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Abstract. Cervical carcinoma is a global public health 
burden. Given that it is usually asymptomatic at potentially 
curative stages, the development of clinically accurate tests 
is critical for early detection and individual risk stratification. 
The present study performed an integrative meta‑analysis 
of the transcriptomes from 10 cervical carcinoma cohorts, 
with the aim of identifying biomarkers that are associated 
with malignant transformation of cervical epithelium, and 
establish their clinical applicability. From among the top 
ranked differentially expressed genes, flap structure‑specific 
endonuclease 1 (FEN1) and poly (U)‑specific endoribo‑
nuclease (ENDOU) were selected for further validation, and 
their clinical applicability was assessed using immunohisto‑
chemically stained microarrays comprising 110 tissue cores, 
using p16 and Ki67 staining as the comparator tests. The 
results demonstrated that FEN1 expression was significantly 
upregulated in 65% of tumor specimens (P=0.0001), with no 
detectable expression in the non‑tumor tissues. Furthermore, 
its expression was significantly associated with Ki67 staining 
in tumor samples (P<0.0001), but no association was observed 
with p16 expression or the presence of human papilloma virus 
types 16/18, patient age, tumor grade or stage. FEN1 staining 
demonstrated lower sensitivity than p16 (69.3 vs. 96.8%) 
and Ki67 (69.3 vs. 76.3%); however, the specificity was 
identical to p16 and higher than that of Ki67 (100 vs. 71.4%).
ENDOU staining was consistent with the microarray results, 
demonstrating 1% positivity in tumors and 40% positivity in 
non‑tumor tissues. Gene set enrichment analysis of cervical 

tumors overexpressing FEN1 revealed its association with 
enhanced growth factor signaling, immune response inhibition 
and extracellular matrix remodeling, whereas tumors with 
low ENDOU expression exhibited inhibition of epithelial 
development and differentiation processes. Taken together, 
the results of the present study demonstrate the feasibility of 
the integrative meta‑analysis approach to identify relevant 
biomarkers associated with cervical carcinogenesis. Thus, 
FEN1 and ENDOU may be useful diagnostic biomarkers for 
squamous cervical carcinoma. However, further studies are 
required to determine their diagnostic performance in larger 
patient cohorts and validate the results presented here.

Introduction

Despite being a highly preventable disease, cervical cancer 
is currently the fourth most common malignancy in women, 
accounting for almost 12% of all female cancers worldwide (1). 
The high public health burden of cervical cancer is further 
illustrated by the low 5‑year survival rate of only 66% (2). 
Furthermore, if diagnosis is made at a late stage, the mean 
patient survival time does not surpass 1 year (3). Thus, it is 
important to develop accurate tests that facilitate early detec‑
tion and individual risk stratification.

It is estimated that 90% of all cervical cancer cases are 
squamous cell carcinoma (SCC), which originates at the 
squamous‑columnar junction of the cervix (4,5). The primary 
cause of almost all neoplastic lesions in the cervix is infection 
with carcinogenic human papilloma virus (HPV) strains (4‑6), 
the primary transforming capacities of which stem from the 
E6 and E7 oncogenes (6). When transcribed, these two viral 
proteins deregulate the cell cycle and impede genomic stability 
in the host cell by rendering several putative tumor suppressors 
inactive, including tumor protein 53 (p53) and retinoblas‑
toma (Rb) (6,7). In addition, activation of cyclin‑dependent 
kinase (CDK)‑4 and ‑6 induces replication stress in the 
cervical epithelium and promotes mitotic entry despite DNA 
damage (6,8‑12). The p16 CDK inhibitor 2A (CDKN2A) protein 
is a principal cyclin‑dependent kinase inhibitor that deceler‑
ates the cell cycle and regulates the DNA damage response (8). 
It accumulates extensively in HPV‑transformed epithelium in 
a futile attempt to restrict CDK‑4 and ‑6 activation (4,8,13).
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Thus, detection of p16 is widely used for diagnostic purposes 
as a surrogate marker of HPV‑induced cell transformation (14). 
However, application of p16 protein as a diagnostic biomarker 
remains somewhat controversial (15‑17), warranting the devel‑
opment of additional tests to ensure sufficient accuracy for the 
pre‑symptomatic detection of cancer.

The present study performed an integrative meta‑analysis 
of the transcriptomes from 10 cohorts of patients with SCC, 
with the aim of identifying novel biomarkers that are associated 
with malignant transformation of the cervical epithelium, and 
establish their clinical applicability. As a proof of concept, the 
present study validated the expression of flap structure‑specific 
endonuclease 1 (FEN1) and poly (U)‑specific endoribo‑
nuclease (ENDOU), which are among the top 30 differentially 
expressed genes (DEGs) in the meta transcriptome (18‑27). 
FEN1 is a nuclear enzyme that plays a fundamental role in 
the DNA replication process and cell proliferation (28). In 
addition, it plays a central role in the DNA repair machinery 
responsible for maintaining genomic stability and protecting 
against tumorigenesis (29,30). FEN1 deregulation is associ‑
ated with an increased mutation rate, poor differentiation and 
aggressive phenotype in common malignancies, including 
breast (31), gallbladder (32), ovarian (33), lung (34,35), pros‑
tate (36), esophageal (37), testicular (35), hepatocellular (37), 
gastric (37) and brain tumors (35,38). ENDOU is a soluble 
uridylate‑specific endoribonuclease that was recently charac‑
terized as a potential tumor suppressor (39,40), with established 
prognostic significance in breast (41), ovarian (42) and head 
and neck carcinoma (40). To the best of our knowledge, the 
present study was the first to evaluate the clinical relevance of 
FEN1 and ENDOU proteins as biomarkers for the diagnosis of 
cervical carcinoma.

Materials and methods

Ethical considerations. All gene expression profiling 
was performed on genomic data deposited inthe publicly 
available dataset repositories, Gene Expression Omnibus 
(GEO) (https://www.ncbi.nlm.nih.gov/geo), ArrayExpress 
(https://www.ebi.ac.uk/arrayexpress) and The Cancer Genome 
Atlas (TCGA)(https://portal.gdc.cancer.gov).

Immunohistochemistry (IHC) staining was performed on 
commercial tissue arrays, for which the manufacturer collected 
the tissues after obtaining written consent, and according to the 
regulations protecting the privacy and security of health infor‑
mation prescribed by The Health Insurance Portability and 
Accountability Act of 1996 (HIPAA) issued by the Secretary 
of the U.S. Department of Health and Human Services. As 
the present study was performed entirely using de‑identified 
material, it is not subjected to the Swedish Ethical Review Act 
(SFS 2003:460).

