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Abstract. Lymph node (LN) metastasis at an early stage of 
cervical cancer is often an indicator of poor prognosis and 
is critical for subsequent adjuvant therapy. The current study 
aimed to identify aberrant gene signatures and biomarkers of 
metastasis for patients with cervical cancer. RNA-sequencing 
data of 132 LN negative (N0) and 60 LN positive (N1) 
cervical cancer samples obtained from The Cancer Genome 
Atlas database were analyzed. Differentially expressed genes 
were identified using R packages ‘edgeR’ and ‘limma’. Kyoto 
Encyclopedia of Genes and Genomes pathway enrichment and 
Gene Set Enrichment Analysis (GSEA) were conducted. The 
GSE9750 dataset obtained from Gene Expression Omnibus 
was analyzed to identify genes that are persistently aberrantly 
expressed during the development of cervical cancer. The 
peroxisome proliferator-activated receptor (PPAR) signaling 
pathway was screened out to be significant during LN metas-
tasis. In the two analyzed datasets, 11 genes were aberrantly 
expressed, while matrix metalloproteinase 1 (MMP1) was the 
only gene that was persistently overexpressed. Cell viability, 
wound healing and Transwell assays were performed to 
evaluate the effects of MMP1 knockdown in cervical cancer 
cell lines, and the expression of epithelial mesenchymal 
transition (EMT) markers was detected. Finally, the clinical 

significance of MMP1 was investigated. The current study 
identified that MMP1 was overexpressed and the PPAR 
signaling pathway was associated LN metastasis in patients 
with cervical cancer. Following knockdown of MMP1, the 
proliferation, migration and invasion of cervical cancer cell 
lines were weakened, the expression of epithelial marker 
E-cadherin was increased, and the expression of metastasis-
associated gene vimentin was decreased. MMP1 was an 
independent prognostic factor for cervical cancer. The current 
study indicated that MMP1 has a key role in the regulation of 
cervical tumor growth and LN metastasis via EMT to a certain 
extent. The results suggest that MMP1 may be a biomarker 
for LN metastasis of cervical cancer, and further validation 
should be performed.

Introduction

As the world's second most common type of gynecological 
cancer, cervical cancer causes ~12,820 newly diagnosed 
cases and 4,210 mortalities each year in the United States (1). 
Although radical surgical treatment and radiotherapy are 
effective treatments, more than a third of these patients 
will develop progressive or recurrent tumors (2,3). 
Currently, the International Federation of Obstetricians and 
Gynecologists (FIGO) staging system, depth of invasion and 
lymph node (LN) status are recognized prognosis factors in 
patients with cervical cancer (4-6). Among these factors, the 
adverse impact of LN metastasis on patients with cervical 
cancer was confirmed in certain recent clinical studies (4,7). 
Currently, there are some studies that have investigated the 
mechanism of cervical LN metastasis (8,9); however, a there 
is still no valid biomarker for LN metastasis. Therefore, a 
comprehensive understanding of the pathways and genes 
contributing to the development and LN metastasis of cervical 
cancer is required.

The peroxisome proliferator-activated receptor (PPAR) 
signaling pathway was first reported in 1990, and demon-
strated to be involved in glucose and lipid metabolism (10). 
With further investigation of the association between cell 
metabolism and cancer, the role of PPARs in tumors has 
been continuously explored. In general, deregulation of 
PPARγ, a subtype of PPARs, is detected in peripheral tissues 
associated with lipid metabolism (11), whereas Mandard and 
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Patsouris (12) reported that PPARγ was also deregulated in 
inflammation and cancer. Although evidence has suggested 
that PPAR ligands may inhibit tumor angiogenesis during 
tumor formation (13,14), the importance of PPAR signaling 
pathway in tumors remains unclear, particularly the role in the 
carcinogenesis and metastasis of cervical cancer.

As members of the zinc-dependent protease family, matrix 
metalloproteinases (MMPs) are important factors involved in 
the degradation of extracellular matrix and proteolysis (15). 
As an interstitial collagenase, abnormal expression of MMP1 
has been reported to be associated with progression of human 
cancer. The increased expression of MMP1 detected in pros-
tate cancer (16), bladder cancer (17) and gastric cancer (18) has 
been demonstrated to be closely associated with prognosis. In 
addition, MMP1 has been reported to promote angiogenesis by 
activating the endothelial protease-activated receptor-1 (19). 
Anand et al (20) reported that glioma cell invasion can be 
promoted by MMP1 through the mitogen-activated protein 
kinase pathway (20). Whether MMP1 has a role in LN metas-
tasis of cervical cancer is remains unknown.

