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ARTICLE INFO ABSTRACT

Keywords: Background:: Enolase-1, primarily known for its role in glucose metabolism, is overexpressed in various cancer
Enolase-1 entities. In contrast its alternative spliced nuclear isoform MBP-1 acts as a tumor suppressor. The aim of this study
MEBP-1 is to analyze the prognostic impact of Enolase-1/ MBP-1 and its functional significance in epithelial ovarian cancer
Immunohistochemistry

(EOQ).

Methods:: By immunohistochemistry, Enolase-1 staining was examined in 156 EOC samples. Evaluation of
Enolase-1 staining was conducted in the nucleus and the cytoplasm using the semi-quantitative immunoreac-
tive score. Expression levels were correlated with clinical and pathological parameters as well as with overall
survival to assess for prognostic impact.

Results:: Cytoplasmic and nuclear Enolase-1 expression did not show a significant difference between the histo-
logical subtypes (p =0.1). High nuclear Enolase-1/ MBP-1 staining negativly correlated with the tumor grading
(p<0.001; Cc= —0.318). Cytoplasmic Enolase-1 did not correlate with clinicopathological data. Higher nuclear
Enolase-1/ MBP-1 staining was detected in low-grade serous cancer cases compared to high-grade ones (median
IRS 3 (range 0-8) vs. median IRS 2 (range 0-4), p<0.001). Nuclear Enolase-1/ MBP-1 expression correlated with
the Wnt signaling markers membranous beta-catenin (p=0.007; Cc=0.235), serine residue 9-phosphorylated
glycogen synthase kinase 3 beta (p<0.001; Cc=0.341) and snail/slug (p=0.004; Cc= —0.257). High nuclear
Enolase-1/ MBP-1 expression was associated with improved overall survival (88.6vs. 33.1 months, median;
p=0.013).

Conclusion:: Additional knowledge of Enolase-1/ MBP-1 as a biomarker and its interactions within the Wnt signal-
ing pathway and epithelial-mesenchymal transition potentially improve the prognosis of therapeutic approaches
in EOC.

Wnt signaling
Ovarian cancer

Introduction

Epithelial ovarian cancer (EOC) is one of the most lethal tumor en-
tities [47]. Lack of adequate screening methods and rising resistances
towards chemotherapy over the clinical course further contribute to
the relatively low 5-year survival at around 45% [4,47]. Histologically
EOC is classified into five main subtypes: high-grade serous, low-grade
serous, mucinous, endometrioid, and clear-cell histology [43]. Standard
treatment for advanced EOC consists of primary cytoreductive surgery,
followed by platinum-based combination chemotherapy followed by tar-
geted therapies like the anti-angiogenic antibody bevacizumab or poly-
ADP-ribose-polymerase inhibitors [11]. To date, most reliable prognos-
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tic factors include the presence of residual disease after initial debulk-
ing surgery, the International Federation of Gynecology and Obstet-
rics (FIGO) —stage, ascites volume, patient age, and histological sub-
type [14,55,1,17]. However, widely accepted prognostic biomarkers are
missing. Taking the heterogeneity of ovarian cancer into account ap-
pears crucial for developing new prognostic and therapeutic strategies.

Enolase, a glycolytic metalloenzyme, catalyzes the conversion of 2-
phosphoglycerate to phosphoenolpyruvate and therefore plays a pivotal
role in glycolysis and gluconeogenesis. Enolase-1/ alpha-Enolase (ENO-
1) is one of three different isoforms and ubiquitously expressed in the
cytoplasm of most human tissue including the ovaries [42,16]. Beyond
its cellular housekeeping function in glucose metabolism, increasing ev-
idence suggests that ENO-1 is an important mediator in pathological
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Table 1
Clinicopathologic characteristics of the ovarian cancer patients.