Microarray dataset identification and selection. A search 
using the keywords ‘cervical cancer’ and ‘microarray’ was 
performed in GEO and ArrayExpress, retrieving 129 and 
184 records, respectively. Duplicate records between the 
two databases were deleted, resulting in 302 records being 
filtered further by manually reviewing each dataset. The data‑
sets were required to fulfill the following criteria: i) Experiment 
type: mRNA expression profiling by commercial microarray 

assays; ii) performed in humans and involve cervical cancer 
as the main subject and iii) analysis performed in cervical 
biopsies obtained from at least two cohorts, normal and tumor. 
A total of 298 records were excluded as they failed to meet 
the predefined inclusion criteria. Datasets GSE39001 and 
GSE29570 were excluded as they overlapped with GSE52903, 
and GSE75132 was excluded as the analysis was performed 
using cervical swabs and not biopsies. Thus, 10 datasets were 
included in the meta‑analysis (Fig. 1 and Table I). In total, 
the present study included gene expression profiles from 
120 subjects with normal cervix histology and 257 patients 
with SCC.

Microarray data pre‑processing and identification of DEGs. 
Raw intensity files from select gene expression profiling 
studies were downloaded from the GEO (https://www.ncbi.
nlm.nih.gov/geo) or ArrayExpress EML‑EBI (https://www.ebi.
ac.uk/arrayexpress) public dataset repositories and loaded into 
the R/Bioconductor platform version 4.0.2 (R Foundation for 
Statistical Computing) for further analysis (43). Pre‑processing 
and normalization of datasets obtained using standard 
3' probe based Affymetrix arrays (Affymetrix, Inc.) including 
GSE7803 (18), GSE9750 (19), GSE6791 (20), GSE63678 (21), 
GSE42764 (22), GSE27678 (23) and GSE63514 (24) was 
performed with the robust multi‑array average (RMA) method 
and Affy package version 1.70.0 (R Foundation for Statistical 
Computing), as previously described (44). GSE52903 
dataset (25) obtained using Affymetrix Whole‑Transcript 
Human Gene 1.0 ST array was processed using the RMA 
method and the Oligo ST package version 1.56.0 (R Foundation 
for Statistical Computing), as previously reported (45). Lumi 
package (46) version 2.44.0 (R Foundation for Statistical 
Computing) was used to preprocess the GSE67522 dataset (27) 
obtained using HumanHT‑12 v4.0 Expression BeadChip 
(Illumina, Inc.) GSE7410 dataset (26) created by the 
Agilent‑012391 Whole Human Genome Oligo Microarray 
(Agilent Technologies, Inc.) was preprocessed using quantile 
normalization and the Linear Models for Microarray Data 
(LIMMA) package version 3.44.3 (47). DEGs were identi‑
fied using LIMMA package version 3.44.3, as described by 
Smyth (47). Benjamini‑Hochberg method was used to control 
the false discovery rate (FDR). Adjusted P<0.05 was used to 
determine significance.

Meta‑analysis of selected mRNA profile studies. A meta‑anal‑
ysis of select mRNA expression profile studies was performed 
using a dual approach. In the first step, lists of DEGs obtained 
in the LIMMA analysis were loaded into the MetaVolcanoR 
package version 1.6.0 (R Foundation for Statistical Computing), 
which is designed to identify genes with consistently perturbed 
expression across several studies (48). Meta‑analysis with 
the MetaVolcanoR package uses a random effect model to 
calculate the summary fold‑change over investigated studies 
using a summary p‑value that represents the probability that 
the summary fold‑change is not different than zero (48). The 
metathr parameter was set to 0.01 to highlight the top 1% of 
the most consistently perturbed genes across all studies (49). 
Only genes consistently perturbed in at least eight studies were 
included in the subsequent analysis. Perturbation rankings 
were defined following the rank results of combined effect 
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sizes, while maintaining the FDR and false coverage‑state‑
ment rate control (Topconfects) approach (48,50). The 
threshold for the combined log2 fold change (effect size) 
was arbitrary and set to ≥±1.5. The meta‑analysis results 
obtained by MetaVolcanoR were further validated using 
NetworkAnalyst 3.0, a visual analytics platform for compre‑
hensive gene expression profiling and meta‑analysis (51). 
Robust correction for batch effects between different 
microarray platforms was performed using the COMBAT 
algorithm (51,52). Database for Annotation, Visualization, 
and Integrated Discovery online software (https://david.
ncifcrf.gov) was used to convert the probe IDs to Entrez IDs 
for unsupported probe platforms (53), whereas variance stabi‑
lizing normalization followed by quintile normalization and 
LIMMA was performed prior to the meta‑analysis (47). After 
plotting the results of a Cochrane Q test, the most stringent 
method of performing meta‑analysis (54), a random effects 
model estimating effect sizes (summary log2 fold changes) was 
chosen and the metathr parameter was set to 0.01 to highlight 
the top 1% of the most consistently perturbed genes across all 
studies (55). The threshold for the combined log2 fold change 
(effect size) was arbitrary and set to ≥±1.5, with a level of 
significance of FDR<0.01.

Pathway enrichment, Gene Ontology (GO), disease ontology 
and protein‑protein interaction (PPI) analysis. Functional 
enrichment in Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways, GO and disease ontology analyses were 
performed using clusterProfiler version 4.0.5 (R Foundation 
for Statistical Computing), Disease Ontology Semantic and 
Enrichment analysis (DOSE) version 3.18.2 (R Foundation 
for Statistical Computing) and Visualization of Functional 
Enrichment Result (Enrichplot) version 1.12.2 (R Foundation 
for Statistical Computing) packages for Bioconductor (56,57). 
FDR was set to <0.05. The PPI network of the deregulated 
genes was derived from the Search Tool for the Retrieval of 
Interacting Genes/Proteins database version 11.0 (58). In the 
PPI networks, known interactions from curated databases and 
experiments were presented, along with predicted interactions 
(maximum required interaction score = 0.900; FDR<0.05). 
Gene interaction analysis for inferring function was performed 
using the GeneAnswers package version 2.34.0 (R Foundation 
for Statistical Computing), as previously described (59).