The Cancer Genome Atlas (TCGA) is a publicly funded 
project that aims to catalogue and discover major cancer-
causing genomic alterations. The present study was based 
on high-throughput RNA-sequencing data from TCGA. 
Gene profiling, molecular signatures and functional pathway 
information with Gene Set Enrichment Analysis (GSEA) 
were incorporated to identify aberrant pathways and genes 
between patients with cervical cancer that were LN-negative 
(N0) and LN-positive (N1). The combined approach revealed 
that MMP1 in the PPAR signaling pathway served a role in 
cervical cancer LN metastasis. The effect of MMP1 on tumor 
metastasis phenotype was validated by cervical cancer cell 
line experiments in vitro. The clinical data in the TCGA data-
base also confirmed the effect of high expression of MMP1 on 
clinical prognosis. Critically, it was demonstrated that MMP1 
had key role in the regulation of metastasis by promoting 
epithelial-mesenchymal transition (EMT) in cervical cancer 
and was an independent prognostic factor for cervical cancer. 
The mechanism of how upregulated MMP1 promotes LN 
metastasis in cervical cancer requires further validation.

Materials and methods

Datasets. Transcriptome profiling data and prognostic data 
of N0 and N1 cervical cancer (portal.gdc.cancer.gov/projects/
TCGA-CESC) were accessed from the TCGA (cancergenome.
nih.gov) consortium. In total, 132 N0 and 60 N1 cervical 
cancer samples were obtained. The gene expression profiles of 
GSE9750 were downloaded from Gene Expression Omnibus 
database (ncbi.nlm.nih.gov/geo). GSE9750, which was based 
on Agilent GPL96 platform (Agilent GeneChip Affymetrix 
Human Genome U133A Array; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), was submitted by Scotto et al (21). The 
GSE9750 dataset contained 66 samples, including 33 cervical 
cancer samples, 24 normal cervix epitheliums, and 9 cervical 
cancer cell lines.

Identification of differentially expressed genes (DEGs). The 
transcriptome profiling data files obtained from TCGA for 
analysis were systemized and transferred into a .txt file which 

included expression and prognosis data using a Perl order 
line. Then, package ‘edgeR’ (22,23) of Bioconductor (24) 
(version 3.4) was applied in RStudio (RStudio, Inc., Boston, 
MA, USA; version 3.3.2) to screen out the DEGs. The raw 
gene expression profiles of GSE9750 were read using package 
‘affyPLM’ (23), and probe quality control was determined by 
relative logarithmic expression. Following preprocessing of 
the data by log scale robust multi-array analysis and filling the 
missing values using the k-Nearest Neighbor method, package 
‘limma’ (25) was applied to obtain the DEGs. Exact test was 
used to search for the non-random association between the 
expression of genes and group according to the read counts of 
genes. In order to optimize the probability of random associa-
tion and the number of DEGs, fold change (FC) ^2 and P<0.05 
was considered to indicate a statistically significant difference.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis of DEGs. KEGG (kegg.jp) is 
a knowledge base for systematic and comprehensive analysis 
of gene functions in pathways and to link genomic informa-
tion with higher-level function information. Database for 
Annotation, Visualization and Integrated Discovery (DAVID; 
david.ncifcrf.gov; version 6.8) is an important foundation 
for any high-throughput gene functional analysis. ClueGO 
(version 2.2.3) is a plug-in app of Cytoscape (cytoscape.org; 
version 3.5.0) where KEGG pathway enrichment analysis can 
also be performed based on a different database from DAVID. 
In order to analyze the DEGs at the functional level, KEGG 
pathway analysis was applied by ClueGo and verified by 
DAVID. P<0.05 was considered to indicate statistical signifi-
cance, pathways including four or more DEGs are presented in 
the ClueGo-KEGG figures.

Pathway gene signatures analyzed using GSEA. GSEA 
(version 6.0) (26,27) is a computational method for exploring 
whether a given gene set is significantly enriched in a group of 
gene markers ranked by their relevance with a phenotype of 
interest. The curated KEGG pathway V6.0 dataset was used to 
compare the impaired pathways in N0 and N1 cervical cancer 
samples. Additionally, the gene sets of <15 genes or >500 genes 
were excluded. The phenotype label was set as N1 vs. N0. The 
t-statistic mean of the genes was computed in each KEGG 
pathway using a permutation test with 1,000 replications. The 
upregulated pathways were defined by a normalized enrich-
ment score (NES) >0 and the downregulated pathways were 
defined by an NES <0. Pathways with a false discovery rate 
P≤0.1 were considered significantly enriched.

Cell culture. Human cervical cancer cell lines HeLa and SiHa 
were purchased from (American Type Culture Collection, 
Manassas, VA, USA). Cells were cultured in Dulbecco's 
modified Eagle's medium (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2 in a cell culture incubator.

