
Am J Cancer Res 2018;8(6):964-980
www.ajcr.us /ISSN:2156-6976/ajcr0076391

Original Article
Down-expression of GOLM1 enhances the  
chemo-sensitivity of cervical cancer to methotrexate 
through modulation of the MMP13/EMT axis

Rui Min Li1, Man Man Nai2, She Jiao Duan1, Shu Xing Li1, Bao Na Yin1, Fang An1, Yao Qing Zhai1, Jie Liu1, Yan 
Rong Chu1, Yang Yu3, Wen Yue Song1

1Department of Gynecology, Jiaozuo Maternal and Child Care Service Centre, Jiaozuo, Henan Province, China; 
2Department of Gynecology, The Third Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan Province, 
China; 3Department of Endocrinology, Jiaozuo People’s Hospital, Jiaozuo, Henan Province, China

Received March 20, 2018; Accepted March 29, 2018; Epub June 1, 2018; Published June 15, 2018

Abstract: The highly refractory nature of cervical cancer to chemotherapeutic drugs and its epithelial-to-mesenchy-
mal transition (EMT) are the key reasons contributing to the poor prognosis of this disease. Golgi Membrane Protein 
1 (GOLM1), a protein involved in the trafficking of proteins through the Golgi apparatus, has been shown to be on-
cogenic in a variety of human cancers. Herein, we found GOLM1 was markedly up-regulated in cervical cancer and 
GOLM1 down-expression enhanced the anti-tumor effect of methotrexate. By performing mechanistic studies using 
both in vitro and in vivo models, we found that GOLM1 could target matrix metallopeptidase 13 (MMP13), a member 
of the MMPs, and regulate the EMT process. Moreover, altered EMT progression compromised the chemotherapy-
enhancing effects of GOLM1 knock-down. Finally, we found significantly higher levels of GOLM1 and MMP13 in cer-
vical cancer tissues compared with adjacent noncancerous tissues, and this was also associated with poor cervical 
cancer patients’ prognosis. Taken together, our results suggest that the GOLM1/MMP13/EMT axis is an important 
factor involved in regulating methotrexate in cervical cancer, and highlights the potential of novel GOLM1-based 
clinical modalities as a therapeutic approach in cervical cancer patients.
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Introduction

As one of the most common lethal malignan-
cies, cervical cancer represents the main ca- 
use of cancer deaths worldwide [1]. Currently, 
methotrexate-based chemotherapy forms the 
first-line treatment for patients with cervical 
cancer, however, drug resistance, either intrin-
sic or acquired, compromises therapeutic effi-
cacy and represents a significant challenge for 
the treatment of cervical cancer [2, 3]. Although 
several characteristics such as, epithelial-to-
mesenchymal transition (EMT) and the accu-
mulation of cancer stem cells have been sug-
gested as important contributors to cervical 
cancer chemo-resistance, the precise molecu-
lar mechanisms remain largely unknown [4]. 
EMT is a common feature of various types of 
tumors. During this process, cancer cells grad-
ually lose expression of epithelial markers and 

instead, acquire the mesenchymal cell featur- 
es required for further migration and invasion 
[5]. Interestingly, recent evidence also suggests 
that the EMT process is tightly correlated with 
drug resistance [6]. Nevertheless, exactly how 
the EMT process is regulated in cervical cancer 
is still not fully understood and elucidating the 
mechanisms involved could potentially provide 
clues for the development of novel cervical can-
cer therapies.

GOLM1 (Golm 1, NM_016548) is a resident cis-
Golgi membrane protein of unknown function. 
GOLM1 has a single N-terminal transmembra- 
ne domain and an extensive C-terminal, coiled-
coil domain that faces the luminal surface of 
the Golgi apparatus [7]. N-terminal cleavage by 
a furin proprotein convertase resulted in the 
release of the C-terminal ectomain and its 
appearance in serum [8]. Golgi has been shown 
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to play an active role in cell migration through 
posttranslational modification and prominent 
changes in the Golgi apparatus, as evidenced 
by the disruption of biochemical composition, 
structure and functional levels observed in 
human carcinogenesis and metastasis [9]. 
Consistently, another Golgi-associated protein, 
GOLPH3 has recently been shown to act as an 
oncogene by linking cancer to Golgi and DNA 
damage signaling. The cleaved form of GOLM1 
was detectable in the serum of patients with 
hepatocellular cancer, a finding that may have 
diagnostic value [10]. In addition, previous st- 
udies demonstrate that GOLM1 mRNA levels 
can serve as significant predictors of prostate 
cancer [11]. In prostate cancer, GOLM1 acts as 
a critical oncogene by promoting prostate can-
cer cell proliferation, migration and invasion, 
and inhibiting apoptosis, mainly through acti-
vating PI3K-AKT-mTOR signaling pathway [12]. 

Matrix metalloproteinases (MMPs) are mem-
bers of zinc-dependent endopeptidases impli-
cated in a variety of physiological and patho-
logical processes [13]. Over the decades, MM- 
Ps have been studied for their role in cancer 
progression, migration, and metastasis. As a 
result, accumulated evidence of MMPs incri- 
minating role has made them an attractive 
therapeutic target [14]. Overexpression of MM- 
P13 was observed in esophageal squamous 
cell carcinoma (ESCC) clinical tissues, and the 
expression of MMP13 promoted cancer cell 
aggressiveness [15]. In addition, MMP13 was 
overexpressed in nasopharyngeal cancer (NPC) 
cells and exosomes purified from conditioned 
medium (CM) as well as NPC patients’ plasma 
and MMP13-containing exosomes in NPC pro-
gression which might offer unique insights for 
potential therapeutic strategies for NPC pro-
gressions [16]. High level of MMP13 protein 
expression is proved to be significant correla-
tion with lymph node metastasis and tumor 
staging of oral squamous cell carcinoma (OS- 
CC). Multivariate Cox regression model analysis 
revealed that high level of mRNA and protein 
expressions of MMP13 were significantly asso-
ciated with poor prognosis of OSCC [17]. Taken 
together, these observations indicate that the 
MMP13 overexpression could be considered  
as a prognostic marker and potential target of 
cancer.

