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SIGNIFICANCE
This study highlights the critical role of ENO1 in the 
progression of cutaneous squamous cell carcinoma. 
The elevated expression of ENO1 in cSCC tissues and 
its correlation with key tumour characteristics such as 
increased cell proliferation and invasion suggest that 
ENO1 promotes tumorigenicity. ENO1 knockdown impaired 
these malignant traits, slowed tumour growth, and altered 
metabolic pathways, including the suppression of glyco-
lysis and the enhancement of oxidative phosphorylation, 
alongside an accumulation of reactive oxygen species. 
Targeting ENO1 is a promising therapeutic strategy for 
cSCC. Combining ENO1 inhibition with oxidative-stress-
enhancing treatments, such as chemotherapy or radioth-
erapy, may further enhance efficacy.
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Cutaneous squamous cell carcinoma (cSCC) is a com-
mon skin malignancy characterized by aggressive 
growth and metabolic reprogramming. Alpha-enolase 
(ENO1), a key glycolytic enzyme that is frequently 
over-expressed in cancer, has not been thoroughly 
investigated in cSCC, particularly with regard to how 
it coordinates glycolysis and oxidative phosphoryla-
tion (OXPHOS). ENO1 expression was interrogated in 
Gene Expression Omnibus datasets and validated in 
cSCC patient specimens. ENO1 was silenced in cSCC 
cell lines, and the resulting effects on cell viability, 
migration, invasion, apoptosis, and reactive oxygen 
species (ROS) levels were quantified. The impact of 
ENO1 knockdown on tumour growth was assessed in 
a xenograft model. Metabolic flux was analysed with 
Seahorse XFe96 extracellular-flux assays. ENO1 was 
significantly elevated in cSCC relative to normal skin 
and correlated positively with proliferative and inva-
sive markers, but negatively with apoptosis markers. 
ENO1 silencing curtailed cell viability, migration, 
and invasion, while inducing apoptosis. Additionally, 
tumour growth was significantly impaired in vivo. Sea-
horse analysis showed that ENO1 knockdown suppres-
sed glycolysis and redirected metabolic flux toward 
OXPHOS. Consistent with this shift, intracellular ROS 
increased and partially suppressed cell viability by 
modulating the ROS-sensitive Akt/mTOR pathway. In 
conclusion, ENO1 knockdown compromises tumorige-
nicity and promotes OXPHOS. Combining ENO1 inhi-
bition with oxidative-stress-enhancing treatments, 
such as chemotherapy or radiotherapy, may further 
enhance efficacy.
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Cutaneous squamous cell carcinoma (cSCC), a sub-
type of keratinocyte carcinoma, primarily develops 

from keratinocytes in the interfollicular epidermis. 
Genetic changes in oncogenes and tumour suppressor 

genes are involved in the progression of actinic keratosis 
(AK) to cSCC, as well as in significant metabolic repro-
gramming (1). Metastasis develops in roughly 1–5% of 
primary cSCCs, yet the disease still accounts for about 
4,000–8,800 deaths per year in the United States – a toll 
comparable to that of melanoma (2). These statistics 
underscore the critical need for more detailed charac-
terization of cSCC to discover new therapeutic targets.

Alpha-enolase (ENO1), a widespread metalloenzyme, 
facilitates the conversion of 2-phospho-D-glycerate to 
phosphoenolpyruvate, a crucial step in the penultimate 
stage of the glycolytic pathway (3). Aerobic glycolysis 
through this enzyme potentially gives neoplastic cells a 
competitive edge in acquiring nutrients from surrounding 
tissues to meet the increased anabolic needs of neoplastic 
cells for proliferation (4). ENO1 overexpression is 
associated with increased tumour growth, invasion, and 
metastasis and increased glucose uptake (5).

Pertinent studies regarding the glycolytic role of 
ENO1 highlight its involvement in maintaining aerobic 
glycolysis in human pancreatic cancer cells. As a result 
of ENO1 knockdown, reactive oxygen species (ROS) 
levels are elevated, leading to cell growth inhibition 
and cell senescence (6). Notably, Dai et al. reported 
that the inhibition of ENO1 in human pulmonary artery 
smooth muscle cells impeded the metabolic shift toward 
glycolysis and led to growth suppression and apoptosis, 
which were primarily attributed to reduced activity of the 
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AMPK/Akt/GSK3β signalling pathway (7). Additionally, 
in colorectal cancer cells, silencing ENO1 diminished 
cell growth, migration, invasion, and tumorigenesis 
via inhibition of mTOR pathway and activation of the 
AMPK pathway (8).