Clinicopathologic parameters n Percentage (%)
Histology

Serous 110 70.5
Clear cell 12 7.7
Endometrioid 21 135
Mucinous 13 8.3
Primary tumor expansion

TX 1 0.6
T1 40 25.6
T2 18 11.5
T3 97 62.3
Nodal status

pNX 61 39.1
pNO 43 27.6
pN1 52 333
Distant Metastasis

pMX 147 94.2
pMO 3 1.9
pM1 6 3.8
Grading Serous

Low 24 21.8
High 80 72.7
Grading Endometrioid

G1 6 28.6
G2 5 23.8
G3 8 38.1
Grading Mucinous

G1 6 46.2
G2 6 46.2
G3 0 0
Grading Clear cell

G3 12 100.0
FIGO

I 35 224
Il 10 6.4
111 103 66.0
v 3 1.9
Age

<60 years 83 53.2
> 60 years 73 46.8

conditions like infection, inflammation, autoimmunity and malignancy
[2,29,39,35,5,34,31,32,21]. Hence, ENO-1 is overexpressed in a subset
of cancers — a fact that is partially described by the Warburg effect,
an adaptive response of anaerobic glycolysis in tumor cells to hypoxia
[54,8].

In contrast, myc promoter-binding protein 1 (MBP-1) as alternatively
spliced nuclear isoform of the ENO1 gene binds and suppresses the activ-
ity of c-myc transcription factor, a master regulator of cellular functions,
and therefore acts as a tumor suppressor [50,13]. Thus, the dual func-
tion of cytoplasmic ENO-1 and nuclear MBP-1 is of great interest for a
better understanding of ovarian cancer biology.

The expression analysis of ENO-1/ MBP-1 in different histological
subtypes of EOC and its correlation with survival was the primary aim
of the current study which is the first of its kind.

Material and methods
Patients and specimens

156 EOC samples of patients that underwent surgery between 1990
and 2002 at the Department of Obstetrics and Gynecology, Ludwig
Maximilian University in Munich, Germany, were analyzed (Table 1).
The clinical data were received from the patient’s charts, whereas the
follow-up data derived from the Munich Cancer Registry (MCR). Only
patients with pathologically confirmed EOC were included, while be-
nign tumors, just as borderline tumors were excluded. Also, none of the
patients had neoadjuvant chemotherapy. Previously, other pathologi-
cal parameters were investigated in the same patients’ collective, which
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enables correlation analysis. After the samples had been formalin-fixed
and paraffin-embedded (FFPE), they were evaluated by a specialized
pathologist at the department of Pathology, Ludwig Maximilian Univer-
sity, who classified them into histological subtypes (serous (n=110),
endometrioid (n=21), mucinous (n=13), clear-cell (n=12)) and rated
the tumor grading. Serous ovarian cancer samples were divided into low
and high grading. Endometrioid ovarian cancer was graded according
to G1 to G3. For mucinous carcinoma, there is no WHO classification;
however, the subtype is often classified into G1 to G3. Clear cell cancer
was always categorized as G3. Staging was performed using the FIGO
(2014) and TNM classification. I (n=35), II (n=10,) IIIl (n=103), and
IV (n=3). Data on primary tumor extension was available in 155 cases:
T1 (n=40), T2 (n=18), T3 (n=93), T4 (n=4) and on lymph node in-
volvement in 95 cases: NO (n=43), N1 (n=52). In nine cases the data
on distant metastasis was available: MO (n=3), M1 (n=6). Information
to FIGO stage and grading are missing in 5 and 9 cases respectively.

Ethical approval

This study was approved by the Ethics Committee of the Ludwig-
Maximilians-University, Munich, Germany (approval number 227-09,
18-392 and 19-972). All tissue samples used for this study were obtained
from leftover material from the archives of the Department of Gynecol-
ogy and Obstetrics, Ludwig-Maximilians-University, Munich, Germany,
initially used for pathological diagnostics. The diagnostic procedures
were completed before the current study was performed. During all ex-
perimental and statistical analysis, the observers were fully blinded to
patient’s data. All experiments were performed according to the stan-
dards of the Declaration of Helsinki (1975). As per declaration of our
ethics committee no written informed consent of the participants or per-
mission to publish is needed given the circumstances described above.