Gene set enrichment analysis (GSEA). GSEA was performed 
using GSEA software version 4.1.0 (60), obtained from 
the Broad Institute (University of San Diego and Broad 
Institute) (http://www.broadinstitute.org/gsea/downloads.
jsp). Expression data sets (.GCT format), phenotype labels 
(.CLS format) and annotations (.CHIP format) were created 
according to GSEA specifications. The present study computed 
overlaps with the H (hallmark gene sets), C2 (curated gene 
sets) and C5 (GO gene sets) collections. To avoid the poten‑
tial problem of a small sample size, gene set permutations 
were performed 1,000 times for each analysis, using the 
weighted enrichment statistic and signal to noise metric. 
Gene sets that met the FDR<25% criterion were considered 
significant. When necessary, enrichment maps were plotted 
to visualize the GSEA results and overcome gene set redun‑
dancy (60). The gene set variation analysis (GSVA) package 

version 1.40.1 (R Foundation for Statistical Computing)was 
used to obtain a GSVA score from gene expression data for the 
‘HALLMARK_G2M_checkpoint’ gene set of the Molecular 
Signatures Database Hallmark geneset collection (61). Within 
each cohort, tumor samples were categorized into high and 
low G2M activity score groups, using the median GSVA score 
as the cut‑off point.

Validation of the metatranscriptome in the independent cohorts 
of patients with SCC. For independent validation of the meta‑
transcriptome, the present study used comprehensive genomic 
data from TCGA SCC and Endocervical Adenocarcinoma 
(TCGA‑CESC) project and TCGAbiolinks package 
version 2.20.0 (R Foundation for Statistical Computing), as 
previously described (62,63). Expression profiles for selected 
biomarkers were validated using transcriptome and clinico‑
pathological data from a cohort of 304 patients with cervical 
carcinoma and three healthy individuals. Information regarding 
HPV infection status and HPV genotype was obtained from 
the previous report (62). Significance was assessed using the 
Kruskal‑Wallis test, followed by Bonferroni correction in the 
ggplot2 package version 3.3.5(R Foundation for Statistical 
Computing), with ggsignif extension (64). A Pearson's correla‑
tion matrix between candidate biomarkers and genes of interest 
in the TCGA‑CESC‑SCC transcriptome was constructed and 
visualized using the ggplot2 package (64). The transcriptomic 
data from TCGA‑CESC‑SCC were categorized into groups 
based on high and low expression of FEN1 and ENDOU 
levels, according to the first and third quartiles. GO and 
KEGG pathway enrichment analyses in high and low tumor 
phenotypes was performed using the Enrichplot package 
version 1.12.2 (R Foundation for Statistical Computing), as 
previously described (40,57).

Diagnostic accuracy and tumor infiltration analysis. 
The diagnostic accuracy for each candidate transcript 
was assessed individually by constructing receiver oper‑
ating characteristic (ROC) curves and calculating the 
area under the curve (AUC), using an independent cohort, 
GSE138080 (65). The cohort was chosen due to the balanced 
number of subjects in the respective groups. ROC curves 
were calculated directly in Stats Direct Statistical Software 
version 3.3.4 demo (StatsDirect Ltd.), using an extended 
trapezoidal rule and a nonparametric method analogous to 
the Wilcoxon/Mann‑Whitney test. A confidence interval was 
constructed using DeLong's variance estimate. Univariate 
survival analysis was performed using survival package 
version 3.2‑13 (R Foundation for Statistical Computing) (66) 
as follows: The log‑rank test was plotted to compare survival 
curves in two groups divided by the upper 50 percentiles 
of mRNA expression and lower 50 percentiles of mRNA 
expression, as previously described (67). A log‑rank 
P<0.05 (Kaplan‑Meier) was considered as the threshold 
for significance. The hazards in two groups were compared 
by calculating the hazard ratios and confidence intervals 
according to Altman and De Stavola (68). Pancancer TCGA 
expression and the correlation analysis of candidate biomarker 
expression with tumor infiltrating cells was performed using 
the TIMER database (https://cistrome.shinyapps.io/timer), as 
previously described (40).
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Clinical specimens. Commercially available cervical cancer 
tissue microarrays (TMAs) and data on the TNM stage, 
histology grade and HPV16/18 and Ki67IHC scores (Biomax, 
CR1101‑BX) were purchased from BioCat. The array consists 
of 110 cases/110 cores, including 10 tumor adjacent normal 
cervix tissues, two endocervical adenocarcinoma cases, 
two endometrial adenocarcinoma cases, one case of adeno‑
squamous carcinoma and 95 cases of SCC of the cervix.

IHC. Surgically removed cervical samples were preserved in 
10% neutral, phosphate buffered formalin for 24 h at the room 
temperature before they were dehydrated with gradient ethanol, 
cleared with xylene and embedded in paraffin with the help of 
a tissue processor (Leica Biosystems). Prior to staining, TMA 
slides were heated in an oven at 60˚C for 2 h. IHC analysis 
was performed on 5‑µm‑thick TMA sections that were depa‑
raffinized using EZ prep solution. The deparaffinization step 
was done for 8 min at 75˚C in the Ventana Discovery XT plat‑
form (Ventana Medical System, Inc.). Antigen retrieval was 
performed with Tris‑EDTA buffer pH 7.8 (Cell Conditioner #1; 
Ventana Medical System, Inc.) at 95˚C for 44 min followed by 
blocking of endogenous peroxides and proteins with inhibitor 
CM (Ventana Medical System, Inc.; cat. no. 760‑159) at 37˚C for 
4 min. IHC staining was performed as a fully automated assay 
in the BenchMark ULTRA automated slide stainer (Ventana 
Medical System, Inc.) using rabbit polyclonal antibody 
against FEN1 (1 ng/ml; Atlas antibodies cat. no. HPA006748; 
https://www.atlasantibodies.com), ENDOU (2 ng/ml; Atlas 
antibodies, cat. no. HPA012388; https://www.atlasantibodies.
com), p16 (p16 CINtec® Histology kit; Roche Diagnostics 
GmbH; cat no. 06695256001; https://diagnostics.roche.com) 
and UltraView DAB IHC Detection kit (cat. no. 760‑500; 
Ventana Medical System, Inc.). The slides were counter‑
stained with hematoxylin at room temperature for 8 min and 
post counterstained with Bluing Reagent (Ventana Medical 
System, Inc.) at room temperature for 8 min. The negative 
controls were obtained by omitting the primary antibody, 
whereas TMA slides were complemented by an external posi‑
tive control.

