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Abstract. Several proteins in the iRhom family function as 
oncogenic regulators in certain cancers. However, the func-
tion of these proteins in cervical cancer (CC) is unknown. 
The relationship of iRhom1 and iRhom2 expression with the 
clinicopathological features and prognosis of patients with CC 
was investigated, and their possible molecular mechanisms 
were examined using in vitro experiments. The expression 
of iRhom1 and iRhom2 in CC samples of 83 patients was 
determined by immunohistochemistry (IHC), and the associa-
tions of their expression with the clinicopathological features 
of patients were determined. The relationship of iRhom1, 
iRhom2, and Ki‑67 expression with survival rates was 
determined using Kaplan‑Meier analysis and Cox regression 
analyses. HeLa cells were analyzed using MTT assays, cell 
cycle analysis, and apoptosis assays. The results revealed that 
CC tissues had higher levels of iRhom1 and iRhom2 than adja-
cent normal tissues. Increased expression of iRhom1, iRhom2, 
and K‑i67 was significantly associated with tumor stage, 
size, and parametrium invasion. High expression of iRhom1, 
iRhom2 and Ki‑67 was correlated with poor outcomes. Cancer 
stage and iRhom2 expression were independent prognostic 
indicators of CC. Knockdown of iRhom1 and iRhom2 in HeLa 
cells inhibited cell proliferation, promoted the G1 phase and 
relieved S‑phase arrest, and induced apoptosis. Genomic 
microarray analysis indicated that iRhom2 knockdown altered 
several pathways with roles in oncogenesis, including the 
expression of five genes in the Wnt/β‑catenin pathway. Western 
blotting in HeLa cells revealed that iRhom1 knockdown 
significantly suppressed the expression of β‑catenin, Myc, 
p‑EGFR and TGFBR2, and increased the expression of FAS; 
iRhom2 knockdown significantly suppressed the expression 

of β‑catenin, GSK3β, p‑EGFR and Myc. These results were 
consistent with the genomic microarray data. Collectively, the 
results indicated that iRhom1 and iRhom2 may function as 
oncogenes in CC and are potential therapeutic targets.

Introduction

Cervical cancer (CC) is among the most common cancers in 
women worldwide. It mostly affects women in poor coun-
tries that lack public health infrastructures, CC screening, 
and vaccines against the human papillomavirus (HPV). 
In 2016, 511,000 women [95% confidence interval (CI), 
414,000‑542,000] developed CC, and 247,000 women (95% 
CI, 204,000‑263,000) succumbed to CC worldwide (1). Radical 
surgery and radiotherapy are well‑established and effective; 
however, tumors recur or progress in >30% of patients (2,3). 
The risk factors for CC are well known, but few targeted 
therapies are available. Thus, it is important to identify the 
genetic and molecular abnormalities underlying CC for the 
development of new and effective therapies.

Rhomboid genes were first described in Drosophila 
melanogaster, where they function as serine proteases and 
key regulators of epidermal growth factor receptor (EGFR) 
signaling (4). The inactive rhomboid protein 1 (iRhom1 or 
RHBDF1) is a member of the rhomboid family that lacks 
protease activity. This protein traverses the membrane 
7 times, and has a long N‑terminal cytoplasmic extension that 
comprises approximately half of the polypeptide sequence. 
This protein occurs in the endoplasmic reticulum and Golgi 
apparatus, rather than the plasma membrane. Several recent 
studies demonstrated that iRhom1 functions as an oncogene 
in head and neck neoplasms  (5), breast  (6) and colorectal 
cancer  (7). Molecular studies reported that iRhom1 has 
a critical function in G‑protein coupled receptor (GPCR) 
ligand‑stimulated processes that activate EGFR ligands in 
head and neck squamous cancer cells (5) and breast cancer (6). 
Overexpression of iRhom1 was revealed to have a significantly 
positive correlation with poor overall survival (OS) in patients 
with colorectal cancer (7).

Inactive rhomboid protein 2 (iRhom2 or RHBDF2) is 
also a catalytically inactive member of the rhomboid family. 
This protein mediates the maturation of TNFα converting 
enzyme (TACE, also called ADAM17) and trafficking to the 
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cell surface (8). iRhom2 functions as an essential endoplasmic 
reticulum‑to‑Golgi trafficking factor for metalloproteinase 
ADAM17 when macrophages secrete TNFα  (9,10). We 
previously demonstrated that ADAM17 expression was an 
independent prognostic indicator for CC (11). In esophageal 
cancer, the hyperproliferative phenotype was revealed to be 
associated with altered iRhom2 levels and increased EGFR 
signaling  (12,13). Identification of a novel p63‑associated 
pathway indicated that therapeutic modulation of iRhom2 has 
potential for treatment of hyperproliferative skin disease and 
neoplasia (14). Blaydon et al recently reported that missense 
mutations in iRhom2 were responsible for the autosomal 
dominant condition tylosis with oesophageal cancer (TOC) in 
three families from the United Kingdom, United States and 
Germany (10). Cancer‑associated fibroblasts (CAFs) promote 
tumorigenesis in several types of cancers. iRhom2 overex-
pression was revealed to occur in CAFs isolated from human 
diffuse‑type gastric cancers (15). However, the levels and roles 
of iRhom1 and iRhom2 in the onset and progression of CC 
remain unknown.

