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Immune responsive gene 1, a novel oncogene, increases
the growth and tumorigenicity of glioma
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Abstract. Immune responsive gene 1 (IRG1) is highly
expressed in mammalian macrophages during inflammation.
However, the role of IRGI in tumorigenesis remains unclear.
In the present study, we aimed to clarify the epigenetic regula-
tion and biological functions of IRGI in glioma. We found that
the expression level of IRGI influenced the WHO stage in 140
glioma patients. Overexpression of IRG1 increased the growth,
invasion, and tumorigenesis in U251 and SHG-44 glioma cells
both in vitro and in vivo. Suppression of IRG1 expression by
si-IRG1 decreased the levels of cell cycle regulatory proteins,
namely, E2F1, p21, CDK4, CDK6 and cyclin D1. Knockdown
of IRGI expression by RNA interference increased E-cadherin
expression and decreased the amounts of snail and vimentin.
Furthermore, the suppression of IRG1 expression inhibited
the expression of NF-xB and STAT3, suggesting a role of
IRGI in regulating the genes associated with these factors and
thereby contributing to a decrease in glioma cell proliferation,
migration and invasion. Collectively, our findings revealed
that IRGI is a candidate oncogene that is amplified in glioma
and is involved in novel mechanisms that influence glioma
pathogenesis.

Introduction

Glioma is the most common malignant neoplasm worldwide.
Even with an increase in the risk and incidence of glioma, it
is estimated that ~60% of subjects over the age of 50 in the
USA are not screened regularly (1). In addition, a higher
frequency of astrocytoma among African-Americans (40-49
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years of age) as compared to Hispanic-Americans has been
reported suggesting an increased susceptibility to glioma
risk (1,2). Current treatment is based on surgical excision after
combined chemotherapy and radiation therapy, yet the prog-
nosis for glioma patients has not fundamentally improved. The
development of glioma commonly consists of simultaneous
dysregulation of cell growth, differentiation and migration
functions; cell malignant transformation; and metastasis.
However, the molecular mechanisms underlying the develop-
ment of glioma are not completely understood.

Immune responsive gene 1 (IRG1) was originally identi-
fied as a 2.3-kb cDNA from a library synthesized from the
mRNA isolated from a macrophage cell line after LPS
stimulation. Based on sequence homology, IRG1 has been
classified as a member of the MmgE/PrpD family (3). IRG1
was shown to play important roles in embryonic implantation
and neurodegeneration (4), and to mediate the production
of itaconic acid, which contributes to the activity of macro-
phages during inflammation (5). Recent studies have found
that chronic inflammation is implicated in tumorigenesis and
cancer progression and is considered as one of the independent
risk factors. IRG1 knockdown by siRNA was found to result
in significantly increased production of pro-inflammatory
cytokines in LPS-tolerized macrophages and the activation
of transcription factors NF-xB and interferon regulatory
factor 3 (IRF3), which was accompanied by the increased
generation of reactive oxygen species (ROS) and downregu-
lation of zinc finger protein A20 (6,7). IRG1 expression and
subcellular localization in murine macrophages demonstrated
a pattern typical of a TNF- and IFN-y-co-regulated gene. In
murine ANA-1 macrophages, IRG1 expression was shown
to be induced by several pro-inflammatory cytokines and
Toll-like receptor (TLR) agonists (8). TLRs are upregulated
in many tumor cell lines and tissues, especially in the tumors
of epithelial origin, such as ovarian and breast cancers (9).
Recent studies show that the expression of TLRs on malignant
and immune cells can promote inflammation and cell survival
in the tumor microenvironment. A variety of endogenous
TLR ligands can activate TLR signaling pathways, inducing
nuclear export of tumorigenic transcription factors and secre-
tion of pro-inflammatory cytokines such as interleukin-6
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(IL-6), chemokine ligand 2 (CCL-2), and vascular endothelial
growth factor (VEGF), thereby promoting tumor development,
angiogenesis, invasion, metastasis and evasion of immune
surveillance (10,11).

