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21 Abstract

22 Introduction: Cervical cancer presents a significant global health challenge, 

23 disproportionately impacting underserved populations with limited access to healthcare. Early 

24 detection and effective management are vital in addressing this public health concern. This 

25 study focuses on Glyoxalase-1 (GLO1), an enzyme crucial for methylglyoxal detoxification, 

26 in the context of cervical cancer.

27 Methods: We assessed GLO1 expression in cervical cancer patient samples using 

28 immunohistochemistry. In vitro experiments using HeLa cell lines were conducted to 

29 evaluate the impact of GLO1 inhibition on cell viability and migration. Single-cell RNA 

30 sequencing (scRNA-seq) and gene set variation analysis were utilized to investigate GLO1's 

31 role in the metabolism of cervical cancer. Additionally, public microarray data were analyzed 

32 to determine GLO1 expression across various stages of cervical cancer.

33 Results: Our analysis included 58 cervical cancer patients, and showed that GLO1 is 

34 significantly upregulated in cervical cancer tissues compared to normal cervical tissues, 

35 independent of pathological findings and disease stage. In vitro experiments indicated that 

36 GLO1 downregulation decreased cell viability and migration in cervical cancer cell lines. 

37 Analyses of scRNA-seq data and public gene expression datasets corroborated the 

38 overexpression of GLO1 and its involvement in cancer metabolism, particularly glycolysis. 

39 An examination of expression data from precancerous lesions revealed a progressive increase 

40 in GLO1 expression from normal tissue to invasive cervical cancer.

41 Conclusions: This study highlights the critical role of GLO1 in the progression of cervical 

42 cancer, presenting it as a potential biomarker and therapeutic target. These findings contribute 

43 valuable insights towards personalized treatment approaches and augment the ongoing efforts 

44 to combat cervical cancer. Further research is necessary to comprehensively explore GLO1's 
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45 potential in clinical applications.

46

47 Synopsis

48 This study examines Glyoxalase-1 (GLO1) in cervical cancer and reveals its significant 

49 upregulation in cancerous tissues compared to normal counterparts. In vitro experiments 

50 show that downregulating GLO1 decreases cell viability and migration. Single-cell RNA 

51 sequencing and gene expression analysis substantiate GLO1's involvement in cancer 

52 metabolism, notably in glycolysis. These findings identify GLO1 as a potential biomarker 

53 and therapeutic target, offering insights for personalized treatment approaches in cervical 

54 cancer management.

55

56 Keywords

57 Cervical Cancer; Glyoxalase-1; Biomarker; Prognostic.
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60 Introduction

61 Cervical cancer, a prevalent and overwhelming malignancy among women, presents a 

62 significant global health challenge [1]. Its severity stems not only from high incidence and 

63 mortality rates but also from the disproportionate burden it imposes on underserved 

64 populations with limited healthcare access [2, 3]. Timely detection and effective management 

65 of cervical cancer are crucial, and identifying novel biomarkers is a key step in addressing 

66 this urgent public health issue [2]. Understanding the complex pathogenesis of cervical 

67 cancer remains a multifaceted challenge [4]. Although the link between human 

68 papillomavirus (HPV) infection and cervical cancer is well-established, the disease's 

69 pathogenesis involves various molecular and cellular mechanisms that are not yet fully 

70 elucidated [5]. Additionally, cervical cancer displays significant heterogeneity in progression 

71 and behavior, with some cases being more aggressive than others [6]. This variability 

72 highlights the need for comprehensive insights into the underlying pathogenic processes, 

73 including the identification of genetic, epigenetic, and environmental factors contributing to 

74 disease development. A deeper understanding of these pathways is essential for developing 

75 targeted prevention and treatment strategies, aiming to reduce the global burden of cervical 

76 cancer.

77 Glyoxalase-1 (Glo1) has emerged as a key player in cancer progression and 

78 prognosis. Aberrant expression and activity of Glo1 have been linked to the development, 

79 aggressiveness, and treatment resistance of various cancer types. Published studies have 

80 shown that the expression of Glo1 is upregulated in breast cancer tissues, and that patients 

81 with stage 3-4 tumors with high GLO1 and PKCλ expression have significantly poor survival 

82 compared to patients with low expression of these genes. Treatment of MDA-MB-157 and 

83 MDA-MB-468 human basal-like breast cancer cells with TLSC702, a GLO1 inhibitor, 
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84 resulted in decreased cancer cell survival and tumor-sphere formation, suggesting that GLO1 

85 is involved in cancer progression and contributes to the poor prognosis of breast cancer [7, 8]. 