Evaluation of immunostaining. IHC staining for FEN1, 
ENDOU and p16 was evaluated and manually scored by a 
senior pathologist using a light microscope (BX45; Olympus) 
in 3‑5 random high‑power magnification microscopic fields, 
taking into account both the mean intensity of the staining 
(0, no staining; 1, weak intensity; 2, moderate intensity and 
3, intense staining) and the mean proportion of stained tumor 
cells(0, 0% stained; 1, 1‑10%; 2, 11‑50% and 3, >50%). Obtained 
results were documented in an EXCEL sheet (Microsoft Inc.) 
and a comprehensive qualitative and semi‑quantitative score 
was calculated as the sum of the corresponding category values 
for each tissue core (scores 0‑4, negative; score 6, positive and 
score 9, strongly positive). For FEN1 staining, three cases of 
SCC were excluded from further analysis due to an absence of 
invasive carcinoma in the cores.

IHC scores for Ki67 and HPV16/18 staining were also 
calculated based on staining intensity (0, negative; 1, weak 
stain; 2, moderate and 3, strong stain) and positive cell 
count (0 points, ≤5%; 1 point, 6‑25%; 2 points, 26‑50% and 
3 points, >50%). The positive cell score was multiplied by the 

staining intensity score for 3‑5 randomly observed high‑power 
magnification microscopic fields, and their mean value taken 
as the comprehensive qualitative and semi‑quantitative result 
[0‑1, negative (‑); 2‑3, weak positive (+); 4‑6, medium posi‑
tive (++); >6, strong positive (+++)].

The association between FEN1 expression and the clinico‑
pathological characteristics of patients with SCC was assessed 
using the χ2 test.

Statistical analysis. Microarray datawere processed and 
visualized using R version 4.02 and Bioconductor 3.11 statis‑
tical software (R Foundation for Statistical Computing) (33). 
Additional illustrations and statistical analyses were performed 
using MedCalc version 19.4.1 Demo (MedCalc Software Ltd.) 
and Stats Direct Statistical Software 3.3.4 Demo (StatsDirect 
Ltd.).

Results

Metatranscriptome signature of cervical SCC. Pre‑processed 
and normalized raw expression files from 10 individual 
studies (Fig. 1 and Table I) were analyzed using LIMMA 
and differential expression results integrated into a single 
data frame using the MetaVolcanoR package. A summary 
of the log2 fold changes of DEGs across integrated studies 
is presentedas a volcano plot in Fig.2A. Briefly, 157 DEGs 
were identified (log2 fold change ≥ ±1.5, random FDR<0.01). 
The results of the meta‑analysis using MetaVolcanoR were 
further validated using NetworkAnalyst 3.0, a meta‑analysis 
platform that removes batch effects between individual studies 
and platforms using the COMBAT algorithm (51,52) (Fig.2B). 
NetworkAnalyst 3.0 identified 246 significant DEGs across 
the 10 datasets (log2 fold change ≥ ±1.5, random FDR<0.01), 
and the top 40 DEGs were presented as a heatmap in Fig. 2F. 
The results obtained from the two methods were intersected 
to determine genes that were consistently differentially 
expressed between the two integration methods (Fig. 2C). 
A total of 42 downregulated and 54 upregulated genes were 
found to be consistently deregulated across the 10 studies and 
two integration methods (Fig. 2D). To perform external valida‑
tion of the metatranscriptome, the present study intersected the 
expression of 96 DEGs with the gene expression profiles from 
patients with SCC characterized in TCGA‑CESC project. 
After applying an identical cut‑off, 58 commonly deregulated 
genes were observed (Fig.2E).

Validation of the metatranscriptome signature using systems 
biology tools. To validate the metatranscriptome in the context 
of SCC pathobiology, the present study performed GSEA of 
the DEGs and computed overlaps with the H (hallmark gene 
sets), C2 (curated gene sets) and C5 (GO gene sets) collections. 
The most prominent overlap of DEGs was observed with the 
previously established cervical cancer proliferation cluster (69) 
composed of 163 transcripts that are notably associated with 
the E6/E7 mRNA levels in tumors (NES, 4.1; FDR<0.0001; 
Fig. 3A). In addition, the DEGs were significantly enriched in 
a subset of cell cycle genes that are associated exclusively with 
HPV‑driven carcinogenesis (NES, 2.83; FDR<0.0001; Fig. 3B), 
E2F upregulated targets (NES, 2.56; FDR<0.0001; Fig. 3C), 
p53 downregulated targets (NES, 2.33; FDR<0.0001; Fig. 3D) 
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Table I. Microarray datasets included in the meta‑analysis.

Dataset First author, year (Ref.) Platform Normal (n=120) SCC (n=257)

GSE6791 Pyeon et al, 2007 (20) Affymetrix U133 Plus 2.0 8 20
GSE63514 den Boon et al 2015 (24) Affymetrix U133 Plus 2.0 24 28
GSE27678 Winder et al, 2011 (23) Affymetrix U133A/U133 Plus 2.0 3 28
GSE9750 Scotto et al, 2008 (19) Affymetrix U133A 24 33
GSE7803 Zhai et al, 2007 (18) Affymetrix U133A 10 21
GSE52903 Medina‑Martinez et al, Affymetrix HuGene 1.0 ST 17 55
 2015 (25)
GSE63678 Pappa et al, 2015 (21) Affymetrix U133 Plus 2.0 5 5
GSE42764 Harding et al, 2014 (22) Affymetrix U133 Plus 2.0 2 12
GSE7410 Biewenga et al, 2008 (26) Agilent‑012391 Whole 5 35
  Human Genome Oligo
  Microarray G4112A
GSE67522 Sharma et al, 2015 (27) Illumina HumanHT‑12 V4.0 22 20

Figure 1. Flow chart of the dataset selection process.
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and G2/M checkpoint markers (NES, 2.46; FDR<0.0001; 
Fig. 3E).

In agreement with current knowledge regarding the molecular 
pathogenesis of SCC (6), KEGG pathway analysis demonstrated 
significant enrichment of DEGs in the ‘Cell cycle’, ‘DNA repli‑
cation’, ‘Oocyte meiosis’ and ‘p53 signaling pathway’ (Fig. 3F). 
Gene‑disease association analysis revealed a significant asso‑
ciation between the DEGs and different malignancies, including 
‘Cervical Squamous Cell Carcinoma’ (Fig. 3G). Finally, in 

agreement with GO analysis (Fig. S1A), the PPI network revealed 
a significant association between the DEGs and cell cycle‑specific 
protein interactions (96 nodes, 928 edges; FDR<0.0001; Fig. 3H).