Herein, we identified common high-level expr- 
ession of GOLM1 in cervical cancer clinical tis-
sues and cell lines. Indeed, alteration of GOLM1 

expression levels modulates the methotrexate 
sensitivity of cervical cancer cells. Upon further 
molecular analysis, we demonstrated that over-
expressing of GOLM1 activated the EMT path-
way through up-regulation of MMP13, eventu-
ally causing drug resistance. Moreover, high 
GOLM1 and high MMP13 expression was sig-
nificantly associated with cervical cancer (com-
pared with corresponding non-cancerous tis-
sues), and a tight association with poor pro- 
gnosis was also identified. Taken together, our 
data suggest that GOLM1 is a novel factor in 
the regulation of cervical cancer methotrexate 
sensitivity. Furthermore, our data provide new 
direction for the future development of poten-
tial molecularly targeted therapies in achieving 
improved therapeutic outcomes for cervical 
cancer patients.

Materials and methods

Cell culture and clinical specimens

Human cervical cancer cell lines (C-33A, SiHa, 
Ca-Ski, C-4-I) and H8, a human normal cervical 
surface epithelial cell line were obtained from 
the GuangZhou Jennio Biotech Co., Ltd (Guang- 
Zhou, Guangdong, China). All cell lines were cul-
tured in RPMI-1640 (Gibco, Grant Island, NY, 
USA), which was supplemented with 10% fetal 
bovine serum in a humidified atmosphere of 5% 
CO2 at 37°C. Cervical cancer tissue microarray 
CR1101 (100 cervical cancer tissues and 10 
normal cervical tissues) was obtained from 
Alenabio Company (Alenabio, Xian, China). This 
study was conducted on a total of 56 archiv- 
ed cervical cancer samples, which were histo-
pathologically and clinically diagnosed at The 
Third Affiliated Hospital of Zhengzhou Univer- 
sity from 2000 to 20010. For the use of these 
clinical materials for research purposes, prior 
patient consent and approval from the Ins- 
titutional Research Ethics Committee were ob- 
tained. Clinical information on the samples is 
summarized in Supplementary Table 1. Cervi- 
cal cancer tissues and the 23 matched adja-
cent non-cancerous tissues were frozen and 
stored in liquid nitrogen until further use. This 
study was approved by the Ethical Committee 
of The Third Affiliated Hospital of Zhengzhou 
University. 

Cell transfection

Transfection of vectors, or short hairpin RNA 
(shRNA) was conducted with Lipofectamine 
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2000 (Invitrogen). The shRNA against MMP13 
or NOB1 were designed and purchased from 
Genepharma Co., Ltd (Shanghai, China). Len- 
tiviral vector encoding MMP13 or GOLM1  
cDNA was constructed by Genepharma Co., Ltd 
(Shanghai, China) and designated as pLV-
MMP13 and pLV-GOLM1. The empty vector  
was used as control (pLV-vector). SiHa and 
Ca-Ski cervical cancer cells were transfected 
with the recombinant vector or empty vector 
using Lipofectamine 2000 reagent (Invitrogen, 
Carlsbad, CA, USA) at 60-70% confluence ac- 
cording to the manufacturer’s instructions.

Cloning efficiency, cell proliferation, cell viabil-
ity and cell apoptosis assays

For evaluation of colony formation capacity, 
cervical cancer cells were plated in six-well 
plates at a density of 500 cells per well and 
then incubated in the plate for 2 weeks until 
colonies were visible. The cell colonies were 
fixed for 10 min with 100% methanol and 
stained with 0.1% crystal violet. For cell pro- 
liferation analysis, 5000 cervical cancer cells 
were plated on 96-well plates. After transfec-
tion, absorbance at 490 nm was measured 
every 24 h for 4 days using MTS reagent 
(Promega, Madison, WI, USA). For cell viability 
analysis, the transfected SiHa and Ca-Ski cer- 
vical cells were treated with methotrexate at 
concentrations of 0, 1, 10, 100 or 1000 nM 
and cultured in a 96-well plate for 72 h. The  
cell viability was measured by MTS assay as 
described previously. For cell apoptosis assays, 
the transfected SiHa and Ca-Ski cervical can-
cer cells were treated with methotrexate (10 
nM) and cultured in six-well plates for 72 h. The 
cervical cancer cells were then stained with 
FITC-conjugated Annexin V (BD Biosciences, 
Heidelberg, Germany) and propidium iodide (5 
mg/ml), and analyzed by fluorescence-activat-
ed cell sorting analysis.

Transwell and wound-healing assay

Cell migration was measured according to the 
ability of the cells to migrate across a Transwell 
filter (8-μm pores, Costar, Cambridge, MA, 
USA). Indicated cells suspended in serum-free 
1640 were added to the upper chamber, and 
1640 medium containing 10% fetal bovine 
serum was added to the lower chamber. After 
24 h incubation at 37°C in a 5% CO2 humidifi- 
ed atmosphere, the non-invaded cells were 

scraped off of the filter using a cotton swab and 
the cells that migrated to the lower side of the 
upper chamber, were fixed with 4% paraformal-
dehyde and stained with crystal violet. The cells 
per microscopic field were taken pictures and 
counted in five randomly chosen fields. One day 
before scratch, cells were trypsinized and se- 
eded equally into six-well tissue culture plates 
and grew to reach almost total confluence in 24 
h. An artificial homogenous wound was created 
onto the monolayer with a sterile 10-ul tip. After 
scratching, the cells were washed with serum-
free medium. Images of the cells migrating into 
the wound were captured at time points of 0 h 
and 24 h, all the experiments were repeated for 
at least 3 times.

qPCR analysis

Total RNAs were extracted from tissues or ce- 
lls using TRI reagent (Sigma) or miRNeasy  
Mini Kit (Qiagen), and the cDNA’s were tran-
scribed through Reverse Transcriptase M-MLV 
kit (Invitrogen) or Taqman microRNA Reverse 
Transcription kits (Thermo Fisher Scientific, Dr- 
eieich, Germany) according to the manufactur-
er’s instructions. qPCR was performed using 
the SYBR Premix Ex Taq (Takara, Shiga, Japan) 
or Taqman Gene Expression master mix (The- 
rmo Fisher Scientific) in Applied Biosystems 
ViiATM 7 Real-Time PCR System (Applied Bio- 
systems, Foster City, CA, USA). Data were cal- 
culated with 2-ΔΔCT method and normalized to 
GAPDH mRNA level. The primers of genes were 
purchased from Sangon Biotech (Shanghai, 
China) and the sequences are listed in Sup- 
plementary Table 2.

