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ARTICLE INFO ABSTRACT

Keywords: Background: The efficacy of therapy in cervical cancer (CESC) is blocked by high molecular
Cervical cancer o heterogeneity. Thus, the sub-molecular characterization remains primarily explored for person-
Nl‘)“‘f‘ggatlve matrix factorization alizing the treatment of CESC patients.

(C;:]S;T;r Methods: Datasets with 741 CESC patients were obtained from TCGA and GEO databases. The

NMEF algorithm, random forest algorithm, and multivariate Cox analysis were utilized to construct
a classifier for defining the sub-molecular characterization. Then, the biological characteristics,
genomic variations, prognosis, and immune landscape in molecular subtypes were explored. The
significance of classifier genes was validated by quantitative Real-Time PCR, cell transfection, cell
colony formation assay, wound healing assay, cell proliferation assay, and Western blot.
Results: The CESC patients were classified into two subtypes, and the high classifier-score patients
with significant differences in ECM-receptor interaction, PI3K-Akt signaling pathway, and MAPK
signaling pathway showed a poorer prognosis in OS (p < 0.001), DFI (p = 0.016), PFI (p < 0.001)
and DSS (p < 0.001), and with high the MO Macrophage and resting Mast cells infiltration and
low HLA family gene expression. Moreover, the constructed classifier owns a high identified
accuracy in the tumor/normal groups (AUC: 0.993), the tumor/CIN1-CIN3 groups (AUC: 0.963),
and normal/CIN1-CIN3 groups (AUC: 0.962), and the total prediction performance is better than
currently published signatures in CESC (C—index: 0,763). The combined prediction performance
further indicated that Nomogram (AUC = 0.837) is superior to the classifier (AUC = 0.835) and
Stage (AUC = 0.568), and the C—index of calibration curves is 0.784. The potential biological
function of classifier genes indicated that silencing GALNT2 inhibited the cancer cell’s prolifer-
ation, migration, and colony formation; Conversely, the cancer cell’s proliferation, migration, and
colony formation were increased after the upregulation of GALNT2. The Epithelial-Mesenchymal
Transition Experiment showed that GALNT2 knockdown might reduce the levels of Snail and
Vimentin proteins and increase E-cadherin; Conversely, the levels of Snail and Vimentin proteins
were increased, E-cadherin was reduced by GALNT2 upregulation.
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Conclusion: The classifier we constructed may help improve our understanding of subtype char-
acteristics and provide a new strategy for developing CESC therapeutics. Remarkably, GALNT2
may be an option to directly target drivers in CESC cancer therapy.

1. Introduction

Cervical cancer, the second most common cancer in women in terms of incidence and mortality [1], occurs mainly in less developed
areas where effective screening and HPV vaccination programs are lacking [2] and results in more than 604,127 new cases and 341,
831 deaths worldwide each year [1]. The extent of the disease at the time of diagnosis determines the patient’s treatment method,
which may involve surgical treatment, adjuvant, and/or combined treatment. However, they had limited efficiency for advanced
or/and recurrent cervical cancers [3]. Moreover, while some clinical trials have shown promising results, immunotherapies exhibit
efficiency for multiple solid tumors. They have been approved by FDA for treating recurrent or metastatic cervical cancers; for the
patients with advanced stage, less than 20% of them show a positive response to ICI, the 5-year survival rate is only 16.5%, the median
survival time is only 8-13 months [4], which may be attributed to the high heterogeneity of tumors.

The emergence of large-scale high-throughput detection technology is accompanied by the formation of multiple expression
datasets, which makes it possible to further identify key molecular features to better provide personalized treatment plans [5].
Accumulating evidence suggests that the identification of tumor molecular subtypes with high heterogeneity has emerged as a
promising strategy in the personalized treatment of CESC patients, and this heterogeneity is manifested not only in terms of tumor
metabolism and tumor immune infiltration microenvironment [6,7] but also in terms of molecular features [8]. According to tumor
molecular heterogeneity, previous studies had identified multiple cervical cancer-related molecular subtypes, such as HPV-A9,
HPV-A7, HPV-negative subtypes, keratin-low/high squamous and adeno-enriched subtypes, hormonal, epithelial-mesenchymal
transition, and PI3K-AKT-associated subtypes [8], and HPV + G1 and HPV + G2 subtypes [9].

