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Deletion of ENO1 sensitizes
pancreatic cancer cells to
gemcitabine via MYC/RRM1-

mediated glycolysis

Yingpeng Lu'2, Hongqin Ma?, Xiaoxiao Xiong?3, Yusheng Du?, Li Liu?, JiWang?*! &
Wenxing Zhao?™*

Glycolysis is a critical metabolic pathway in cancer cells, fulfilling their energy requirements,
supporting biosynthesis, maintaining redox balance, and enabling survival in hostile environments.
Alpha-enolase (ENO1) has been identified as a key promoter of tumor progression through its
involvement in glycolysis. This study aims to elucidate the relationship between ENO1, glycolysis,

and gemcitabine sensitivity in pancreatic cancer (PC). The expression levels of ENO1 in PC were
analyzed using the GEPIA2 database, Kaplan-Meier survival plots, and immunohistochemistry (IHC).
To assess the impact of ENO1 on gemcitabine sensitivity, we manipulated ENO1 expression in PC cell
lines through overexpression and silencing techniques. Subsequent analyses included flow cytometry
assays, glucose uptake and lactate production measurements, and cytotoxicity assays. The underlying
mechanisms by which ENO1 modulates gemcitabine sensitivity were explored using Western blotting
(WB). ENO1 was found to be significantly overexpressed in PC tissues, and elevated ENOL1 levels were
associated with poorer prognosis in PC patients. Overexpression of ENO1 reduced the sensitivity of PC
cells to gemcitabine, enhancing cell proliferation, migration, and invasion by altering the cell cycle and
inhibiting apoptosis. Conversely, silencing ENO1 decreased glycolysis in PC cells and heightened their
sensitivity to gemcitabine. Furthermore, glycolysis inhibition—achieved through ENO1 knockdown,
glucose deprivation, or treatment with 2-Deoxy-D-glucose (2-DG)—further enhanced the susceptibility
of PC cells to gemcitabine. Mechanistically, ENO1 was found to regulate the expression of gemcitabine
resistance-related genes, particularly ribonucleotide reductase catalytic subunit M1 (RRM1), via

MYC through the glycolytic pathway, thereby contributing to gemcitabine resistance. This study
demonstrates that ENO1 plays a crucial role in PC progression and is closely linked to gemcitabine
resistance through its regulation of the glycolytic pathway.
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Abbreviations

ENO1 Alpha-enolase

PC Pancreatic cancer

IHC Immunohistochemistry
WB Western blot

2-DG 2-Deoxy-D-glucose
RRM1 Ribonucleotide reductase regulatory subunit M1

PES Progression-free survival
DFS Disease-free survival

(N Overall survival

CR Complete remission

2-PGA  2-phosphoglycerate
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PEP Phosphoenolpyruvate

FBS Fetal bovine serum

shRNA  Short hairpin RNAs

¢-MYC  Human Myc proto-oncogene protein

IC50 The half-maximal inhibitory concentration
dNTP Deoxyribonucleotide

YAP1 Yes - associated protein 1

PC is a highly malignant gastrointestinal tumor with a poor prognosis and is the seventh leading cause of
cancer-related mortality"2. Radical resection remains the only potential cure for this fatal disease; however,
most patients have already lost the opportunity for surgical resection by the time of diagnosis. Additionally,
patients who undergo surgical resection often experience recurrence and metastasis within two years, resulting
in a five-year survival rate of less than 30%?>. Thus, improving the effectiveness of medical treatment, particularly
chemotherapy, remains a major research priority.

Among the various chemotherapeutic agents, gemcitabine has remained a cornerstone of treatment
for advanced PC since 1997. While it has demonstrated some clinical benefits in prolonging progression-
free survival (PFS), disease-free survival (DFS), and overall survival (OS), the complete remission (CR) rate
and prognosis remain poor™®. One of the primary important reasons for this disappointing outcome is the
presence of intrinsic and acquired chemoresistance to gemcitabine’°. However, the development of resistance
to gemcitabine significantly limits its clinical efficacy and contributes to the poor prognosis associated with this
disease.

Chemoresistance is closely related to the tumor cell metabolism!%-12. Glycolysis, a central metabolic pathway,
plays a crucial role in energy production and biosynthesis required for the rapid proliferation of cancer cells. In
many cancers, including PC, the Warburg effect-a phenomenon where cancer cells preferentially utilize glycolysis
even in the presence of oxygen-supports tumor growth and survival under metabolic stress!®>. Moreover, PC is
characterized by poor vascularization, resulting in a sparse vascular distribution that resulting in a hypoxic
microenvironment that promotes the Warburg effect and contributes to chemotherapeutic drug resistance®.
Given this, targeting the Warburg effect in PC represents a promising strategy to reverse gemcitabine resistance.