Knockdown of MMP1. For designing the single guide RNA 
(sgRNA), MIT Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR) design software was used 
(crispr.mit.edu). The MMP1 sgRNA sequence was as follows: 
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TCACTGAGGGGAACCCTCGC (exon 2; score, 89). The 
lentiviral particles were produced by transient transfection 
of letiX-293 cells cultured in a 10-cm Petri dishes with 10 µg 
vector DNA pFgh1tUTG (a gift from Dr Marco Herold; plasmid 
no. 70183, Addgene, Inc., Cambridge, MA, USA) (28) with 
the target sgRNA (10 µg) inserted and the pFUCas9mCherry 
vector (10 µg), along with the packaging constructs pMDL 
(5 µg), pRSV-rev (2.5 µg), and pVSV-G (3 µg; gifts from 
Dr Dakang Xu; Hudson Institute of Medical Research) 
using standard calcium phosphate precipitation method. 
Virus-containing supernatants were collected at 48 h after 
transfection and passed through a 0.45 µm filter. To establish 
MMP1 knockdown cervical cancer cells, HeLa and SiHa cells 
were treated with 8 ng/ml polybrene in the viral supernatant, 
incubated for 30 min at 37˚C, and then centrifuged at 500 x g 
for 2 h at 32˚C. Doxycycline hyclate (1 µg/ml; Sigma-Aldrich; 
Merck KGaA) was used for treatment of cell lines to induce 
expression of the sgRNA for 3 days. Cells without doxycy-
cline hyclate treatment were used as the knockdown control. 
Western blotting was performed to assess the efficacy of the 
knockdown.

Western blotting. Cells were washed twice with cold PBS, 
followed by lysis buffer [Tris-HCl (3.03 g), SDS (0.5 g), 
NaCl (4.35 g), NaN3 (0.1 g), deoxysodium cholate (2.5 g), 
1% NP-40 (5 ml) in 1 l ddH2O, plus 100 mM phenylmethane 
sulfonyl fluoride (1:100) and inhibitor cocktail (1:50; cat. 
no. P8340; Sigma-Aldrich; Merck KGaA) added before use]. 
The concentration of the protein was determined by bicin-
choninic acid protein assay kit (Merck KGaA). Protein lysate 
(2 µg per well) was separated on 10% SDS-PAGE gels and 
transferred onto nitrocellulose membranes (PerkinElmer, 
Inc., Waltham, MA, USA) using standard western blotting 
protocols. After blocking in Odyssey blocking buffer (cat. 
no. 927-40000; LI-COR Biosciences, Lincoln, NE, USA) for 
50 min, primary antibody against MMP1 (1:500 dilution; cat. 
no. sc-21731; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), β-actin (1:10,000 dilution; cat. no. ab8227; Abcam, 
Cambridge, MA, USA), E-cadherin (1:1,000 dilution; cat. 
no. 3195; Cell Signaling Technology, Inc., Danvers, MA, 
USA) and vimentin (1:1,000 dilution; cat. no. 5741; Cell 
Signaling Technology, Inc.) were incubated overnight at 4˚C 
and the proteins were detected using secondary antibodies 
conjugated to IRdye680 (cat. no. 18-4416-32/18-4417-32; 
Rockland Immunochemicals Inc., Limerick, PA, USA) 
or IRdye800 (cat. no. 18-4516-32/18-4517-32; Rockland 
Immunochemicals Inc.) were used to image the proteins at 
700 or 800 nm under a LI-COR-Odyssey imaging system 
(LI-COR Biosciences) scanner.

Proliferation assay. Cell viability was measured over a period 
of 6 days using the PrestoBlue kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells in the log growth phase were seeded 
into a 96-well plate (2,000 cells/wells) and adhered overnight. 
Following the manufacturer's instructions, 10 µl PrestoBlue 
reagent and 90 µl fresh medium were added to each well. After 
30 min incubation at 37˚C, the fluorescence at a wavelength 
of 570 nm was read using a FLUOstar Optima microplate 
spectrophotometer from BMG Labtech GmbH (Ortenberg, 
Germany). The reagent was replaced with fresh medium, and 

repeated on the next day. All experiments were performed 
three times independently in biological triplicate.