However, although the previous studies had defined different molecular subtypes, there were still crossovers in those subtypes [9].
The predicting accuracy and the molecular included of these subtypes are different [10-13]. Therefore, are there other ways to hi-
erarchically cluster CESC patients to assess prognosis and response to immunotherapy? How to evaluate the accuracy of defined
subtypes? Given the molecular subtypes were particularly important for providing potential therapeutic targets and guiding the
clinical decision-making of personalized treatment, in this study, we performed batch correction on multiple datasets in the GEO
database to identify differentially expressed genes, multivariate Cox analysis and NMF algorithms were used to identify molecular
subtypes and verify in an external verification, the random forest tree algorithms was utilized to evaluate the superiority of molecular
subtypes. The transcription levels of classifier genes were verified in H8, SiHA, Casiki, HeLa, and C33a cell lines. And then, quantitative

Table 1
The characteristics of TCGA-CESC cohort.

Category Type Total Test Train Pvalue
Age <65 228 (89.41%) 119 (92.25%) 109 (86.51%) 0.1985
>65 27 (10.59%) 10 (7.75%) 17 (13.49%)

T T1 119 (46.67%) 58 (44.96%) 61 (48.41%) 0.7356
T2 60 (23.53%) 33 (25.58%) 27 (21.43%)

T3 16 (6.27%) 8 (6.2%) 8 (6.35%)
T4 8 (3.14%) 5 (3.88%) 3 (2.38%)
Tis 1 (0.39%) 1 (0.78%) 0 (0%)
unknow 51 (20%) 24 (18.6%) 27 (21.43%)
N NO 106 (41.57%) 55 (42.64%) 51 (40.48%) 0.7783
N1 50 (19.61%) 24 (18.6%) 26 (20.63%)
unknow 99 (38.82%) 50 (38.76%) 49 (38.89%)
M MO 93 (36.47%) 47 (36.43%) 46 (36.51%) 1
M1 10 (3.92%) 5 (3.88%) 5 (3.97%)
unknow 152 (59.61%) 77 (59.69%) 75 (59.52%)
Stage Stage I 142 (55.69%) 69 (53.49%) 73 (57.94%) 0.3599
Stage II 55 (21.57%) 34 (26.36%) 21 (16.67%)
Stage III 34 (13.33%) 17 (13.18%) 17 (13.49%)
Stage IV 18 (7.06%) 8 (6.2%) 10 (7.94%)
unknow 6 (2.35%) 1 (0.78%) 5 (3.97%)
Grade Gl 14 (5.49%) 3 (2.33%) 11 (8.73%) 0.0434
G2 117 (45.88%) 66 (51.16%) 51 (40.48%)
G3 98 (38.43%) 45 (34.88%) 53 (42.06%)
G4 1 (0.39%) 0 (0%) 1 (0.79%)
unknow 25 (9.8%) 15 (11.63%) 10 (7.94%)
Therapy Chemotherapy 30 (11.76%) 15 (11.63%) 15 (11.9%) 0.0312
Chemotherapy/Radiation_therapy 99 (38.82%) 57 (44.19%) 42 (33.33%)
Radiation_therapy 42 (16.47%) 14 (10.85%) 28 (22.22%)
unknow 84 (32.94%) 43 (33.33%) 41 (32.54%)
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Real-Time PCR, Cell transfection, Cell colony formation assay, Wound healing assay, Cell proliferation assay, and Western blot were
performed to validate the Possibility of GALNT2 as a potential biomarker and potential therapeutic target for CESC.

1.1. Data obtaining and processing

Cervical cancer (CESC) related expression files, somatic mutation (SNPs and small INDELs), copy number variations profiles, DNA
methylation, and clinical data were obtained from The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/) database. The
IncRNA and protein-coding gene files were further classified based on gene annotations from the GENCODE project (https://www.
gencodegenes.org/). Tumor mutation burden (TMB) values were calculated for each tumor sample based on the number of tumor
mutations per megabase. The four major clinical outcome endpoints, including overall survival event (OS), disease-specific survival
event (DSS), disease-free interval event (DFI), and progression-free interval event (PFI) were obtained from the previous study [14].
The TCGA-CESC cohort was defined as a classifier cohort that is mainly for analysis. Based on the SangerBox (http://www.sangerbox.
com/) database, batch batch-correction for non-biotech bias was performed on 4 datasets (Including GSE6791, GSE7803, GSE9750,
and GSE63514) from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database by the “ComBat” algorithm
of the sva package to identify a differentially expressed gene identification cohort (DEG-Cohort). GSE44001 was defined as the external
validation cohort. The transcription factors list was downloaded from the Cistrome Cancer database (http://cistrome.org/
CistromeCancer/). The identified DEG criteria were P < 0.05 and |log2FC| > 1. The All the details information were list in Supple-
ment Table 1. In this study, we only included patients with complete clinical information and a survival period of over 30 days,
regardless of the treatment they received. Table 1 summarized the characteristics of the study cohort. Given all the information
involved in our study was publicly available, the ethics committee has no specific ethical approval.