86 GLO1 plays a major role is to catalyze the conversion of glycolytic methylglyoxal (MG) to 

87 non-toxic D-lactate, and it represents a tumor survival strategy by inhibiting the accumulation 

88 of cytotoxic MG in highly metabolized tumor tissues. In particular, metastatic prostate cancer 

89 patients have higher levels of GLO1 and significantly lower levels of MG compared to non-

90 metastatic prostate cancer patients, and GLO1 siRNA-mediated depletion in PCa cell lines 

91 induces the accumulation of MG-derived AGEs and further inhibits the expression of EMT-

92 related genes such as E-cad and ZO-1, which are involved in cancer cell migration and 

93 invasion. These findings indicate that GLO1 promotes survival by suppressing intracellular 

94 levels of the cytotoxic MG-derived AGEs, thereby avoiding cell death [9-11]. Upregulated 

95 expression of Glo1 is associated with multi-drug resistance(MDR) leading to chemotherapy 

96 failure, which in turn is linked to cancer cell survival and development. It has been reported 

97 that GLO1 is increased 2.4-fold in Ishikawa cells, an endometrial cancer cell line, compared 

98 to parental cells, and is associated with progestin resistance in endometrial carcinoma. 

99 Focusing on GLO1 as a mediator of progestin resistance in endometrial cancer patients, and 

100 metformin treatment of endometrial cancer cells alleviated progestin resistance and reduced 

101 cell proliferation through dysregulation of GLO1 [12]. In metastatic prostate cancer, 

102 overexpression of GLO1 induced MG-H1-mediated upregulation of PD-L1 to promote cancer 

103 progression, and increased expression of GLO1 in clinical chemotherapy of breast cancer 

104 reduces the cytotoxicity of anticancer drugs, contributing to MDR [13, 14]. In another study, 

105 cancer stem cells (CSCs) are known to influence MDR and recurrence, and Glo1 was 

106 reported to be essential for CSC growth and survival. In breast cancer, CSCs are 

107 characterized by a CD44hi/CD24-/low phenotype and expression of ALDH1, and basal-like 

108 breast cancers with high expression of ALDH1 had higher expression of GLO1 and were 
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109 more aggressive than cancers with low expression of ALDH1. Inhibition of GLO1 using 

110 TLSC702 in ALDH1-high cells induced cancer cell death and reduced tumor sphere 

111 formation, suggesting that GLO1 is a potential target for cancer therapy in terms of CSC 

112 survival [15]. Understanding the intricate role of Glo1 in cancer may provide valuable 

113 insights for the development of targeted therapies and personalized treatment strategies, 

114 ultimately impacting the clinical management and prognosis of cancer patients [16]. In this 

115 study, we identified the upregulation of GLO1 in the tissues of cervical cancer patients and 

116 validated the antitumor effects of a proven GLO1 inhibitor (BBGC) in cervical cancer cell 

117 lines. Thus, we demonstrate the potential of GLO1 as a promising therapeutic target for 

118 cervical cancer and suggest that application of GLO1 inhibitors as adjuvant chemotherapy in 

119 cancers with high GLO1 expression may increase therapeutic efficacy and improve survival.

120

121

122 Materials and Methods

123

124 Immunohistochemistry

125 Cervical cancer patient samples were obtained with approval from the Institutional Review 

126 Board (IRB) of Kangwon National University Hospital (KNUH-A-2022-07-010). The 

127 biospecimens and data used for this study were provided by the Biobank of Kangwon 

128 University Hospital, a member of the Korea Biobank Network. 

129 Tissues stored in the Biobank, along with anonymized participant information, are all 

130 preserved with prior consent from the patients. The collection dates for the participant tissues 

131 span from January 1, 2021, to December 31, 2022. Information regarding individual medical 

132 records of participants is inaccessible, and only anonymized patient information can be 
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133 obtained from the Biobank. All participants providing specimens for storage in the Biobank 

134 have given prior consent, which has been documented in written form and is held by the 

135 Biobank. Minors are not included among the participants.

136 Histological data, including patient age, gender, stage, and pathology, are summarized in 

137 Table 1. Paraffin-embedded tissue sections were deparaffinized and rehydrated. The slides 

138 underwent antigen retrieval using a buffer (0.01 M sodium citrate, pH 6) and were quenched 