Migration and invasion assays. Cell migration activity was 
assessed by a wound healing assay. Briefly, 106 cells were 
seeded into 6-well plate at 90% confluency and adhered 
overnight. The cells were wounded by scratching lines with a 
200-µl pipette tip. Floating cells were washed off with 1X PBS, 
then the cells were observed and imaged under a microscope 
at different time-points. The distance of the uncovered wound 
gap was quantified using ImageJ software (version: 1.8.0; 
National Institutes of Health, Bethesda, MD, USA), the relative 
wound closure was assessed at 36 h relative to 0 h. A cell inva-
sion assay was performed using Transwell chambers (24-well, 
8 µm pore size; Corning Life Sciences, Corning, NJ, USA). 
In this assay, 600 µl RPMI medium containing 25% FBS was 
used as the attractant in the lower chamber, and 100 µl RPMI 
medium containing 5% FBS with 105 cells was added to the 
upper chamber; the cells were allowed to migrate through the 
pores for 36 h. The cells on the lower side of the filter were 
fixed with 4% paraformaldehyde for 10 min and were stained 
with 0.5% crystal violet for 15 min at room temperature. 
The number of the cells on the underside of the filter from 
three randomly selected microscopic views were counted and 
digitally imaged. All experiments were performed three times 
independently in biological triplicate.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). Total RNA was extracted 
from cells using TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. RT of cDNA 
was synthesized using the Thermo Scientific RevertAid First 
Strand cDNA Synthesis kit (cat. no. K1622; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The mixture of template and primer was incubated at 65˚C for 
5 min, then the following substances were added in sequence 
and incubated at 42˚C for 30 min: Reaction buffer, 4 µl; 
RiboLock™ RNA, 1 µl; dNTP mix, 2 µl; RevertAid™ 
M-MuLV, 1 µl. The reaction was terminated by 70˚C for 5 min. 
The mRNA levels were determined using Maxima™ SYBR 
Green/ROX qPCR Master Mix (2X; cat. no. K0222 Thermo 
Fisher Scientific, Inc.) on ABI 7500 Real-Time PCR Systems. 
The PCR conditions were as follows: Preheating at 50˚C for 
2 min; initial denaturation at 95˚C for 10 min; 40 denaturation 
cycles at 95˚C for 15 sec; and primer annealing/elongation at 
60˚C for 1 min. Melting curves were analyzed in each run to 
confirm specificity of amplification. 18S rRNA were used as 
internal normalization controls. Primers specific to E-cadherin 
and vimentin were as follows: E-cadherin, forward 5'-GAA 
CGCATTGCCACATACAC-3', reverse 5'-AGCACCTTCCAT 
GACAGACC-3'; vimentin, forward 5'-CCCTCACCTGTGAA 
GTGGAT-3', reverse 5'-GACGAGCCATTTCCTCCTTC-3'; 
and 18S rRNA, forward 5'-CAAGCCCGACTTTGCAGA-3', 
reverse 5'-CGCACGATTCGTCAAGTTATC-3'. The 2-∆∆Cq 
method was used to represent fold change (29,30). In each 
experiment, E-cadherin/18S and vimentin/18S levels in MMP1 
knockdown cells were normalized to E-cadherin/18S and 
vimentin/18S levels in MMP1-expressing cells. All experi-
ments were performed in biological triplicate. Data are 
presented as the mean ± standard error of the mean (SEM).
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Survival analysis of N1 vs. N0 cervical cancer patients 
and DEGs. Survival analysis of N1 vs. N0 cervical cancer 
patients and DEGs in overlapped pathway was conducted. 

Package ‘survival’ (version 2.38; CRAN.R-project.org/
package=survival) in RStudio was applied and Kaplan-Meier 
curves were mapped based on the follow-up data from TCGA. 

Figure 1. Work flow and heatmap of the top 25 DEGs. (A) Work-flow of the current study. (B) Top 25 up- and downregulated DEGs in a heatmap. The upper 
section represents the hierarchical clustering results, with yellow and grey bars indicating N0 and N1 samples respectively. Genes are listed on the right and red 
grids represented high expression while blue grids represented low expression in N1 vs. N0. TCGA, The Cancer Genome Atlas; DEG, differentially expressed 
gene; GSEA, Gene Set Enrichment Analysis; DAVID, Database for Annotation, Visualization and Integrated Discovery; KEGG, Kyoto Encyclopedia of 
Genes and Genomes; PPAR, peroxisome proliferator-activated receptor; MMP1, matrix metalloproteinase 1; CRISPR, Clustered Regularly Interspaced Short 
Palindromic Repeats.
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A log-rank test was used to calculate the statistical significance 
of the difference in survival between the two groups and the 
cut-off of P<0.05 was consider to be a statistically significant 
difference.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism software (version 7.0; GraphPad Software, 
Inc., La Jolla, CA, USA) and displayed as the mean ± SEM. 
SPSS (version 22.0; IBM Corp., Armonk, NY, USA) was 
utilized to perform receiver operating characteristic (ROC) 
curve analysis and Cox's proportional hazards regression 
model. A significant difference between two groups was 
analyzed using unpaired Student's t-test with Welch's correc-
tion. Survival curves were constructed with the Kaplan-Meier 
method and compared using the log-rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Work flow for the identification of key pathways and genes in 
LN metastasis of cervical cancer. N1 and N0 cervical cancer 
samples were compared to identify significant signatures in 
cervical cancer (Fig. 1A). In total, 1,287 DEGs, including 
406 upregulated and 881 downregulated genes (N1 vs. N0), 
were obtained based on 132 N0 and 60 N1 cervical cancer 
samples from TCGA. The top 25 of up and downregulated 
DEGs are presented in Fig. 1B. PPAR signaling pathway was 