Proof of concept: Identification of candidate biomarkers for 
cervical SCC. To demonstrate the usefulness of the metatran‑
scriptome for the detection of relevant diagnostic biomarkers, 
the present study chose to validate the expression of two top 
ranked DEGs, FEN1 and ENDOU, as potentially important 

Figure 2. Metatranscriptome signature of cervical SCC. (A) Summary plot illustrating the log2 fold‑changes and the ‑log10 p‑values of 157 DEGs obtained 
with MetaVolcanoR. Blue represents downregulated gene, while red represents upregulated genes. (B) Principal component analysis of the integrated studies 
after COMBAT correction in NetworkAnalyst 3.0. (C) Venn diagram illustrating the intersection of the MetaVolcanoR and NetworkAnalyst 3.0 results. (D) Pie 
chart depicting DEGs across 10 individual studies and two integration methods. (E) Venn diagram illustrating the intersection of the metatranscriptome and 
TCGA‑CESC‑SCC DEGs. (F) Heatmap illustrating the top 40 DEGs obtained viaNetworkAnalyst 3.0. SCC, squamous cell carcinoma; DEGs, differentially 
expressed genes.
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regulators of cervical carcinogenesis (28,33,40). The selec‑
tion of these candidates was based on an extensive literature 

review (28,34,37‑40) and the availability ofspecific antibodies.
Differential expression of FEN1 and ENDOU in cervical 

Figure 3. Validation of the metatranscriptome signature using systems biology tools.(A) GSEA plot depicting enrichment of the metatranscriptome signature 
in the cervical cancer proliferation cluster from Rosty et al (69). (B) GSEA plot depicting enrichment of the metatranscriptome signature in the HPV positive 
tumors from Pyeon et al (20). (C) GSEA plot depicting enrichment of the metatranscriptome signature in the E2F target genes. (D) GSEA plot depicting enrich‑
ment of the metatranscriptome signature in the p53 downregulated target genes. (E) GSEA plot depicting enrichment of the metatranscriptome signature in the 
G2/M checkpoint. (F) KEGG pathway enrichment analysis of the metatranscriptome signature. (G) Gene‑disease association analysis of the metatranscriptome 
signature. (H) Protein‑protein interaction network of the metatranscriptome signature (96 nodes, 928 edges; FDR<0.0001). GSEA, Gene Set Enrichment 
Analysis; HPV, human papillomavirus;NES, normalized enrichment score; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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carcinoma was validated using an external TCGA‑CESC dataset 
consisting of gene expression profiles from 254 SCC, 52 adeno‑
carcinoma and three normal cervical tissues. In agreement 
with the metatranscriptome, FEN1 expression was significantly 
upregulated in patients with SCC in the TCGA‑CESC project 
(P=0.0016; Fig. 4A and B), whereas ENDOU did not pass the 
arbitrary cut‑off (±1.5 log2FC; FDR, 0.01; Fig.4C and D). In 
contrast to p16, the expression levels of FEN1 or ENDOU were 
not significantly associated with HPV infection status or virus 

genotype (Fig. 5A and B). Furthermore, neither FEN1 (R, 0.17; 
P=0.0086; Fig. 5C) nor ENDOU (R, ‑0.02; P>0.05; data not 
shown) expressions were correlated with p16 expression. 
Conversely, FEN1 expression was significantly correlated with 
the Ki67 proliferation marker (R, 0.64; P<2.2x10‑16; Fig. 5D).

The potentially universal roles of FEN1 and ENDOU 
deregulation in carcinogenesis were investigated by assessing 
their expression across TCGA PanCancer panel. Screening 
revealed significant deregulation of the candidate transcripts in 

Figure 4. Selection and validation of FEN1 and ENDOU as candidate biomarkers. (A) Forest plot illustrating differential expression of FEN1 across studies 
integrated using MetaVolcanoR. (B) FEN1 transcript expression in TCGA‑CESC cohort. (C) Forest plot illustrating differential expression of ENDOU 
across studies integrated using MetaVolcanoR. (D) Validation of ENDOU expression in TCGA‑CESC cohort. For each box plot and Kruskal‑Wallis test, 
the central line represents the median; the outer black lines on the box represent the upper and lower quartiles; dots represent outliers; the black lines 
are the whiskers, which extend from the interquartile ranges to the maximum values that are not classed as outliers. FEN1, flap structure‑specific endo‑
nuclease 1;ENDOU,poly (U)‑specific endoribonuclease; TCGA, The Cancer Genome Atlas; CESC, cervical squamous cell carcinoma and endocervical 
adenocarcinoma; SCC, squamous cell carcinoma; ADC, adenocarcinoma; FC, fold change; CI, confidence interval.
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several malignancies, which was prognostic in the case of FEN1 
(Fig. S2A‑C).

FEN1 and ENDOU as diagnostic biomarkers for cervical 
SCC. The role ofFEN1 and ENDOU transcripts as potential 
diagnostic biomarkers was assessed via ROC curve analysis 
and calculating the AUC, using an independent SCC cohort 
(GSE138080). The results demonstrated good diagnostic 
precision of FEN1 (AUC, 0.87; 95% CI, 0.71‑1; Fig. 6A) 
and excellent diagnostic precision of ENDOU (AUC, 0.98; 

95% CI, 0.93‑1; Fig. 6B) to distinguish between patients 
with SCC and healthy individuals. The prognostic value of 
candidate transcripts was analyzed via univariate analysis 
and the construction of overall survival curves. As presented 
in Fig. 6C and D, the candidate biomarkers were not signifi‑
cantly associated with the overall survival of patients with 
SCC. After clustering patients with SCC according to admin‑
istrated treatment, a trend for favorable clinical outcome 
in patients with high FEN1 expression levels treated with 
adjuvant chemotherapy was observed (log‑rank P=0.077; Fig 