ENOLI is a glycolytic enzyme that catalyzes the reversible conversion of 2-phosphoglycerate (2-PGA) to
phosphoenolpyruvate (PEP) during glycolysis'. ENO1 overexpression activates the relatively energy-deficient
aerobic glycolytic pathway contributing to chemotherapy resistance. ENO1-stimulated glycolysis has been shown
to play a critical role in cisplatin resistance in gastric cancer as metabolic reprogramming in cisplatin-resistant
cells is characterized by increased glycolysis. Inhibition of glycolysis has been found to significantly reverse
this drug resistance!”. Additionally, studies have shown that ENO1 expression is elevated in PC tumor tissues,
and its upregulation is positively correlated with disease progression and gemcitabine sensitivity'®!”. Emerging
evidence has shown that targeting ENO1 could sensitize hypoxia induced gemcitabine chemoresistance through
modulation of redox homeostasis. However, the precise relationship between ENO1, glycolysis and gemcitabine
resistance in PC remains unclear and requires further investigation.

Given the central role of ENOLI in glycolysis and its potential impact on chemoresistance, this study aims to
investigate the relationship between ENOI, glycolysis, and gemcitabine resistance in PC. We hypothesize that
ENOI1 overexpression contributes to gemcitabine resistance by enhancing glycolysis and upregulating RRM1
through MYC, a well-known transcription factor involved in metabolic reprogramming and oncogenesis.
Understanding the ENO1-MYC-RRM1 axis may provide new insights into the mechanisms of gemcitabine
resistance and identify potential therapeutic targets to improve the efficacy of chemotherapy in PC.

Materials and methods

Cell culture

Human PC cell lines PANC-1, MIA PaCa-2, and SW1990 were purchased from the Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences (China) and cultured according to the standard
protocol suggested by the ATCC: DMEM (Gibco, USA) supplemented with 10% foetal bovine serum (CLARK,
USA), 100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco, USA). The cells were incubated in a humidified
incubator maintained at 37 °C with 5% CO,,.

Patient specimens and immunochemistry (IHC)

All PC patient specimens were collected from surgical oncology patients at the Affiliated Hospital of Xuzhou
Medical University from March 2014 to June 2019. IHC assays were carried out, and the staining intensity
scores of ENO1 were determined as previously described!8. According to the instructions of the PV-method
IHC kit (Zhongshan biotech, China), the slides were routinely dewaxed and hydrated. Then, the slides were
incubated with reagent A (endogenous peroxidase blocker) to block endogenous peroxidase activity. Next, the
slides were incubated with primary antibody anti-ENO1 (1:200, 11204-1-AP, Proteintech, China) overnight
at 4 °C. Subsequently, the slides were treated with reagent B (Polymer Helper) to enhance the reaction and
then incubated with reagent C (polyperoxidase-anti-rabbit IgG) for secondary antibody incubation. DAB
(Zhongshan biotech, China) was used to generate brown precipitates. PBS was used instead of the primary
antibody as a negative control. The staining results were scored based on the percentage of positive cells and the
intensity of staining. (1) Score for the percentage of positive cells: 0 (0-5% positive cells); 1 (6-25%); 2 (26-50%);
3 (51-75%); 4 (76-100%); (2) Score for staining intensity: 0 for no staining, 1 for pale yellow, 2 for brown, 3 for
tan. The final score was calculated as the product of the two scores.
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Analysis of gene expression

GEPIA2 (http://gepia.cancer-pku.cn/#analysis) and TNMplot (https://tnmplot.com/analysis/) were utilized
to evaluate the expression of ENO1, RRM1 and MYC'%, The KM plotter (https://kmplot.com/analysis/) was
applied to explore the relationships between the expressions of ENO1 and RRM1, and OS, as well as DFS?!.

Cell lines establishment and cell transfection

Short hairpin RNAs (shRNAs) targeting ENO1 and ENO1 overexpression experiments were conducted as our
previous description!”. For siRNA transfections, Lipofectamine RNAIMAX transfection reagents (Thermo
Fisher Scientific, USA) were utilized in accordance with the manufacturer’s protocol.