identified to be the top distinct signature upregulated pathway 
by different enrichment methods (KEGG pathway enrich-
ment and GSAE). To explore further, GSE9750 datasets were 
analyzed and 770 DEGs were obtained. There were 11 mutual 
DEGs selected following overlapping DEGs from two different 
cohorts. Among 11 mutual DEGs, MMP1 in PPAR signaling 
pathway was the unique gene with abnormal high expression. 
Finally, two cervical cell lines were chosen to verify the 
significance of MMP1 on the invasion and metastasis, and 
clinical significance of MMP1 was investigated (Fig. 1).

Identification of distinct pathways for in cervical cancer. Up 
and downregulated DEGs between N0 and N1 were analyzed 
to determine the most significantly enriched pathways based 
on ClueGO and DAVID. The ClueGO result demonstrated 
that ‘PPAR signaling pathway’, ‘Fat digestion and absorption’, 
‘Protein digestion and absorption’ and others were signifi-
cantly enriched (Fig. 2A), while the most significant pathways 
enriched in the downregulated DEGs were ‘Carbohydrate 
digestion and absorption’, ‘cAMP signaling pathway’ and 
‘Neuroactive ligand-receptor interaction’ based on the 
ClueGO database (Fig. 2B). All the five upregulated and three 
downregulated pathways enriched by ClueGO were validated 
by DAVID.

GSEA was conducted to investigate the differential 
pathways between N0 and N1. Finally, 28 upregulated and 
5 downregulated pathways were identified (data not shown).

Figure 2. Identification of upregulated pathways based on ClueGO. (A) Significantly upregulated pathways of upregulated DEGs between N0 and N1 based 
on ClueGO. (B) Significantly downregulated pathways of downregulated DEGs between N0 and N1 based on ClueGO. Large circles are pathways and small 
circles indicate genes in the pathways. If the genes were part of more than two pathways, it is indicated as a fusion of the colors from the two pathways. P<0.05 
was considered to indicate a statistically significant difference, pathways including four or more DEGs are presented in ClueGo-Kyoto Encyclopedia of Genes 
and Genomes figures. DEGs, differentially expressed genes; PPAR, peroxisome proliferator-activated receptor; cAMP, cyclic adenosine monophosphate.
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Identification of key gene signatures in cervical cancer. 
Overlapping the GSEA results with the KEGG pathways 
produced one upregulated pathway, namely ‘PPAR signaling 
pathway’ and no downregulated pathways were mutual in 
KEGG and GSEA. The peak in the GSEA result of the PPAR 
signaling pathway was shifted left, with NES=1.412, indi-
cating that most of the genes in PPAR signaling pathway were 
upregulated (Fig. 3A and B). Fig. 3C There were 11 mutual 
genes in the N0 vs. N1 cohort (1,287 DEGs) and normal 
vs. cancer cohort (770 DEGs). Among the 11 mutual genes, 
MMP1 in the ‘PPAR signaling pathway’ was the only gene 
with high expression in cervical cancer vs. normal cervix and 
N1 vs. N0 cervical cancer (logFC 4.02 and 1.22, respectively).

Knockdown of MMP1 alters malignant behavior in vitro. 
Cell proliferation, migration and invasion have important 
roles in the carcinogenesis. Different functional assays were 
performed to explore the functional significance of MMP1. 
Inducible CRISPR gene editing of MMP1 was conducted, and 
the knockdown efficiency was displayed by immunoblotting 
(Fig. 4A). To determine the contribution of MMP1 in cervical 
cancer cell growth, cell viability was determined. Growth of 
MMP1 knockdown cells was significantly reduced compared 
with the control cells by day 5 and 6, while there was no signif-
icant difference between MMP1 knockdown cells and control 

cells before day 4 (Fig. 4B). Cell motility was determined 
by wound healing assay and Transwell assay. The migration 
of MMP1 knockdown cell lines was assessed by measuring 
the scratch wound closure capacity. There was a significant 
delay in wound closure in the MMP1 knockdown cells at 
36 h compared with the control cells (P<0.05; percentage of 
wound closure) with 70-80% of the wound remaining open; 
in control cells, ~40% of the wound remained open (Fig. 4C). 
The Transwell assay demonstrated that ~20 cells per field were 
observed in MMP1 knockdown cells, and the control cells had 
70-80 cells per field, which demonstrated the reduced invasion 
ability in MMP1 knockdown cells compared with the control 
(P<0.05; Fig. 4D). Taken together, the data suggested that 
knockdown of MMP1 decreased the proliferation, invasion 
and migration ability in SiHa and HeLa cervical cancer cells 
lines.