Immunohistochemistry

The formalin-fixed and paraffin-embedded ovarian cancer tissue
samples were dewaxed in xylene for 20 min, before adding 100%
ethanol to completely remove the Xylol. Unspecific color responses
were avoided by blocking the endogenous peroxidase with 3% H,0,
in methanol, followed by rehydrating it in 70%, then 50% ethanol. Af-
terwards the slides were placed in a pressure cooker for 10 min, using
sodium citrate buffer (pH=6; 0.1 M citric acid and 0.1 M sodium cit-
rate). After cooling down, this was followed by washing the samples
first in distilled water, then in phosphate buffered saline (PBS) twice.
After preprocessing, the slides were incubated in a blocking solution
(ZytoChem Plus HRP Polymer System, Berlin, Germany, POLHRP-100)
for 5 min to prevent an unspecific staining reaction. This was followed
by a 16-hour incubation overnight at 4 °C with the primary antibod-
ies: anti-ENO-1, mouse IgG, monoclonal, Abcam, ab190365 at a 1:3000
dilution; anti-beta-catenin, rabbit IgG, polyclonal, Novus Biologicals,
NLS2231 at a 1:100 dilution, anti- GSK-34[pS9], rabbit IgG, polyclonal,
Acris, SP4594P at a 1:800 dilution and anti-snail/slug, rabbit IgG, poly-
clonal, Lifespan Biosciences, L§92467 at a 1:600 dilution — then washed
in PBS twice. Next step was the application of reagent 2 (ZytoChem Plus
HRP Polymer System, Berlin, Germany, POLHRP-100), consisting of a
corresponding biotinylated secondary anti-mouse/rabbit IgG antibody
and the associated avidin-biotin-peroxidase complex, for 20 min. For
the visualization reaction 3,3 Diaminobenzidine (DAB) and a substrate
buffer (Liquid DAB and Substrate Chromogen System, Dako, Munich,
Germany, K3468) was used for 30 min, followed by distilled water, to
stop the reaction. After counterstaining the slides with Mayer’s acidic
hematoxylin (Waldeck-Chroma, Miinster, Germany, catalog-number 2E-
038) for two minutes, they were dehydrated in an ascending series of al-
cohol (70%, 96%, 100%), brightened by adding xylol and covered. Neg-
ative and positive controls were used to assess the specificity of the im-
munoreactions. Negative controls were performed in kidney and placen-
tal tissue by replacement of the primary antibodies by species-specific
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(mouse/rabbit) isotype control antibodies (Dako, Glostrup, Denmark).
For positive controls, placental, fallopian tube, vulva and colon tissues
were used. (Supplementary Fig. 1)

Staining evaluation

All EOC specimens were examined with a Leitz photomicroscope
(Wetzlar, Germany) and specific ENO-1 immunohistochemically stain-
ing reaction was observed in the cytoplasm and nucleus of the cells.
The intensity and distribution pattern of ENO-1 staining was rated us-
ing the semi-quantitative immunoreactive score (IRS) [45]. To obtain
the IRS result, the staining intensity (0=no, 1=weak, 2=moderate, and
3=strong staining) and the percentage of positive stained cells (0=no
staining, 1=<10% of the cells, 2=11-50% of the cells, 3=51-80% of
the cells and 4=>81%) were multiplied. Cut-off points for the IRS were
selected for the ENO-1 staining considering the distribution pattern of
IRS in the collective. Nuclear ENO-1 staining was regarded as low with
IRS 0-2 and as high with IRS>3. Staining evaluation of the Wnt signal-
ing markers was equally performed.

Statistical analysis

IBM SPSS Statistics, version 25.0 (IBM Corporation, Armonk, NY,
USA) was used for collecting and analysing all data. To compare the dis-
tribution of more than two independent samples Kruskal-Wallis H-test
was used [30]. Bivariate correlations between clinical and pathological
data have been calculated with Pearson’s chi-squared test and Spear-
man’s analysis [49]. Overall-survival was compared with Kaplan-Meier
curves and log-rank testing was used to detect differences in patients’
overall survival times. To identify an appropriate cut-off, the ROC curve
was drawn. It is considered as one of the most reliable methods for cut-
off point selection. In this context, the ROC curve is a plot representing
sensitivity on the y-axis and (1-specificity) on the x-axis [37]. Consec-
utively Youden index, defined as the maximum (sensitivity+specificity-
1) [57], was used to find the optimal cut-off maximizing the sum of
sensitivity and specificity [19,41]. For multivariate analyses, the cox re-
gression was performed. For all analysis a P-value of less than 0.05 was
considered to be statistically significant.