Western blot

WB was performed as described previously!”. Primary antibodies against ENO1 (11204-1-AP), B-actin (20536-
1-AP), human Myc proto-oncogene protein (c-MYC) (10828-1-AP), RRM1 (10526-1-AP) and the secondary
antibody, HRP-goat anti-rabbit IgG (H+L) (SA00001-2), were purchased from Proteintech (China).

Flow cytometry assay
For the assessment of cell apoptosis, cells were treated with different concentration gemcitabine for 36 h.
The cell apoptosis was measured by Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich) according to
manufacturer’s instructions. Then, the cells were analyzed using the BD FACScan System (Becton, Dickinson
and Company, USA).

For the analysis of the cell cycle, tumor cells were harvested and then fixed with 75% pre-cold ethanol for
24 h at -20 °C. Cells were analyzed using the BD FACScan System after staining with propidium iodide (Sigma-
Aldrich).

Cytotoxicity assay

Gemcitabine (Eli Lilly and Company, USA) was diluted in sterile PBS. Cells were then inoculated with gemcitabine
at final concentration gradients of 0 nM, 2 nM, 4 nM, 8 nM, 16 nM, 32 nM, 64 nM, 128 nM, and 256 nM and
incubated for 24 h. In the glycolysis-inhibited group, cells were cocultured in glucose-restricted medium, and
medium with 5 mM 2-DG (Sigma, USA) added. Glucose-free DMEM (Clark, USA) was mixed with DMEM
containing 4500 mg/L glucose at volume ratios of 12.5%, 25%, and 100%. Cell viability was determined using
the CCK-8 Kkit.

Glucose uptake and lactate production detection

Cells were seeded into 6-well plates. Once the cells had attached, the medium was replaced with 3 mL of fresh
medium. The supernatant medium was collected at 24 h, 48 h, and 72 h of incubation. The glucose and lactate
concentrations were measured using a glucose assay kit (Folin-Wu colorimetry) (Regen Bio, China) and a
lactate assay kit (Nanjing Jiancheng Biological Institute, China), respectively. The cells were trypsinized and
then counted. Glucose uptake and lactate production levels were normalized to pM/10° cells. Fold changes were
normalized to the control group.

Statistical analysis

All statistical analyses were completed using SPSS 23.0. Independent samples t-tests were used to compare
the differences between the two groups. When *p <0.05, or **p <0.01, the difference is considered statistically
significant.

Result

Upregulation of ENOL correlated to poor prognosis in PC

To investigate the expression of ENOI in PC, we analyzed the expression levels of ENO1 using the GEPIA2
database. ENO1 was significantly overexpressed in PC tissues compared to normal tissues (Fig. 1A). In the
GSE16515 and GSE287 cohorts, the mRNA level of ENO1 was notably elevated in PC tissues (Fig. 1B). Kaplan-
Meier survival curves were utilized to investigate the association between ENOI expression and OS as well as
DEFS. The results revealed that patients with low expression of ENO1 had better survival outcomes (Fig. 1C).
Additionally, Kaplan-Meier analysis revealed that in terms of T3, N0, N1, and MO0 subgroups, patients with high
ENOL1 expression had a considerably poorer prognosis compared to those with low ENO1 expression (Fig. 1D-
G). Furthermore, we assessed ENO1 expression in tumor and adjacent non-tumor tissues from 34 PC patients
at our hospital. ENO1 was predominantly localized in the cytoplasm and was significantly overexpressed in
PC tissues relative to normal tissues (Fig. 1H). These findings suggest that ENO1 may serve as an important
prognostic marker and potential therapeutic target in PC. Further research is needed to explore the specific
mechanisms by which ENO1 contributes to PC progression and evaluate its feasibility as a therapeutic target.

ENOL contribute to resistance of gemcitabine through regulating cell cycle, cell apoptosis
and glycolysis