In the present study, the expression of iRhom1 and iRhom2 
in CC clinical samples was first assessed. Then, their associa-
tions with the clinicopathological features of the CC patients 
were determined and their prognostic value was assessed. 
Subsequently, HeLa cells were used to evaluate the effects of 
knockdown of iRhom1 and iRhom2 on cell proliferation, cell 
cycle distribution, and apoptosis. Finally, microarray analysis 
was used to identify the molecular mechanisms responsible for 
iRhom‑mediated promotion of CC by examination of pathways 
that have critical roles in the development and progression of 
CC.

Materials and methods

Patients and tissue collection. The Ethics Committee of Fujian 
Provincial Cancer Hospital, which is affiliated with Fujian 
Medical University, provided approval of this study. Samples 
from 83 consecutive patients (age range, 32‑80 years) with 
CC were collected for immunohistochemical (IHC) analysis 
from January 2010 to December 2012. Prior to surgery, none 
of the enrolled patients received chemotherapy or radio-
therapy. Cancer classification followed the 2009 Federation 
International of Gynecology and Obstetrics (FIGO) protocol, 
and enrolled patients were followed‑up until December 2017 or 
death. Eligibility was determined following hysterectomy (total, 
modified‑radical, or radical), bilateral salpingo‑oophorectomy, 
pelvic lymphadenectomy, or para‑aortic lymphadenectomy. 
Surgical staging was performed no more than 8 weeks before 
initiation of radiotherapy. The included patients had hematolog-
ical, liver, renal function, and other laboratory variables within 
normal ranges (creatinine clearance ≥40 ml/min, leucocytes 
≥4.0x109/l, platelets ≥100x109/l, and hemoglobin ≥10 g/dl). 
Any patient with a secondary malignancy, a serious concomi-
tant systemic disorder, or a psychiatric disease was deemed 
ineligible. For validation of each diagnosis, two independent 
pathologists evaluated the IHC results. After patients provided 
written informed consent, samples were used for analysis. 
Twenty fresh CC tissues specimens (11 from squamous cell 
carcinomas, 5 from adenocarcinomas, 1 from small‑cell carci-
noma, and 3 from adenosquamous carcinomas) and matching 

non‑cancerous adjacent cervical tissue samples were used for 
immunoblotting.

Study endpoints. Progression‑free survival (PFS, the duration 
from enrollment to disease progression or death) was the 
primary endpoint, and local‑regional failure, distant failure, 
and OS were the secondary endpoints.

Reagents. The following antibodies were obtained from 
Abcam: iRhom1 (ID product code ab81342), iRhom2 (ID 
product code ab116139), Ki67 (ID product code ab92742), 
β‑catenin (ID product code ab32572), Fas (ID product code 
ab82419), GSK3B (ID product code ab32391), Myc (ID product 
code ab32), TGFBR2 (ID product code ab78419), EGFR (ID 
product code ab52894), p‑EGFR (ID product code ab40815), 
GADPH (ID product code ab8245), and actin (ID product 
code ab179467). Horseradish peroxidase (HRP)‑labeled 
secondary antibodies (ID product code sc‑2354 and sc‑2357) 
were purchased from Santa Cruz Biotechnology, Inc.

Immunohistochemistry. IHC analyses employed formalin‑fixed 
and paraffin‑embedded 5 µm‑thick sections. These sections 
were deparaffinized in xylene and rehydrated in a graded series 
of alcohol. For labeling, the avidin‑biotin complex (ABC) 
method was used. For antigen retrieval, a steamer was used for 
20 min in an EDTA buffer. Then, samples were treated with 
3% hydrogen peroxide in methanol for 20 min to block endog-
enous peroxidase activity and the reaction was blocked for 1 h 
by incubation in a 5% solution of non‑fat milk. Slides were 
then incubated with polyclonal rabbit antibodies against the 
iRhom1 (1:50 dilution), iRhom2 (1:50 dilution), or Ki67 (1:100 
dilution) antibody at room temperature for 1 h. The secondary 
antibody (MaxVision HRP‑polymer anti‑rabbit; Fuzhou 
Maixin‑Biotech Co., Ltd.) was added, and counterstaining was 
performed using Mayer's hematoxylin and diaminobenzidine. 
Tumor cells that had staining in the cytoplasm were considered 
iRhom1‑ or iRhom2‑positive, and tumor cells that had staining 
in the nucleus were considered Ki67‑positive.

For IHC analysis of iRhom1, iRhom2 and Ki‑67, images of 
five typical visual fields of each section were analyzed using 
software (Image‑Pro Plus 6.0; Media Cybernetics, Inc.), and 
the mean absorption was used to score expression. All sections 
were scored separately by two pathologists who were unaware 
of the clinical parameters of the corresponding patients. Stain 
intensity was scored as 0 (negative), 1 (weak), 2 (strong). 
The percentage of positively‑stained area was 0 (fewer than 
10% positive cells), 1 (10 to 25% positive cells), 2 (26 to 50% 
positive cells), and 3 (50% or more positive cells). The final 
score was determined from the average of products in stain 
intensity and percentage with staining that were immunoreac-
tive on the cell membranes and/or cytoplasm by examination 
of 10 typical microscopic fields. The final IHC score was 
defined as 0 (‑, negative expression), 1‑2 (+, weak expression), 
3‑4 (++, medium expression), 5‑6 (+++, strong expression).