In the present study, we investigated the role of IRGI in
the pathogenesis of glioma and examined the association of
IRGI expression with glioma clinicopathologic character-
istics, including survival of cancer patients. We identified
IRGl-induced effects on cell growth, invasion, and in vivo
tumorigenesis, confirmed increased IRGI expression in
primary glioma tissues and cell lines, and found a direct
correlation between IRG1 levels and the clinical outcome of
glioma patients.

Materials and methods

Cell lines and siRNA transfection. Human glioma cell lines
(A172, U251, U87, SHG-44, TJ-105, H4 and U118MG) were
obtained from the the Neurosurgery Institute of Guangdong
Province (Guangzhou, China). The U-373MG cell line was
purchased from the American Type Culture Collection. Both
the U251 and U87 cell lines were kind gifts from Professor
Xin-Yuan Guan (Sun Yat-Sen University Cancer Center,
Guangzhou, China). All cell lines were cultured in Dulbecco's
modified Eagle's medium with 10% fetal bovine serum (FBS)
and incubated in a humidified atmosphere of 5% CO, and
95% air at 37°C. Transfection of siRNA was performed by
RNAi-Max (Invitrogen Life Technologies, Carlsbad, CA,
USA) according to the manufacturer's protocol. The siRNA
sequences are provided upon request. In brief, transfection
with the final concentration of 50 nM siRNA was conducted
when the cell density was ~40% in the 6-well plates.

In vivo animal models. This study was carried out in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Committee on
the Ethics of Animal Experiments of the Southern Medical
University. All surgery was performed under sodium pento-
barbital anesthesia, and all efforts were made to minimize
suffering.

Acquisition of clinical specimens. Clinical specimens were
obtained from archived tissue samples derived from patients
with glioma who underwent surgical treatment at The First
Affiliated Hospital of Zhengzhou University, China from
January, 2003 through December, 2013. Glioma was diag-
nosed according to the 2007 WHO Classification of Tumors
of Glioblastoma. All tumors were staged on the basis of
the pathologic Tumor-Node-Metastasis classification of the
International Union Against Cancer (10,11). The selection
criteria were as follows: i) the subject presented with a diag-
nosis of glioma and no history of other tumors; ii) the subject
had complete demographic and clinical data, such as age,
gender, clinical manifestations, tumor size, extent of resec-
tion, adjuvant therapy and date of relapse and/or death; iii) the
subject underwent evaluation by enhanced head MRI scanning
for tumor relapse or progression after surgery at least once
every six months. Written informed consent of the patients was
provided by their legal surrogates to permit surgical proce-
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dures and use of resected tissues. This study was approved by
the Specialty Committee on Ethics of Biomedicine Research,
Zhengzhou University of China. Human tissue acquisition and
use in this study complied with the National Regulations on
the Use of Clinical Samples in China.

Collection of clinical information and follow-up. Data were
collected by review of the clinical history. Information was
recorded including the patient characteristics, relevant symp-
toms or history, tumor characteristics, extent of resection,
post-surgical treatment protocol, overall survival time and
progression-free survival time. The follow-up was conducted
by telephone or direct correspondence. Postsurgical treatment,
including adjuvant radiotherapy and chemotherapy, was fully
discussed with the patient or their relatives. The time of tumor
relapse or death was verified by the patient or their relatives,
by medical recording, or by the social security record. Overall
survival (OS) was calculated in months from the date of diag-
nosis to the time of death, regardless of cause. Progression-free
survival (PFS) was defined as the period from the initial date
of diagnosis to the time of tumor progression by MRI, or to the
time of death of the patient from glioma.