To further investigate the mechanisms of ENOI1, we explored overexpression of ENO1 and its impact on
gemcitabine resistance in MIA PaCa-2 and PANC-1 cells (Fig. 2A). Gemcitabine has been reported to induce
irreversible damage in cancer cells primarily by interfering with DNA synthesis, inhibiting the proliferation of
cancer cells, and inducing apoptosis™’. We then assessed changes in the cell cycle after ENO1 overexpression.
Flow cytometry analysis demonstrated that ENO1 overexpression significantly alters the cell cycle distribution
in both MIA PaCa-2 and PANC-1 cells. Specifically, there was a notable decrease in the percentage of cells in
the G1 phase and an increase in the percentage of cells in the S and G2/M phases in ENOI1-overexpressing
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Fig. 1. High ENOI expression in PC is associated with poor prognosis. (A) The expression levels of ENO1
based on GEPIA 2. (B) ENOI1 expression levels in PC samples versus normal samples from the GSE16515 and
GSE28735 databases. (C) Kaplan-Meier analysis showing OS and DFS rates of PC patients with high versus low
ENOL expression. (D) OS and DFS rates for T3 stage PC patients with high versus low ENO1 expression. (E)
OS and DFS rates for PC patients without lymph node metastasis, comparing high and low ENO1 expression.
(F) OS and DFS rates for PC patients with lymph node metastasis, comparing high and low ENO1 expression.
(G) OS and DFS rates for PC patients without distant metastasis, comparing high and low ENO1 expression.

(H) IHC results showing ENO1 expression in non-cancerous versus cancerous pancreatic tissue samples. **
P<0.01.

cells compared to vector control cells (Fig. 2B). To evaluate gemcitabine sensitivity, 50 nM gemcitabine was
added to assess the apoptotic level. Annexin V/PI staining reveald that ENO1 overexpression reduced the
apoptosis rate induced by gemcitabine in both MIA PaCa-2 and PANC-1 cells, indicating that ENO1 decreases
the sensitivity of these cells to gemcitabine (Fig. 2C). ENO1 is a key enzyme in glycolysis, and previous studies
have shown that the Warburg effect is a potential target for intervention in drug resistance. This promoted us
to measure cellular glycolysis by assessing glucose consumption and lactate production. The results showed
that glucose consumption and lactate production were higher in the ENO1 overexpression group compared
to the control group at 24 h, 48 h and 72 h, indicating increased glycolysis in MIA PaCa-2 and PANC-1 cells
following ENO1 overexpression (Fig. 2D,E). Furthermore, the half-maximal inhibitory concentration (IC50)
value for gemcitabine in MIA PaCa-2 and PANC-1 cells was significantly increased after ENO1 overexpression
(Fig. 2F). Collectively, these findings demonstrate that ENO1 overexpression in PC cell lines promotes cell cycle
progression, reduces apoptosis in response to gemcitabine, and enhances glycolytic activity.

Inhibition of glycolysis promotes gemcitabine chemosensitivity in ENO1 overexpressed PC
cells

ENOL has been reported to be involved in glycolysis and glycolysis plays a crucial role in determining the
sensitivity of cancer cells to gemcitabine!”?>?. To investigate whether inhibition of glycolysis could alleviate
gemcitabine resistance, we cocultured ENO1-overexpressing cells with glucose-restricted medium as well as the
glycolytic inhibitor 2-DG. As shown in Fig. 3A,B, lowering the glucose concentration in the culture medium (to
25% and 12.5%) increased the sensitivity of both MIA PaCa-2 and PANC-1, as well as ENO1-overexpressing
cells, to gemcitabine. The IC50 value for gemcitabine with reduced glucose was more pronounced in ENO1-
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Fig. 2. ENOLI contributes to gemcitabine resistance and glycolysis in vitro. (A) WB analysis detecting ENO1
expression levels in MIA PaCa-2 and PANC-1 cells. (B) Cell cycle distribution by flow cytometry analysis in
MIA PaCa-2 and PANC-1 cells after ENO1 overexpression. (C) Flow cytometry assay showing the percentage
of apoptotic cells treated with or without 50 nM gemcitabine for 24 h. (D and E) Cellular glucose consumption
(D) and lactate production (E) after overexpression of ENO1. (F) IC50 values for gemcitabine on MIA PaCa-2
and PANC-1 cells after 24 h of incubation in vitro. ** P<0.01.

overexpressing cells, suggesting that these cells are more reliant on glycolysis for survival and are more vulnerable
when glycolysis is inhibited. Furthermore, both 25% and 12.5% glucose concentrations resulted in higher
glucose consumption and lactate production compared to control cells (Fig. 3C,D). The glycolysis inhibitor
2-DG enhanced gemcitabine sensitivity in both MIA PaCa-2 and PANC-1 cells, significantly decreased the IC50
of gemcitabine, particularly in ENO1-overexpressing cells (Fig. 3E). Additionally, treatment with 2-DG reduced
glucose consumption in ENO1-overexpressing cells, with a more significant reduction observed at 48 and 72 h
(Fig. 3F). This indicates that 2-DG effectively inhibits the glycolytic activity promoted by ENO1 overexpression.
No significant change was observed in lactate production (Fig. 3F). These results collectively demonstrate that
inhibition of glycolysis can effectively sensitize ENO1-overexpressing cells to gemcitabine.