Results

Nuclear ENO-1/ MBP-1 expression correlates with clinicopathologic
characteristics

The clinicopathologic characteristics of the analyzed ovarian cancer
patients are listed in Table 1. Out of 156 successfully stained ovarian
cancer specimens, 142 (91%) showed positive cytoplasmic and nuclear
ENO-1/ MBP-1 expression. Median (range) immunoreactivity scores
(IRS) for ENO-1/ MBP-1 in cytoplasm and nucleus were 6 (0,8) and
2 (0,8), respectively.

Cytoplasmic and nuclear ENO-1/ MBP-1 expression did not show
a significant difference between the histological subtypes (p=0.1)
(Fig. 1).

ENO-1/ MBP-1 expression displayed correlations to clinicopatho-
logic characteristics (Table 2). A negative correlation was observed
between high nuclear ENO-1/ MBP-1 staining and grading (p<0.001;
Cc= —0.318). In the cytoplasm, ENO-1 does not correlate with clini-
copathological data. Nuclear and cytoplamic expression correllated to
each other (p=0.001; Cc= 0.278).

Higher nuclear ENO-1/ MBP-1 staining was detected in low-grade
serous cancer cases compared to high-grade ones (median IRS 3 (range
0-8) vs. median IRS 2 (range 0-4), p<0.001) (Fig. 2). The distribution
pattern of nuclear ENO-1/ MBP-1is shown in Supplementary Table 1.

Translational Oncology 14 (2021) 100910

Table 2
Correlation between cytoplasmic/ nuclear ENO-1/ MBP-1 expression and clini-
copathological data.

Cytoplasmic ENO-1 Nuclear ENO-1/

expression MBP-1 expression
Correlation Correlation
Variables p coefficient p coefficient
Age 0.429 0.067 0.393 -0.072
Histology 0.379 0.074 0.819 0.019
FIGO 0.925 —-0.008 0.482 -0.061
Grading 0.444 0.067 <0.001 -0.318**

Clinicopathologic data and ENO-1 expresssion were correlated to each other us-
ing Pearson’s chi-squared test. Significant correlations are indicated by asterisks
(*: p<0.05; **: p<0.01).

p: two-tailed significance.

Nuclear ENO-1/ MBP-1 expression correlates with Wnt signaling markers

We then analyzed the correlation between nuclear ENO-1/ MBP-
1 expression and Wnt signaling markers in the same ovarian can-
cer cohort (Table 3). A positive correlation was detected to the ex-
pression of membranous beta-catenin (p=0.007; Cc=0.235) and ser-
ine residue 9-phosphorylated glycogen synthase kinase 3 beta (GSK-
38[pS9]) (p<0.001; Cc=0.341), a negative correlation to the transcrip-
tion factor snail/slug (p = 0.004; Cc=-0.257).

High nuclear ENO-1/ MBP-1 expression is associated with improved overall
survival

The median age of the patients was 58.7 (standard deviation [SD]
31.4) years, with a range of 31-88 years. The median follow-up OS of
the EOC patients was 34.4 (SD 57.8) months. Nuclear ENO-1/ MBP-1
expression was significantly associated with a longer OS in the whole
cohort (Fig. 3, median 88.6vs. 33.1 months; p=0.013). Association of
high MBP-1 expression with OS in the different EOC subtypes was not
statistically significant. (Supplementary Fig. 2)

Clinicopathological parameters as independent prognostic factors

A multivariate cox-regression analysis was performed to detect
which parameters were independent prognostic factors for overall sur-
vival in the present cohort. In this analysis, patients’ age (p<0.001),
FIGO stage (p=0.002) and serous grading (p<0.001) were indepen-
dent factors for overall survival. High nuclear ENO-1/ MBP-1 expression
(p=0.676), however, was not confirmed as an independent prognostic
factor (Table 4).

