplan-Meier survival curves for CRC patients in stage 1VV. CRC patients in stage IV were grouped according to
gamma-enolase values using tertiles as tresholds. The number of patients at risk at 0, 24 and 48 months for each group is
shown below the axis for each stratum and the number of deaths (events) is shown to the left. Kaplan-Meier estimates of
survival for patients in stage 1V who, 1: had total gamma-enolase levels in the lowest tertile, 2: had total-gamma enolase

levels in the middle tertile 3: had total gamma-enolase levels in the highest tertile.

3. Discussion

We evaluated protein levels of C-terminally uncleaved gamma-enolase, which possesses the pro-survival active site, in
various cell lines and compared it to the levels of total gamma- enolase. The results show that uncleaved gamma-enolase
rather than total gamma-enolase, exhibits different expression profiles, and that gamma-enolase is secreted into the
extracellular space predominantly as an uncleaved form. Furthermore, the levels of uncleaved gamma- enolase inversely

correlated to the active form of Cat X, confirming gamma-enolase as a possible target for Cat X activity.

The levels of uncleaved gamma-enolase in sera of patients with CRC were similar to those of total gamma-enolase, due to
secretion of uncleaved form, as observed on cell lines and the fact that also Cat X is secreted as an inactive pro-form. The
most known and studied tumour supportive function of enolase is the involvement in enhanced glycolysis in cancer cells
[37]. When tumours outgrow their blood supply, tumour cells have to adapt to a niche, dominated by hypoxia and lack of
nutrients. The lack of oxygen causes a metabolic switch to energetically less efficient processing of pyruvate to lactate,
however cancer cells favour this mechanism, also called the “Warburg effect”, regardless the presence of oxygen [38, 39].
Enhanced glycolysis including higher enolase activity is a hallmark of this cancer associated metabolic switch. Several
enzymes of the glycolytic pathway, including enolase, are capable of functioning in different physiological and
pathological processes possessing besides enzymatic role also other functions [10]. Alpha- enolase, for example, was
demonstrated to interact with a variety of nuclear, cytoplasmic or membrane molecules and therefore play a pleiotropic
role in cancer progression [37, 40]. The multifunctional role of gamma-enolase, especially in processes of malignant

progression, has been explored far less [11]. The first evidence suggesting its multifunctional role in cancer was a
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significant difference observed between gamma-enolase enzyme activity and protein levels in small-cell lung cancer cell
lines. Authors proposed that enzymatically inactive compound may possess other functions, such as cell growth and
differentiation [41]. Additionally, nuclear localisation of generally cytoplasmic gamma-enolase in various cancer cells
suggested functions other than participation in the glycolytic pathway [13, 42]. In neuronal cells, C-terminally uncleaved
gamma-enolase was shown to promote their survival, differentiation, regeneration and to impair apoptosis by activating
phosphatidylinositol 3-kinase (P13K) and Mitogen-Activated Protein Kinase (MAPK) signal transduction pathways [20] or
by suppressing the activation of p75 neurotrophin receptor (p75NTR) downstream effectors in apoptotic signalling [43].
This effect is regulated by Cat X, which cleaves the gamma-enolase active site, responsible for the pro-survival function
[23, 24].