Western blotting

Total proteins were extracted from cervical can-
cer cells using RIPA Lysis and Extraction Buf- 
fer (Thermo Fisher Scientific). Protein concen-
trations were measured using a BCA Protein 
Assay Kit (Thermo Fisher Scientific). Standard 
western blotting techniques, and the Bio-Rad 
ChemiDoc MP imaging system (Hercules, CA, 
USA) were used according to the procedure 
described previously. The primary antibodies 
used were as follows: MMP13 (1:1000, sc- 
30073, Santa Cruz, CA, USA), TWIST1 (1:1000, 
sc-6269, Santa Cruz, CA, USA), E-cadherin 
(1:1000, sc-71009, CST, Santa Cruz, CA, USA), 
N-cadherin (1:1000, sc-59987, CST, Santa 
Cruz, CA, USA), Vimentin (1:1000, sc-80975, 
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Figure 1. Over-expression of GOLM1 in cervical cancer tissues and cell lines. A. qRT-PCR analysis of GOLM1 expres-
sion in H8 and cervical cancer cell lines. The fold changes of relative expression of GOLM1 versus that of H8 are 
represented in the vertical axis. Experiments were performed three times. B. Representative FACS dot plots of cells 
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Santa Cruz, CA, USA) and GAPDH (1:2000, 
sc-51631, Santa Cruz, CA, USA).

IHC and TUNEL assay

The IHC and TUNEL staining of FFPE tissues 
were performed as described previously. The 
primary antibodies used in IHC were as follows: 
MMP13 (1:200, sc-30073, Santa Cruz, CA, 
USA), TWIST1 (1:200, sc-6269, Santa Cruz, CA, 
USA), E-cadherin (1:200, sc-71009, CST, Santa 
Cruz, CA, USA), Vimentin (1:200, sc-71009, 
CST, Santa Cruz, CA, USA). Semi-quantitative 
scoring of IHC was based upon the staining 
intensity (I: negative, 0; weak, 1; moderate, 2; 
intense, 3) and the percentage of positive-
staining cells (P: 0-5%, scored 0; 6-35%, scored 
1; 36-70%, scored 2; and > 70%, scored 3) to 
obtain a final score (Q) defined as the product 
of I × P. Low expression was defined as Q < 4 
and high expression with Q ≥ 4. 

Bioinformatics

In protein-protein interaction (PPI) network con-
struction, STRING 10.0 software (http://string-
db.org/) is a web-based database for providing 
comprehensive interactions information for  
the already known or predicted proteins. The 
expression level of GOLM1 or MMP13 genes  
in the selected cancers was analyzed using 
Oncomine. For this, we compared clinical speci-
mens of cancer vs. normal patient datasets. In 
order to reduce our false discovery rate, we 
selected P < 0.01 as a threshold. We analyzed 
the results for their p-values and fold change. 
The functional analysis of GOLM1 was per-
formed using the WEB GESTALT tool (http://bio-
info.vanderbilt.edu/webgestalt) and DAVID tool 
(http://david.abcc.ncifcrf.gov). The GO option 
was used, and the significantly (P < 0.05) en- 
riched biological processes and groups of ge- 
nes possibly contributing to GOLM1-dependent 

gene expression regulation were identified. The 
KEGG (http://www.genome.jp/kegg) was used 
to identify pathways that were most significant 
to GOLM1. The prognostic value of the GOLM1 
genes in cervical cancer was analyzed using 
SurvExpress (http://kmplot.com/analysis/), a 
database that integrates gene expression data 
and clinical data or GEPIA, a web server for can-
cer and normal gene expression profiling and 
interactive analyses. The two patient groups 
(higher and lower expression levels) were com-
pared using a Kaplan-Meier survival plot [18, 
19]. 

Animal studies

The Animal Research Committee of The Third 
Affiliated Hospital of Zhengzhou University ap- 
proved all experimental protocols and surgical 
procedures. BALB/c nude mice (SLARC Inc., 
Shanghai, China; 4-week-old; 15-20 g) were 
subcutaneously inoculated with 2 × 106 paren-
tal SiHa cells, or shCon transfected SiHa cells 
or shGOLM1 transfected cells, respectively. 
Seven days after inoculation, mice were sub-
jected to intraperitoneal injection of either 
methotrexate (15 mg/kg) or saline (100 μl) 
weekly. Xenograft tumors were measured eve- 
ry week using external calipers and their vol-
umes were calculated based on the equation:  
V = (length × width2)/2. Five weeks later, mice 
were killed and tumor weight was measured, 
followed by IHC and TUNEL staining.

Statistics

Data were presented as Mean ± SD. Group 
comparisons of normally distributed data were 
performed with unpaired Student’s t-test. SP- 
SS 17.0 software (IBM, Chicago, IL, USA) was 
used for all statistical analysis. Values of P < 
0.05 were considered statistically significant.

stained with anti-GOLM1 antibody (right) or with an isotype matched antibody (as a background control). Histograms 
reporting the percentage of GOLM1 cells as assessed by FACS. Mean ± SD of three independent experiments. **P < 
0.01, compared with H8 cells. C. Cervical cancer cell lines were fixed and incubated with primary antibodies against 
GOLM1 and followed immunostained with anti-rabbit FITC-conjugated secondary antibody and then stained with 
DAPI. The specimens were visualized and photographed using a fluorescence microscope (Scale bar represents 
100 μm). Blue depicts the nucleus and green depicts GOLM1. D. Comparison of GOLM1 abundance in 56 paired 
tumor and adjacent non-tumor tissues. The relative expression of GOLM1 normalized to the internal control GAPDH 
is shown. **P < 0.01, compared with normal. E. Kaplan-Meier analysis of overall survival of patients with cervical 
cancer stratified by the expression of GOLM1. F. Immunohistochemical staining of GOLM1 in cervical cancer tis-
sues. G. The level of GOLM1 in different stages was determined by semi-quantitative analyses of IHC staining. **P 
< 0.01, compared with I. H. Box plots show decreased levels of GOLM1 in cervical cancer tissues compared with 
normal tissues in two microarray data sets. **P < 0.01, compared with normal tissues.
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Results