Figure 5. Expression of candidate biomarkers associated with HPV status and genotype. (A) Clustering mRNA expression of the candidate biomarkers based 
on HPV infection status. (B) Clustering mRNA expression of the candidate biomarkers based on HPV genotype. (C) Pearson's correlation coefficient analysis 
plot of p16 score and FEN1 expression in SCC tissues. (D) Pearson's correlation coefficient analysis plot of Ki67 score and FEN1 expression in SCC tissues. 
For each box plot and Kruskal‑Wallis test, the central line represents the median; the outer black lines on the box represent the upper and lower quartiles; dots 
represent outliers; the black lines are the whiskers, which extend from the interquartile ranges to the maximum values that are not classed as outliers. P‑values 
for each Kruskal‑Wallis test are given on the plot. HPV, human papillomavirus; FEN1, flap structure‑specific endonuclease 1; SCC, squamous cell carcinoma; 
ENDOU, poly (U)‑specific endoribonuclease; Neg, negative; Pos, positive.
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S3C). This was also observed in HPV positive head and neck 
tumors (Fig. S2C). To further characterize FEN1 and ENDOU 

as potential diagnostic markers for SCC, the present study 
investigated the correlations between their expression levels and 

Figure 6. Diagnostic and prognostic performance of FEN1 and ENDOU transcripts. (A) ROC curve analysis for FEN1 in the GSE13380 cervical cancer 
cohort. (B) ROC curve analysis for ENDOU in the GSE13380 cervical cancer cohort. (C) Overall survival analysis for FEN1 in the TCGA‑CESC‑SCC cohort. 
mRNA levels were dichotomized based on the median separation. (D) Overall survival analysis for ENDOU in TCGA‑CESC‑SCC cohort. mRNA levels were 
dichotomized based on the median separation. (E) Correlation between FEN1 expression and tumor infiltration signature in TCGA‑CESC. (F) Correlation 
between ENDOU expression and tumor infiltration signature in TCGA‑CESC. FEN1, flap structure‑specific endonuclease 1; ENDOU, poly (U)‑specific 
endoribonuclease; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas; CESC, cervical squamous cell carcinoma and endocervical 
adenocarcinoma; SCC, squamous cell carcinoma; AUC, area under the curve; CI, confidence interval; HR, hazard ratio.
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gene markers of tumor‑infiltrating immune cells. The results 
demonstrated that FEN1 expression was significantly correlated 
with tumor purity, whereas ENDOU expression was weakly 
correlated with tumor infiltration, particularly CD8+ T cells 
(Fig. 6E and F).

Validation of FEN1 and ENDOU in the cervical biopsies of 
patients with SCC. FEN1 and ENDOU expression was assessed 
at the protein level using cervical cancer tissue array with adja‑
cent normal cervix tissues. The results demonstrated that FEN1 
expression was upregulated in the nuclei of ~65% of SCC cases 
(n=88; P=0.0001; Fig. 7A and F); however, its expression was 
not observed in normal tissues (n=10). There was no statistically 
significant association between FEN1 expression and tumor 
grade (P>0.05; Fig. 7B). Furthermore, strong FEN1 staining 
was observed in adenosquamous cell carcinoma (n=1), but not 
in endocervical adenocarcinoma (n=2; Fig. 7F). In comparison, 
p16 was found to be overexpressed in ~98% of SCC cases (n=92; 
P=0.0001; Fig. 7C and F). Similarly, for FEN1, no significant 
association was observed between p16 staining and SCC grade 
(P>0.05; Fig. 7D). Strong p16 staining was also observed in 

adenosquamous carcinoma (n=1; Fig. 7F), but not in endocer‑
vical adenocarcinoma (n=2; Fig. 7F). Normal tissues were not 
stained with p16 (n=10; Fig. 7C and F).

Analysis of the association between different clinico‑
pathological characteristics and FEN1 expression revealed a 
significant association between FEN1 and Ki67 expression 
levels (P<0.0001; Table II). However, no significant associations 
were observed between FEN1 expression and p16 staining, 
HPV16/18 staining, patient age, lymphatic spread, tumor grade 
or stage (Table II). The diagnostic accuracy of FEN1 staining 
compared with comparator tests is presented in Table III.

ENDOU expression was detected in 1% of SCC cases and 
40% of normal cervical tissues (P=0.0001; n=92; Fig. 7E and F). 
ENDOU expression was confined to the cytoplasm and cell 
membrane of the intermediary cell layer of the squamous epithe‑
lium. Strong positive staining of ENDOU was observed in one 
case of adenosquamous carcinoma (Fig. 7F).

Potential mechanisms of FEN1 and ENDOU function in 
cervical carcinogenesis. To determine the potential role of 
FEN1 and ENDOU in cervical carcinogenesis, the present 

Table II. Association between FEN1 expression and the clinicopathological characteristic.

 FEN1 IHC score
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic Group IHC_Score_0 n (%) IHC_Score_6 n (%) IHC_Score_9 n (%) P‑value

Age, years <60 28 (35.0) 23 (30.0) 28 (35.0)   0.6500
 ≥60   3 (23.1)   4 (30.8)   6 (46.1)
Tumor vs. normal SCC 27 (30.7) 27 (30.7) 34 (38.6)   0.0001
 Normal 10 (100.0)   0  (0.0)   0 (0.0)
Grade G1   2 (33.3)   3 (50.0)   1 (16.7)   0.3200
 G2 11 (44.0)   6 (24.0)   8 (32.0)
 G3 14 (24.6) 18 (31.6) 25 (43.8)
Stage I 18 (36.0) 12 (24.0) 20 (40.0)   0.5200
 II 11 (30.6) 12 (33.3) 13 (36.1)
 III   1 (20.0)   3 (60.0)   1 (20.0)
Regional lymph
node involvement
 N0 31 (34.4) 25 (27.8) 34 (37.8)   0.6300
 N1   1 (25.0)   2 (50.0)   1 (25.0)
Ki67 IHC score ‑ 18 (81.8)   2 (9.1)   2 (9.1) <0.0001
 +   8 (26.7) 15 (50)   7 (23.3)
 ++   4 (15.4)   7 (26.9) 15 (57.7)
 +++   2 (13.3)   2 (13.3) 11 (73.4)
HPV16/18 IHC score ‑   0 (0.0)   0 (0.0) 1 (100.0)   0.2300
 +   2 (12.5)   4 (25.0) 10 (62.5)
 ++ 16 (37.2) 15 (34.9) 12 (27.9)
 +++ 10 (34.5)   8 (27.6) 11 (37.9)
p16 IHC score IHC_Score_0   1 (50.0)   1 (50.0)   0 (0.0)
 IHC_Score_6   9 (50.0)   6 (33.0)   3 (17.0)   0.2000
 IHC_Score_9 21 (29.2) 20 (27.8) 31 (43.0)