Cell culture. HeLa cells (Chinese Academy of Sciences Cell 
Bank) were plated in 6‑well plates (~2x106  cells/well), in 
Dulbecco's modified Eagle's medium with 10% fetal bovine 
serum (FBS; 1  ml/well). These cells were grown at 37˚C 
with 5% CO2 and 95% air. After 24 h, cell attachment had 
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occurred and cells were then incubated in SBF‑free medium 
for 16 to 18 h.

Recombinant lentiviral vector construction and cell infection. 
Short hairpin RNAs (shRNAs) that targeted the iRhom1 gene 
(NM_022450.3) and iRhom2 gene (NM_024599.5) were 
designed, and lentiviruses were constructed to knockdown 
these genes. The shRNA targeting iRhom1 was GAG​GCT​
GGC​GGA​AGC​AGA​A, the shRNA targeting iRhom2 was 
CGT​GTC​TGT​GGT​CTT​TCA​A, and the negative control 
(NC) sequence was TTC​TCC​GAA​CGT​GTC​ACG​T. Related 
stem‑loop DNA oligonucleotides were prepared and inserted 
into a lentiviral vector (pGCSIL‑GFP; Shanghai GeneChem 
Co., Ltd.). The Lentivector Expression System (Shanghai 
GeneChem Co., Ltd.) was used to produce lentiviruses 
expressing iRhom1 shRNA, iRhom2 shRNA, or NC shRNA.

Infection of HeLa cells with lentivirus. HeLa cells were grown 
in 12‑well plates, then infected with a shRNA‑expressing 
lentivirus, according to the desired multiplicity of infection 
(MOI). Cells were then observed using fluorescence micros-
copy (MicroPublisher 3.3RTV; Olympus Corp.) at 72 h. Cells 
were harvested at 120 h to determine knockdown efficiency 
using immunoblotting.

Western blotting. Samples were initially added to a 
radio‑immunoprecipitation buffer (Beyotime Institute of 
Biotechnology) with 100 nM phenylmethylsulfonyl fluoride 
(PMSF). After assessment of protein concentrations with 
a bicinchoninic acid kit (Pierce; Thermo Fisher Scientific, 
Inc.), proteins (50 µg per lane) were separated by electro-
phoresis on 12% SDS‑PAGE gels, and then transferred to 
PVDF membranes (EMD Millipore). These membranes were 
incubated with the primary antibody such as iRhom1 (1:50 
dilution), iRhom2 (1:50 dilution), β‑catenin (1:1,000 dilution), 
Fas (1:150 dilution), GSK3B (1:100 dilution), Myc (1:1,000 
dilution), TGFBR2 (1:100 dilution), EGFR (1:1000 dilution), 
p‑EGFR (1:1,000 dilution), GADPH (1:1,500 dilution) and actin 
(1:1,500 dilution) in Tris‑buffered saline with 0.05% Tween‑20 
and 5% non‑fat dry milk. After incubation at room tempera-
ture for 2 h, the membranes were washed, and then incubated 
with the HRP‑labeled secondary antibody (1:2,000 dilution) at 
room temperature for 1 h. Electrochemiluminescence (Elecsys 
2010; Roche Diagnostics, Basel, Switzerland) was used for 
visualization of proteins. Image Lab version 3.0 software was 
used to perform the densitometric analysis of blots.

MTT assay. Transfected HeLa cells were added to a 96‑well 
plate (1x104 cells/well) and incubated for 24, 48, 72 and 96 h. 
Then MTT (10 µl; 5 mg/ml) in PBS (pH 7.4, Sigma‑Aldrich; 
Merck KGaA) was added to each well for 4 h. After removal 
of the supernatant, dimethyl sulfoxide (DMSO, 100 µl/well; 
Thermo Fisher Scientific, Inc.) was added and the absorbance 
was measured at 490 nm using a microplate reader. Each 
experiment was performed in triplicate, and each measure-
ment was also performed in triplicate.

Cell cycle analysis. Approximately 1x106 HeLa cells were 
treated with trypsin, washed twice in PBS, and then incubated 
overnight in 10 ml of cold ethanol. Cells were then centrifuged 

with 1,000 x g and the ethanol was removed. They were then 
washed twice in PBS, added to 100 µl RNase (30 min at 37˚C), 
and then centrifuged at 1,000 x g. The pellet was added to 
400 µl propidium iodide, and allowed to stand in darkness for 
30 min at 4˚C. The BD FACSCalibur system (BD Biosciences) 
was then used for flow cytometry and analysis of cell cycle 
distribution.

Clone formation assay. For each group, ~1x104 HeLa cells were 
added to each well of a 6‑well culture plate (3 wells/group). 
The cells were incubated for 14 days at 37˚C, and the growth 
medium was replaced every 3 days. After 14 days, the cells were 
washed two times with PBS and 0.5% crystal violet was added 
for staining in 5 min under ambient temperature. Microscopy 
(light, 10x10) was used to determine the number of colonies 
that had at least 50 cells. The efficiency of plate clone forma-
tion was defined as 100% x (number of colonies/number of 
cells inoculated), and there were 3 replicates per experiment.