Immunohistochemistry. Paraffin sections (4 ym) from samples
were deparaffinized in 100% xylene and re-hydrated in
descending ethanol series and water according to standard
protocols. Heat-induced antigen retrieval was performed in
10 mM citrate buffer for 2 min at 100°C. Endogenous peroxi-
dase activity and non-specific antigen were blocked with
peroxidase blocking reagent containing 3% hydrogen peroxide
and serum, followed by incubation with goat anti-human IRG1
antibody (1:100) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) overnight at 4°C. After washing, the sections were
incubated with biotin-labeled rabbit anti-goat antibody for
10 min at room temperature, and subsequently were incubated
with streptavidin-conjugated horseradish peroxidase (HRP)
(Maixin Inc., China). The peroxidase reaction was developed
using 3,3-diaminobenzidine chromogen solution in DAB
buffer substrate. Sections were visualized with DAB and
counterstained with hematoxylin, mounted in neutral gum,
and analyzed using a bright field microscope.

Western blot analysis. Cells were lysed in RIPA buffer (50 mM
Tris-HC1 pH 8.0, 1 mM EDTA pH 8.0, 5 mM DTT, 2% SDS),
and the protein concentration was determined using the
BCA assay (Beyotime Inc., China). Total protein (30 pg) was
resolved using a 10% SDS-PAGE gel and electro-transferred to
polyvinylidene fluoride membranes (Invitrogen), and blocked
with 5% nonfat dry milk in Tris-buffered saline, pH 7.5. The
membranes were immunoblotted overnight at 4°C with the
following antibodies: rabbit polyclonal anti-IRGI (1:500), anti-
E2F1 (1:500), snail (1:1,000), CDK®6 (1:1,000), CDK4 (1:1,000),
vimentin (1:1,000), E-cadherin and N-cadherin (Santa Cruz
Biotechnology). An HRP-conjugated anti-rabbit IgG antibody
was used as the secondary antibody (Zhongshan Inc., China).

Colony formation assay. Approximately 100 cells were added
to each well of a 6-well culture plate, and each cell group
contained 2 wells. After 2 weeks of incubation, cells were
washed twice with PBS and stained with Giemsa solution.
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Figure 1. Immune responsive gene 1 (IRG1) is upregulated in human glioma cell lines and clinical specimens. (A and B) Quantitative RT-PCR analysis of IRG1
mRNA expression in 7 human gliomas cell lines. IRG1 mRNA levels were normalized to GAPDH expression. (C) IRGI1 protein expression in human glioma
cell lines. GAPDH was used as a loading control. (D) IRG1 protein expression in 8 randomly selected paired glioma samples as analyzed by western blotting. T,

tumor tissue; N, normal tissue.

The number of colonies containing =50 cells was counted
under a microscope. The colony formation efficiency was
calculated as: Efficiency = (number of colonies/number of
cells inoculated) x 100%. Each experiment was performed in
triplicates.

Cell cycle distribution. To evaluate cell cycle distribution, cells
were seeded on 10 cm-diameter plates in RPMI-1640 culture
medium containing 10% NBCS. After 48 h of incubation, a
total of 1x10° cells were harvested, rinsed with cold PBS, and
fixed with 70% ice-cold ethanol for 48 h at 4°C. Fixed cells
were rinsed with cold PBS followed by incubation with PBS
containing 10 yg/ml propidium iodide and 0.5 mg/ml RNase A
for 15 min at 37°C. The DNA content of the labeled cells was
acquired using a FACSCaliber cytometer (BD Biosciences).
Each experiment was performed in triplicates.

In vitro cell migration assay. Cells growing in the log phase
were treated with trypsin and re-suspended as single-cell solu-
tion. A total of 1x10° cells were seeded on a fibronectin-coated
polycarbonate membrane insert in a Transwell apparatus
(Corning Inc., Corning, NY, USA). In the lower chamber,
600 pl of RPMI-1640 with 10% NBCS was added as a chemoat-
tractant. After the cells were incubated for 12 h, the insert was
washed with PBS, and cells on the top surface of the insert were
removed by a cotton swab. Cells adhering to the lower surface
were fixed with methanol, stained with Giemsa, and counted
under a microscope in five predetermined fields (x200). All
assays were independently repeated at least three times.