Nevertheless, ENO1 does not invariably act as an 
oncoprotein that enhances proliferation and reduces 
apoptosis in all tumours. White-Al Habeeb et al. esta-
blished a significant association between elevated ENO1 
expression and lower histological grade and clinical 
stage in patients with clear-cell renal cell carcinoma, in 
whom upregulated ENO1 levels were associated with 
improved disease-free survival and overall survival (9). 
Furthermore, Ejeskar et al. reported that increased ENO1 
expression decelerated neuroblastoma cell proliferation 
and triggered apoptosis in a dose-dependent manner (10). 
The functional role of ENO1 in tumour progression is 
context dependent, and its specific impact on cSCC has 
yet to be fully elucidated.

We observed a substantial increase in ENO1 expres-
sion in cSCC tissues compared with normal epidermis 
tissue samples, which was consistent across public 
databases and our study cohort. Additionally, we found 
that ENO1 knockdown impeded cSCC cellular viability, 
migration, invasion, and tumour progression. Seahorse 
assay results demonstrated that ENO1 knockdown 
inhibited glycolysis and increased oxidative phospho-
rylation (OXPHOS) activity, a crucial source of ROS. 
Accordingly, we quantified intracellular ROS after ENO1 
silencing and found that elevated ROS dampened cell 
viability in part by modulating the ROS‑sensitive Akt/
mTOR signalling pathway.

MATERIALS AND METHODS

Patient samples
We retrieved 101 formalin-fixed, paraffin-embedded skin 
specimens (collected 2018–2024) from the Department 
of Dermatology, Second Affiliated Hospital, Xi’an Jiao-
tong University. The study group comprised 51 primary 
cSCCs – 32 well-differentiated (18 men, 14 women; age 
38–80 years) and 19 moderately/poorly differentiated 
tumours (10 men, 9 women; age 36–94 years). The 
comparison cohort contained 50 normal-skin samples 
obtained during elective cosmetic procedures (23 men, 
27 women; age 22–76 years). Two experienced patho-
logists independently confirmed the diagnoses. Prior to 
specimen collection, all patients and healthy volunte-
ers provided written consent. The Institutional Ethics 
Committee of Xi’an Jiaotong University granted ethics 
approval for the study.

Microarray analysis
The mRNA expression profiles, along with relevant 
clinical data, were acquired from the Gene Expression 

Omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/). This retrieval included Dataset GSE98767, 
involving samples from 15 cSCC patients and 3 normal 
individuals, yielding a total of 54 samples, including 
triplicates (11). Additionally, Dataset GSE66359 (12) 
consisted of 5 normal human epidermal keratinocytes and 
8 cSCC cell lines. Moreover, GSE45216 (13) comprised 
data from 30 cSCC and 10 actinic keratosis patients. 
Post quantile normalization and log2 fold change trans-
formation, the findings were shown using through the 
ggpubr package (R Foundation for Statistical Computing, 
Vienna, Austria).

Western blot
Protein expression was quantified by Western blot, in 
accordance with methods described earlier (14). Detailed 
protocols and corresponding antibodies are provided in 
Appendix S1.

ENO1 knockdown
Lentiviral vectors carrying a scrambled control shRNA 
and 2 independent ENO1-targeting shRNAs (sh-ENO1-1 
and sh-ENO1-2) were obtained from Shanghai Gene
pharma Company (Shanghai, China); their nucleotide 
sequences are provided in Table SI. The cell transfection 
procedure was carried out in accordance with the instruc-
tions provided by the manufacturer. After introducing the 
genetic material into the cells, the cells that consistently 
expressed the desired structures were chosen by treating 
them with a concentration of 5 μg/mL puromycin (Apex-
Bio Technology, Boston, MA, USA).

Gene set enrichment analysis
Gene Set Enrichment Analysis (GSEA) (15) was utilized 
to analyze the distribution trends of predefined gene 
sets, ranked according to their Spearman correlation 
with ENO1 expression profiles. The gene sets, labeled 
“h.all.v2023.1.Hs.symbols”, were obtained from the 
Molecular Signatures Database (MSigDB; https://www.
gsea-msigdb.org/gsea/msigdb). All relevant data were 
integrated into GSEA software (version 4.3.2). The sig-
nificance of enrichment scores was evaluated through 
1,000 permutations, setting a false discovery rate (FDR) 
threshold below 0.25 as significant for GSEA analysis. 
Enrichment plots from GSEA were generated using the 
“GseaVis” R package, available at (https://github.com/
junjunlab/GseaVis).