Cell apoptosis assay with Annexin V‑APC single‑color staining. 
After collection of HeLa cells (~2x105), allophycocyanin 
(APC)‑labeled Annexin V (cat. no. 88‑8007; eBioscience) were 
added for single‑color staining to detect apoptotic (Annexin V 
positive) cells. A total of 1.0x106 cells were washed twice with 
pre‑cooled PBS (pH 7.4), and incubated for 15 min in 100 µl 
staining buffer including 5 µl APC‑labeled Annexin V. FACS 
analysis for Annexin V staining was subsequently performed 
by flow cytometry (FACSCalibur; BD Biosciences).

Microarray processing and  analysis. Total RNA was 
extracted from HeLa cells that were infected with lentivirus 
expressing NC/shRNA (n=3) or iRhom2/shRNA (n=3) by use 
of the TRIzol reagent. RNA was assessed using the Thermo 
NanoDrop 2000 and Agilent 2100 Bioanalyzer. Microarray 
processing and measurement of gene expression profiles were 
performed using the Affymetrix human GeneChip primeview 
(Affymetrix Inc.; Thermo Fisher Scientific, Inc.), using the 
manufacturer's protocols. The GeneChip 3' IVT Expression 
Kit was used to perform reverse transcription, dsDNA template 
transformation, in vitro transcription, and biotin labeling. The 
GeneChip Hybridization Wash and Stain Kit was then used 
to perform microarray hybridization, washing, and staining. 
Finally, the GeneChip Scanner 3000 was employed to perform 
scanning of the arrays and to produce the raw data.

Integrative analyses. The integrative analyses were generated 
using Ingenuity Pathway Analysis (IPA; Ingenuity Systems®; 
www.ingenuity.com). A file that had 596 gene IDs and mean 
log2(fold‑change) data was uploaded to identify canonical 
pathways, upstream regulators, relationships with cellular 
functions and diseases, effects on regulators, and network 
analysis. A P‑value and a Z‑score were determined for each 
pathway/network so that random data had a low probability 
of producing significant predictions. The P‑value (from a 
right‑sided Fisher's exact test) considers the number of input 
genes and the number of molecules in the database that could 
be in networks. The Z‑score indicates activation or inhibition 
of a pathway/network. The IPA database is based on experi-
ments and results published in numerous professional journals. 
The final graphical representation of each pathway/network 
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has nodes (genes) and edges (biological relationships between 
nodes), with unique symbols used for different classes of 
molecules.

Statistical analyses. The statistical analyses were performed 
using SPSS (version 19.0; IBM Corp.). The correlations in 
the expression of different markers were evaluated using 
Pearson's coefficient, and the Chi‑square test was used to 
calculate the statistical significance of differences between 
groups. Kaplan‑Meier survival curves were plotted, and 
the log‑rank test was used to determine the significance of 
differences between these curves. A multivariate analysis 
(Cox's non‑parametric model) was performed to assess the 
relationship of iRhom1, iRhom2 and Ki‑67 expression on 
progression‑free survival (PFS) and overall survival (OS). The 
results from western blotting experiments (means ± standard 
deviations) were obtained from at least three independent 
experiments. The statistical significance of differences was 
determined using Student's t‑test and a one‑way analysis of 
variance (ANOVA) with post hoc Student‑Newman‑Keuls 
test. For all data, a P‑value <0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of iRhom1, iRhom2 and Ki‑67. Tissue specimens 
from 83 CC patients were examined using IHC analysis for 
iRhom1, iRhom2 and Ki‑67. iRhoms (‑/+) and iRhoms (++/+++) 
were based on the average of products in stain intensity and 
percentage of positively‑stained area. Pathological analysis 
indicated squamous cell carcinomas (n=44), adenocarcinomas 
(n=29), small‑cell carcinomas (n=4), and adenosquamous 
carcinomas (n=6). iRhom1 and iRhom2 were present in the 
cytoplasm of tumor cells, and Ki67 was mainly in the nucleus, 
as indicated by dark yellow granules (Fig. 1A). There was high 
expression of iRhom1 in 55 out of the 83 cases (66.3%), of 
iRhom2 in 49 out of the 83 cases (59.1%), and of Ki‑67 in 48 
out of the 83 cases (57.8%) (Table I).

The possible function of iRhom1 and iRhom2 was inves-
tigated in CC tumorigenesis by performing western blotting 
of normal cervical tissues and adjacent fresh CC tissues. 
The results indicated that iRhom1 and iRhom2 had higher 
expression in CC tissues than adjacent noncancerous tissues 
(Fig. 1B, P<0.001).

Correlation of iRhom1, iRhom2 and Ki‑67 with demographic 
and clinical factors. The correlations of expression of iRhom1, 
iRhom2 and Ki‑67 with various clinical factors were examined 
(Table I). All three proteins had a significant association with 
FIGO stage (PiRhom1=0.042; PiRhom2=0.010; PKi‑67<0.001). There 
was also a significant association between Ki‑67 expression 
and lymph node metastasis (P=0.002), and significant 
associations of iRhom1 expression with parametrium invasion 
(P=0.039) and tumor size (P=0.04).

Correlation of iRhom1, iRhom2 and Ki‑67 with clinical 
outcomes. Kaplan‑Meier analysis was also used to determine 
the independent prognostic value of iRhom1, iRhom2, and 
Ki‑67 on PFS and OS (Fig.  2). iRhoms (‑/+) represented 
weak expression and iRhoms (++/+++) represented strong 

expression. The results revealed that patients with strong 
expression of each protein had a significantly worse PFS than 
those with weak expression (PiRhom1=0.018; PiRhom2=0.002; 
PKi‑67=0.022). In addition, patients with strong expression of 
each protein had significantly worse OS than those with weak 
expression (PiRhom1=0.026; PiRhom2=0.001; PKi‑67=0.031).