Establishment of U251 and SHG-44 cells with stable expres-
sion of IRG1 short hairpin RNA. The preparation of the
lentivirus expressing human IRG1 short hairpin RNA was

performed using the pPLVTHM-GFP lentiviral RNAi expres-
sion system (12). U251 and SHG-44 cells were infected with
lentiviral particles containing specific or negative control
vectors, and the polyclonal cells with GFP signals were
selected for further experiments using FACS flow cytometry.

Statistical analysis. All data were analyzed for statistical
significance using SPSS 13.0 software. The Mann-Whitney
U test was applied to the examination of relationship between
IRGI expression levels and clinicopathological characteristics.
Survival analysis was performed using Kaplan-Meier method.
Multivariate Cox proportional hazards method was used for
analyzing the relationship between the variables and patient
survival time. One-way ANOVA was used to determine the
differences between groups for all in vitro analyses. A P-value
of <0.05 was considered to indicate a statistically significant
result.

Results

IRG1 is upregulated in human glioma cell lines and clinical
specimens. To investigate whether IRG1 plays an important role
in gliomas, we examined IRGI expression in several glioma
cell lines A172, U251, U87, SHG-44, TJ-105, H4, U118MG and
U-373MG by measuring mRNA and protein levels using real-
time RT-PCR and western blotting. Respectively, as shown
in Fig. 1A-C the mRNA and protein levels of IRG1 were
evidently higher in the U251, SHG-44, TJ-105 and H4 glioma
cell lines than the levels in the A251, U118MG and U-373MG
cell lines. More importantly, using fresh glioma specimens, we
demonstrated that the IRGI1 protein level was upregulated in
all 8 glioma samples compared to the matched adjacent non-
tumor tissues (Fig. 1D).
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Table I. Correlation between the clinicopathological characteristics and IRG1 expression in 140 glioma patients.

IRG1 protein

Factor No. Low, n (%) High, n (%) P-value
Age (years)

<60 83 47 (56.6) 36 (43.4)

>60 57 24 (42.1) 33 (57.9) 0.091
Gender

Male 68 35(51.5) 33 (48.5)

Female 72 36 (50.0) 36 (50.0) 0.862
Tumor size (cm)

<5 49 28 (57.1) 21 (42.9)

=5 91 43 (47.3) 48 (52.7) 0.264
WHO grade

I 16 5(31.2) 11 (68.8)

1I 50 20 (40.0) 30 (60.0)

111 34 28 (70.0) 12 (30.0)

v 40 18 (45.0) 22 (55.0) 0.0122

“Statistically significant result. IRG1, immune responsive gene 1.

Cytoplasmic IRGI protein is a prognostic factor for post-
surgical glioma patients. The expression levels and subcellular
localization of IRGI protein were examined in 78 archived
paraffin-embedded glioma samples and 16 normal epithelium
tissues by immunohistochemical staining. The relationship
between the clinicopathologic characteristics and IRG1 expres-
sion in the glioma patients who underwent surgical resection
is presented in Table I. IRG1 was highly expressed in 75.6%
(59/78) of the glioma samples compared to only 37.5% (6/16)
of the normal epithelium samples, demonstrating a statisti-
cally significant difference (P=0.006) (Table II). We also
observed that IRG1 expression was positively correlated with
the WHO grade I, II, IIT and IV (P=0.012) (Table I). Previous
results suggest that IRGI is highly expressed in mammalian
macrophages during inflammation, and IRGI1 links cellular
metabolism with immune defense by catalyzing itaconic acid
production (10). Yet, there is no published information as to the
expression of IRGI in relation to cancer prognosis. We, there-
fore, first stained for IRGI in glioma tissues in 140 patients. In
addition, high (defined as greater than median) IRGI1 expres-
sion in glioma cells was significantly associated with shorter
overall survival (OS) in the entire cohort (P<0.05).