Seahorse glycolytic stress test
Glycolytic function was assessed by monitoring the 
extracellular acidification rate (ECAR) with the Sea-
horse XF Glycolysis Stress Test Kit (Agilent Seahorse; 
Agilent Technologies, Santa Clara, CA, USA). Cells 
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were plated in Seahorse 96-well microplates at 1 × 104 
cells per well, and the assay was performed following 
the manufacturer’s protocol and previously published 
procedures (16). Key metabolic modulators were then 
introduced sequentially: glucose (10 mM), oligomycin, 
an ATP synthase inhibitor (1 μM), and 2-deoxy-D-glu-
cose, a glycolytic inhibitor (50 mM), at predetermined 
time points. ECAR measurements were taken to evaluate 
glycolytic parameters. 

Statistical analysis
Statistical analyses were conducted using SPSS v26.0 
(IBM Corp, Armonk, NY, USA) and GraphPad Prism 
9.5.0 (https://www.graphpad.com/). Results are repor-
ted as mean ± SEM. Differences between 2 independent 
groups were evaluated with an unpaired, two-tailed 
Student’s t-test. Comparisons among 3 or more groups 
were assessed by one-way ANOVA. Immunohisto-
chemistry staining intensities (–, +, ++, +++) were com-
pared between normal skin and cSCC using the Pearson 
χ2 test and a 2-sided Mann–Whitney U test. A 2-sided 
p < 0.05 was taken as statistically significant. Additional 
methodological details are described in Appendix S1.

RESULTS 

ENO1 expression is upregulated in cSCC

To explore the expression of ENO1 in cSCC at the 
transcriptional level, we assessed 3 publicly accessible 
datasets (GSE98767, GSE66359, and GSE45216). As 
shown in Fig. 1A, our analysis revealed that ENO1 
mRNA levels were significantly greater in cSCC than in 
the normal skin or AK lesions (p < 0.001, p = 0.008, and 
p < 0.001, respectively). ENO1 expression was generally 
weak across the entire epidermis, with moderate to strong 
staining in only 16% of the normal skin samples (Fig. 1B 
and D). Conversely, nearly all malignant cells strongly 
expressed ENO1, with moderate to strong staining in 
76.5% of the cSCC samples (Fig. 1C and D). The Mann–
Whitney U test revealed significantly higher staining 
intensities in cSCC than in normal skin (p < 0.001). 
Additionally, western blot analysis revealed upregulated 
ENO1 protein levels in cSCC cell lines compared with 
those in primary epidermal keratinocytes (Fig. 1E).

ENO1 knockdown limits cell viability and tumour 
growth 

ENO1 knockdown was achieved with sh-ENO1-1 
and sh-ENO1-2, and the efficacy of gene silencing 
was confirmed using western blot analysis (Fig. 2A). 
CCK-8 analysis showed a significant decrease in cell 
viability after ENO1 knock-down in both cell lines. 
This reduction was particularly evident at 48 and 72 h in 
comparison with the control group (Fig. 2B). To syste-

matically assess the in vivo effects of ENO1 knockdown, 
we generated xenograft models by implanting cells of 
control and ENO1-knockdown clones into nude mice. 
Compared with the control mice, the mice harbouring 
ENO1-knockdown cells exhibited significantly reduced 
tumour diameters and decreased tumour weights, 
indicating a decreased proliferative capacity of ENO1-
knockdown cells in vivo (Fig. 2C and D). Furthermore, 
immunohistochemical examination revealed significantly 
lower Ki-67 levels in the ENO1-knockdown group than 
those in the control group (Fig. 2E). 