Multivariate analysis of prognostic variables. multivariate 
Cox regression analysis was used to examine the relationship 
of OS with iRhom1, iRhom2, Ki‑67, age, histology, stage, 
metastases to lymph nodes, and invasion of the parametrium 
(Table  II). The results indicated that iRhom2 expression 
[hazard ratio (HR)=4.374; P=0.033; 95% confidence interval 
(CI)=1.130‑16.937] and FIGO stage (HR=1.778; P=0.027; 
95% CI=1.069‑2.598) were statistically significant and inde-
pendent prognostic factors (Table II). Multivariate analysis of 
PFS indicated that iRhom2 expression (HR=4.074; P=0.036; 
95% CI=1.097‑15.129) and FIGO stage (HR=1.892; P=0.014; 
95% CI=1.137‑3.147) were also statistically significant and 
independent prognostic factors (Table II).

Oncogenic roles of iRhom1 and iRhom2 knockdown in HeLa 
cells. Next, transfected HeLa cells were used to examine 
the effect of knockdown of iRhom1 and iRhom2 on CC cell 
proliferation in vitro. The reduced expression of each protein 
in these cells confirmed the efficiency of silencing (Fig. 3A). 
In particular, each shRNA knocked down expression by >50%. 
The MTT assay indicated that cell viability in the controls 
(OD490 nm) was greater than in cells with knockdown of iRhom1 
or iRhom2 from day 1 to day 5, and that iRhom2 knockdown 
had a stronger effect than iRhom1 knockdown (Fig.  3B). 
Moreover, knockdown of each gene significantly decreased the 
formation of cell colonies (Fig. 3C).

The effect of knockdown of iRhom1 and iRhom2 was also 
determined on apoptosis using Annexin V‑APC staining and 
flow cytometry (Fig. 4A). In these assays, cells in the upper right 
quadrant (necrotic) and the lower right quadrant (apoptotic) 
were apoptotic (Annexin V positive). The results revealed that 
knockdown of iRhom1 or iRhom2 significantly increased the 
percentages of cells in apoptosis (Fig. 4A). Dysregulation of 
the cell cycle in tumors helps to sustain cell proliferation. Thus, 
flow cytometry was used to identify the effects of iRhom1 and 
iRhom2 knockdown on HeLa cell cycle progression (Fig. 4B). 
The results revealed that downregulation of iRhom1 or iRhom2 
induced cell cycle arrest at the G1 phase, thus, there was a 
considerable decrease in the percentage of cells in the S phase 
and an increase in the percentage of cells in G1‑phase relative 
to control cells (Fig. 4B). However, overexpression of iRhom1 
and iRhom2 facilitated cell proliferation of cervical cancer.

Pathways and genes affected by iRhom2 knockdown. HeLa 
cells were used infected with iRhom2/shRNA or NC/shRNA 
and a microarray platform for genome‑wide gene expression 
profiling (Fig. 5). The results revealed that iRhom2 knock-
down led to significant differences in the expression of 596 
genes [P<0.05 for absolute fold change (FC absolute)>1.5], 
with 147 upregulated genes and 449 downregulated genes 
(Fig. 5A). Use of the IPA system for analysis of the microarray 
data revealed that iRhom2 knockdown led to dysregulation of 
several cellular and molecular functions, including impairment 
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of cell death and survival, cell growth and proliferation, cancer, 
neurological disease, immunological disease, metabolic 
disease and cell cycle progression (Fig. 5C). The ‘canonical 
pathway’ module was also used for further analysis of the 
microarray data and downstream pathways that function in 
carcinogenesis (STAT3, PI3K/AKT, Wnt/β‑catenin, PTEN, 
mTOR, unfolded protein response signaling, Fig. 5B) were 
identified. This analysis considers a pathway to be inhibited 
when the IPA Z‑score is negative. The results indicated signifi-
cant inhibition of Wnt/β‑catenin signaling, which had an IPA 
Z‑score of ‑1.134 (Fig. 5D).

Effect of iRhom1 and iRhom2 knockdown on the Wnt/β‑catenin 
pathway. The present results revealed that expression of iRhom1 
and iRhom2 are linked to carcinogenesis and aggressiveness 
of CC cells in vitro, however, the mechanisms of this effect 
have not been systematically investigated. The results from the 
IPA system indicated that iRhom2 knockdown affected several 
proteins that function in Wnt/β‑catenin signaling (Table III). 
This pathway has well established roles in the migration and 
invasion of tumor cells.

Thus, the effect of iRhom1 and iRhom2 knockdown on the 
Wnt/β‑catenin signaling in HeLa cells was also determined 
by assessing the expression of several key proteins in this 
pathway (Fig. 6). The western blotting results indicated that 
iRhom1 silencing decreased the expression of β‑catenin, Myc, 
p‑EGFR and TGFBR2, and increased the expression of FAS 
(P<0.05 for each comparison); iRhom2 silencing significantly 
decreased the expression of β‑catenin, GSK3β, p‑EGFR and 
Myc (P<0.05 for each comparison).