139 in 3% H2O2 for 15 min. For GLO1 staining, sections were incubated with GLO1 antibody 

140 (ab171121) overnight at 4 °C. The labeled antigen was visualized using DAKO secondary 

141 antibody (DAKO) and DAB solution (ab64238; Abcam Inc, Toronto, ON, Canada). Sections 

142 were counterstained with hematoxylin and then mounted. The intensity of GLO1 protein 

143 staining in the tissues was evaluated on a scale of 0 to 5, with 0 indicating no staining 

144 (negative), 1 for weak staining, 2 to 3 for moderate staining, and 4 to 5 for strong staining. 

145 Low expression was defined as negative or weak staining, and high expression as moderate 

146 or strong staining. Each section was independently evaluated by three researchers.

147

148 Table 1. Primer sequences for real-time RT-PCR.

Gene Sequence (5’-3’) Size (bp)

F TCGCCCTGTGGATGACTGA
BCL2

R CAGAGACAGCCAGGAGAAATCA
134

F TGGCAGCTGACATGTTTTCTGAC
BAX

R TCACCCAACCACCCTGGTCTT
195

F ATGCGACCCAGAGTTACCAC
GLO1

R CCAGGCCTTTCATTTTACCA
132

GAPDH F GGCATGGACTGTGGTCATGA 87
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149 F; Forward, R; Reverse

150

151 Cell lines

152 HeLa cell lines were cultured in DMEM/High glucose (Thermo Fisher Scientific, Inc., 

153 Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher 

154 Scientific, Inc., Waltham, MA, USA) and 1% penicillin-streptomycin (Sigma-Aldrich, St. 

155 Louis, MO, USA). The cultures were maintained in a humidified atmosphere at 37 °C with 

156 5% CO2. Upon reaching 80–90% confluency, the cells were seeded in 96-well plates for the 

157 MTT assay.

158

159 MTT assay

160 24 hours post seeding of the HeLa cell line into 96-well plates, cells were treated with GLO1 

161 inhibitor (SML1306; Sigma-Aldrich, St. Louis, MO, USA) at concentrations of 0 (control), 8 

162 μM, and 10 μM for 48 h. After treatment, the cultures were replaced with serum-free medium 

163 containing MTT reagent (ab211091; Abcam Inc, Toronto, ON, Canada) and incubated for 3 

164 h. The cells were subsequently treated with MTT solvent for 15 min at room temperature. 

165 Absorbance at 570 nm was measured using a microplate reader.

166

167 Wound healing assay

168 2x105 HeLa cells were seeded into 6-well plate culture dishes. The cells were treated with 0 

169 (control), 8 μM, and 10 μM of GLO1 inhibitor for 24 h. For the wound healing assay, lines 

170 were created by scraping the cell monolayer with a 1000 μl pipette tip. Photos were taken 

171 under a microscope at 24, 48, and 72 h to document the closure of the wound.

R TGCACCACCAACTGCTTAGC
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172

173 RNA extraction and quantitative real time PCR

174 Total RNA was extracted from HeLa cells using an RNeasy Mini kit (Qiagen, Duesseldorf, 

175 Germany) and cDNA was synthesized using TOPscripTM RT DryMIX (Enzynomics, 

176 Daejeon, Korea). PCR amplification was performed using a Step One Plus real time PCR 

177 system (Applied Biosystems, Warrington, UK) with TOPrealTM qPCR 2X PreMIX 

178 (Enzynomics). The mRNA expression was normalized to an internal control GAPDH. The 

179 primer sequences are listed in Table 1.

180

181 Single-cell RNA sequencing (scRNA-seq) data analysis

182 The scRNA-seq data from tumor and adjacent normal samples of cervical squamous cell 

183 carcinoma patients were downloaded from ArrayExpress (accession number E-MTAB-

184 11948) [17]. We processed the scRNA-seq data using Seurat (v4.1.1) [18], focusing on gene-

185 count matrices. For quality control, cells with a gene count ≤ 200 or a percentage of 

186 mitochondrial genes ≥ 20% were excluded as low-quality cells. The QC-passed data were 

187 log-normalized using the "NormalizeData" function. Next, we scaled the data by regressing 

188 out the percentage of mitochondrial genes and cell cycle scores with the "ScaleData" 

189 function. The cell cycle scores (S and G2M scores) were calculated using the 

190 "CellCycleScoring" function, based on the expression levels of S/G2M phase markers from 