1.2. Between-group analysis of tumor and normal samples

The “ggplot2” and “pheatmap” packages were used to visualize the volcano plots and heatmaps of DEGs. And then, we explored the
difference between Gene Ontology (GO) [15] and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [16] through the
“clusterProfiler” package to investigate the most significantly enriched pathways and biological processes in tumor and normal groups.

1.3. The classifier construction and evaluation

Based on the “survival” package [17], the univariate Cox regression analysis and Kaplan-Meier methods (P < 0.01) were utilized to
attest to the prognostic value of DEGs. And then, those prognosis-DEGs were further considered for inclusion in the multivariate Cox
regression analysis to calculate the regression coefficients for constructing the classifier score. The prognosis in DFI, PFI, DSS, and OS
between the two subgroups of the classifier was compared by Kaplan-Meier survival curves. Random forest, as a popular classification
and regression method, has been proven powerful for biological studies in various prediction problems [18]. Therefore, we ranked the
classifier genes based on the mean decrease accuracy of this algorithm to quantify the contribution of each classifier gene for the
classification accuracy of tumor and normal groups and evaluate the classifier performance with the area under the curve (AUC) by
cross-validation. Similarly, this classification accuracy of the classifier was also evaluated in the normal/cervical intraepithelial
neoplasia (CIN1- CIN3) groups and tumor/CIN1- CIN3 groups. To further demonstrate the molecular heterogeneity of CESC, we
performed unsupervised classification with non-negative matrix factorization (NMF) [19] based on the expression matrix of the
classifier genes in the classifier-Cohort, by setting the number of clusters k to determine the average contour width, and then determine
the optimal number of clusters of CESC. The Sankey diagram was utilized to assess and visualize for crossover between the two
subtypes. The prognostic potential of the classifier was evaluated in each of the two cohorts created by randomly dividing the TCGA
cohort into a training cohort and a test cohort in a 1:1 ratio. To further assess the performance advantage in the constructed classifier,
the ROC value and C-index were considered in previously published signatures [10-13]. The changes in DNA methylation play a
crucial role in malignant transformation, causing the overexpression of oncogenes and silencing of tumor-suppressor genes [20].
Therefore, we further evaluated the methylation status of poor prognosis genes.

1.4. Comprehensive analysis between two molecular subtypes

Based on the somatic mutation files obtained from the TCGA database, the mutation landscapes and the top 20 genes with the
highest mutation frequency across all samples were further evaluated and visualized in the two subtypes by the “Maftools” package.
The “clusterProfiler” package investigates the significantly enriched pathways in two subtypes. Given that the efficacy of immuno-
therapy in malignant tumors is indeed related to the tumor microenvironment, we also evaluated the Immune infiltration profile of two
subtypes based on CIBERSORT algorithm [21]. TMB and classifier scores were included for further stratified analysis for CESC patients.
Immunotherapy data of CESC patients, obtained from TCIA (https://tcia.at/) websites, was utilized to predict the sensitivity of clinical
drug treatment in two subtypes.

1.5. Nomogram construction and evaluation

Based on the results of Cox regression analysis of clinical files (Stage and Grade) and classifier genes, we further constructed a
nomogram for evaluating cancer prognosis and evaluated the accuracy and consistency of the nomogram by decision curve analysis
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(DCA). Finally, the calibration plots and time-dependent ROC curves of this Nomogram were further visualized through the “survival”
and “rms” packages.

1.6. Cell culture

The immortalized human normal cervical cell line (H8) and cervical cancer cell lines CaSki, SiHa, HeLa, and C33A cell lines were
purchased from the Chinese Academy of Sciences (Shanghai, China). The SiHa, HeLa, and C33A cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, USA), and the H8 and CaSki cell lines were maintained in Roswell Park Memorial Institute-
(RPMI-) 1640 medium (Gibco, USA), containing 10% FBS (Gibco, USA) and 1% antibiotics. All cells were grown at 37 °C with 5% CO2.

1.7. RNA extraction and quantitative real-time PCR

Total RNA was extracted with Trizol reagent (Invitrogen, USA) and reverse transcribed with ReverTra Ace qPCR RT kit (Toyobo,
China) according to the manufacturer’s regulations. The amplification was performed by Light Cycler 480 for qRT-PCR. GAPDH was
used as an internal control. Fold changes were calculated by the 2-AACt method. The primer information is shown in Supplementary
Table 2.