Effect of ENO1 knockdown on the cell cycle and 
apoptosis in cSCC cells
To explore the effects of ENO1 knockdown on the 
cell cycle and apoptosis, we first conducted Spearman 
correlation tests to examine the relationships between 
ENO1 levels and those of genes implicated in the cell 
cycle and apoptosis. Our results demonstrated robust 
positive correlations between the ENO1 levels and the 
expression levels of CDK2, CDK4, BCL-XL, and MCL-
1, suggesting a regulatory connection between ENO1 and 
these associated genes (Fig. 3A). Subsequent flow cyto-
metric analysis revealed that reduced ENO1 expression 
resulted in an increase in the percentage of cells in the G0/
G1 phase and a concomitant decrease in the percentage of 
cells in the S phase (Fig. 3B). Additionally, western blot-
ting was employed to evaluate the expression of CDK2, 
CDK4, and cyclin D1, and the results corroborated the 
cell cycle findings, revealing reduced levels of cyclin D1, 
CDK2, and CDK4 after ENO1 knockdown (Fig. 3C). To 
evaluate the impact of ENO1 knockdown on cSCC cell 
apoptosis, we performed flow cytometry and measured 
the enzymatic activities of caspase-9 and caspase-3. In 
control-transfected A431 and SCL-1 cells, we observed 
a basal apoptosis rate of 4–5%. By contrast, ENO1 
knockdown led to increased apoptosis rates of 10–13% 
in these cell lines (Fig. 3D). Further analysis confirmed 
the induction of caspase-9 and caspase-3 activity upon 
ENO1 knockdown (Fig. 3E).

ENO1 knockdown inhibits the migration and invasion 
of cSCC cells
To examine whether there is an association between 
ENO1 expression and tumour metastasis, the correlations 
between ENO1 levels and those of metastasis-related 
molecular markers were determined by Spearman ana-
lysis. Analysis of the GSE45216 dataset indicated that 
ENO1 levels were positively correlated with those of 
N-cadherin, MMP1, and MMP10 and negatively corre-
lated with the levels of E-cadherin (Fig. 4A). The wound 
healing assay showed that ENO1 silencing reduced the 
motility of A431 and SCL-1 cells (Fig. 4B). Furthermore, 
the number of ENO1-knockdown cells that crossed the 
Transwell membrane or the Matrigel-coated membrane 
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was lower than that of control cells (Fig. 4C and D). The 
levels of the metastasis-associated proteins E-cadherin, 
N-cadherin, and MMP1 were also investigated. The 
findings indicated that ENO1 knockdown markedly 
reduced the expression of N-cadherin and MMP1 (Fig. 
4E), suggesting a potential inhibitory influence of ENO1 
on metastatic traits.

ENO1 knockdown compromises glycolysis and 
promotes oxidative phosphorylation in cSCC cells

To assess the effects of ENO1 knockdown on glycolysis 
and oxidative phosphorylation, we employed a Seahorse 

XFe96 analyser to evaluate cellular metabolism. Our 
focus was to determine the oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR). 
The findings of the Seahorse assay demonstrated that 
reducing ENO1 expression greatly decreased the ECAR 
and simultaneously increased the OCR in cSCC cells. 
Specifically, the XF glycolytic stress test revealed that 
ENO1 depletion diminished basal glycolysis, the gly-
colytic capacity, and the glycolytic reserve in shENO1 
cells (Fig. 5A and B), indicating a reduction in the gly-
colytic activity and capacity due to ENO1 knockdown. 
Moreover, the XF Mito stress test indicated that ENO1 
downregulation enhanced basal and maximal respiration 

Fig. 1. Comparison of ENO1 expression in the normal skin and cSCC tissue samples and cells. (A) Analysis of GEO datasets GSE98767, GSE66359, 
and GSE45216 revealed significantly higher ENO1 expression in cSCC relative to normal skin and AK (Wilcoxon rank–sum test). Representative images 
showing ENO1 expression in (B) normal skin tissues and (C) cSCC lesions (scale bars = 50 µm for B and C). (D) Semiquantitative analysis of ENO1 levels 
by immunohistochemistry. (E) Relative protein levels of ENO1 in HEK-a, HaCaT, A431, and SCL-1 cells are shown, with β-actin serving as an internal 
control (n = 3). ***p < 0.001. cSCC: cutaneous squamous cell carcinoma; AK: actinic keratosis; NHEK: normal keratinocytes.

http://medicaljournalssweden.se/actadv
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Fig. 2. Impact of ENO1 knockdown on cSCC cell viability and tumour growth. (A) Protein levels of ENO1 in A431 and SCL-1 cells after ENO1 
knockdown. (B) Cell viability was assessed by the CCK-8 assay at 24, 48, and 72 h (n ≥ 4). (C) Tumour volumes were measured at the indicated time points 
post-implantation. (D) Tumour nodules of the xenograft models (left panel) and the corresponding tumour weights (right panel). (E) Immunohistochemical 
examination of Ki-67 expression was performed in xenograft tissues (scale bar = 100 µm), followed by the quantification of the proportion of Ki-67-positive 
cells. Statistical significance is presented as follows: ns: p ≥ 0.05; **p < 0.01 and ***p < 0.001. cSCC: cutaneous squamous cell carcinoma; sh-ENO1: 
ENO1 knockdown; sh-Control: control group; ns: not significant.