In cancer cells, the mechanism of the pro-survival function of gamma-enolase has not been explored so far. In general,
increased levels of gamma-enolase were shown to be related to cancer progression and being typical for advanced stages
and for distant metastases [44, 45]. In malignantly transformed urothelial cells, higher gamma-enolase expression was
associated to cell proliferation and colony formation [5]. Exposure of glioblastoma cell lines to hypoxia and serum
starvation caused increased gamma-enolase mRNA or protein levels and, vice versa, gamma-enolase knock-down
sensitized cells to hypoxia, radiotherapy and chemotherapy. In all these studies total gamma-enolase was presumably
detected, including uncleaved and cleaved forms. Uncleaved gamma-enolase might have stronger clinical utility, since our
results show higher concentrations of uncleaved gamma-enolase in cells, derived from metastatic sites or from invasive
tumours. Tumour cells that migrate from primary tumours to metastatic sites may utilize uncleaved gamma-enolase to
survive a niche with lack of oxygen and nutrients and later to proliferate and forming a secondary tumour. Expression of
active Cat X in cancer cell lines is inversely related to uncleaved gamma-enolase and is the lowest in cells, derived from
metastatic sites or invasive tumours. These results are in accordance to a study by Jechorek et al., which showed that Cat
X expression is the lowest in metastatic disease and that the loss of Cat X is essential for tumour cell detachment, local
invasion and tumour progression [31]. In the advanced stages of cancer, loss of Cat X in cells might therefore have a dual
role: to enable cell detachment and invasion and to keep higher rates of uncleaved gamma-enolase in tumour cells
promoting their survival at unfavourable conditions. Our study further confirms previous results that Cat X is secreted
from cells into supernatants mainly as a pro-enzyme and cannot process extracellular intact gamma- enolase [26, 29]. We
found the highest secretion of Cat X from Caco-2 and MCF 10A cells, which, among all tested cells, already showed the
highest intracellular concentrations. Therefore, extracellular levels of Cat X may reflect the expression within the cells and
most probably to a lower extent the differences in secretion between the cells. However, it has to be stressed, that within
tumour microenvironment, Cat X is secreted also from tumour associated immune cells and that the effects of Cat X could
be as well a consequence of tumour-immune cells interactions [27, 31, 46]. Currently, gamma-enolase, used as a serum-
based marker for monitoring the outcome of treatment and disease course in cancer patients [11], is not distinguished as
intact and C-terminally truncated molecule. We propose that the truncation of gamma-enolase by Cat X could be an
important event inside tumour cells with a significant impact on survival and proliferation, whereas extracellular gamma-
enolase is predominantly uncleaved. In CRC, moderately elevated serum levels of gamma-enolase have been reported and
related to pathological tumour-node-metastasis staging, lymph node metastasis and distant metastasis [47]). Higher gene
expression levels have also been related to shorter survival [48]. In our study the levels of uncleaved and total gamma-
enolase in patient’s sera were not significantly elevated compared to reference values of healthy controls. However, higher

levels of gamma-enolase correlated with shorter survival in patients with metastatic CRC. Uncleaved gamma-enolase
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revealed similar relations to clinical parameters as the total gamma-enolase, suggesting that in sera total gamma-enolase
practically consists of uncleaved gamma-enolase. On the same cohort of patients, higher Cat X levels were related to
shorter survival only in patients with local resectable disease, but not in those who had metastatic CRC [29], which might

be due to a loss of Cat X in order to support the invasion of cells and the function of gamma-enolase.

Our study provides a new insight into the widely used tumour marker gamma-enolase. The C- terminally uncleaved
gamma-enolase, which possesses an additional, pro-survival function, exhibits different expression levels in tumour cells,
compared to total gamma-enolase, and is inversely related to Cat X expression. Uncleaved gamma-enolase is a
predominant form in cell supernatants as well as in sera from patients with CRC. Only in a group of patients with
metastatic CRC serum gamma-enolase correlated with survival. Further studies should focus on the analysis of uncleaved
gamma-enolase in tumour samples, which may provide additional relations to clinical indicators of disease progression

and enable the selection of patients with more aggressive tumor phenotype.