1.8. Cell transfection

For the overexpression of GALNT2 in HeLa cells and SiHa cells, the GALNT2 cDNA sequence was cloned into pEnter vector, which
was obtained from WZ Biosciences Inc. The negative control siRNA (NC) and siRNA-GALNT2 (Supplementary Tables 2 and 3) were
synthesized by GenePharma and transfected into HeLa cells and SiHa cells using Lipofectamine 3000 (Invitrogen, USA) following the
protocol from the manufacturer.

1.9. Cell proliferation assay

The 96-well plate cultured 2 x 103 cells per well and the cell viability was calculated using the cell counting kit - 8 (CCK-8) system.
The optical density (OD) value of each hole was measured at 450 nm by a microplate reader.

1.10. Wound healing assay

The migration ability was tested by wound healing assay. When the confluence of cells reaches 90%, scratch with the tip of the
pipette. At 0 h and 48 h, image J software 2.0 was used to take photos of the wound area for analysis.

1.11. Cell colony formation assay

For the colony formation experiment, the cells were seeded in a 6-well plate with a density of (500 cells/well). The cells were
cultured for 2 weeks to form colonies. The colonies were fixed with 4% paraformaldehyde buffer and stained with 0.01% crystal violet.
Colonies containing 50 or more cells were evaluated as positive for statistical analysis.

1.12. Western blot

Western blot was performed according to the standard protocol. The cells were washed with precooled PBS and lysed with lysate.
The total protein extract was separated on 10% SDS-PAGE gel and transferred to PVDF membrane. After sealing PVDF membrane with
5% skimmed milk powder, it was incubated with the first antibody overnight at 4 °C. Subsequently, the membrane was incubated with
goat anti rabbit secondary antibody at room temperature for 1 h and detected with an enhanced chemiluminescent substrate (ECL) kit
(Vazyme, Nanjing, China). Finally, use Image J software 2.0 to quantify the protein bands and normalize them with their respective
GAPDH bands.

1.13. Statistical analysis

GraphPad Prism (Version 8.0, USA) was used for statistical analysis. Student’s t-test was used for statistical comparison between
two samples, and a one-way analysis of variance was used for differences between three or more groups. P < 0.05 was considered
statistically significant (*P < 0.05).
2. Result

2.1. Comprehensive analysis of normal/tumor groups

After batch rectification on 4 datasets (Fig. 1A-C), a DEG cohort was defined. And then, a total of 427 DEGs were obtained from
DEG-Cohort based on the “limma” package (Fig. 1D-E). KEGG analyses indicated that the tumor group was mainly enriched in the
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Fig. 1. The batch-effect correction and functional pathway analysis of datasets in DEG-Cohort. (A) The density plots before batch-effect correction
in DEG-Cohort. (B)The density plots after batch-effect correction. (C) The Venn diagram of DEG-Cohort. (D) The Volcano Plots of DEGs. (E) The
heatmap of DEGs. (F) The KEGG pathway analysis of DEGs. (G, H, I) The GO analysis of DEGs. DEGs means differentially expressed gene; DEG-
Cohort means differentially expressed gene identification cohort; KEGG means Kyoto Encyclopedia of Genes and Genomes; GO means
Srene Ontology.

spliceosome, DNA replication, cell cycle, mismatch repair, and nucleotide excision repair pathways compared with the normal group
(Fig. 1F). GO analysis shows that the occurrence of tumors may be related to the dysregulation of biological processes such as mitotic
nuclear division, post-replication repair, mitotic chromosome condensation, spindle assembly, and DNA integrity checkpoint
(Fig. 1G-I).