191 Seurat. Principal component analysis (PCA) was performed on the scaled data using the top 

192 2000 variable genes. For batch correction and sample integration, we utilized Harmony 

193 (v0.1.1) [19]. Unsupervised clustering was executed using "FindNeighbors" and 

194 "FindClusters" functions, with the results visualized via the "RunUMAP" function. Prior to 

195 further analysis, Scrublet (v0.2.3) [20] was employed to identify and remove a doublet cluster 
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196 (Fig. S1A and B). Cell types for each cluster were annotated based on canonical marker 

197 genes and the top-ranked differentially expressed genes (Fig. S1C).

198

199 Gene set variation analysis (GSVA)

200 GSVA (v1.42.0) [21] was employed to calculate the gene set enrichment scores for each cell. 

201 We downloaded Wikipathways gene sets (v2023.1) [22] from MSigDB [23, 24] to serve as 

202 the reference gene sets. The GSVA scores were then utilized in limma (v3.50.3) [25] to 

203 identify gene sets differentially regulated between normal and tumor epithelial cells. 

204 Pathways with an adjusted p-value < 0.01 were considered significant.

205

206 Microarray data analysis

207 The microarray data for normal, cervical intraepithelial neoplasia (CIN1 to CIN3), and 

208 cervical cancer tissue samples were downloaded from the Gene Expression Omnibus 

209 (accession number GSE63514) [26]. Raw expression values were normalized using the 

210 Robust Multi-array Average (RMA) method with the affy package in R (version 1.72.0) [27].

211

212 Statistical analysis

213 Values representing the expression of GLO1 in cervical cancer are expressed as means ± 

214 standard error of the mean (SEM). Statistical comparisons between groups were conducted 

215 using the t-test in GraphPad Prism software (GraphPad Software Inc, San Diego, CA, USA). 

216 Significance levels were set at p < 0.05 and p < 0.01.

217

218
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219 Results

220 Populations

221 This study included a total of 58 patients diagnosed with cervical cancer, and their specimens 

222 were analyzed (Table 2). The average age of these patients was 55.1 years, with a standard 

223 deviation of ±15.08. Regarding cancer stages, 18 patients (31.03%) were in stage I, 16 

224 patients (27.59%) in stage II, 8 patients (13.79%) in stage III, and 16 patients (27.59%) in 

225 stage IV. The histological analysis showed two primary types: squamous cell carcinoma in 52 

226 patients (89.66%) and adenocarcinoma in 6 patients (10.34%). Immunohistochemistry 

227 specifically for glyoxalase 1 was conducted on specimens from all participating patients.

228 Table 2. Clinical Characteristics of Patients with Cervical Cancer.

Variables Cervical Cancer (n=58) Control (n=16)

Age (years) 55.1±15.1 49.7±8.0

Stage

I 18 (31.03%)

II 16 (27.59%)

III 8 (13.79%)

IV 16 (27.59%)

Histology

Squamous Cell Carcinoma 52 (89.66%)

Adenocarcinoma 6 (10.34%)

229 Note: Data available for 58 patients with cervical cancer. SD, standard deviation.

230
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231 GLO1 is upregulated in cervical cancer tissues compared to 

232 normal cervical tissues

233 To compare the expression analysis of Glo1 in cervical cancer, tissue slides were obtained 

234 from cervix and ovary and Glo1 staining was performed. In normal tissues, the expression of 

235 GLO1 tends to be lower in cervical tissues compared to endometrium and ovary normal 

236 tissues, and in cancer tissues, the expression of GLO1 is upregulated in cervical cancer 

237 tissues. In particular, the expression of GLO1 is higher in cervical cancer tissues compared to 

238 normal, and the expression of GLO1 in endometrium and ovarian cancer tissues is not 

239 significantly different from normal and cancer tissues(Fig1A). Moreover, the staining 

240 intensity by IHC score was 3.372±0.340 in cervical cancer tissues compared to 0.260±0.164 

241 in normal (Fig1B). These results show that the expression of GLO1 is specifically 

242 upregulated in cervical cancer tissues, supporting the potential involvement of GLO1 in 

243 tumor progression in the cervix.

244

245 Fig 1. Upregulation of GLO1 in Cervical Cancer Tissues. (A) Representative staining of 

246 GLO1 in cervical cancer and normal tissues (200x magnification). (B) Comparative GLO1 

247 IHC scores in cervical cancer versus normal tissues. Statistical significance was determined 

248 using the t-test (**** p<0.0001).