Knockdown of ENO1 enhances gemcitabine sensitivity and reduces glycolysis

The above results suggest that PC enhances cellular glycolysis levels through ENO1 overexpression, thereby
promoting gemcitabine resistance. To further investigate this, ShRNA targeting ENO1 was performed in
SW1990 cells, which have high ENO1 expression, to establish a stable cell line with ENO1 knockdown (Fig. 4A).
Flow cytometry results revealed an increase in the G1 phase population and a decrease in the S and G2/M
phases in both shRNA#1 and shRNA#2 cells compared to the control (Fig. 4B). ENO1 knockdown increased
the sensitivity of SW1990 cells to gemcitabine, leading to higher apoptosis rates in both shRNA#1 and shRNA#2
cells (Fig. 4C). Moreover, the IC50 values for gemcitabine, glucose consumption, and lactate production were
significantly decreased in both shRNA#1 and shRNA#2 cells when glucose content in the culture medium was
reduced (Fig. 4D). Additionally, upon ENO1 depletion, treatment with 2-DG further decreased the IC50 values
for gemcitabine, glucose consumption, and lactate production (Fig. 4E-G). These findings suggest that targeting
ENOL to reduce glycolysis may be an effective strategy to enhance the sensitivity of PC cells to gemcitabine and
improve treatment outcomes.
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Fig. 3. ENO1 enhances gemcitabine resistance and glycolytic activity in vitro. (A) IC50 values for gemcitabine
in MIA PaCa-2 cells with or without ENO1 overexpression under different glucose concentrations (100, 25,
and 12.5%). (B) IC50 values for gemcitabine in PANC-1 cells with or without ENO1 overexpression under
different glucose concentrations (100, 25, and 12.5%). (C and D) Glucose consumption and lactate production
in MIA PaCa-2 (C) and PANC-1 (D) cells with or without ENO1 overexpression at different time points. (E)
IC50 values for gemcitabine in MIA PaCa-2 cells with or without ENO1 overexpression after 2-DG treatment.
(F) Glucose consumption and lactate production in MIA PaCa-2 and PANC-1 cells with or without ENO1

overexpression after 2-DG treatment. * P<0.05, ** P<0.01.

ENOL1 increases RRM1 expression via regulating the expression of MYC

To further investigate the mechanism by which ENOI1 affects gemcitabine resistance in PC through the
glycolytic pathway, we examined the expression of gemcitabine-related genes. We found that expression levels of
RRM1 were significantly increased in MIA PaCa-2 and PANC-1 cells following ENO1 overexpression (Fig. 5A),
whereas knockdown of ENOLI results in reduced expression of RRM1 (Fig. 5A). The expression of RRM1 was
significantly upregulated in the PC tissues compared to normal tissues, based on data from the GEPIA2 and
TNMplot databases (Fig. 5B). Kaplan-Meier curves were applied to investigate the association between RRM1
expression and OS as well as DFS. The results revealed that patients with high RRM1 expression had shorter
survival time (Fig. 5C). No significant change was observed in the N1 subgroup (Fig. 5D). Furthermore, patients
with high RRM1 expression had a shorter OS compared to those with low RRM1 expression, but no significant
change was observed in DFS (Fig. 5E). Pearson correlation analysis revealed a positive correlation between
RRMI and ENOL1 expression levels in PC tissues (Fig. 5F). Previous studies have shown that ENO1 mediates
cell cycle progress via MYC, and one of the major causes of cellular senescence due to MYC deficiency is the
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Fig. 4. ENOI1 knockdown enhances gemcitabine sensitivity and reduces glycolytic activity in vitro. (A)

WB analysis detecting the expression levels of ENO1 in SW1990 cells after knockdown with shRNA#1

and shRNA#2. (B) Cell cycle distribution analyzed by flow cytometry in SW1990 cells following ENO1
knockdown. (C) Flow cytometry assay assessing apoptosis in SW1990 cells treated with 10 nM gemcitabine
for 24 h after ENO1 knockdown. (D) IC50 values for gemcitabine in SW1990 cells after knockdown with
shRNA#1 and shRNA#2. (E) IC50 values for gemcitabine, glucose consumption and lactate production in
SW1990 cells at different time points under 25% glucose conditions following ENO1 knockdown. (F) IC50
values for gemcitabine, glucose consumption and lactate production in SW1990 cells at different time points
under 12.5% glucose conditions following ENO1 knockdown. (G) IC50 values for gemcitabine, glucose
consumption and lactate production in SW1990 cells at different time points after 2-DG treatment following
ENO1 knockdown. * P<0.05, ** P<0.01.