Identification of over-expression GOLM1 levels 
in cervical cancer

To investigate the roles of GOLM1 in cervi- 
cal cancer initiation and progression, we firstly 
detected the expression level of GOLM1 in four 
human cervical cancer cell lines by qPCR. The 
result showed that the expression of GOLM1 in 
all four cervical cancer cell lines were signifi-
cantly reduced at different degrees compared 
with H8, a human normal ovarian surface epi-
thelial cell line (Figure 1A). Furthermore, FACS 
analysis after staining with anti-GOLM1 anti-
bodies revealed the existence of distinct cell 
subpopulations expressing GOLM1 (Figure 1B), 
compatible with the existence of a fraction  
of the cells expressing GOLM1 on H8 cells. 
Consistently, the increased fluorescence inten-
sity was detected in SiHa and Ca-Ski cervical 
cancer cells, whereas the H8 cells showed an 
inconspicuous signal (Figure 1C). Subsequently, 
the expression of GOLM1 in 56 pairs of clinical 
cervical cancer tissues was also evaluated by 
qPCR. As shown in Figure 1D, GOLM1 showed  
a higher expression in cervical cancer tissues 
compared with the adjacent non-neoplastic tis-
sues. We further analyzed the clinical outcom- 
es of patients to investigate the correlation 
between GOLM1 level and clinical characteris-
tics. Statistical analysis revealed that up-regu-
lation of GOLM1 was significantly associated 
with decreased overall survival of patients 
(Figure 1E). To further describe GOLM1 expres-
sion levels in cervical cancer, immunohisto-
chemical staining of cervical cancer tissues 
arrays and paired non-neoplastic specimens 
with GOLM1 antibody was used for further an- 
alysis (CR1101). Consistently with our qPCR 
analysis, strong positive expression of GOLM1 
was observed in cervical cancer whereas very 
weak positive expression of GOLM1 in adjac- 
ent normal tissue (Figure 1F). Quantitative an- 
alysis pointed out that the average level of 
GOLM1 in clinical stage II-III primary tumors 
was greatly higher than in stages of I (Figure 
1G). Finally, we examined the expression pat-
terns of GOLM1 in the publicly accessible 
Oncomine microarray database [20, 21]. As 
shown in Figure 1H, GOLM1 expression was 
markedly up-regulation in cervical cancer tis-
sues as compared with the matched normal tis-
sues. These results indicated that the increas- 

ed GOLM1 expression was a frequent event in 
cervical cancer cells and tissues, which may be 
involved in cervical cancer progression.

Reduced GOLM1 expression enhances cervi-
cal cancer cell MR through promoting the EMT 
process

To further explore the biological role of GOL- 
M1, shRNA targeting GOLM1 (shGOLM1) and 
GOLM1 over-expression vector were used in 
SiHa and Ca-Ski cervical cancer cells, respec-
tively, for modulating GOLM1 expression. We 
found that neither increasing GOLM1 expres-
sion nor reducing GOLM1 expression influ-
enced the proliferation rate of SiHa and Ca- 
Ski cervical cancer cells (Figure 2A). Similarly, 
colony-forming ability was assayed following 
modulation of GOLM1 levels in both SiHa and 
Ca-Ski cervical cancer cell lines, and also 
showed no obvious differences (Figure 2B, 2C). 
We then examined the effect of modulating 
GOLM1 levels on the methotrexate potency 
toward both SiHa and Ca-Ski cervical cancer 
cell lines. Various concentrations of methotrex-
ate were used and cell viabilities were analyz- 
ed 72 h after treatment. Interestingly, down-
expression of GOLM1 enhanced the cytotoxici-
ty of methotrexate in SiHa and Ca-Ski cervical 
cancer cells with remarkably reduced IC50’s 
observed (Figure 2D, 2E). In contrast, up-regu-
lation of GOLM1 expression levels conferred a 
higher degree of methotrexate in both SiHa  
and Ca-Ski cells, with obviously increased IC50 
values (Figure 2D, 2E). Flow cytometry analys- 
is of apoptotic cells with modified GOLM1 
expression in SiHa and Ca-Ski cells further con-
firmed the influential role of GOLM1 on the 
potency of methotrexate treatment (Figure 2F). 
Intriguingly, SiHa cells with over-expression of 
GOLM1 levels showed an increase in the num-
ber of cells with elongated mesenchymal-like 
morphology and fewer cell-cell junctions, 
whereas Ca-Ski cells with epithelial-like mor-
phology were elevated in cervical cancer cell 
cultures treated with the shGOLM1 (Figure 2G). 
The phenotypic conversion of epithelial cells  
to mesenchymal cells, named EMT, has been 
identified as a key process in the malignant 
transformation of multiple cancers. Conco- 
mitantly, the epithelial-related marker E-cad- 
herin was reduced in SiHa cells transfected 
with GOLM1, proteins involved in the mesen-
chymal transition such as, N-cadherin and 
Vimentin were increased (Figure 2H). qPCR 
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Figure 2. Altered GOLM1 expression in cervical cancer cell lines modifies sensitivity to methotrexate. A. MTS analy-
sis of SiHa and Ca-Ski cells transfected with shGOLM1, or negative control (shCon), pLV-GOLM1, negative control 
(pLV-Vector). B, C. Representative images and statistical analysis of colony formation among SiHa and Ca-Ski cells 
transfected with shGOLM1 or pLV-GOLM1. D, E. MTS assay and the corresponding IC50 of methotrexate measured 
in SiHa and Ca-Ski cells transfected with shGOLM1 or pLV-GOLM1. F. Quantification of Annexin V/PI-positive apop-
totic cells in SiHa and Ca-Ski cervical cancer cells transfected with shGOLM1 or pLV-GOLM1 after methotrexate 
treatment (10 nM) via flow cytometric analysis. G. Representative images of the morphological changes of SiHa 
cells transfected with pLV-GOLM1 or pLV-Vector and Ca-Ski cells with shGOLM1 or shCon. H. EMT-related marker 
expression in SiHa cells transfected with pLV-hGOLM1 or pLV-Vector were shown by western blotting and qPCR. I. 
EMT-related marker expression in Ca-Ski cells transfected with shGOLM1 or shCon shown by western blotting and 
qPCR. **P < 0.01, compared with control.