249

250

251 Inhibiting GLO1 affects the proliferation and apoptosis of 

252 cervical cancer cells
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253 To support the clinical findings that upregulation of Glo1 is involved in tumor progression, 

254 we inhibited the activity of Glo1 using BBGC, a Glo1 inhibitor, and evaluated the 

255 proliferation and apoptosis of cervical cancer cell lines. In Hela cells treated with 8 μM and 

256 10 μM of BBGC, we observed the wound closure rate for 72 hours using the wound healing 

257 assay (Figure 2A). BBGC reduced the proliferation of cervical cancer cell lines in a dose- and 

258 time-dependent manner (Figure 2B), and to evaluate the effect of GLO1 downregulation on 

259 the viability of Hela cells, cell viability was measured by MTT assay. We found that the 

260 viability of the cells decreased with increasing concentrations of BBGC (Figure 2C), and the 

261 expression of BAX2, a pro-apoptosis-related gene, increased (Figure 2D). These results 

262 support that upregulation of Glo1 promotes the survival of cervical cancer cells and induces 

263 tumor metastasis, and further suggest that modulation of Glo1 may be a target for anticancer 

264 chemotherapy.

265

266 Fig 2. Impact of GLO1 Inhibitor on HeLa Cell Viability and Migration. (A) Wound 

267 healing assay evaluating the effect of GLO1 inhibitor (BBGC) on HeLa cell migration at 24, 

268 48, and 72 h. (B) Quantitative analysis of HeLa cell migration distance. (C) Assessment of 

269 HeLa cell viability with 8 μM and 10 μM GLO1 inhibitor using the MTT assay. Statistical 

270 significance was analyzed using the t-test (*** p<0.001; ** p<0.01; * p<0.05).

271

272 scRNA-seq analysis of adjacent normal and tumor samples from 

273 cervical squamous cell carcinoma patients (E-MTAB-11948)

274 To corroborate our experimental findings, we delved into public gene expression data for 

275 cervical cancer at both single-cell and bulk levels. We discovered scRNA-seq data for tumor-
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276 normal paired tissues from two patients (ArrayExpress E-MTAB-11948). After performing 

277 quality control, normalization, and integration, we successfully identified epithelial, stromal, 

278 and various immune cell types (Fig. 3A). Epithelial cells were notably predominant in the 

279 tumor tissue (Fig. 3B). GLO1 expression was found to be significantly higher in tumor 

280 epithelial cells compared to normal epithelial cells (Fig. 3C). We then analyzed which 

281 pathways were differentially regulated between normal and tumor epithelial cells. Cell-

282 specific pathway activities were determined using the GSVA algorithm for Wikipathways, 

283 revealing that many pathways enriched in tumor cells were associated with the glycolysis 

284 process (Fig. 3D). Overall, the single-cell data confirmed that GLO1 is overexpressed in 

285 cervical tumor samples, potentially playing a crucial role in cancer metabolism through the 

286 glycolysis pathway.

287

288 Fig 3. scRNA-seq Analysis of GLO1 Expression in Cervical Squamous Cell Carcinoma. 

289 (A) UMAP plot of 44,848 cells categorized by cell types. (B) UMAP distribution of 23,636 

290 normal and 21,212 tumor cells. (C) GLO1 expression in epithelial cells from normal and 

291 tumor tissues, excluding cells not expressing GLO1. (D) Heatmap of GSVA enrichment 

292 scores for Wikipathways gene sets, comparing epithelial cells from normal and tumor tissues. 

293 The top 10 pathways are displayed based on the logFC of average GSVA scores between the 

294 two groups.

295

296 GLO1 Expression in normal, cervical intraepithelial neoplasia 

297 (CIN1 to CIN3), and cervical cancer tissue samples

298 To investigate whether GLO1 expression correlates with cancer progression, we analyzed 

299 public expression data of cervical cancer samples across various tumor stages. The GEO 
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300 GSE63514 microarray data set included 24 normal, 14 cervical intraepithelial neoplasia 

301 (CIN) 1, 22 CIN2, 40 CIN3, and 28 cervical cancer samples. We observed that GLO1 

302 expression progressively increased from the normal to CIN1, CIN2, CIN3, and tumor sample 

303 groups (Fig. 4). Our analysis independently confirms that GLO1 is overexpressed in cervical 

304 tumors, likely in a progression-dependent manner.