Discussion

CC is a common gynecological cancer. An improved molecular 
understanding of its onset and pathogenesis is urgently required 
to develop better treatments. The impact of iRhom proteins on 
survival from malignant CC has not yet been fully clarified. 
To the best of our knowledge, no previous studies have exam-
ined the expression of iRhom proteins in CC, nor examined 
the prognostic value of iRhom1 and iRhom2 expression. The 
present western blot analyses of CC and adjacent non‑malig-
nant normal tissues revealed that iRhom1 and iRhom2 were 

Figure 1. Expression of iRhom1, iRhom2 and Ki‑67 in cancerous tissues and adjacent normal tissues of patients with CC. (A) Representative photomicrographs 
(40X) of CC specimens stained with anti‑iRhom1, anti‑iRhom2 and anti‑Ki67 antibodies. iRhom1 and iRhom2 were in the cytoplasm, and Ki‑67 was mainly 
in the nucleus, as indicated by dark‑yellow granules. (B) Quantitation of results, revealing increased levels of iRhom1 and iRhom2 in cancerous tissues relative 
to paired adjacent non‑cancerous tissues (***P<0.001). iRhom1, inactive rhomboid protein 1; iRhom2, inactive rhomboid protein 2; CC, cervical cancer.
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upregulated in tumors. Additionally, the IHC results indicated 
positive associations of iRhom1, iRhom2, and Ki‑67 expres-
sion with cancer stage, tumor size, parametrium invasion, and 
patient survival. Multivariate analysis indicated that cancer 
stage and iRhom2 expression were independent prognostic 
indicators for CC. Previous research reported that expression 
of iRhom1 was significantly elevated in clinical specimens 
of early‑stage breast cancer  (13). In addition, Yuan  et  al 
reported that iRhom1 expression was significantly correlated 
with tumor size, lymph‑node invasion, TNM stage, and poor 
prognosis in colorectal cancer (CRC) (7), similar to our find-
ings for CC. Another study reported that iRhom2 had low 
or undetectable expression in most ovarian tumors that were 
benign or had low malignant potential (LMP), and in a subset 
of malignant ovarian tumors (TOV800EPT, TOV881MT, 
TOV908DT, TOV974EPT, and TOV1007EPT)  (16). These 
results indicated that expression of iRhom proteins in tumor 
cells may be cell‑specific.

The present finding of positive correlations of iRhom1 and 
iRhom2 expression with several clinicopathological character-
istics suggests that these proteins may have roles in the onset or 
progression of CC. Thus, to confirm the roles of iRhom1 and 
iRhom2 in CC, HeLa cells were used to evaluate the effects 
of iRhom1 and iRhom2 knockdown on cell proliferation, cell 
cycle progression, and apoptosis. The results indicated that 
knockdown of each mRNA inhibited cell proliferation and 
induced apoptosis, similar to their effects on CRC (16). To the 
best of our knowledge, the present study is the first to quantify 
the function of iRhom1 and iRhom2 knockdown on the cell 
cycle of cancer cells. Downregulation of each mRNA induced 
cell cycle arrest at the G1 phase, and there were therefore fewer 
cells in the S phase, and more cells in the G1 phase. These 

results demonstrated that iRhom1 and iRhom2 function as 
oncogenes in CC, and therefore may have potential as diag-
nostic and prognostic biomarkers and as therapeutic targets.

iRhoms1/2 regulated ADAM17‑dependent EGFR 
signaling during mouse development, suggesting that 
iRhoms1/2 could emerge as novel targets for treatment of 
ADAM17/EGFR‑dependent pathologies (17). Etheridge et al 
indicated that mutant iRhom2 proteins present in TOC 
patients provide a ‘gain‑of‑function’, leading to increased 
ADAM17‑mediated shedding of EGF signaling molecules 
(including amphiregulin) from the cell surface  (18). 
Overexpression of iRhom1 was revealed to coincide 
with increased secretion of TGF‑α in HeLa cells  (5). The 
Uev1A‑Ubc13 complex with CHIP promoted K63‑linked 
ubiquitination of iRhom2, increasing its effect on ADAM17 
activation, and subsequently blocking TNFα‑induced 
NF‑κB signaling in HeLa cells  (19). Our previous study 
reported that blockade of ADAM17 decreased the expres-
sion of EMMPRIN, p‑EGFR, p‑ERK, MMP‑2, and MMP‑9 
proteins in SiHa and HeLa cells (11). In present study, it was 
demonstrated that p‑EGFR was downregulated in HeLa cells 
with iRhom1 and iRhom2 knockdown, further indicating 
the activation of iRhoms1/2‑ADAM17‑EGFR signaling in 
cervical cancer. A previous study also demonstrated that 
iRhom2 was implicated in epithelial regeneration and cancer 
growth through constitutive activation of epidermal growth 
factor receptor (EGFR) signaling (20), indicating the positive 
link between iRhoms and EGFR signaling (21). Conversely, 
Vembar and Brodsky revealed that iRhom1 and iRhom2 bind 
to EGF ligands in the ER, downregulate EGFR signaling, 
and target these ligands for degradation (22). ADAM17 was 
revealed to bind to iRhom2, and activate Notch signaling in 