downregulation of RRM-dependent deoxyribonucleotide(dNTP) pools*?’. A positive correlation was also
observed between MYC and RRM1 expression levels (Fig. 5G), as well as between ENO1 and MYC expression
levels (Fig. 5H) in PC tissues. These findings underscore the importance of the ENO1-MYC-RRM1 axis in the
progression of PC and its potential as a target for therapeutic intervention to overcome gemcitabine resistance.

MYC and RRML1 are critical mediators of ENO1-driven gemcitabine resistance and glycolytic

activity in PC cells

To assess the necessity of MYC and RRM1 for ENO1 function, we employed siRNAs to deplete MYC or RRM1
in ENO1-overexpressing MIA PaCa-2-ENO1 and PANC-1-ENOL1 cells. Our findings revealed that silencing
MYC (siMYC) reduces RRM1 expression in both cell lines, confirming that MYC is upstream of RRM1 in the

Scientific Reports |

(2025) 15:9941

| https://doi.org/10.1038/s41598-025-94319-0

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

RRM1 | — E—
MYC —— e | ——
Bactin AEG A — — ————— m— —
Blank Vector ENO1 Blank Vector ENO1 Control shRNA#1 shRNA#2
Mia PaCa-2 PANC-1 SW1990
B - .. P=126040 C RRM1 RRM1
o 2000 S 1.0 HR = 1.18 (1.02 - 1.37) 1.0 HR =1.33 (1.03 - 1.72)
Logrank P = 0.0265 Logrank P = 0.0297
e c — —
w : o 0.8 Expression Low 0.8 Expression Low
@& @ c00 — High — High
= ] >
i — g 206 206
5 B x H E
g i o S o4 Sos
— 2 1000 & &
: g
g oA 3 2’ 0.2 0.2
=
-1 £ 500 00 0.0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
o _— Overall survival (months) Disease free survival (months)
L — —— |
by 0 ow' 830 300 101 34 16 9 0 . 106
- - Low 106 26 12 3 2 1 [
(num(T)=178; Pum(N)=171) Tumor ngv?‘v 369 118 38 7 3 1 0 H\g: 172 26 10 4 2 1 0
D RRM1 RRM1 E RRM1 RRM1
1.0 HR = 1.25 (0.97 - 1.6) 1.0 HR =1.37 (0.89 - 2.12) 1.0 HR = 1.29 (1.04 - 1.62) 1.0 HR = 1.38 (0.91 - 2.07)
Logrank P = 0.0871 Logrank P = 0.154 Logrank P = 0.0231 Logrank P = 0.125
L — Low — Low L — Low L — Low
0.8 Expression L 0.8 Expression L 0.8 Expression L 0.8 Expression
> >
£o0s6 go.e £o06 go.s
a S o ¥l
i ® ® ]
3 2 3 3
204 2 0.4 © 0.4 204
a o o a
0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0
0 20 40 80 100 0 10 20 30 40 50 60 0 20 40 60 80 100 120 0 10 20 30 40 50 60
Overall survival (months) Disease free survival (months) Overall survival (months) Disease free survival (months)
At risk At risk At risk At risk
Low 226 85 2 3 2 low 32 17 8 6 4 2 [ Low 357 158 51 18 7 4 0 Low 37 20 10 6 4 2 0
High 138 40 8 1 0 High 95 50 13 7 5 1 1 High 176 59 14 2 1 0 0 High 111 55 15 8 6 1 1
- = 1e— G - p-value = 0.014
F - | p-value=1e-11 © 4 p-value =0.0038 H -7 R=018
R=0.48 .
R=022 .
° e 4
s S -~ 2
o
= a =
ool = - o
) = Q
> = z
] X - o
& o S S ©
S I e
) o o
- °
- © - ~ 4
© T T T N © T T T T T T
T ! T T T i 3 4 5 6 7 8
: ; ’ oot s e T8 log2(MYC TPM)
og.
log2(RRM1 TPM) log2(MYC TPM)

Fig. 5. RRM1 expression correlates with poor prognosis and is regulated by ENO1 through MYC in PC.