Knockdown of MMP1 inhibited EMT of cervical cancer cells. 
To explore the mechanism of MMP1 in promoting metastasis, 
EMT markers were detected. The expression of epithelial 
marker, E-cadherin, was increased significantly (P<0.05), 
while the metastasis-associated gene, vimentin, was decreased 
significantly (P<0.05) in MMP1 knockdown cell lines 
comparing with control cervical cancer cell lines (Fig. 5A 
and B). The results suggested that knockdown of MMP1 may 

Figure 3. Identification of key gene signatures and key genes in cervical cancer. (A) Venn diagram illustrating the overlapped pathways among KEGG and 
GSEA (left) and the representative GSEA curve of mutual upregulated pathway PPAR signaling (right) with NES=1.413 and P=0.030 when comparing N1 
and N0. (B) Venn diagram illustrating the overlapped pathways between KEGG and GSEA for downregulated pathways. (C) Venn-diagram illustrating the 
overlapped DEGs between another GEO cohort (normal vs. cancer, GSE 9750; N0 vs. N1, TCGA; left) and a heatmap illustrating the log fold change of the 
11 overlapped genes in the two groups (right). MMP1 is marked as red for its elevation in both groups. KEGG, Kyoto Encyclopedia of Genes and Genomes; 
PPAR, peroxisome proliferator-activated receptor; GSEA, Gene Set Enrichment Analysis; NES, normalized enrichment score; DEGs, differentially expressed 
genes; ABCA8, ATP binding cassette subfamily A member 8; APOD, apolipoprotein D; CHGB, chromogranin B; CXCL13, C-X-C motif chemokine ligand 13; 
DSC1, desmocollin 1; IL1R2, interleukin 1 receptor type 2; KRT2, keratin 2; MMP1, matrix metalloproteinase 1; PTPRN, protein tyrosine phosphatase, 
receptor type N; UPK1A, uroplakin 1A; WISP3, WNT1 inducible signaling pathway protein 3.
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Figure 4. Knockdown of MMP1 alters malignant behavior in vitro. (A) Efficacy of MMP1 CRISPR was demonstrated by western blotting. (B) Cell viability of 
MMP1 knockdown and control cells was detected by PrestoBlue, relative growth was represented by fluorescence at a wavelength of 570 nm. MMP1 knock-
down cells grew more slowly on day 5 and 6 compared with control cells. (C) Cell motility was analyzed by wound healing assay, bar chart displayed the 36 h 
relative wound closure of SiHa and HeLa MMP1 knockdown and control cells. (D) Cell invasion was analyzed Transwell assay, images at 36 h are presented 
and bar chart displays the cell count per field from random three fields. Data are presented as the mean ± standard error (n=3; *P≤0.05 vs. dox-). MMP1, matrix 
metalloproteinase 1; sgRNA, single guide RNA; dox, doxycycline hyclate.

Figure 5. Effect of MMP1 knockdown on epithelial-mesenchymal transition markers. (A) Protein expression of E-cadherin and vimentin as detected by western 
blotting in each group. The expression of E-cadherin was increased and vimentin was decreased in MMP1 knockdown cervical cancer cell lines. (B) Relative 
mRNA expression of E-cadherin and vimentin were detected by reverse transcription-quantitative polymerase chain reaction. *P<0.05 vs. dox-. MMP1, matrix 
metalloproteinase 1; sgRNA, single guide RNA; dox, doxycycline hyclate.
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decrease cell migration and invasion ability by inhibiting 
EMT in cervical cancer cells.