2.2. The classifier construction and evaluation

We finally identified a robust classifier formula in the classifier-cohort that can divide the CESC patients into two specific sub-
groups, the calculation formula of classifier-score = (—0.078 * expression of DUOX1) + (0.691 * expression of GALNT2) + (0.241 *
expression of CXCL8) + (—0.034 * expression of APOBEC3B) + (—0.175 * expression of HISTIH1C) + (—0.156 * expression of IFI30).
Compared with the low classifier-score patients, the high classifier-score patients showed a poorer prognosis across the four primary
clinical outcome endpoints (Fig. 2A-D), including OS (p < 0.001), DFI (p = 0.016), PFI (p < 0.001) and DSS (p < 0.001). To evaluate
the accuracy of the classifier, we confirmed the performance of this classifier by NMF analysis (Fig. 2E). According to the results, the
two subtypes identified by NMF analysis highly overlap with subtypes identified by Classifier and similarly had a poor prognosis
(Fig. 2F-G). And then, in the predicted performance comparison of multiple signatures, the performance of our classifier (The C-index
is 0.763) is superior to the previous multiple signatures (Fig. 2I-N), and the C-index and ROC value was 0.763 and 0.780, respectively.
However, the accuracy of the constructed classifier is not significant in the GSE44001 dataset (Fig. 2H). In addition to subtype
identification in tumor patients, we further evaluated the classifier’s identified performance on tumor and normal samples based on
the random forest method (Fig. 3A) and found that IFI30, GALNT2, CXCL8, APOBEC3B, and DUOX1 (The Mean Decrease Gini>10)
contributed more to the classifier accuracy (Fig. 3B), and this classifier has high accuracy in the tumor/normal groups (AUC: 0.993,
95% CI: 0.983—1.00) (Fig. 3C), and the expression of classifier-genes was significantly different between tumor and normal groups
(Fig. 3D). Given that revealing molecular changes associated with progression contributes to risk assessment, diagnosis, prognosis, and
treatment of CESC patients, we also evaluated the identified performance of classifier-genes in tumor/CIN1-CIN3 groups (Fig. 3E) and
normal/CIN1-CIN3 groups (Fig. 31), and found that DUOX1, GALNT2 and IFI30 contributed more to the classifier accuracy in tumor/
CIN1-CIN3 groups (Fig. 3F), conversely, APOBEC3B, IFI30 and HIST1H1C contributed more to the classifier accuracy in normal/
CIN1-CIN3 groups (Fig. 3J). More interestingly, the identified performance of the classifier was superior in tumor/CIN1-CIN3 groups
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Fig. 2. The performance evaluation of Classifier. Compared with the low classifier-score patients, the high classifier-score patients showed a poorer
prognosis in OS (A), DFI (B), PFI (C) and DSS (D). The subtypes identified by NMF algorithm (E). Sankey diagram shown that the subtypes identified
by NMF algorithm had highly overlap with subtypes identified by Classifier (F), and similarly had a poor prognosis (G). The accuracy of constructed
classifier is not significant in the GSE44001 dataset (H). In the predict performance comparison of multiple signatures, the performance of our
classifier (J) is superior to Wu et al. (K), Xu et al. (L), Yu et al. (M) and Zhu et al. (N) signatures, and the C-index and ROC value of our classifier was
0.763 and 0.780 respectively (I).
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Fig. 3. The classifier’s identified performance on tumor and normal samples based on the random forest method (A). The IFI30, GALNT2, CXCL8,
APOBEC3B and DUOX1 (The Mean Decrease Gini>10) contributed more to the classifier accuracy (B). The AUC of classifier-genes in the tumor/
normal groups is 0.993 (C). The heatmap of classifier-genes in tumor/normal groups (D). The identified performance of classifier-genes in tumor/
CIN1-CIN3 groups (E), and DUOX1, GALNT2 and IFI30 contributed more to the accuracy in tumor/CIN1-CIN3 groups (F), the AUC of Identification
performance of classifier was 0.963 (G), and heatmap shown that classifier-gene expression was significantly different in tumor/CIN1-CIN3 groups
(H). The identified performance of classifier-genes in normal/CIN1 groups (I). The Contribution rank of classifier-genes in normal/CIN1 groups (J),
the AUC of Identification performance of classifier was 0.962 (K), and the heatmap of classifier-genes in tumor/CIN1-CIN3 groups (L).

(AUC: 0.963, 95% CI: 0.927—-0.989), and normal/CIN1-CIN3 groups as well (AUC: 0.962, 95% CI: 0.925—0.988) (Fig. 3G and K).
Similarly, the expression of classifier genes was significantly different between tumor/CIN1-CIN3 groups and normal/CIN1-CIN3
groups (Fig. 3H, L).