Discussion

This present study focused on ENO-1 expression in the cytoplasm
and nucleus of different histologic subtypes of EOC and its correlation
with clinicopathological parameters and different Wnt signaling mark-
ers. Whereas cytoplasmic ENO-1 expression has no impact in our EOC
cohort, nuclear ENO-1/ MBP-1 was significantly higher expressed in
patients with low-grade serous histology and lower expressed in high-
grade serous histology, respectively.

Nuclear ENO-1/ MBP-1 expression showed correlations to the Wnt
signaling markers membranous beta-catenin, GSK-34[pS9] and the tran-
scriptionfactor snail/slug. Moreover patients with an increased nuclear
ENO-1/MBP-1 expression confirmed to have a significantly improved
OS. Our results suggest a functional role of MBP-1 in ovarian cancero-
genesis, which merits further investigations.

In recent years, increasing evidence suggests that ENO-1‘s molecu-
lar function differs depending on its cellular localization [7,15,16]. The
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Fig. 1. Detection of Enolase-1 with immunohistochemistry. Notes: (A) Enolase-1 staining in ovarian cancer with serous, (B) clear cell, (C) endometrioid, (D) and
mucinous histology. (E) Nuclear and (G) cytoplasmic Enolase-1 expression in histological subtypes. Cytoplasmic and nuclear Enolase-1 expression did not show a
significant difference between the histological subtypes (p=0.1). Images representative of 3 independent experiments. scale bar =100 ym.

primary catalytic function of the cytoplasmic glycolytic enzyme ENO-1
is essential for glucose metabolism [40]. Dysregulation of this physio-
logical process in context with the Warburg effect is a relevant condi-
tion in different kinds of cancer including glioma, lymphoma, thyroid
carcinoma, lung cancer, colorectal cancer, gastric cancer, pancreatic

cancer, hepatocellular carcinoma, endometrial cancer and breast can-
cer [51,53,22,9,48,20,60,59,44,58]. Overexpression of ENO-1 in these
malignant tumors promotes cell proliferation, migration and invasion
through FAK-mediated PI3K/AKT pathway and influencing plasmino-
gen signaling [2,36,20,44].
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A: Enolase-1 — low-grade serous carcinoma
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B: Enolase-1 — high-grade serous carcinoma

Fig. 2. Detection of nuclear Enolase-1/ MBP-1 in low/high-grade serous carcinoma. Notes: Higher nuclear ENO-1/ MBP-1 staining was detected in (A) low-grade
serous carcinoma compared to (B) high-grade serous carcinoma (median IRS 3 (range 0-8) vs. median IRS 2 (range 0-4), p<0.001).

Table 3

Correlation analysis between nuclear ENO-1/ MBP-1 expression and different Wnt signaling markers.
Staining Nuclear ENO-1/ MBP-1 Membranous beta-catenin ~ GSK-34[pS9] Snail/slug
Nuclear ENO-1/ MBP-1
Cc 1.000 0.235 0.341 -0.257
p - 0.007* <0.001* 0.004*
n 142 129 112 126
Membranous beta-catenin
Cc 0.235 1.000 0.393 -0.390
p 0.007* - <0.001* <0.001*
n 129 147 126 134
GSK-3p[pS9]
Cc 0.341 0.393 1.000 -0.076
p <0.001* <0.001* - 0.419
n 112 126 140 116
snail/slug
Cc -0.257 -0.390 -0.076 1.000
p 0.004* <0.001* 0.419 -
n 126 134 116 145

IRS of nuclear ENO-1/ MBP-1 was correlated to different Wnt signaling markers using Spearman’s correlation
analysis. Significant correlations are indicated by asterisks (*: p<0.05).
Cc: correlation coefficient, p: two-tailed significance, n: number of patients.

Table 4
Multivariate analysis of the analyzed ovarian cancer patients (n=156).

Covariate Hazard ratio (95% CI) p-value
Patient’s Age 1.009* (1.004-1.014) <0.001
FIGO (I, IT vs. 1II, 1V) 2.723* (1.434-5.170) 0.002
Grading serous (low vs. high) 2.845* (1.590-5.089) <0.001
nuclear ENO-1/ MBP-1 (high vs. low) 0.885 (0.500-1.569) 0.676

A multivariate Cox regression model was established to investigate indepen-
dency of prognostic factors.