4. Materials and Methods

4.1. Cell culture

Human glioblastoma (U-87 MG), human glioblastoma astrocytoma (U-373 MG and U-251 MG), human neuroblastoma
(SH-SY5Y), human colorectal adenocarcinoma (Caco-2), human breast cancer adenocarcinoma (MCF7) and human non-
malignant breast epithelial cells (MCF10A) were purchased from American Type Culture Collection (ATCC, Manassas,
VA, U.S). U-87 MG, U-373 MG, U-251 MG and Caco-2 cells were grown in Eagle's Minimum EssentialMedium (Sigma-
Aldrich, St. Louis, MO, U.S.), supplemented with 10 % (v/v) fetal bovine serum (HyClone, GE Healthcare, Chicago, IL,
U.S.). MCF7 and MCF 10A cells were grown in Eagle's Minimum Essential Medium (Sigma-Aldrich), supplemented with
10 % (v/v) fetal bovine serum (HyClone), 10 pg/ml insulin, 0.5 pg/ml hydrocortisone and 20 ng/ml EGF (all from Sigma-
Adrich). SH-SY5Y cells were grown in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich), supplemented with 10 %
(v/v) fetal bovine serum. All described cells were supplemented with 1 % L-glutamine and 1 % penicillin/streptomycin

(all from Sigma-Adrich) and maintained at 37 °C in a humidified atmosphere with 5% CO.,.

4.2. Patients and sampling

The multi-centre observational cohort study was conducted at six Danish hospitals from October 2003 through December
2005 and included 264 subjects diagnosed with primary rectal or colon cancer. All subjects gave informed consent for
inclusion into the study. The median time from inclusion to the end of study was 4.8 years (3.9-6.0). Clinical study
characteristics and sampling were described previously [29]. Nine samples were excluded fromstatistical analysis due to
haemolysis. Patient characteristics and applied chemotherapy are given in (Table 1). The study was approved by Regional
Ethical Committee of Copenhagen (H-3-2009-110) and The Danish Data Protection Agency (2007-58-0015).

4.3. Antibody specificity analysis

The specificity of the mouse monoclonal antibody against C-terminally uncleaved gamma- enolase (Santa Cruz
Biotechnology, Dallas, TX, U.S.), was determined by “in house” indirect ELISA with two synthetic peptides
corresponding to the C-terminal end of human brain gamma-enolase, which were synthesized by Biosynthesis (Lewisville,
TX, U.S.) and describedand used previously [20]. The 30-amino acid peptide represented the C- terminally uncleaved

(active) gamma-enolase and a two-amino acid shorter peptide represented the C-terminally cleaved (inactive) gamma-
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enolase. Buffers used were described previously [28, 29]. Microtiter plates (Nunc-IMMUNO™ MODULES) werecoated
with 5 pg/mL of each peptide and incubated over night at 4°C. Plates were washed and blocked with 2% BSA for 1h.
Then, mouse monoclonal antibody against the C-terminal end of gamma-enolase was added and incubated for 2h at 37°C.
After washing, HRP-conjugated anti-mouse secondary antibody (1:3000; Merck Millipore, Burlington, MA, U.S.) was
applied and incubated for additional 1.5h at 37°C. Finally, after washing, TMB (3,3",5,5 - tetramethylbenzidine) Liquid
Substrate System (Sigma-Aldrich) was added and after 15 minutes the reaction was stopped with 2 M H,SO,. The
absorbance was measured at 450 nm with a microplate reader Tecan Safire’ (Mannedorf, Switzerland) and corrected for

the absorbance of control.