2.3. Comprehensive analysis between two subtypes

The results of mutation between the two subtypes showed that the high classifier-score group has more missense mutations, the
variant types are mainly SNPs and DELs, SNV types are predominantly C > T, and the mutation rates of TTN and PIK3CA were >20% in
two subtypes (Fig. 4A-B). The results of enrichment pathway analysis showed significant differences in Cytokine-cytokine receptor
interaction, IL-17 signaling pathway, ECM-receptor interaction, TNF signaling pathway, PI3K-Akt signaling pathway, and MAPK
signaling pathway between the two subtypes (p < 0.001) (Fig. 4C). The immune cell infiltration of two subtypes showed that the low-
risk group with higher immune cell infiltration of CD8" T cell, M2 Macrophage, and activated Mast cell, while the MO Macrophage and
resting Mast cells were higher in the high-risk group (Fig. 4E). Most of these immune cells were closely associated with classifier genes
(Fig. 4H). Moreover, as a prerequisite of T cell immune activation, the HLA family gene expression in the low-score group was similarly
higher than that in the high-score group (Fig. 4F). The stratified analysis of TMB and classifier score further showed that the patients,
even with a similar TMB state had a better prognosis in the low classifier score (Fig. 4D). The cellular characteristics of immune in-
vasion indicate that oncogene determines the immune phenotype and tumor escape mechanism. Charoentong Pornpimol et al.
developed a quantitative scoring scheme called immunophenoscore (IPS) for predicting the efficacy of CTLA-4 and PD-1/PD-L1
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Fig. 4. Characterization of mutation profiles in high classifier-score and low classifier-score groups (A, B). The different KEGG pathway analysis in
high classifier-score and low classifier-score groups (C). The stratified survival analysis of TMB and classifier (D). The low classifier score group with
higher immune cell infiltration of CD8" T cell, M2 Macrophage, and activated Mast cell, while the MO Macrophage and resting Mast cells were
higher in the high-risk group (E). The difference of HLA family gene expression in the two subtypes (F). The benefit difference of combination with
CTLA-4 and PD-1/PD-L1 inhibitors between the two subtypes (G). The co-relationship between immune cells and classifier-genes (H).

inhibitors [22]. In this study, we found that Patients in the low classifier score group have higher IPS than those in the high classifier
score group, which means that the low classifier-score group patients may benefit from the combination of CTLA-4 and PD-1/PD-L1
inhibitors (Fig. 4G). The ROC of the test cohort and train cohort in 5 years were 0.832 and 0.801 (Fig. 5). The methylation status of
GALNT?2 indicated that multiple methylation sites of GALNT2 are closely associated with poor prognosis in patients (P < 0.05; Fig. 5).

2.4. Nomogram construction and evaluation

Based on the results of Cox regression analysis, we found that the Stage (HR:1.584, 95% CI:1.231-2.038, p < 0.001) and classifier
score (HR:1.293, 95% CI:1.198-1.397, p < 0.001) were closely related to prognosis (Fig. 6A-B). And then, we constructed a robust
nomogram to forecast the prognosis of CESC patients in the 1-5 years (Fig. 6C), and the combined prediction performance of the
Nomogram (AUC = 0.837) is superior to that of the classifier score (AUC = 0.835) and Stage (AUC = 0.568) (Fig. 6D). This perfor-
mance advantage is further confirmed by the calibration curves (C—index: 0.784, 95% CI: 0.755—0.813) and DCA (Fig. 6E-F).

2.5. In vitro validation of gene expressions and function of GALNT2

Given the overexpression of GALNT2 and CXCL8 was an unfavorable prognostic factor of OS, DFI, PFI, and DSS for CESC patients in
the TCGA-CESC cohort and GSE44001 dataset (Fig. 7A-J). Therefore, we confirmed the expression level of GALNT2 and CXCL8 in
CaSki, SiHa, HeLa, and C33A cell lines and H8 cell line by qRT-PCR, and found that GALNT2 was indeed highly expressed in cervical
cancer cell CaSki, SiHa, HeLa and C33A cell lines compared with H8 cell line, and CXCL8 was different to some extent (Fig. 8A-B). And
then, we assessed overexpression or knockdown efficiency of GALNT2 in HeLa cells and SiHa cells by real-time PCR and western
blotting, respectively (Fig. 8C, J). We further explored the potential biological function of GALNT2 in cervical cancer cells, and results
indicated that silencing GALNT2 inhibited the proliferation, migration, and colony formation of HeLa cells and SiHa cells in vitro
(Fig. 8D-I). Conversely, cell proliferation, migration and colony formation were increased after the upregulation of GALNT2 in HeLa
cells and SiHa cells (Fig. 8D-I). Therefore, we further investigated the influence of GALNT2 on EMT by Western blot. The results
showed that the levels of Snail and Vimentin proteins were reduced, E-cadherin was increased by GALNT2 knockdown in HeLa cells
and SiHa cells (Fig. 8J). Conversely, the levels of Snail and Vimentin proteins were increased, E-cadherin was reduced by GALNT2
upregulation in HeLa cells and SiHa cells (Fig. 8J). KEGG pathway analysis revealed a high co-expression between GALNT2 and
important genes of proteoglycan and Hippo signaling pathways in cancer (P value < 0.001; Fig. 7K). The full and non-adjusted images
as supplementary Figure 1 provided.