Significant independent factors are indicated by asterisks (*: p<0.05). CI: confi-
dence interval.

Alternative splicing of the ENO1 gene results in a 36 kDa nuclear iso-
form, called myc promoter-binding protein 1 (MBP-1) [50]. This shorter
gene product binds to the c-myc promoter and prevents the formation
of an active transcription initiaton complex [50,18]. Thus the proto-
oncogene c-myc, a key transcriptional factor influencing cell prolifera-
tion, migration, differentiation and apoptosis, is negatively regulated in
the context of a tumor suppressor [13].

Indeed studies in gastric, prostate and breast cancer revealed that
elevated levels of MBP-1 reduce proliferation, migration and invasion
in respective cancer cells [24,26,28]. In addition MBP-1 seems to be

a regulator in epithelial-mesenchymal transition (EMT) [26]. Immuno-
histochemical analyses in breast cancer showed that MBP-1 was highly
downregulated compared to benign breast tissue and correlated with
better progression free survival [33,6].

The regulating mechanism of ENO-1/ MBP-1 ratio is not well under-
stood so far. Present studies revealed that ENO-1 translation is mostly
triggered by hypoxia whereas MBP-1 translation by endoplasmic retic-
ulum stress. In addition cellular glucose concentration may influence
ENO-1/ MBP-1 ratio: whereas breast cancer cells under normal or higher
concentrations show lower MBP-1 levels, the contrary effect is observed
under lower glucose concentrations [46].

Our present study distinguished the expression profile of ENO-1/
MBP-1 in ovarian cancer for the first time. Up to date only few in-vitro
studies in ovarian cancer exist. Former analyses showed an association
of higher ENO-1 expression and chemotherapy resistance in ovarian can-
cer cells and suggested ENO-1 as putative target to overcome these drug
resistance [23,52,12]. In addition ENO-1 expression was elevated in
brain metastases of ovarian cancer compared with the primary tumor
tissue [56]. No previous studies examined nuclear ENO-1/ MBP-1 in
ovarian cancer before. Our expression analysis of nuclear ENO-1/ MBP-
1 with its beneficial survival impact is in line with the above described
results in other cancer entities. The putative positive impact of nuclear
ENO-1/ MBP-1 on ovarian cancer biology is supported by the fact that
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Fig. 3. Kaplan-Meier estimate of nuclear ENO-1/ MBP-1. Notes: High ENO-1/ MBP-1 expression (IRS>3) was associated with improved overall survival (88.6 vs.
33.1 months, median; p=0.013). Censoring events have been marked in the graphs.

nuclear ENO-1/ MBP-1 expression is reduced in high-grade serous ovar-
ian cancer compared to the low-grade cases.

As mentioned before MBP-1 reduces EMT, an essential process in
the initation of metastasis in cancer progression [25]. The Wnt signal-
ing pathway, which is activated in EOC and therefore plays a pivotal
role in cancerogenesis, is one of the major signaling pathways thought
to be involved in EMT [3,38]. The correlation analysis between nuclear
ENO-1/ MBP-1 expression and the Wnt signaling markers membranous
beta-catenin, GSK-34[pS9] and snail/slug revealed a putative associa-
tion of nuclear ENO-1/ MBP-1 with an inactivated Wnt signaling and
EMT. Nuclear ENO-1/ MBP-1 positively correlated to membranous beta-
catenin and inactivated GSK-38[pS9], which represent an inactivated
Wnt signaling. In contrast nuclear ENO-1/ MBP-1 negatively correlated
to snail/slug, an important transcription factor in the activated Wnt sig-
naling. Thus our findings support nuclear ENO-1/ MBP-1 as possible new
target involved in the Wnt signaling and EMT. In vitro studies showed
that ENOblock, a unique small molecule inhibitor of the non-glycolytic
functions of enolase, caused higher expression of MBP-1 linked to c-myc
repression and negativly influenced cancer cell migration and invasion
[27,10]. Further studies are needed to verify our findings and prove
ENOblock as putative new therapeutical approach in EOC.

Taken together, we indicate that nuclear ENO-1/ MBP-1 may be a
promising new target in EOC so that clinical implications should be fur-
ther addressed in future research.
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