The staining signal of IRG1 was observed mainly in the
different stages of glioma tissues (Fig. 2C-F), and no signals or
only weak signals were detected in the adjacent normal brain
tissues (Fig. 2A and B). The subcellular location of IRG1 was
observed mainly in the cytoplasm of the cancer cells.

The prognostic effect of IRG1 on glioma patient OS was
compared between patients with high and low IRGI1 protein
levels. By Kaplan-Meier curve assessment, patients with a high
IRGI protein level had a significantly lower 5-year survival rate
than those with a low IRGl1 protein level (P=0.0076; Fig. 2G).

Furthermore, we compared the relationship between IRG1
expression and recurrence-free survival (RFS). The patients

Table II. Upregulation of IRG1 protein expressin in glioma
compared to epithelium tissues.

IRG1 protein expression

Group Total Low,n (%) High,n (%) P-value
Normal epithelium 16 10 (62.5) 6(37.5) 0.006
Glioma 78 19 (24 4) 59 (75.6)

IRG1, immune responsive gene 1.

with IRG1 low expression (n=69) had a long RFS compared
with patients with high IRG1 expression (n=71, P=0.0311,
Fig. 2H). In the patients with WHO grade II and III, the
subgroup with high IRG1 (n=42) expression had a lower
RFS rate than the subgroup with low IRG1 expression (n=48,
P=0.0164, Fig. 2I).

IRGI-induced proliferation of glioma cells. To explore the
effect of IRGI1 on cancer cell growth, we used IRG1-specific
siRNAs to inhibit IRGI1 expression in the cancer cells. Both
si-IRG1-1 and si-IRG1-2 downregulated IRGI expression, but
the inhibitory effect of si-IRG1-2 was more significant (Fig. 3A
and B). Therefore, we used si-IRG1-2 in the further experiments.
U251 and SHG-44 cells were transiently transfected with
IRGI and si-IRGI1-2. The results of the MTT assays (Fig. 3C
and D) revealed that the downregulation of IRGI1 expression
inhibited SHG-44 cell proliferation by 43% (P<0.01), whereas
IRG1 overexpression promoted SHG-44 cell growth by 54%
(P<0.01). The EDU assay showed that overexpression of IRG1
increased the percentage of proliferative cells from ~23 and
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Figure 2. Cytoplasmic immune responsive gene 1 (IRG1) protein is a prognostic factor for post-surgical glioma patients. (A and B) Weak expression of IRG1
in normal brain tissues. (C) Weak expression of IRG1 in glioma tissues. (D) Medium expression of IRGI in glioma tissues. (E and F) Strong staining of IRG1
in glioma tissues. (Original magnification x400). The relationship between IRGI protein expression and (G) overall survival and (H) recurrence-free survival
was investigated by Kaplan-Meier survival analysis in 140 glioma patients. (I) The relationship between IRGI protein expression and recurrence-free survival
was investigated in patients subgrouped according to WHO grade II/1II disease. The log-rank test was used to calculate P-values.

~25% to ~64 and ~62% in the U251 and SHG-44 glioma cell
lines; but inhibition of IRG1 using IRGI siRNA decreased
the percentage of proliferative cells in the glioma cells (from
~23 and ~25% to ~6 and ~9% in the U251 and SHG-44
cell lines) (Fig. 3E and F). Next, we examined the cell cycle
distribution in the population of si-IRG1-2-transfected cells.
Compared to the si-NC control, the U251 and SHG-44 glioma
cell lines transfected with si-IRG1-2 displayed an increased
proportion of cells entering the G1 phase and fewer cells in
the S phase (Fig. 3G and H; P<0.01). These results suggest
that the growth-suppressive effect of si-IRG1 was partly due
to G1 phase arrest. As shown by the colony formation assay,
the si-IRGl1-transfected U251 and SHG-44 cells formed fewer
and smaller sized colonies than did the si-NC-transfected cells
(Fig. 31 and J; P<0.01).