Figure 2. Kaplan‑Meier analysis of PFS and OS with stratification by expression of iRhom1, iRhom2, and Ki‑67 in patients with CC (n=83). (A and B) Strong 
expression (++/+++) of iRhom1 was associated with poor PFS (P=0.018) and poor OS (P=0.026). (C and D) Strong expression (++/+++) of iRhom2 was 
associated with poor PFS (P=0.002) and poor OS (P=0.001). (E and F) Patients with strong expression (++/+++) of Ki67 had poor PFS (P=0.022) and poor 
OS (P=0.031). PFS, progression‑free survival; OS, overall survival; iRhom1, inactive rhomboid protein 1; iRhom2, inactive rhomboid protein 2; CC, cervical 
cancer.
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lung cancer stem cells (LCSCs). Moreover, iNOS was revealed 
to have an important role in hepatocellular carcinoma due to 

its effect on iRhom2/ADAM17 and Notch signaling (23). MET 
activation in keratinocytes enhanced Src activity and iRhom 

Table II. Multivariate analysis of prognostic factors for patients with cervical cancer (n=83).

OS

Parameters	 Hazard ratio	 P‑value	 95%CI

Age, years	 1.047	 0.916	 0.443‑2.476
  ≤45			 
  >45			 
Histology	 0.97	 0.903	 0.597‑1.576
  Adenocarcinoma			 
  Squamous carcinoma			 
  Small cell carcinoma 			 
  Adenosquamous carcinoma			 
Clinical stage (FIGO)	 1.778	 0.027a	 1.069‑2.598
  I			 
  II			 
Lymph node metastasis 	 0.475	 0.152	 0.156‑1.335
  Positive			 
  Negative			 
Parametrium invasion	 1.767	 0.342	 0.546‑5.714
  Positive 			 
  Negative   			 
iRhom1	 2.737	 0.119	 0.771‑9.712
iRhom2	 4.374	 0.033a	 1.130‑16.937
Ki‑67	 1.904	 0.251	 0.634‑5.719

PFS

Age, years	 1.2	 0.68	 0.506‑2.846
  ≤45			 
  >45			 
Histology	 0.986	 0.956	 0.597‑1.630
  Adenocarcinoma			 
  Squamous carcinoma			 
  Small cell carcinoma 			 
  Adenosquamous carcinoma			 
Clinical stage (FIGO)	 1.892	 0.014a	 1.137‑3.147
  I			 
  II			 
Lymph node metastasis 	 0.403	 0.106	 0.134‑1.213
  Positive			 
  Negative			 
Parametrium invasion	 1.429	 0.545	 0.450‑4.539
  Positive			 
  Negative			 
iRhom1	 3.037	 0.085	 0.858‑10.753
iRhom2	 4.074	 0.036a	 1.097‑15.129
Ki‑67	 1.876	 0.272	 0.611‑5.759

aBold values are statistically significant (P<0.05). OS, overall survival; iRhom1, inactive rhomboid protein 1; iRhom2, inactive rhomboid 
protein 2; PFS, progression‑free survival.
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expression (particularly iRhom2), and this led to ADAM17 
activation, possibly due to translocation and maturation of 
ADAM17 proteolytic activity in squamous tumors (24). We 
identified a critical role of iRhom proteins in CC development 
and progression based on studies of clinical samples and HeLa 
cells. However, the associated signaling mechanisms remain 
uncertain.

Genomic microarray analysis of HeLa cells in which 
iRhom2 was knocked down was also used. The results indi-
cated this treatment significantly altered the expression of 
hundreds of genes. The IPA data identified multiple pathways 
that contribute to the onset and progression of cancer. For 
instance, knockdown of iRhom2 enriched the Wnt/β‑catenin 
signaling pathway. This pathway has been revealed to play 
a critical role in cell proliferation, survival, differentiation, 
and epithelial‑mesenchymal transition (EMT) in cancer 
cells (25‑27). Studies of canonical Wnt signaling indicated 
that cytoplasmic stabilization and nuclear translocation of 

catenin β1 (CTNNB1), a regulator of transcription, has a key 
role (25). However, in the absence of Wnt ligands, the intracel-
lular levels of β‑catenin are low because of the constitutive 
activity the ‘β‑catenin destruction complex’. This multiprotein 
complex consists of two tumor suppressors (APC and AXIN1), 
two serine/threonine kinases (CK1 and GSK3) a protein phos-
phatase (PP2A), and an E3‑ubiquitin ligase (β‑TrCP) (28). 
Wnt/β‑catenin signaling plays an important role in several 
cancers, including CC (29), lung cancer (30), hepatocellular 
carcinoma (31), breast cancer (32) and leukemia (33). Although 
there have not been extensive studies of Wnt/β‑catenin 
signaling in CC, there is some evidence of involvement. In 
particular, previous studies revealed that epigenetic silencing 
via hypermethylation of the promoters of SFRP1, SFRP2, and 
SFRP4 activated the Wnt pathway, and promoted cervical 
adenocarcinoma progression via activation of EMT (34,35). 
Another study reported that DKK1 was downregulated in 
CC, and this activated the β‑catenin pathway (36). However, 