FEN1, flap structure‑specific endonuclease 1; IHC, immunohistochemistry; HPV, human papillomavirus; n, number of cases; (%), percentage 
of cases.
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study performed functional enrichment analysis to enrich 
FEN1‑ and ENDOU‑related KEGG pathways and biological 
processes. As presented in Fig. 8C, high FEN1 expression 

was associated with increased GO terms, including ‘growth 
factor activity', suppressed ‘immune response' and ‘extracel‑
lular space' in cervical tumors. In addition, the ‘Rap1 signaling 

Figure 7. Clinical validation of FEN1 and ENDOU in cervical biopsies. (A) Frequency distribution of FEN1 IHC scores in normal and SCC tissues. 
(B) Frequency distribution of FEN1 IHC scores across SCC grades. (C) Frequency distribution of p16 IHC scores in normal and SCC tissues. (D) Frequency 
distribution of p16 IHC scores across SCC grades. (E) Frequency distribution of ENDOU immunohistochemistry scores in normal and SCC tissues. (F) IHC 
analysis of FEN1, ENDOUand p16 expression levels. FEN1, flap structure‑specific endonuclease 1;ENDOU,poly (U)‑specific endoribonuclease; IHC, immu‑
nohistochemistry; SCC, squamous cell carcinoma.
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pathway', ‘MAPK signaling pathway', ‘Ras signaling pathway' 
and ‘PI3K‑AKT signaling pathway' were enriched in tumors 
expressing high levels of FEN1 (Fig. S1B). After constructing 
the gene concept network using meta‑DEGs, the interactions 
between FEN1 and cyclins, CDKs and cell cycle regulators 
active in the G2/M phase of the cell cycle were analyzed 
(Fig. 8B), which was further confirmed by constructing a 
correlation matrix, which exhibited the highest correlation 
with cyclin B and CDK1 (Fig.8D). To further verify this, 
single‑sample gene set variation analysis was performed 
to calculate the score for the Hallmark G2/M checkpoint 
pathway using gene expression data from 254 patients with 
SCC included in TCGA‑CESC cohort. The results revealed a 
positive correlation between FEN1 expression and G2/M score 
(R, 0.37; P<1.9x10‑9; Fig. 8A). Furthermore, high G2/M score 
in patients with SCC was associated with a favorable outcome 
(Fig. S4).

GO and KEGG pathway analyses revealed a significant 
association between ENDOU and tissue development and 
differentiation, which was further highlighted by the correla‑
tion matrix between ENDOU and epithelial differentiation 
markers in the cervical epithelium, including different cyto‑
keratins (Figs. 8E and F, and S1C).

Discussion

The present study performed an integrative meta‑analysis 
approach to analyze gene expression profiles from 10 indi‑
vidual cervical cancer cohorts. The result of the meta‑analysis 
was validated with a barrage of systems biology tools and 
subsequently used to identify a set of suitable biomarkers 
associated with malignant transformation of cervical epithe‑
lium that may eventually aid in the diagnostic or prognostic 
evaluation of the disease. The deregulated metatranscriptome 
overlapped to a large extent with the differential transcrip‑
tome of TCGA‑CESC, one of the largest comprehensive 
genomic studies of cervical cancer to date (62). Compared 
with TCGA‑CESC, the metatranscriptome offers additional 
insight into the gene expression profiles of normal cervical 
tissues (n=120 vs. n=3), which should provide a stronger basis 
for biomarker discovery (62). As a proof of concept, the diag‑
nostic and prognostic applicability of FEN1 and ENDOU were 
investigated in independent cohorts of patients with cervical 
carcinoma.

FEN1 is an endonuclease that plays a critical role in DNA 
replication and repair in fast‑dividing cells, such as cancer 
cells (28,34). FEN1 has been reported to be overexpressed in 
common malignancies, including breast (33), gallbladder (32), 

ovarian (33), lung (34), prostate (36), esophageal (37), 
testicular (35), hepatocellular (37), gastric (37) and brain 
tumors (35,38). Conversely, non‑growing cells and terminally 
differentiated epithelium express low, frequently non‑detect‑
able FEN1 levels (70,71). This suggests that FEN1 may be 
used as a relevant diagnostic and/or prognostic biomarker for 
malignant transformation (33,71). The results of the present 
study demonstrated that FEN1 is expressed at significantly 
high levels in cervical SCC, which allows for relatively high 
diagnostic accuracy of the FEN1 transcript in discriminating 
diseased tissue from normal cervical tissue. In addition, FEN1 
transcript levels were strongly correlated with the expres‑
sion of the proliferation marker, Ki67. This observation was 
confirmed via IHC analysis, which demonstrated upregulation 
of FEN1 in ~65% of investigated tumors, where it was strongly 
associated with the expression of Ki67 protein. A strong posi‑
tive correlation between FEN1 and Ki67 has previously been 
reported in non‑small cell lung carcinoma (71), suggesting 
that overexpression of FEN1 can confer a proliferative advan‑
tage to tumors with high FEN1 phenotype. Furthermore, 
He et al demonstrated that deregulation of FEN1 also trig‑
gers tumor initiation and progression (34). In the present 
study, FEN1 expression was not detected in Ki67‑positive, 
non‑malignant cervical tissues. Compared with p16, FEN1 
staining in SCC specimens demonstrated lower sensitivity 
but identical specificity. Thus, ~70% of p16 positive tumors 
overexpressed FEN1. As demonstrated by poor correlation 
with p16 transcript, as well as lack of association with p16 
and HPV16/18 (E6/E7) staining, overexpression of FEN1 does 
not appear to reflect the dominant paradigm for HPV carci‑
nogenesis revolving around G1/S transition (6,7). It appears to 
be part of a more general mechanism of malignant transfor‑
mation supported by PAN cancer analysis; however, it does 
not exhibit more pronounced overexpression in HPV positive 
tumors. Being a crucial member of DNA damage response 
machinery (DDR), FEN1 may also be hijacked by HPV to 
enhance its genome amplification (30,72,73). Compared with 
HPV18, HPV16 uses DDR machinery to temporarily suppress 
E6/E7 expression, and activates the G2/M checkpoint via 
E4 (74). Thus, HPV16 establishes G2 arrest, which boosts viral 
replication (72,74). Similarly, Rosty et al identified FEN1 as 
a member of the cervical cancer proliferation cluster, which 
is significantly associated with HPV18 but not HPV16 E6/E7 
transcript levels (69). This may explain the lack of association 
between p16 and E6/E7, with FEN1 expression observed in 
the present study, though most of the examined tumors were 
HPV16‑positive. When constructing a gene concept network 
to infer the role of FEN1 in cervical carcinogenesis in the 

Table III. Diagnostic accuracy of FEN1 staining and comparator tests.