305

306 Fig 4. GLO1 Expression in Cervical Tissue Progression Stages. Microarray analysis of 

307 GLO1 expression in normal, cervical intraepithelial neoplasia (CIN1 to CIN3), and cervical 

308 cancer tissues. Data from GEO database (GSE63514) visualized in violin plots for 24 normal, 

309 14 CIN1, 22 CIN2, 40 CIN3, and 28 cervical cancer samples.

310

311

312 Discussion

313 In this study, we examined 58 cervical cancer patients, analyzing their tissue specimens. We 

314 found that Glyoxalase 1 (GLO1) is significantly upregulated in cervical cancer tissues 

315 compared to normal cervical tissues, irrespective of the pathological findings and stage. 

316 Intriguingly, our findings align with proteomic profiling data from the Human Protein Atlas 

317 (v23.proteinatlas.org), which ranks GLO1 among the top 10 most critical proteins in cancer 

318 prediction models, scoring from 0 to 100 (Fig. S2A). In pan-cancer protein panel analysis for 

319 predicting cervical cancer, GLO1 emerges as the most significant among the seven key 

320 proteins (Fig. S2B). This upregulation of GLO1 correlates with increased cell viability and 

321 migration in cervical cancer cell lines, underscoring its contribution to tumor progression and 

322 its potential as a chemotherapy target. Additionally, single-cell analysis and scrutiny of public 

323 gene expression data have confirmed GLO1’s overexpression in cervical tumor samples and 
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324 its role in cancer metabolism, particularly in the glycolysis pathway. Moreover, the 

325 evaluation of public expression data from precancerous lesions, including CI 1 to 3, indicates 

326 that GLO1 expression progressively increased from normal to precancerous lesions and 

327 invasive cervical cancer, suggesting a progression-dependent association with carcinogenesis.

328 GLO1 is a zinc-dependent metalloenzyme comprised of two identical subunits, each 

329 with a molecular mass of 43–48 kDa [28]. It is ubiquitously present in both prokaryotic and 

330 eukaryotic organisms, and its high homology across different species suggests a function that 

331 is evolutionarily conserved. In humans, GLO1 is located on chromosome 6 and is often 

332 overexpressed in tumor tissues [29]. The regulation of GLO1 expression is multifaceted, 

333 involving various regulatory elements, gene expression alterations, and post-translational 

334 modifications such as phosphorylation, nitrosylation, and glutathionylation [30]. 

335 Transcriptional regulators of GLO1 encompass AP-2α, E2F4, NF-κB, AP-1, ARE, MRE, and 

336 IRE elements [31]. Post-translational modifications occur through phosphorylation, 

337 nitrosylation, and glutathionylation. Nrf2 and its activators contribute to the upregulation of 

338 GLO1 expression under stress conditions [30]. Conversely, GLO1 expression is negatively 

339 regulated by HIF1α and RAGE [32]. Copy number variations (CNVs) of the GLO1 gene in 

340 the human genome can result in increased GLO1 expression [33], a phenomenon more 

341 prevalent in various human tumors, including breast cancer, sarcomas, and non-small cell 

342 lung cancer [34].

343 Cancer metabolism is marked by the reprogramming of cellular energy production 

344 and nutrient utilization, particularly through heightened glycolysis, even in oxygen-rich 

345 environments, a phenomenon known as the Warburg effect [35, 36]. In cervical cancer, this 

346 metabolic shift is crucial for tumor progression [37]. The enhanced glycolysis in cervical 

347 cancer cells, fueled by factors such as GLO1 overexpression, not only generates energy and 

348 biosynthetic intermediates for rapidly proliferating cancer cells but also contributes to the 
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349 formation of an acidic tumor microenvironment and chemoresistance. This ultimately 

350 supports cancer cell survival and invasiveness [34]. Understanding these specific metabolic 

351 changes in cervical cancer, like glycolysis dysregulation and the role of key enzymes such as 

352 GLO1, presents valuable opportunities for targeted therapies and the development of new 

353 diagnostic and prognostic tools in combating this widespread and potentially lethal disease.