assay confirmed the reduced mRNA expression 
of E-cadherin and elevation of N-cadherin and 

Vimentin upon over-expression of GOLM1 lev-
els (Figure 2H). Consistently, down-expression 
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markers and reduced mesenchymal markers 
(Figure 2I). In conclusion, our results suggest 

Figure 3. GOLM1 directly targets MMP13 and regulates its expression. A. Protein interaction network of MMP13, 
CDH1, CXCL10, CCL5, CHEK2, CDH1 and TP53. The colored lines between the proteins indicate the various types of 
evidence demonstrating the interaction. B. A heat map of the expression changes of 15 candidate genes predicted 
to be regulated by GOLM1 in SiHa and Ca-Ski cells transfected with pLV-GOLM1 or shGOLM1. The scale from 0 to 
4 marks the intensity of differential regulation of mRNAs: low expression (green), mid expression (yellow), and high 
expression (red). C. The expression of MMP13 in SiHa or Ca-Ski cells transfected with pLV-GOLM1 or shGOLM1 as 
examined by qPCR assays. **P < 0.01, compared with control. D. The expression of MMP13 in SiHa or Ca-Ski cells 
transfected with pLV-GOLM1 or shGOLM1 as examined by western blotting analysis. E. qPCR examination of MMP13 
levels in 56 cervical cancer tissue and control normal tissues. F. The relationship of the expression between GOLM1 
and MMP13 in 56 cases of cervical cancer tissues via qPCR assay. G. Representative images and semi-quantitative 
analyses of IHC staining for MMP13 in cervical cancer tissues and normal tissues. H. The level of MMP13 in differ-
ent stages was determined by semi-quantitative analyses of IHC staining. **P < 0.01, compared with I-II. I. Box plots 
show increased levels of MMP13 in cervical cancer compared with normal breast tissues in two microarray data 
sets. **P < 0.01, compared with normal tissues.

of GOLM1 in cervical cancer cells manifested 
the opposite effect, with increased epithelial 
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that increased GOLM1 sensitizes cervical can-
cer cells to methotrexate, and that this effect 
likely relies on reversing the EMT process.

Identification of MMP13 as a target gene of 
GOLM1 in NSCLC

To better understand the molecular mecha-
nism of GOLM1 in cancer metastasis, we ma- 
pped GOLM1 onto STRING database to build  
a PPI network. By using the ‘+ more proteins’ 
option, additional 16 predicted functional part-
ners were allowed into the network. As shown 
in Figure 4A, MMP13 acted as a bridge to  
connect GOLM1. Combining qPCR analysis, we 
analyzed 16 potential candidate target genes 
for GOLM1 following decreased expression of 
GOLM1 in both SiHa and Ca-Ski cervical cancer 
cell lines. Among these, we found that MMP13 
was the only gene showing the remarkably 
modulation in both SiHa and Ca-Ski cervical 
cancer cells, namely, reduced MMP13 with sh- 
GOLM1 treatment (Figure 3B). Consequently, 
we then assayed MMP13 protein levels upon 
modulation of GOLM1 expression. As expected, 
a positive relationship was identified between 
MMP13 and GOLM1 in both SiHa and Ca-Ski 
cervical cancer cell lines (Figure 3C and 3D). 
qPCR analysis also revealed elevated MMP13 
expression in the 56 cervical cancer samples 
compared with 23 cases of normal tissues 
(Figure 3E). Importantly, positive relationships 
between GOLM1 and MMP13 were also detect-
ed in our 56 cervical cancer samples (Figure 
3F). We future analyzed the expression of 
MMP13 in cervical cancer and corresponding 
human tissue samples. A clear increase in 
MMP13 protein expression was observed in 
cervical cancer arrays compared with the nor-
mal tissues using an immunohistochemistry 
(IHC) staining assay (Figure 3G). Quantitative 
analysis pointed out that the average level of 
MMP13 in clinical stage II-III primary tumors 
was greatly higher than in stages of I (Figure 
1H). Consistent with our results, Oncomine 
databases also show significantly increased 
MMP13 in cervical cancer tissue samples (Fi- 
gure 3I).

GOLM1 reduces MMP13 expression and re-
sults in increased cervical cancer cell metho-
trexate sensitivity

In order to confirm the possible involvement of 
MMP13 in regulating chemotherapeutic effica-

cy, we first modified the expression levels of 
MMP13 in SiHa and Ca-Ski cervical cancer cell 
lines using an MMP13 overexpression vector  
or shRNA targeting MMP13, respectively. qP- 
CR and western blotting analysis confirmed 
MMP13 overexpression and knock down (Fi- 
gure 4A-D). Indeed, elevated MMP13 expres-
sion in both SiHa and Ca-Ski cervical cancer 
cell lines increased their viability and decreased 
the potency of methotrexate, whereas reduc- 
ed MMP13 manifested the opposite effects 
(Figure 4E and 4F). Apoptotic cells analyzed by 
flow cytometry analysis also confirmed the 
weakened cytotoxic effect of methotrexate 
against MMP13-overexpressing cells and en- 
hanced cell killing effect in MMP13 low-ex- 
pressing cells (Figure 4G). To establish whether 
MMP13 is involved in mediating the chemo-
modifying effect of GOLM1, we then overex-
pressed GOLM1 and shMMP13 simultaneously 
in both SiHa and Ca-Ski cervical cancer cell 
lines. Our data above suggested that single 
overexpression of GOLM1 could decreased the 
methotrexate sensitivity, as shown by induced 
IC50’s and decreased numbers of apoptotic 
cells. This effect, however, when analyzed in 
cells co-expressing GOLM1 and shMMP13 was 
largely weakened (Figure 4H-J). Our results 
therefore suggest that MMP13 may be a str- 
ong candidate target gene of GOLM1 with a sig-
nificant influence on the regulation of chemo-
therapeutic efficacy.