http://medicaljournalssweden.se/actadv
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Fig. 3. Impact of ENO1 on the cell cycle and apoptosis in cSCC cells. (A) Spearman’s rank correlation between the ENO1 expression level and 
those of cell cycle and apoptosis regulators (CDK2, CDK4, cyclin D1, BCL-XL, BCL-W, and MCL-1) in the GSE45216 dataset. (B) Analysis of the cell cycle 
distribution post-ENO1 knockdown, as assessed by flow cytometry (n = 3). (C) Western blot analysis of cell cycle-related proteins (CDK2, CDK4, cyclin D1, 
and cyclin E1) following ENO1 knockdown, with β-actin serving as an internal control (n = 3). (D) Apoptosis assessment via annexin V/7-AAD staining and 
flow cytometry after ENO1 knockdown (n = 3). (E) Measurement of relative caspase-9 and caspase-3 activities after ENO1 knockdown (n = 3). Statistical 
significance is presented as follows: ns: p ≥ 0.05; *p < 0.05 and ***p < 0.001. cSCC: cutaneous squamous cell carcinoma; CDK: cyclin-dependent kinase; 
sh-ENO1: ENO1 knockdown; sh-Control: control group; ns: not significant.

http://medicaljournalssweden.se/actadv
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Fig. 4. Influence of ENO1 on cSCC cell migration and invasion. (A) Spearman’s rank correlation between ENO1 expression and the expression of 
EMT markers (E-cadherin, N-cadherin, MMP1, MMP10, and MMP14) in the GSE45216 dataset. (B) Wound healing assay, (C) Transwell migration assay, 
and (D) Transwell invasion assay following ENO1 knockdown (n = 3). (E) Western blot analysis of EMT markers (E-cadherin, N-cadherin, and MMP1) after 
ENO1 knockdown (n = 3). Statistical significance is presented as follows: **p < 0.01 and ***p < 0.001. cSCC: cutaneous squamous cell carcinoma; EMT: 
epithelial-to-mesenchymal transition; MMP: matrix metallopeptidase; sh-ENO1:, ENO1 knockdown; sh-Control: control group.

http://medicaljournalssweden.se/actadv
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Fig. 5. Effects of ENO1 knockdown on metabolic alterations, resulting in glycolysis repression and oxidative phosphorylation 
enhancement. (A, B) Measurement of the ECAR in control and ENO1-knockdown A431 and SCL-1 cells using a Seahorse XF96 analyser. ECAR 
curves obtained following sequential cell treatment with glucose, oligomycin, and 2-deoxyglucose (2-DG) are shown in the upper panels, with 
black arrows indicating treatment time points. The lower panels depict the calculated glycolysis levels, glycolytic capacity, and glycolytic reserve 
(n = 3). (C, D) Measurement of the OCR in control and ENO1-knockdown A431 and SCL-1 cells following sequential cell treatment with the 
indicated compounds (upper panels). The lower panels present quantified OXPHOS parameters, including basal and maximal respiration and 
the spare respiratory capacity (n = 3). Statistical significance is presented as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. sh-ENO1:, ENO1 
knockdown; sh-Control: control group; ECAR: extracellular acidification rate; OCR: oxygen consumption rate; OXPHOS: oxidative phosphorylation.

http://medicaljournalssweden.se/actadv
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Fig. 6. ENO1 knockdown induces ROS-mediated inhibition of Akt/mTOR signalling. (A) GSEA revealed a positive correlation between ENO1 
expression levels and cancer-related pathways. (B) Cells were initially treated with or without 5 mM NAC for 2 h, followed by a 1-h incubation with a DHE 
fluorescent probe. The results of subsequent flow cytometry analysis are shown in the left panels. The mean fluorescence intensity is shown in the right 
panels (n = 3). (C) Cells were treated with 5 mM NAC for 48 h, after which cell viability was assessed using the CCK-8 assay (n = 3). (D, E) Western blot 
evaluated the protein levels of Akt, p-Akt, mTOR, and p-mTOR after treatment with or without 5 mM NAC (n = 3). Statistical significance is presented 
as follows: ns: p ≥ 0.05; *p < 0.05, **p < 0.01, and ***p < 0.001. GSEA: gene set enrichment analysis; NES: normalized enrichment score; FDR: false 
discovery rate; NAC: N-acetylcysteine; sh-ENO1: ENO1 knockdown; sh-Control: control group.