3. Discussion

Cervical cancer is the second most common cancer in women, and although the current variety of treatments for cervical cancer is
exciting, the identification of highly heterogeneous molecular subtypes is expected to further develop personalized treatment stra-
tegies and increase the benefiting proportion of patients.

In this study, we constructed a prognostic classifier by Cox regression analysis and NMF methods, which consists of DUOX1,
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Fig. 5. The expression heatmap, prognosis, and ROC analysis of classified genes in the test group (A-C); The expression heatmap, prognosis, and
ROC analysis of classified genes in the test group (D-F); The methylation status of GALNT2 and prognostic analysis of methylation sites (G-M).

GALNT2, CXCL8, APOBEC3B, HIST1H1C, and IFI30. Two subtypes were identified by this classifier in the tumor groups, and the low
classifier score subtype patients with higher abundance of CD8" T cell, M2 Macrophage, and activated Mast cell, while the MO
Macrophage and resting Mast cells were superior in the high classifier score subtype. As a prerequisite of T cell immune activation, the
HLA family gene expression in the low-score group was higher than that in the high-score group, which suggests that these patients are
expected to benefit from immunotherapy. And then, in the comparison of the performance in several signatures, we found that the
predicted performance of this classifier is indeed superior to previous multiple signatures in the CESC, and the C-index is 0.763.
Nomogram results further showed a significant advantage of subtype classifier (AUC = 0.835) and classifier-related-Nomogram (AUC
= 0.837) in the prognostic prediction aspects compared to conventional factor stage (AUC = 0.568) and grade (AUC = 0.532).
Therefore, this constructed classifier is robust and promising to be used as potential biomarkers for the individualized treatment of
CESC.

As the unfavorable prognostic genes in this prognostic prediction classifier, previous studies have shown that CXCL8, as an in-
flammatory marker, plays an important role in the development of various cancers. As a chemokine secreted by activated tumor cells,
CXCL8 can act on CXCR1/2 in the tumor microenvironment to regulate the proliferation and self-renewal of inflammatory factors and
tumor stem cells [23]. Moreover, CXCL8 may induce VEGFA to participate in tumor proliferation and metastasis in HCC cells [24], and
CXCL8 receptor antagonists may become a potential targeted therapy for HCC [25]. In addition, CXCL8 can also inhibit the expression
of ER in endometrial cancer cells and promote tumor invasion [26]. Interestingly, in this study, we found for the first time that CXCL8 is
closely related to the patient’s poor prognosis, and it may be one of the key molecules in improving patient survival rate, which can be
further explored in future studies.

Furthermore, as another unfavorable prognostic gene, we observed that GALNT2 overexpression is not only a poor prognostic
factor in CESC patients but also affects the regulation of specific cytokines, chemokines, and immune molecules [27]. Thus, the
expression levels of GALNT2 were initially confirmed in CaSki, SiHa, HeLa, and C33A cell lines and H8 cell lines by qRT-PCR. And we
found that GALNT2 was indeed highly expressed in cervical cancer cell lines compared with the H8 cell line. As a member of the
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Fig. 6. The forest plots of the univariate and multiple Cox analysis in Stage, Grade and classifier score in CESC patients (A, B). Based on the item of
nomogram to predict the survival rate of CESC patients for 1-, 3-year and 5-years (C). The time-dependent ROC curve of nomogram in the CESC
patients is 0.837 (D). The C-index of the nomogram calibration curve is 0.784 (E). The decision curve analysis of nomogram and classifier risk
score (F).
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Fig. 7. Overexpression of GALNT2 and CXCL8 suggested poor prognosis of CESC patients. The poor prognosis of GALNT2 in OS (A), DFI (B), PFI (C),
DSS (D) in TCGA-CESC cohort, and DFS in GSE44001 dataset (I). The poor prognosis of CXCL8 in OS (E), DFI (F), PFI (G), DSS (H) in TCGA-CESC
cohort, and DFS in GSE44001 dataset (J). KEGG pathway analysis revealed a high co-expression between GALNT2 and important genes of pro-
teoglycan and Hippo signaling pathways in cancer (K). OS means overall survival event; DSS means disease-specific survival event; DFI means
disease-free interval event; PFI means progression-free interval event; DFS means disease free survival event.