GOLM1/MMP13 targets the EMT pathway to 
modulate chemotherapeutic efficacy

Increasing evidence suggests that EMT trans-
formed cells contribute significantly to chemo-
resistance through mechanisms such as, redu- 
ced cell proliferation, apoptotic resistance and 
increased numbers of cancer stem cells. We 
found that samples from 35 cervical cancer tis-
sues with higher levels of GOLM1 were often 
associated with higher levels of MMP13 and 
Vimentin (mesenchymal marker) and lower lev-
els of E-cadherin (epithelial marker) expression 
(Figure 5A). Statistical analysis further con-
firmed this positive relationship between GO- 
LM1 and mesenchymal markers as well as 
MMP13 (Figure 5B-E). MMP13, a member of 
the MMP family, is an important regulator of 
cell adhesion and migration. Cells undergoing 
EMT require a series of morphological and mo- 
lecular changes and MMP members can pro-
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Figure 4. GOLM1 sensitizes cervical cancer cells to methotrexate is MMP13-dependent. A-D. qPCR and western blotting assays confirming the overexpression or 
knock down of MMP13 in both SiHa and Ca-Ski cells. E, F. MTS assay and the methotrexate IC50 measurements in SiHa and Ca-Ski cells that transfected with the 
MMP13 shRNA or pLV-MMP13. G. The percentage of apoptotic cells in cervical cancer cells transfected with the MMP13 shRNA or pLV-MMP13 using flow cytometric 
analysis. H, I. Comparison of cell viability and the IC50 of methotrexate in SiHa and Ca-Ski cells with pLV-GLOM1 alone or pLV-GLOM1 combined with shMMP13 
transfection. J. Apoptosis assays in SiHa and Ca-Ski cells with pLV-GLOM1 alone or pLV-GLOM1 combined with shMMP13 transfection. **P < 0.01, compared with 
control, ##P < 0.01, compared with pLV-GOLM1/shCon.
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Figure 5. GOLM1 targeting of MMP13 modulates the EMT process in cervical cancer. A. Representative images 
showing the associations between GOLM1 expression, MMP13 and EMT markers (Vimentin and E-cadherin) in 
cervical cancer samples. B-E. The percentage scoring of EMT marker (Vimentin and E-cadherin) expression in either 
GOLM1 low or high expression groups, and in either MMP13 low or high expression groups from cervical cancer 
samples. F. Morphological changes resulting from MMP13 overexpression in SiHa cells and MMP13-deficient Ca-Ski 
cells. G-I. Examination of EMT marker (E-cadherin, N-cadherin, Vimentin and TWIST1) expression in MMP13-over-
expressing SiHa cells and MMP13 low expressing Ca-Ski cells by qPCR and western blotting assay. J. Comparison 
of EMT marker (E-cadherin, N-cadherin, Vimentin and TWIST1) expression between GOLM1 single overexpressing 
and GOLM1/shMMP13 SiHa cells. K. Comparison of EMT marker (E-cadherin, N-cadherin, Vimentin and TWIST1) 
expression between GOLM1 single down-expressing and shGOLM1/pLV-MMP13 Ca-SKi cells.

Figure 6. GOLM1 modulates the methotrexate sensitivity of cervical cancer cells in vivo. A. Tumor growth curves of 
SiHa cells transfected with shCon or shGOLM1 and treated with methotrexate or saline. B. Representative images 
showing the tumors formed in the five groups, including Control + saline, shCon + saline, shGOLM1 + saline, Control 
+ Methotrexate and shGOLM1 + Methotrexate at the 5th week after subcutaneous transplantation or when mice 
were killed. C. Comparison of the mean tumor weights of the five groups. D. Representative IHC images for MMP13 
or TUNEL staining among the five tumor xenografts groups. E, F. Statistical comparisons of MMP13 expression and 
apoptotic cell numbers among the five tumor xenografts groups. **P < 0.01, compared with Control + saline, ##P < 
0.01, compared with Control + Methotrexate.

mote EMT progression through directly incre- 
asing the invasive potential of cancer cells. The 
involvement of MMP13 in cancer development 
has been reported, but whether it is also impli-
cated in regulating EMT has never been investi-
gated. To address this question, we then exam-
ined EMT-related phenotypes in both SiHa and 
Ca-Ski cervical cancer cell lines with modified 
MMP13 expression. Enforced MMP13 expres-
sion manifested increased SiHa cells with mes-
enchymal morphology (Figure 5F). Moreover, 
qPCR assay confirmed reduced epithelial mark-
er (E-cadherin) and increased mesenchymal 
markers (N-cadherin and Vimentin) accompa-
nied with MMP13 overexpression (Figure 5G). 

In contrast, an epithelial-like morphology was 
induced in MMP13-deficient Ca-Ski cervical 
cancer cells (Figure 5F) and correspondingly, 
increased epithelial marker (E-cadherin) and 
reduced mesenchymal markers (N-cadherin 
and Vimentin) were also detected (Figure 5H). 
Further western blotting analysis of EMT-relat- 
ed markers confirmed the ability of MMP13 to 
induce a mesenchymal phenotype and inhibit 
the epithelial phenotype in both SiHa and 
Ca-Ski cervical cancer cells (Figure 5I). Finally, 
we examined whether GOLM1 modulated the 
EMT process through regulation of MMP13. 
Indeed, MMP13 down-expression faithfully co- 
unteracted the EMT-reversing effect of GOLM1 
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(Figure 5J). Furthermore, the ability of down-
regulation of GOLM1 to regulate the EMT pro-
cess was abolished in MMP13-over-expxressing 
cells (Figure 5K). In conclusion, our results 
show that GOLM1 has a modulatory role on the 
MMP13/EMT axis, which in turn directly influ-
ences the sensitivity of cervical cancer cells to 
chemotherapy.