(A) WB analysis assessing expression levels of RRM1 and MYC in MIA PaCa-2 and PANC-1 cells following
ENOL overexpression, as well as ENO1 knockdown in SW1990 cells. (B) The expression levels of RRM1 in PC
tissues analyzed using the GEPIA2 and TNMplot database. (C) Kaplan-Meier analysis showing OS and DFS
rates of PC patients with high versus low RRM1 expression. (D) OS and DFS rates for PC patients with lymph
node metastasis, comparing high and low RRM1 expression. (E) OS and DFS rates for PC patients without
distant metastasis, comparing high and low RRM1 expression. (F) Pearson correlation analysis between RRM1
and ENO1 expression levels based on the GEPIA2 database. (G) The expression levels of MYC in PC tissues
analyzed based on the GEPIA2 database. (H) Pearson correlation analysis between MYC and ENOL1 expression
levels based on the GEPIA2 database. (I) Pearson correlation analysis between MYC and RRM1 expression
levels based on the GEPIA2 database.

regulatory pathway. Silencing RRM1 (siRRM1) did not affect MYC levels, indicating that RRM1 acts downstream
of MYC (Fig. 6A). Subsequent flow cytometry analysis showed that silencing MYC or RRM1 led to an increase in
the G1 phase population and a corresponding decrease in the S and G2/M phases, indicating that both MYC and
RRM]1 are involved in promoting cell cycle progression in ENO1-overexpressing cells (Fig. 6B). MYC or RRM1
silencing also resulted in increased susceptibility of cells to gemcitabine, as evidenced by a higher apoptotic cell
population (Fig. 6C) and lower IC50 values for gemcitabine (Fig. 6D). Additionally, depletion of MYC or RRM1
decreased glycolytic activity in ENO1-overexpressing cells, as evidenced by reduced glucose consumption and
lactate production (Fig. 6E,F). Taken together, our results suggest that the ENO1-MYC-RRMI1 axis plays a
critical role in promoting gemcitabine resistance and glycolysis in PC, highlighting potential therapeutic targets
for overcoming chemoresistance.
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Fig. 6. Knockdown of MYC or RRM1 partially reverses the effects of ENO1 overexpression on cell sensitivity
to gemcitabine. siRNAs targeting MYC or RRM1 were transfected into MIA PaCa-2-ENOI and PANC-1-
ENOLI cells. (A) WB analysis of RRM1 and MYC. (B) Cell cycle distribution was analyzed by flow cytometry.
(C) Flow cytometry assay to assess apoptosis after treatment with 50 nM gemcitabine for 24 h. (D) IC50 values
for gemcitabine. (E and F) Glucose consumption and lactate production measured in MIA PaCa-2-ENO1 (E)
and PANC-1-ENOI (F) cells at indicated time points.

Discussion

PC is notoriously resistant to chemotherapeutic agents, including gemcitabine, which remains a cornerstone
in the treatment of this aggressive cancer?®%. Resistance to gemcitabine is a significant challenge in the clinical
management of PC, often leading to treatment failure and poor patient outcomes®**!. Previous studies have
implicated several mechanisms in gemcitabine resistance, including enhanced DNA repair, altered drug
metabolism, and changes in apoptotic pathways>*2. However, the role of metabolic reprogramming, particularly
glycolysis, in mediating this resistance is less well understood.

In this study, we provide compelling evidence that ENO1 plays a crucial role in promoting gemcitabine
resistance in PC by regulating key cellular processes such as the cell cycle, apoptosis, and glycolysis. Our
data reveal that ENOL1 is significantly upregulated in PC tissues compared to normal tissues, and high ENO1
expression is strongly correlated with poor prognosis. Specifically, patients with elevated levels of ENO1 exhibit
shorter OS and DFS, emphasizing the potential of ENO1 as both a prognostic biomarker and a therapeutic
target in PC. We also confirmed the expression of ENO1 by IHC in 34 clinical PC tissues, with results showing
significantly higher ENO1 expression in PC tissues compared to paracancerous tissues, which was consistent
with previous results!®1833,

ENOLI, a key glycolytic enzyme, has been shown to facilitate tumor progression by enhancing glycolysis-a
metabolic hallmark of cancer cells that provides energy and biosynthetic precursors necessary for rapid
proliferation!>**%. Our previous study suggested that ENO1 promotes cell growth, tumor progression and
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gemcitabine resistance by increasing the expression of Yes-associated protein 1 (YAP1)Y. In this study, we
build on previous research by demonstrating that overexpression of ENO1 in PC cells leads to altered cell cycle
dynamics, with a decrease in the G1 phase and an increase in the S and G2/M phases, thereby promoting cell
proliferation and gemcitabine resistance. Additionally, ENO1 overexpression reduces apoptosis in response to
gemcitabine treatment, indicating a direct role of ENO1 in decreasing the chemosensitivity of PC cells.