glycosyltransferase family, GALNT2 is an enzyme that mediates the initial step of mucin type-O glycosylation and plays a key role in
regulating cellular and molecular interactions as a widespread modification of proteins and lipids [28], such as cell signaling and
communication, tumor cell dissociation and invasion, cell-matrix interactions, tumor angiogenesis, immune modulation and metas-
tasis formation [29]. Subsequently, the potential biological function further certificated that silencing GALNT2 were indeed inhibited
the proliferation, migration, and colony formation of HeLa cells and SiHa cells in vitro. Conversely, cell proliferation migration and
colony formation were increased after the upregulation of GALNT2 in HeLa cells and SiHa cells. Moreover, we further investigated the
influence of GALNT2 on EMT by Western blot and found that the levels of Snail and Vimentin proteins were reduced, E-cadherin was
increased by GALNT2 knockdown in HeLa cells and SiHa cells. Conversely, the levels of Snail and Vimentin proteins were increased,
E-cadherin was reduced by GALNT2 upregulation. Similarly, in gliomas, we observed that increased GALNT2 expression was related to
an unfavorable prognosis and advanced tumor grade. GALNT2 knockdown decreased the level of phosphorylated EGFR and the
expression of the Tn antigen on EGFR and affected the expression levels of p21, CDK4, cyclinD1, MMP2, and MMP9 through the
EGFR/PI3K/Akt/mTOR pathway to inhibit glioma cell proliferation, migration, and invasion [30]. Similarly, overexpression of
GALNT2 may activate the Notch/Hes1-PTEN-PI3K/Akt signaling axis to enhance cell line proliferation, migration, and invasion
abilities in lung adenocarcinoma [31].

Interestingly, the clinical significance of malfunctioning GALNT2 expression observed in different cancers is inconsistent. The
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Fig. 8. In vitro validation and function of GALNT2. (A, B) qRT-PCR analysis of GALNT2 and CXCL8 mRNA levels in cell lines. (C, D) Cell prolif-
eration of HeLa and SiHa cells was measured by the CCK8 assay. (E, F) The effect of GALNT2 knockdown or overexpression on colony formation in
HeLa and SiHa cells. (G, H) The effect of GALNT2 knockdown or overexpression on cell migration ability in HeLa and SiHa cells. (I) Western blot
analysis of Snail, Vimentin, E-cadherin in GLANT2 knockdown HeLa cells and overexpression SiHa cells compared to control cells. All data were
presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

previous study showed that mRNA and protein of GALNT2 are downregulated in gastric cancer, and this downregulation is related to
more advanced disease and shorter RFS. Inhibition of GALNT2 expression increases tumor cell growth, migration, invasion, and tumor
metastasis [32]. Moreover, GALNT2 knockdown increases epidermal growth factor receptor (EGFR) phosphorylation and decreases
O-glycosylation of EGFR and expression of the Tn antigen on EGFR, enhancing the malignant phenotype of gastric cancer in vitro by
increasing EGFR phosphorylation and activating the EGFR-Akt pathway [33]. Remarkably, we also observed a higher expression
consistency between GALNT2 and important genes in the Proteoglycans in cancer and the Hippo signaling pathway (p-value <0.001).
While Hippo/YAP pathway may interact with EGFR signaling and HPV oncoproteins E5 and E7 to regulate cervical carcinogenesis and
progression [34].

Given that multiple oncogenic drivers usually coexist in cancers, which calls for multiple targeting in therapy. Therefore, under-
standing the effects and mechanisms of GALNT2 and O-glycosylation on cMET, EGFR or other receptor tyrosine kinase activity may be
an option to directly target drivers in cancer therapy, which may provide a novel strategy for the development of CESC therapeutic
agents. Remarkably, glycosylation inhibitors can reverse cancer-moderated inhibition of the immune system, which may have
enormous implications for treating CESC patients on PD-1/PD-L1 immune checkpoint inhibitors [35].

Although the constructed classifier shows superiority in predicting the prognosis of CESC patients compared to previous features, as
this study is only based on the TCGA database, and there are no suitable datasets to validate risk prediction features, therefore, a
comprehensive in vitro experiment is needed further to explore the regulatory mechanism of these classifier-genes.

4. Conclusion

Based on Cox regression analysis, Random Forest and non-negative matrix factorization algorithms, we attempted to identify
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molecular subtypes in 741 cervical cancer patients, and the constructed classifier will help to improve our understanding of subtype
characteristics and may be utilized for patient prediction of prognosis and response to immunotherapy. Remarkably, GALNT2 may be
an option to directly target drivers in CESC cancer therapy.
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