Clinical significance of MMP1 in patients with cervical 
cancer. Kaplan-Meier curve analysis TCGA data from 

patients with N0 and N1 cervical cancer demonstrated that 
N1 patients had poor prognosis (P=0.03789) compared with 
N0 patients, which demonstrated the crucial clinical value 
of predicting LN metastasis (Fig. 6A). The expression level 
of MMP1 was divided into high expression group and low 

Figure 6. Clinical significance of MMP1 in cervical cancer. (A) The survival curve of patients with N0 and N1 cervical cancer based on The Cancer Genome 
Atlas demonstrates that N1 patients had poor prognosis (P=0.03789). (B) Expression level of MMP1 are significantly associated with the overall survival of 
patients with cervical cancer and highly expressed MMP1 patients had a poor prognosis (P=0.0036). (C) MMP1 expression was significantly increased in 
samples from N1 compared with that in N0 (P=0.0434). (D) A receiver operating characteristic curve of MMP1 was shown for discriminating between N0 
and N1. The sensitivity and specificity of MMP1 were >60% (60.00% and 68.90%, respectively). N0, lymph node-negative; N1, lymph node-positive; MMP1, 
matrix metalloproteinase 1; PPV, positive predictive value; NPV, negative predictive value; AUC, area under curve.

Table I. Univariate and multivariate Cox proportional hazards analysis of MMP1 expression and overall survival of patients with 
cervical cancer in The Cancer Genome Atlas cohort.

Factor Univariate analysis Multivariate analysis
 -------------------------------------------------------------------------- --------------------------------------------------------------------------
 HR (95% CI) P-value HR (95% CI) P-value

Age 0.992 (0.978-1.006) 0.272
Stage
  I-IIA vs. IIB-IV 1.536 (1.040-2.269) 0.031a 1.451 (1.028-2.413) 0.040a

Grade
  G1 vs. G2 + G3 + G4 1.304 (0.940-1.810) 0.112
Lymph node
  N0 vs. N1 3.158 (1.544-6.458) 0.002b 2.560 (1.177-5.568) 0.018a

T
  T1 vs. T2 + T3 + T4 1.015 (0.452-2.277) 0.972
MMP1
  High vs. low 2.014 (1.357-2.989) 0.001a 1.699 (1.133-2.548) 0.010a

aP<0.05, bP<0.01. MMP1, matrix metalloproteinase 1; HR, hazard ratio; CI, confidence interval; N0, lymph node-negative; N1, lymph 
node-positive.
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expression group according to the median expression, and 
was significantly associated the overall survival of patients 
with cervical cancer, and patients with MMP1 high expression 
had poor prognosis (P=0.0036; Fig. 6B). Additionally, MMP1 
expression was significantly increased in N1 cervical cancer 
samples compared with that in N0 (P=0.0434; Fig. 6C). The 
performance of MMP1 for discriminating between N0 and N1 
in patients with cervical cancer was determined using an ROC 
curve. The sensitivity and specificity of MMP1 were >60% 
(60.00% and 68.90%, respectively; Fig. 6D). Cox multivariate 
analysis indicated that FIGO stage [hazard ratio (HR)=1.451, 
95% confidence interval (CI) 1.028-2.413, P=0.040), LN 
status (HR=2.560, 95% CI 1.177-5.568, P=0.018) and MMP1 
(HR=1.699, 95% CI 1.133-2.548, P=0.010) were significant 
independent favorable prognostic factors of OS for patients 
with cervical cancer (Table I).

Discussion

LN metastasis is considered as one of the strongest prognostic 
markers for patients with cervical cancer; however, the molec-
ular mechanisms involved remain unclear. In the current 
study, integrative bioinformatics methods and databases iden-
tified that the PPAR signaling pathway and MMP1 were vital 
aberrant signatures during LN metastasis of cervical cancer.

Currently, the association between metabolism and cancer 
is attracting more and more attention. The PPAR signaling 
pathway is predominantly involved in lipid and glucose 
metabolism. Michalik et al (31) reported that the increase in 
PPARβ/δ expression was associated with a decrease in lipid 
accumulation in cardiac cells, whereas overexpression in 
the intestine was associated with the development of colon 
cancer. Disordered metabolism will further lead to producing 
high quantities of inflammatory cytokines, predominantly 
leptin, and also interleukin (IL)-8, IL-6 and angiopoietin 
like 4 (32-34). IL-6, a known upstream activator of signal 
transducer and activator of transcription 3 (STAT3), has been 
demonstrated to be crucial in the metastasis of various types 
of human cancer (35,36). Additionally, other studies have 
also directly confirmed the association between PPARs and 
tumors. Trombetta et al (37) reported that activation of PPARγ 
in cancer cells affected tumor development. PPARγ ligand 
may be effective in inhibiting tumor angiogenesis (13,38), 
and was recognized as important in the carcinogenesis and 
metastasis of tumors. In the present study, PPAR signaling was 
identified as an essential pathway in LN metastasis based on 
a cohort containing 192 patients with cervical cancer. MMP1 
in the PPAR signaling pathway was a DEG with increased 
expression in the cancer vs. normal and the N1 vs. N0 datasets. 
Considering the anomalies of inflammatory factors and tumor 
microenvironment caused by aberrant PPARs and MMP1, it 
requires further investigation to understand the crucial role of 
the PPAR signaling pathway and MMP1 during the develop-
ment of cervical cancer and LN metastasis.