Knock down of GOLM1 enhances the chemo-
therapeutic effect of methotrexate in nude 
mouse xenograft models

In order to explore the influence of GOLM1 
knocked-down on the efficacy of chemothera- 
py in vivo, we performed studies using mouse 
xenograft models. In mice, SiHa tumors trans-
fected with shGOLM1 grew at the same rate as 
those transfected with control plasmids (Figure 
6A-C). However, when animal groups were tr- 
eated with methotrexate, tumors down-expre- 
ssing GOLM1 grew at a significantly slower ra- 
te, with lower tumor volumes and weight, com-
pared with the control group treated with me- 
thotrexate (Figure 6A-C). IHC staining of shGO- 

LM1 tumor sections confirmed reduced MMP- 
13 level (Figure 6D, 6E). Moreover, transfera- 
se dUTP nick end-labeling (TUNEL) analysis of 
apoptotic cell numbers further confirmed the 
improved antitumor effect of methotrexate in 
tumors with GOLM1 down-expression (Figure 
6F). Collectively, our xenograft studies provide 
further evidence that GOLM1 down-expression 
enhances the chemotherapeutic effect of me- 
thotrexate, which likely relies on its role in coun-
teracting the MMP13-mediated EMT process.

GOLM1 associates with prognostic factor in 
cervical cancer and EMT of cervical cancer 
cells

The Gene Ontology (GO) functional annotation 
showed that GOLM1 were related to different 
biological processes involved in invasive phe-
notype in tumor cells (Figure 7A). Furthermore, 
the analysis in the KEGG pathway database 
showed that the GOLM1-affected proteins were 
part of pathways involved in peripheral cell 
plasticity during migration and invasion pro-
cesses, such as ‘epithelial cell-cell adhesion’ 
and ‘Epithelial to mesenchymal transition’ (Fi- 
gure 7B). We further evaluated the prognostic 
value of low or high expression of GOLM1 mRNA 
in a large online clinical microarray database of 
patients with cervical cancer (GEPIA). Elevat- 
ed expression of GOLM1 mRNA in tumor was 
associated with poor disease-free survival 
(DFS) whereas was not associated with poor 
overall survival (OS) (Figure 7C, 7D). Mesen- 
chymal cells are associated with malignant 
properties, such as migration and invasion. To 
future dissect the roles of GOLM1 in EMT, 
GOLM1 was either overexpressed in SiHa cells, 
or depleted in Ca-Ski cells, and the role of 
GOLM1 on the migration potential of these 
cells was investigated using wound healing  
and Transwell assays. As shown in Figure 7E, 
7F, the cell migration and invasion potential 
was significantly elevated in GOLM1-overexpr- 
essing SiHa cells, while dramatically decreased 
in GOLM1-depleted Ca-Ski cells. Taken togeth-

Figure 7. GOLM1 is a prognostic factor in cervical cancer and GOLM1-regulated pathway analysis. A. Pathway analy-
sis of GOLM1, using Gene Ontology (GO) functional annotation of Web Gestalt bioinformatics database. B. KEGG 
analysis. Pathways analysis of GOLM1, using KEGG functional annotation of Web Gestalt bioinformatics database. 
C. Kaplan-Meier analysis of overall survival of cervical cancer patients stratified by the expression of GOLM1. D. 
Kaplan-Meier analysis of disease-free survival of cervical cancer patients stratified by the expression of GOLM1. 
E. The migration of cells transfected with shGOLM1 was examined by wound healing assay. F. Transwell assay was 
performed to detect the invasion of GOLM1 over-expressing Ca-Ski cells. **P < 0.01, compared with control.

Figure 8. Scheme 
depicting mecha-
nisms of GOLM1 
promotes cell EMT 
in cervical cancer 
cells via up-regulat-
ing MMP13.
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er, these data demonstrate that GOLM1 pro-
motes cell EMT in cervical cancer cells via up-
regulation of MMP13 (Figure 8).

Discussion

The highly malignant nature of cervical cancer, 
together with its aggressiveness and chemo-
resistance all contribute to the poor prognosis 
of cervical cancer patients [22, 23]. Accordingly, 
a better understanding of the molecular mech-
anisms underlying these aspects of the disea- 
se is urgently needed to enable design of tar-
geted therapies to improve the treatment of 
cervical cancer. In this study, we identified GO- 
LM1 as being expressed at significantly high 
levels in cervical cancer cells. Through further 
mechanistic investigations using both in vitro 
and in vivo models, we found that GOLM1 tar-
geted the MMP13 gene to regulate EMT pro-
gression, which in turn contributed to cervical 
cancer chemo-resistance. Tight correlations 
were identified among GOLM1, MMP13 and 
EMT markers in both cervical cancer patients’ 
samples and mouse tumor xenograft models. 
Finally, but importantly, we also found that the 
expression of GOLM1 and MMP13 correlated 
poor with cervical cancer patients’ prognosis. 
Collectively, our study provides new clues for 
the design of future drugs to enhance the sen-
sitivity of cervical cancer through targeting of 
the GOLM1/MMP13/EMT axis.

In our study, we found reduced expression of 
GOLM1 in both cervical cancer cell lines and 
cervical cancer tissues. Moreover, increased 
levels of GOLM1 also correlated with poor cer- 
vical cancer patient prognosis. However, exact-
ly how GOLM1 regulates the biological behavior 
of cervical cancer is still not known. Altering the 
GOLM1 levels within cervical cancer cells in 
vitro revealed no obvious effects on prolifera-
tion, but specifically influenced their sensitivity 
to methotrexate. Importantly, we observed an 
interesting phenomenon in that cervical cancer 
cells with increased GOLM1 expression levels 
acquired a mesenchymal-like phenotype inclu- 
ding, elongated fibroblastoid shape, high expr- 
ession of Vimentin and N-cadherin, and low 
expression of E-cadherin. In contrast, cervical 
cancer cells with decreased GOLM1 expression 
showed induction of epithelial marker expres-
sion. Increasing evidence has confirmed the 
critical importance of EMT not only in cancer 

progression, but also for resistance to chemo-
therapeutic drugs [24]. It has been shown that 
mesenchymal-type cancer cells with increased 
expression of genes related to the processes of 
invasion and metastasis often show resistance 
to drug treatment [25]. Epithelial cells on the 
other hand, show less invasive and metastatic 
potential and are often more sensitive to che-
motherapies [26]. The regulatory role of GOLM1 
on the EMT process could potentially be per-
formed via several routes, such as direct tar-
geting of EMT transcription factors or compo-
nents of cell architecture required for EMT 
progression.