4.4. Western blot analysis

For detection of proteins in cell lysates and protein secretion in cell supernatants, cells were grown to reach 80%
confluence. Cell supernatants were centrifuged and concentrated (Amicon® Ultra, Merck Millipore). To prepare cell
lysates, cells were washed with PBS, pH 7.4, and then lysed with 100 pl lysis buffer (50 mM HEPES pH 6.5, 150 mM
NaCl, 1 mM EDTA, 1 % Triton X-100) with protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, U.S.)
added and left for 30 minutes on ice. Lysates were sonicated and centrifuged at 14000 g at 4'C for 15 min. Total protein
concentration was determined by DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, U.S.). Equal amounts of protein
(30 pg per lane for cell lysates and 100 pg per lane for concentrated cell supernatants) were resolved by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were then blocked with 5 % (m/v) skimmed milk powder in TBST
(Tris-buffered saline with Tween 20: 25 Mm Tris/HCI, 137 mM NaCl, 3 mM KCI, pH 7.4, and 0.1 % Tween 20) for 1 h at
room temperature. Membranes were incubated with primary antibody in TBST with 3 % (w/v) BSA overnight at 4°C to
detect corresponding proteins. The antibodies used were mouse monoclonal antibody against active uncleaved gamma-
enolase (1:500), mouse monoclonal antibody against total gamma-enolase (recognizing a region in the internal part of
gamma-enolase) (1:500), goat polyclonal antibody against total gamma-enolase (recognizing a region in the N-terminal
part of gamma-enolase) (1:250), B-actin (1:500) (all Santa Cruz Biotechnology) or goat polyclonal antibody against Cat X,
which recognize both, Cat X pro-from and active form (1:1000) (R&D Systems, Minneapolis, MN, U.S.). For Cat X
detection, 1.5 % (m/v) skimmed milk powder and 1 % BSAin TBST was used to block the membranes and to dilute the
primary antibody. Membranes were washed three times for 10 min in TBST and then incubated for 1.5 h with
corresponding Horseradish Peroxidase (HRP)-conjugated secondary antibody in TBST with 5 % (m/v) skimmed milk
powder. Finally, the membranes were washed three times for 10 min in TBST. The bands were visualized with Super
Signal chemiluminiscent substrate (Thermo Fisher Scientific) and G-BOX (Syngene, Frederick, MD, U.S.). Band

intensities were quantified using Syngene’s Gene Tools Software.

4.5. Immunoprecipitation of gamma-enolase from serum

To detect the amounts of uncleaved and total gamma-enolase in serum samples we randomly selected five serum samples
for immunoprecipitation of total gamma-enolase from serum. To 200 pl of each serum we added 5 pg of goat polyclonal
antibody against total gamma-enolase (recognizing a region in the N-terminal part of gamma-enolase; Santa Cruz
Biotechnology) and mixed overnight at 4°C. As a negative control, nonspecific goat IgG was used. To purify the immune
complexes, 50 pul of protein A-Sepharose beads (Amersham Pharmacia Biotech AB, Staffanstorp, Sweden) were added
and mixed for 2 h at 4°C. Then, samples were centrifuged for 1 min at 2000 g and washed with binding buffer (0.14 M

phosphate buffer, pH 8.2). Finally,immune complexes were isolated by boiling in SDS sample buffer. Then, samples were

Journal of Biotechnology and Biomedicine 33



J Biotechnol Biomed 2022; 5 (1): 20-41 DOI: 10.26502/jbb.2642-91280047

resolved by SDS-PAGE and immunoblotted as described above.

4.6. Cathepsin X activity

Cathepsin X activity in cell lysates and cell supernatants was measured with the cathepsin X- specific fluorogenic
substrate Abz-Phe-Glu-Lys (Dnp)-OH [49]. Cell lysates were prepared in lysis buffer (0.05 M sodium acetate, pH 5.5, 0.1
M NaCl, 1 mM EDTA, 0.25%Triton X-100) and total protein concentrations were determined by DC Protein Assay (Bio-
Rad Laboratories). Samples with 25 pg of proteins (in 100 mM acetate buffer, pH 5.5, 0.1% (w/v) polyethylene glycol
8000, 5 mM DTT and 1.5 mM EDTA), were prepared and added to 5 mM substrate in black microplate wells and
incubated at 37°C. The formation of fluorescent degradation products was monitored continuously on a microplate reader
(Tecan Safire?) at an excitation wavelength of 320 nm and emission wavelength of 420 nm. The signal was correctedfor the

fluorescence of control.