To further validate the role of MMP1 in cervical cancer, 
CRISPR/Cas9 genome editing was performed to knock-
down MMP1 in SiHa and HeLa cervical cancer cell lines 
and revealed that cell proliferation, migration and invasion 
abilities were reduced significantly by MMP1 knockdown. 
Mechanistic studies demonstrated that knockdown of MMP1 

may decrease cell invasion and migration ability by inhibiting 
the EMT process. MMP1 has been reported to have an impor-
tant role in various types of human tumor. George et al (39) 
detected abnormal expression of MMP1 in oral squamous cell 
carcinoma with high histopathological grade. Langenskiöld 
et al (40) demonstrated that MMP1 was an independent 
prognostic factor for colon cancer. Currently, certain studies 
suggested that MMP1 promoted tumor cell migration by 
degrading specific substrates that regulate cell adhesion and 
cell-matrix adhesion (41), and the subtle balance between 
MMPs and tissue inhibitor of metalloproteinases contributed 
to the tumor microenvironment (42), which is one of the most 
important aspects of tumor invasion and metastasis (43). MMP1 
was reported to be involved in tumor LN metastasis (44), and 
also to facilitate peritoneal dissemination (45) and nerve tract 
migration (46). The results of the current study suggested that 
knockdown of MMP1 decreased the invasion and migration 
ability of SiHa and HeLa cell lines, which partially supports 
by the findings of Sun et al (47). Furthermore, the present 
study demonstrated that knockdown of MMP1 inhibited 
EMT in SiHa and HeLa cell lines, suggesting that MMP1 
may manifest its malignant ability via EMT. Currently, there 
are several lines of evidence that a large number of growth 
factors, such as transforming growth factor-β (TGF-β), Wnt 
and epidermal growth factor (EGF), cytokines, such as tumor 
necrosis factor-α, nuclear factor-κB and Akt, transcription 
factors, such as Snail, Twist and Slug, and other markers are 
involved in the EMT process (48-50). However, the mecha-
nism of the cooperative regulation between these factors in 
the EMT process remains unclear. EMT had been considered 
to be an important process in stimulating the metastasis of 
cervical cancer (51). Shostak et al (52) confirmed that HPV 
infection promoted EGF-mediated EMT in cervical cancer. In 
the current study, MMP1 may exert its activity through the 
PPAR pathway to alter the tumor microenvironment, thus 
inducing the EMT process by affecting the IL-6/STAT3 axis. 
Additionally, the stable expression of the active form of MMP1 
was demonstrated to induce EMT by promoting the genera-
tion of TGF-β (53), and certain EMT transcription factors, 
including Twist and Slug, have been reported to regulate 
MMP1 expression (54,55). Relevant research is required to 
determine the detailed mechanism by which MMP1 promotes 
EMT during metastasis of cervical cancer.

The carcinogenic properties of MMP1 adversely affect the 
prognosis of patients with cervical cancer. Highly expressed 
MMP1 was significantly inversely associated with poor overall 
survival in a cohort of 306 patients based on TCGA data. MMP1 
was an independent prognostic biomarker of cervical cancer. 
The clinical value of MMP1 has been reported in certain other 
types of human cancer (15,31,45,56); however, the importance 
for cervical cancer remains unclear. Certain studies have noted 
the overexpression of MMP1 in cervical cancer (47,57,58), 
while the current study suggested that MMP1 was an indepen-
dent prognostic factor for cervical cancer. These findings will 
have a guiding role in future clinical work.

The research of the present study still has some short-
comings. Independent cervical cancer samples were not 
available to validate the function of MMP1, and also the 
relevant animal experiments have not been performed. 
Although MMP1 is highly expressed in cervical cancer from 
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several independent databases, related MMP1 overexpres-
sion experiments were not conducted. The use of stable cell 
lines with MMP1 overexpression will be required for further 
research. The detailed mechanism by which MMP1 promotes 
cervical cancer metastasis required further study. These are 
the future research directions, some of which have already 
been performed.

In summary, the data of the current study indicated that the 
PPAR signaling pathway has important role during LN metas-
tasis of cervical cancer, and that MMP1 in the PPAR signaling 
pathway acted as a key role in the regulation of tumor growth 
and LN metastasis via EMT process in cervical cancer. MMP1 
was suggested to be a biomarker for LN metastasis and an 
independent prognostic factor in cervical cancer that requires 
further validation.
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