Through our profiling work, we identified the 
GOLM1 downstream candidate target gene, 
MMP13, and showed direct regulation by GO- 
LM1. Importantly, we showed significant eleva-
tions in MMP13 expression in cervical cancer 
tissues of our own samples and also of those 
within the Oncomine databases [27]. Elevated 
MMP13 expression in cervical cancer cell lines 
decreased their resistance to methotrexate 
cytotoxicity and led to EMTs. The MMP13 pro-
tein belongs to the subfamily of MMPs, which 
are important regulators of many fundamental 
cellular processes such as epithelial adhesion, 
cell polarity, cell migration and membrane traf-
ficking [28]. The involvement of MMP13 in sev-
eral types of cancers has also been reported 
[29]. Our study provides new data indicating 
that MMP13-modulated EMT is involved in 
counteracting drug treatment in cervical cancer 
cells. EMT has long been well known for its role 
in inducing tumor metastasis. Lately, it has 
been recognized that malignant tumor proper-
ties such as metastasis, immune evasion and 
chemo-resistance are tightly correlated and 
can in fact influence each other. Ongoing stud-
ies in our lab are focused on exploring whether 
GOLM1 may also be involved in regulating cervi-
cal cancer cells’ invasive and metastatic abili-
ties. In conclusion, our studies identify GOLM1, 
as a key modulator of cervical cancer chemo-
sensitivity. This effect likely relies on its role in 
repression of the MMP13-mediated EMT pro-
cess. These results provide new areas of re- 
search for developing modalities to enhance 
chemotherapeutic effects in cervical cancer.
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Supplementary Table 2. qPCR primers used in this study
Genes (Homo sapiens) Primers Sequences
GOLM1 Forward 5’-TGGCCTGCATCATCGTCTTG-3’

Reverse 5’-CCCTGGAACTCGTTCTTCTTCA-3’
E-cadherin Forward 5’-CGAGAGCTACACGTTCACGG-3’

Reverse 5’-GGGTGTCGAGGGAAAAATAGG-3’
N-cadherin Forward 5’-TTTGATGGAGGTCTCCTAACACC-3’

Reverse 5’-ACGTTTAACACGTTGGAAATGTG-3’
Vimentin Forward 5’-GCCCTAGACGAACTGGGTC-3’

Reverse 5’-GGCTGCAACTGCCTAATGAG-3’
TWIST1 Forward 5’-GGACAAGCTGAGCAAGATTCA-3’

Reverse 5’-CGGAGAAGGCGTAGCTGAG-3’
MMP13 Forward 5’-ACTGAGAGGCTCCGAGAAATG-3’

Reverse 5’-GAACCCCGCATCTTGGCTT-3’
ZEB1 Forward 5’-GATGATGAATGCGAGTCAGATGC-3’

Reverse 5’-ACAGCAGTGTCTTGTTGTTGT-3’
SNAI1 Forward 5’-TCGGAAGCCTAACTACAGCGA-3’

Reverse 5’-AGATGAGCATTGGCAGCGAG-3’
CTNND1 Forward 5’-GTGACAACACGGACAGTACAG-3’

Reverse 5’-TTCTTGCGGAAATCACGACCC-3’
SNAI2 Forward 5’-CGAACTGGACACACATACAGTG-3’

Reverse 5’-CTGAGGATCTCTGGTTGTGGT-3’
EGFR Forward 5’-AGGCACGAGTAACAAGCTCAC-3’

Reverse 5’-ATGAGGACATAACCAGCCACC-3’
CTNNB1 Forward 5’-AAAGCGGCTGTTAGTCACTGG-3’

Reverse 5’-CGAGTCATTGCATACTGTCCAT-3’
AFP Forward 5’-CTTTGGGCTGCTCGCTATGA-3’

Reverse 5’-GCATGTTGATTTAACAAGCTGCT-3’
KLRG1 Forward 5’-TCCATGTTAGAGTTGCCTACGG-3’

Reverse 5’-AAGTGGAGTAGTTGGAGCCCT-3’
SRC Forward 5’-GTGGACACTCAGGAGAAGAACG-3’

Reverse 5’-TGCTGCTTAATAATCTTGCCCTT-3’
GOLPH3 Forward 5’-CAAGGACCGCGAGGGTTAC-3’

Reverse 5’-TTACGTCTCATTCCACAAGCC-3’
CCL5 Forward 5’-CCAGCAGTCGTCTTTGTCAC-3’

Reverse 5’-CTCTGGGTTGGCACACACTT-3’

Supplementary Table 1. Correlation between the clinic-patho-
logical features and expression of GOLM1

Patient characteristics 
GOLM1 expression

P-value
High Low

Age (years) ≤ 55 14 10 0.607
> 55 17 15

FIGO (Stages) I, II 19 8 < 0.01
III, IV 17 12

Lymph nodes metastasis Yes 21 12 < 0.01
No 5 18

Tumor size (cm) ≤ 4 16 23
> 4 9 8 0.291
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CXCR3 Forward 5’-CCACCTAGCTGTAGCAGACAC-3’
Reverse 5’-AGGGCTCCTGCGTAGAAGTT-3’

CXCL10 Forward 5’-GTGGCATTCAAGGAGTACCTC-3’
Reverse 5’-TGATGGCCTTCGATTCTGGATT-3’

KCNQ1 Forward 5’-GCGTCTCCATCTACAGCACG-3’
Reverse 5’-GAAGTGGTAAACGAAGCATTTCC-3’

GAPDH Forward 5’-TGTGGGCATCAATGGATTTGG-3’
Reverse 5’-ACACCATGTATTCCGGGTCAATC-3’