Figure 3. Oncogenic roles of iRhom1 and iRhom2 knockdown on HeLa cells. (A) Expression of iRhom1 and iRhom2 (western blotting) in cells transfected with 
iRhom1 or iRhom2 shRNA for 72 h. Knockdown of iRhom1 suppressed its expression by 80.8% (***P<0.01) and knockdown of iRhom2 suppressed its expres-
sion by 72.2% (***P<0.01). (B) Changes over time in the viability (OD490 in MTT assay) of cells transfected with shCtrl, shRhom1, and shRhom2 (**P<0.05). 
(C) Colonies of cells formed following transfection with shCtrl, shRhom1, and shRhom2 (**P<0.05). iRhom1, inactive rhomboid protein 1; iRhom2, inactive 
rhomboid protein 2.
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Figure 4. Effect of iRhom1 and iRhom2 knockdown on HeLa cells. (A) Effect of iRhom1 and iRhom2 knockdown on apoptosis was presented as flow cytom-
etry, with Annexin V staining and fluorescence‑activated cell sorting analysis. (B) Effect of iRhom1 and iRhom2 knockdown on cell cycle progression, based 
on flow cytometry. **P<0.05, ***P<0.01 relative to shCtrl (iRhom/NC). iRhom1, inactive rhomboid protein 1; iRhom2, inactive rhomboid protein 2.
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it remains unknown whether iRhom proteins directly or indi-
rectly interact with the Wnt/β‑catenin pathway in CC.

The IPA results revealed that iRhom2 knockdown in HeLa 
cells altered the expression of five mRNAs (β‑catenin, FAS, 
Myc, TGFBR2 and GSK3β) that are involved in Wnt/β‑catenin 
signaling. These results were verified by western blotting. 
Thus, the HeLa experiments demonstrated that iRhom1 
silencing significantly decreased the expression of β‑catenin, 
Myc and TGFBR2, and increased the expression of FAS. 
iRhom2 silencing significantly suppressed the expression of 
β‑catenin, GSK3β, and Myc. A previous study of transgenic 
mice reported that upregulated β‑catenin‑dependent signaling 
accelerated carcinogenesis in HPV‑mediated CC (37). There 
is also evidence that downregulation of a Wnt antagonist 
(Wnt inhibitory factor 1) reduced apoptosis and promoted 

growth, invasion, and angiogenesis of CC in vivo (38). DAX1 
was revealed to be overexpressed in CC, and promoted cell 
growth and tumorigenicity by activating the Wnt/β‑catenin 
pathway via GSK3β  (39). A study on CRC reported that 
iRhom1 regulated the activity of APC and stimulated EMT 
and cell proliferation, in part via Wnt/β‑catenin signaling (39). 
A study on breast cancer cells reported that translocation 
of accumulated β‑catenin into the nucleus and formation of 
TCF/Lef/β‑catenin complexes induced sequential expression 
of c‑MYC, CCDN1, SNAIL1, and MMP2, and this increased 
cell proliferation, migration, and invasion (40). Our previous 
study of patients with CC indicated that ADAM17 appears 
to target matrix metalloproteinase MMP‑2 and MMP‑9 
through the AREG/EMMPRIN and the EGFR‑MEK‑ERK 
pathway (11).

Figure 5. Microarray and IPA analysis of HeLa cells following iRhom2 knockdown. (A) Heatmap of genes whose expression differed significantly when HeLa 
cells were transfected with iRhom2/shRNA vs. NC/shRNA. Genes are in rows and samples are in columns; red indicates upregulation and green indicates 
downregulation in cells expressing iRhom2/shRNA. (B) Enrichment of classical signaling pathways. Stimulated (orange) and inhibited (blue) canonical 
pathways (from the IPA database), are in descending order by the inverse of log(P). (C) Dysregulated cellular and molecular functions based on IPA analysis. 
The top ten disease types/functions are in descending order by the inverse of log(P). (D) Portion of the gene function network diagram, revealing major 
molecule‑molecule interaction networks in known functional areas. Red indicates upregulation and green indicates downregulation, and brighter colors 
indicate stronger effects. Line indicates the interaction of two molecules, and full lines indicate stronger effects than imaginary lines. The arrows indicate the 
direction of action. IPA, Ingenuity Pathway Analysis; iRhom2, inactive rhomboid protein 2.
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The HeLa experiments revealed that iRhom1 knockdown 
decreased the expression of TGFBR2, and increased the 
expression of FAS, and that iRhom2 knockdown suppressed 
the expression of GSK3β. The reason for the different effects of 
iRhom1 and iRhom2 knockdown on Wnt/β‑catenin signaling 
is unknown. The present study is the first to report different 
functions of iRhom1 and iRhom2 in CC. The downregulation 
of iRhom proteins could inhibit proliferation, promote apop-
tosis maybe in part by altering Wnt/β‑catenin signaling in CC. 
Our future studies will examine the nature of the interactions 

of iRhom proteins with these molecules and their effect on 
remodeling of the ECM.

In conclusion, it was revealed that expression of iRhom1 
and iRhom2 were greater in CC tissues than adjacent normal 
tissues, and that upregulation of iRhom1 and iRhom2 was 
correlated with certain clinical characteristics and with 
poor OS. Knockdown of iRhom1 and iRhom2 in HeLa cells 
inhibited cell growth, disrupted the cell cycle, and promoted 
apotosis due to alterations in the expression of multiple genes 
and cancer‑associated pathways. Collectively, the present 
results demonstrated that iRhom proteins act as oncogenes in 
CC, and therefore have potential use as diagnostic and prog-
nostic biomarkers, as well as therapeutic targets.
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