http://medicaljournalssweden.se/actadv
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in shENO1 cells, which suggested an increase in oxida-
tive phosphorylation (Fig. 5C and D). Consequently, this 
led to a higher OCR/ECAR ratio, indicating that ENO1 
knockdown promoted a metabolic shift from glycolysis 
to mitochondrial respiration.

ENO1 knockdown induces ROS-mediated inhibition of 
Akt/mTOR signalling
The GSEA method was utilized to investigate the pat-
hways associated with increased expression of ENO1. 
The results indicated significant enrichment in gene sets 
related to the mTORC1, G2M checkpoint, and PI3K/
Akt/mTOR pathways (Fig. 6A). Increased oxidative 
phosphorylation is known to augment ROS production 
(17). Based on the results shown in Figs. 5 and 6A, we 
postulated that ENO1 knockdown inhibited cell viability 
by inducing ROS generation, which subsequently sup-
pressed the Akt/mTOR pathway. Further analysis using 
flow cytometry confirmed that the intracellular ROS 
levels were elevated in A431 and SCL-1 cells following 
ENO1 knockdown (Fig. 6B). Notably, the introduction of 
an ROS scavenger, N-acetylcysteine (NAC), at a concen-
tration of 5 mM effectively counteracted the inhibition 
of A431 and SCL-1 cell viability by ENO1 silencing 
(Fig. 6C). These data suggest that ROS accumulation 
is a crucial factor in the viability-suppressive effects of 
ENO1 knockdown on cSCC cells. To further test this 
hypothesis, A431 and SCL-1 cells were cultured with 
or without the addition of 5 mM NAC for 48 h. Western 
blotting showed that ENO1 knockdown reduced p-Akt 
and p-mTOR levels in A431 and SCL-1 cells, and that 
NAC treatment partially rescued this loss of phospho-
rylation (Fig. 6D and E). These findings suggested that 
ROS accumulation contributed to partial inactivation of 
the Akt/mTOR pathway.

DISCUSSION 

In our research, we noted a marked increase in ENO1 
expression in cSCC tissues relative to normal cutaneous 
tissue samples, which was consistently observed across 
publicly accessible databases and our own dataset. The 
overexpression of ENO1 and its significant oncogenic 
roles have been documented across multiple malignan-
cies, including non-small cell lung carcinoma, colorec-
tal cancer, and glioma (18–20). Our current evidence 
demonstrated positive correlations between ENO1 levels 
and those of markers of cellular proliferation, migration, 
and invasion, and a negative correlation between ENO1 
levels and cell apoptosis. Furthermore, we observed 
that the knockdown of ENO1 impaired these malignant 
characteristics and induced apoptosis. Other acade-
mic studies have also outlined comparable regulatory 
impacts of ENO1. In both non-small cell lung cancer 
and bladder cancer, the observed upregulation of ENO1 

was associated with elevated levels of β-catenin and the 
induction of its downstream targets, such as cyclin D1. 
This regulatory sequence promoted cellular growth and 
proliferation (19,21). Additionally, ENO1 expression 
is positively correlated with Ki-67 expression in pan-
creatic cancer (22). In glioma, cyclin D1 and cyclin E1 
expression was significantly impaired when ENO1 was 
knocked down. Furthermore, reducing ENO1 expression 
decreased Snail, vimentin, and N-cadherin levels while 
simultaneously elevating E-cadherin expression (23).

A significant discovery from our study was the interac-
tion between glycolysis and OXPHOS in cancer cells. 
We found that ENO1 knockdown inhibited glycolysis 
and increased OXPHOS activity. These observations 
challenged Otto Warburg’s well-known hypothesis, 
which proposed that cancer cells rely on aerobic gly-
colysis because of irreversible mitochondrial damage. 
However, this hypothesis faced skepticism, especially 
given emerging evidence showing the preservation of 
mitochondrial OXPHOS capabilities in cancers, such as 
diffuse large B-cell lymphoma, melanoma, and pancrea-
tic cancer (24–26), despite active glycolysis. In line with 
these studies, we observed the persistence of OXPHOS 
capabilities in cSCC, particularly after ENO1 depletion. 