354 The association between HPV infection and the progression of cervical cancer, 

355 particularly from a metabolic perspective, is significant. Human papillomavirus (HPV) 

356 infection, especially with high-risk HPV types, is a recognized risk factor for developing 

357 cervical cancer [38]. The process initiates when the virus infects cervical epithelial cells, and 

358 its oncoproteins, E6 and E7, disrupt key cellular regulatory pathways [39]. The elevated 

359 levels of GLO1 may contribute to the evasion of apoptosis and the enhanced survival of 

360 HPV-infected cells [40]. Additionally, the glyoxalase system, which includes GLO1, plays a 

361 role in controlling cellular reactive oxygen species (ROS) levels, and the dysregulation of 

362 ROS is a notable characteristic in cancer development [41]. From a metabolic perspective, 

363 these viral oncoproteins interfere with the functions of tumor suppressor proteins, such as p53 

364 and Rb, inducing significant changes in cellular metabolism [42]. This metabolic alteration 

365 enables infected cells to favor glycolysis for energy production, even in oxygen-rich 

366 environments. This shift not only supports the rapid proliferation of cancer cells but also 

367 contributes to an acidic tumor microenvironment, potentially enhancing cancer cell 

368 invasiveness [43]. Moreover, the disruption of glucose metabolism leads to alterations in 

369 various cellular pathways, including those critical for the synthesis of nucleic acids, lipids, 

370 and amino acids, essential for cancer cell growth and division [44]. These metabolic 

371 adaptations are key to the progression of cervical cancer, from the early stages of HPV 

372 infection to the development of precancerous lesions and ultimately invasive cancer.

373 In clinical practice, no tissue biological markers are currently used to refine 
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374 prognosis or customize treatment strategies for cervical carcinoma patients. However, a 

375 thorough review of the literature reveals that the presence of the HPV-18 genotype and 

376 elevated VEGF expression correlate with poorer prognoses in women with early-stage 

377 disease who undergo surgical treatment [45, 46]. Conversely, the expression of EGFR, 

378 VEGF, COX-2, and tumor hypoxia significantly influences the survival of patients receiving 

379 definitive radiotherapy or chemoradiation [47]. Although the evaluation of targeted therapies 

380 in cervical carcinoma is limited and lacks published phase III trials or approved agents in 

381 clinical practice, it is notable that high-risk HPVs can promote the production of angiogenic 

382 factors, likely through the upregulation of E6 and E7 oncoproteins [48]. In HPV-16 positive 

383 cells, the expression of pro-angiogenic molecules such as βFGF, IL-8, TGF-beta, and VEGF 

384 is higher compared to control keratinocytes [49, 50]. The adverse prognostic impact of 

385 increased tumoral VEGF expression and the encouraging outcomes of bevacizumab in 

386 therapeutic trials for cervical carcinoma indicate that targeting angiogenesis pathways is a 

387 promising therapeutic strategy for this disease. The identification of new cancer metabolism 

388 markers like Glo-1 will enhance our understanding of cervical cancer in the future, 

389 underscoring the need for ongoing research.

390 There were several limitations to our study. Firstly, the sample size was relatively 

391 small, preventing us from identifying significant differences in GLO1 expression across 

392 different stages of cervical cancer (early versus advanced or metastatic). Nevertheless, it is 

393 noteworthy that we have identified a meaningful role for GLO1 in cervical cancer for the first 

394 time. Secondly, we did not explore GLO1's potential as a biomarker in other biological 

395 samples, such as patient serum or urine, which warrants further investigation. Despite these 

396 limitations, our study possesses several strengths. Primarily, it contributes to the 

397 identification of a novel biomarker, GLO1, in cervical cancer. Our research highlights the 

398 significant upregulation of GLO1 in cervical cancer tissues, supporting its potential as a 
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399 valuable biomarker for tumor progression and as a target for cancer therapy. Moreover, we 

400 employed a comprehensive methodology that integrates clinical analysis of patient samples, 

401 in vitro experiments with cell lines, single-cell RNA sequencing (scRNA-seq) data analysis, 

402 and examination of public gene expression data. This multifaceted approach offers a 

403 thorough understanding of GLO1's role in cervical cancer, thereby strengthening the 

404 credibility of our findings.

405

406 Conclusion

407 Overall, our comprehensive analysis underscores the pivotal role of GLO1 in the progression 

408 of cervical cancer, providing fresh perspectives on its viability as both a therapeutic target 

409 and biomarker for this life-threatening disease. Grasping the molecular intricacies of cervical 

410 cancer is essential for devising novel diagnostic and treatment approaches. Our findings make 

411 a significant contribution to the current endeavors aimed at combating cervical cancer.
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