Biomarker Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

FEN1 0.69 (0.59‑0.79) 1.00 (0.69‑1.00) 1.00 (1.00‑1.00) 0.27 (0.21‑0.34)
Ki67 0.76 (0.66‑0.85) 0.71 (0.29‑0.96) 0.97 (0.92‑0.99) 0.18 (0.11‑0.29)
p16 0.97 (0.91‑0.99) 1.00 (0.69‑1.00) 1.00 (1.00‑1.00) 0.77 (0.52‑0.91)

FEN1, flap structure‑specific endonuclease 1; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.
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context of the deregulated metatranscriptome, the present 
study observed significant interactions between FEN1 and 
cyclins, CDKs and regulators of the G2/M phase of the cell 
cycle, placing significant activity of deregulated FEN1 
in the G2 phase of the cell cycle as previously indicated by 
Zhang et al (71). In the present study, FEN1 expression in 
individual cervical tumors was positively correlated with the 

G2/M pathway score. Construction of the correlation matrix 
between FEN1 expression and pivotal cell cycle regulators has 
demonstrated a high correlation with cyclin B2 expression, 
suggesting involvement of FEN1 in replication stress regula‑
tion, premature centriole disengagement and chromosomal 
instability in cervical tumors (75). All of these processes 
are associated with modulation of treatment response in 

Figure 8. Potential function of FEN1 and ENDOU in cervical carcinogenesis. (A) Pearson's correlation coefficient analysis plot of G2/M score and FEN1 
expression in SCC tissues. (B) FEN1 concept network for prediction of gene function. (C) Ridge plot illustrating GO enrichment in cervical tumors expressing 
high levels of FEN1. (D) Correlation matrix between FEN1 and phase‑specific cyclins, CDKs and regulators. (E) Correlation matrix between ENDOU and 
different cytokeratins. (F) Ridge plot illustrating Gene Set Enrichment Analysis, GO enrichment in cervical tumors expressing high levels of ENDOU. FEN1, 
flap structure‑specific endonuclease 1; ENDOU, poly (U)‑specific endoribonuclease; SCC, squamous cell carcinoma; GO, Gene Ontology.
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different epithelial tumors (75,76). Cervical tumors with high 
FEN1 expression levels exhibit inhibition of the host immune 
response, as well as augmented growth factor signaling, 
ECM remodeling, and activation of Rap1, MAPK, Ras and 
PI3K‑AKT pathways, which may also facilitate establishment 
of an environment that allows for rapid amplification of viral 
genome during conditional G2 arrest (72,73,77). Contrary 
to glioma, lung, breast, ovarian, hepatocellular, esophageal, 
gastric and colorectal cancer (33,34,37,38), the results of 
the present study did not demonstrate a significant asso‑
ciation between FEN1 expression and disease progression 
or outcome in cervical SCC. This may be due to the cohort 
size, diversity of treatment strategies or a specific feature of 
the SCC; thus, further studies are required to validate the 
results presented here. After clustering patients with SCC, 
according to administrated treatment, a trend for favorable 
clinical outcome (P=0.077) may be speculated in phar‑
macologically treated patients with SCC, with high FEN1 
expression levels, which was also observed in HPV positive 
head and neck tumors. Contrary to breast and pancreatic 
carcinoma (78,79), G2/M pathway score is associated with 
favorable clinical outcomes in cervical SCC, probably due to 
an intact G2/M checkpoint function (80).

ENDOU is a widely disseminated, yet not well under‑
stood, uridylate‑specific endoribonuclease deregulated in 
several tumor types (40‑42,81). Loss of ENDOU expression 
in head and neck carcinoma, as well as evidence of its tumor 
suppressor role in vitro has recently been demonstrated (30). 
ENDOU was also reported to regulate c‑Myc expression, 
cell proliferation and nucleotide metabolism via fine‑tuning 
of mRNA stability in tumor cells (40,41,70,71). The previ‑
ously indicated selective cytotoxicity of ENDOU against 
tumor cells (39,40,81,82) and its deregulation in cervical 
carcinogenesis observed in the present study may indicate 
the potential benefits of its pharmacological modulation in 
patients with cervical carcinoma. Similarly, the results of the 
present study demonstrated that cervical tumors with low 
ENDOU expression were characterized by the molecular 
phenotype associated with poorer differentiation, as well as 
perturbation in certain pathways, including transcriptional 
regulation in cancer, growth factor and kinase signaling. 
However, despite observing a consistent downregulation of 
ENDOU transcript across all integrated studies and its high 
diagnostic accuracy to discriminate malignant from normal 
cervical tissues, the genomic data could not be directly 
translated into immunohistochemical assays as ENDOU 
protein expression was not observed in all normal tissues. 
If this was a consequence of the tissue collection method, 
antigen stabilization procedure or post‑transcriptional regu‑
lation (83) need to be addressed in future studies including a 
larger array of normal cervical tissues.

The present study is not without limitations. First, there 
was an unbalanced number of specimens from the normal and 
diseased groups included in the tissue arrays, which potentially 
introduced bias. Another possible source of bias may be IHC 
scoring, which was performed by only one senior pathologist. 
However, association of FEN1 IHC score with p16 and Ki67 
protein expression mirrors correlation of their transcript levels. 
Moreover, all three biomarkers are regulated predominantly at 
the transcriptional level (84‑86).

The present study performed the largest metatranscriptome 
analysis of cervical SCC to date, which may be useful for 
identifying relevant candidate biomarkers for the diagnosis 
and prognosis of cervical cancer. The results demonstrated that 
FEN1 and ENDOU may act as important regulators of malignant 
transformation in the cervix, with potential diagnostic value. 
FEN1 demonstrated lower sensitivity compared with p16 but 
higher specificity compared with Ki67, suggesting that FEN1 
may be used as a combined marker with p16; however, it cannot 
replace it. Further studies are required to evaluate the diagnostic 
value of FEN1 and to verify the results presented here.
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