Glycolysis plays a crucial role in determining the sensitivity of cancer cells to gemcitabine®®*”. By supporting
energy production, biosynthesis, and stress management, glycolysis can contribute to chemoresistance®.
Crucially, we found that ENO1-driven gemcitabine resistance is closely linked to enhanced glycolytic activity, as
evidenced by increased glucose consumption and lactate production in ENO1-overexpressing cells. Consistent
with these results, we observed a significant increase in gemcitabine sensitivity following knockdown of ENO1
in SW1990 cells, suggesting that the effect of ENO1 on glycolysis is paralleled with gemcitabine sensitivity. Based
on the above results, we hypothesize that ENO1-mediated glycolysis is a key factor influencing PC gemcitabine
chemosensitivity. Interestingly, inhibition of glycolysis by glucose-restricted medium or the glycolysis inhibitor
2-DG produces similar effects as ENO1 silencing, further supporting the critical role of glycolysis in mediating
gemcitabine resistance.

To further explore the molecular mechanisms underlying ENO1-mediated gemcitabine resistance, we
examined key enzymes involved in gemcitabine transport and metabolism. RRM1, which plays a crucial role
in DNA synthesis and repair, was identified as a downstream target of ENO1 and associated with resistance to
gemcitabine!®-42. RRM1 contributes to the increased production of dNTPs, the essential building blocks for
DNA synthesis and repair*?. Gemcitabine’s mechanism of action involves inhibiting ribonucleotide reductase
and incorporating into DNA to halt replication’. Elevated RRM1 levels can counteract this effect by maintaining
dNTP pools, enabling cancer cells to repair DNA damage and resist gemcitabine-induced cell death®>. MYC is
a potent oncogene that regulates the expression of a wide range of genes involved in cell growth, metabolism,
and apoptosis?»*4*°, In this study, we demonstrated that ENO1 overexpression leads to upregulation of RRM1, a
key enzyme involved in DNA synthesis and repair that has been previously implicated in gemcitabine resistance.
Importantly, we showed that the regulation of RRM1 by ENOI is mediated through MYC, a well-known
oncogenic transcription factor. Silencing MYC or RRM1 in ENO1-overexpressing cells not only decreased
glycolytic activity but also enhanced gemcitabine sensitivity, highlighting the therapeutic potential of targeting
this axis.

Our research is a preliminary exploratory study, and there are many limitations. Firstly, there are differences
between in vitro and in vivo environments, but animal experiments were not conducted to further verify the
effect of ENOL1 overexpression in solids tumors on malignant behaviors such as tumorigenesis, metastasis,
glycolysis and gemcitabine resistance in PC cells. Secondly, the IHC samples were compared between tumor
tissue and paracancerous tissue. To investigate the relationship between ENOI1 expression and gemcitabine
resistance, a comparison of expression levels in tumor tissues from chemotherapy-sensitive and chemotherapy-
resistant patients—or between the periods of gemcitabine chemotherapy sensitivity and resistance relapse in the
same patients—would be necessary, which requires further in-depth investigation in the future.

In conclusion, our study elucidates the critical role of ENO1 in promoting gemcitabine resistance in PC
through upregulation of RRMI1 via c-Myc and glycolysis (Fig. 7). These findings suggest that targeting ENO1
and its downstream effectors may represent a promising strategy to overcome chemoresistance and improve
therapeutic outcomes for patients with PC. Further research is warranted to validate these findings in clinical
settings and to explore combination therapies that target glycolysis and the ENO1-MYC-RRMI axis.
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Fig. 7. A proposed pathway illustrating ENO1-mediated gemcitabine resistance in PC Cells. This diagram
illustrates a pathway where ENOI, through the regulation of MYC and RRM1, promotes cell cycle progression,
inhibits apoptosis, and enhances glycolysis. These effects collectively contribute to the development of
gemcitabine resistance in PC cells.
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