When ENO1 was depleted, a metabolic shift from 
glycolysis to OXPHOS occurred to maintain bioenerge-
tics and support biosynthesis. This shift was supported 
by findings suggesting that mitochondrial function in 
cSCC retained functional OXPHOS activity, necessary 
for the growth of cSCC cells (27). In pancreatic cancer 
cells, human cervical cancer cells, and human lung ade-
nocarcinoma cells, suppression of glycolysis led cancer 
cells to upregulate mitochondrial function and rely on 
OXPHOS for ATP production to survive (6, 28). Regar-
ding biosynthesis, the electron transport chain (ETC) is 
crucial for sustaining aspartate synthesis, a proteogenic 
amino acid that also acts as a precursor for purine and 
pyrimidine synthesis, thereby promoting cancer cell 
proliferation (29). The observed inhibition of glycolysis 
and the subsequent enhancement of OXPHOS in cSCC 
could potentially be generalized to other cancer types. 
This assertion was supported by accumulating evidence 
indicating similar metabolic reprogramming across 
various cancers, including colon cancer cells (30) and 
liver cancer cells (31). Additionally, the reactivation of 
OXPHOS following glycolysis inhibition was reported 
in breast cancer cells, where a shift from glycolysis to 
mitochondrial respiration was observed after radiation 
exposure (32). 

Moreover, heightened OXPHOS activity may result 
in a propensity for increased ROS generation (33). ROS 
function as critical signalling molecules that occur natu-
rally as byproducts of cellular metabolism. Excessive 
ROS accumulation has been associated with tumour 
growth suppression, with ROS serving as key mediators 
that induce apoptosis and arrest the cell cycle via vari-

http://medicaljournalssweden.se/actadv
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ous cellular pathways (34). Our findings indicated that 
ENO1 knockdown led to a significant increase in ROS 
accumulation and inhibition of cSCC cell viability; this 
inhibitory effect was partially reversed by concurrent 
treatment with the ROS scavenger NAC. Cells with inhe-
rent oxidative stress dependency are more vulnerable to 
additional oxidative stress (35), which potentially influ-
ences downstream pathways to induce cancer cell death.

Accumulating evidence has established a strong 
connection between the suppression of the Akt/mTOR 
cascade and the accumulation of ROS, indicating the 
involvement of the Akt/mTOR pathway in mediating 
ROS-induced tumour suppression (36). In this study, 
we demonstrated substantial repression of the Akt/
mTOR pathway, which was effectively reversed by the 
treatment of ENO1-knockdown cSCC cells with NAC. 
This inhibition of the pathway was likely responsible 
for the observed attenuation of cSCC cell viability. The 
relationship between ROS and the mTOR pathway is 
intricate, as ROS play dual roles as both promoters 
and suppressors in signalling pathways (37). Recently, 
the inhibition of the Akt/mTOR axis was shown to be 
dependent on ROS in the context of Nexrutine®-mediated 
melanoma inhibition (38). Furthermore, the interplay 
between ferritinophagy and ROS generation has been 
linked to the suppression of EMT in gastric cancer cells, 
mainly through the Akt/mTOR axis (39). The ability 
of cancer cells to adapt to long-lasting oxidative stress 
can result in a stimulating effect. However, if the levels 
of ROS continue to increase, there is the potential for 
oxidative damage, inhibition of the Akt/mTOR pathway, 
and eventual impairment of cancer cell viability (35). The 
underlying metabolism-associated mechanisms require 
further investigation.

In conclusion, our findings highlight a critical role for 
ENO1 in cSCC. ENO1 knockdown inhibited cSCC cell 
viability, migration, and invasion, induced apoptosis in 
vitro, and slowed tumour growth in vivo. The Seahorse 
assay showed that ENO1 silencing suppressed glycoly-
sis, promoted oxidative phosphorylation (OXPHOS), 
and boosted reactive oxygen species (ROS) production. 
Mechanistically, the resulting ROS partially impeded 
cSCC cell viability through repression of the Akt/mTOR 
pathway. These results provide a new potential approach 
to cancer therapy, suggesting that targeting ENO1 in 
combination with treatments that enhance oxidative 
stress, such as chemotherapy and radiation, could be 
promising. 
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