4.7. Quantitative analysis of uncleaved and total gamma-enolase and Cat X

To measure uncleaved gamma-enolase, microtiter plates were coated with 2 pg/mL of mouse monoclonal antibody against
human uncleaved gamma-enolase and incubated over night at 4°C. Plates were washed and blocked with 2% BSA for 1h.
Then, gamma-enolase standards (EMELCA Bioscience, Clinge, The Netherlands), cell lysates (25 pg of proteins), cell
supernatants (100 pg of proteins) or serum samples (diluted in a 1:2 ratio with dilution buffer)were applied and incubated
for 2h at 37°C. Again, plates were washed and mouse monoclonal HRP-conjugated antibody against gamma-enolase
(Abcam, Cambridge, UK) was applied (1:2000) and incubated for 1.5h. Finally, plates were washed and Luminata™ Forte
ELISA HRP Substrate (Merck Millipore) was added and the signal was measured according to manufacturer instructions,
with a microplate reader (BioTek Synergy H4, Winooski, VT, U.S.).The signal was corrected for the absorbance of control.
The buffers, the procedure and validation of the ELISA were described previously [29]. The range of the calibration curve
extended from 0.4 to 50 ng/ml (Supplemental information 1). The detection limit of the assay was determined to be 0.4
ng/ml. Dilutions of four serum samples, diluted from 1:2 to 1:16, showed a linear response, parallel to the calibration
curve (Supplemental information 2). Recovery levels were determined by comparing the observed and expected
concentrations of gamma-enolase. Recovery levels varied from 86.5 to 98.1%. Mean recovery was 92.4%. Results are
shown in Supplemental information 3. The intra-assay Coefficient of Variance (CV) was 5.5% and the inter-assay CV was
determined to be 5.7%. Total gamma-enolase levels were measured on the same way using a mouse monoclonal antibody
to an internal part of human gamma-enolase (Santa Cruz Biotechnology) as a capture antibody. Total gamma-enolase in
sera was measured at the University Clinic for Respiratory and Allergic Diseases Golnik, Slovenia, with the
electrochemiluminiscence automated immunoassay system (ECLIA) using the Elecsys NSE assay and a Elecsys 2010
immunoassay analyzer (Roche Diagnostics GmbH, Rotkreuz, Switzerland). The measuring range of the assay is from 0.050
to 370 ng/ml. The specific performance data of the assay are described in Roche Diagnostics GmbH Elecsys NSE assay
datasheet. Total Cat X was determined by ELISA as described [29]. All determinations insera from cancer patients were

performed blinded to the study endpoint.

5. Statistical Analysis
Distribution of the values of uncleaved and total gamma-enolase by stages was analysed and represented with box plots,
which show the lower and upper quartiles and the median. The whiskers are maximal 1.5 times the interquartile range. A

linear model was used to test the differences in uncleaved and total gamma-enolase levels between stages. Univariate and
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multivariate Cox regression analysis was done in order to determine association of uncleaved and total gamma-enolase
levels and other clinical and pathological parameters with overall survival of CRC patients. Both, uncleaved and total
gamma-enolase, were scored as continuous log transformed covariates (using base 2), meaning that hazard ratios (HR) are
for two fold differences in the markers levels. Model assessment was done using cumulated sums of martingale residuals.
All results are presented with 95% confidence limits and p-values less than 5% are considered significant. Statistical
analysis of the clinical study was done with SAS (v9.3, SAS Institute, Cary, N.C., USA) and R (R Core Team (2013).
R: A language and environment for statistical computing, R statistical computing, Vienna, Austria. URL.
http.//www.R-project.org/). These results are reported in accordance with the REMARK guidelines [50].
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Supplementary Information
Supplementary Information 1

Calibration curve of the uncleaved gamma-enolase ELISA.
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Supplementary Information 2
Linearity of the uncleaved gamma-enolase ELISA. Four serum samples were serially diluted (from
1:2 to 1:16) and linearity was checked by comparing to the linearity of the calibration curve. Dilutions

of four serum samples showed a linear response, parallel to the calibration curve.
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Supplementary Information 3
Analytical recovery of the uncleaved gamma-enolase ELISA. Three different amounts of human

native gamma-enolase were added to two serum samples from patients with CRC with known
amounts of gamma-enolase. The results are shown as observed (measured) vs. expected uncleaved

gamma-enolase concentration.
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