IRGI knockdown reduces cell migration and invasion. Cell
migration and invasion are integral steps in tumor develop-
ment and metastasis. The wound healing assay showed that the
lateral migration of cancer cells was inhibited by IRG1 knock-
down (Fig. 4A and B). When we tested U251 and SHG-44
cell migration/invasion through an 8-ym-pore polycarbonate
membrane with or without Matrigel pre-coating, we found
that the knockdown of endogenous IRG1 significantly reduced
the ability of U251 and SHG-44 cells to migrate and invade
(P<0.05), compared to the si-NC cells (Fig. 4C-F).

IRG]1 controls the expression of genes associated with cell
cycle and epithelial-mesenchymal transition in glioma cells.
To further investigate the mechanism of IRGI regulation of cell
proliferation, migration and invasion, we firstly examined the
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Figure 3. Immune responsive gene 1 (IRG1) induces the proliferation of glioma cells. U251 and SHG-44 cells were transfected with siRNA-NC, si-IRG1-1, and
si-IRG1-2. (A) IRG1 mRNA expression was examined by qRT-PCR. Data are presented as means + SD of three independent experiments. (B) IRG1 protein
expression was examined by western blotting. Growth of (C) U251 and (D) SHG-44 cells following knockdown or overexpression of IRG1 expression was
examined by the MTT assay. (E and F) EDU assays showed that overexpression of IRG1 increased the percentage of proliferative cells in the U251 and SHG-44
glioma cell lines, while inhibition of IRG1 using IRGI siRNA decreased the percentage of proliferative cells. (G and H) The cell cycle S/G1 transition was
suppressed in cells with reduced IRG1 expression. Data are presented as means + SD of three independent experiments, "P<0.05. (I and J) Clone formation
assay. Data are presented as means + SD of three independent experiments, "P<0.05.

protein expression of the genes associated with cell cycle and
epithelial-mesenchymal transition (EMT) in glioma U251 and
SHG-44 cells with stably decreased IRG1 expression. Knock-
down of endogenous IRGI1 expression induced the inhibition
of the tumor suppressor retinoblastoma protein pRB and the
oncogenic cell cycle regulator transcription factor E2F1, while
upregulating the expression of the tumor suppressor cyclin-
dependent kinase inhibitor p21. However, the levels of the
cyclin-dependent kinases CDK4 and CDK6 were depressed

(Fig. 5A). In addition, we found that IRGI inhibition decreased
the expression of the EMT marker genes snail, N-cadherin, and
vimentin (13,14), while increasing the level of E-cadherin, an
epithelial marker (Fig. 5B). IRGI suppression did not promote
the transition from epithelial to mesenchymal morphology in
glioma SHG-44 cells.

Several studies have provided evidence that secretion
of cytokines and growth factors, many of them encoded by
the NF-«B target genes, is critical for constitutive activation
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were performed using 12-well Transwell plates. Representative images show the density of the invaded cells. (F) Bar graph shows the quantification of the cell
invasion. Data are presented as means = SD of three independent experiments, ‘P<0.05

of NF-«xB in cancer cells (15). There has been an increasing
interest in the role of NF-«xB in the maintenance of established
cancers, where it is frequently constitutively induced and plays
a major role in the transcriptional activation of oncogenic
genes (16). NF-xB signaling involves degradation of the
NF-«B inhibitor proteins IkBs through phosphorylation by the
IxB kinase (IKK). In the past study, we found that knockdown
of IRGI expression by using si-IRG1 decreased the levels
of NF-xB and IkBa, as well as STAT3, which was shown
to maintain constitutive NF-kB activity in tumors (10,16)
(Fig. 5C). These results indicate that the abrogation of IRG1
expression in glioma cells inhibits NF-kB-mediated signaling.

IRGI contributes to in vivo xenograft tumor growth. In addi-
tion to examining the biological functions of IRGI in vivo, we
assessed the in vivo role of IRGI by using a xenograft trans-
plantation model. We subcutaneously injected sh-IRGI and

IRGI lentiviral infection U251 and SHG-44 cells or control
cells into nude mice, and monitored tumor growth over a
40-day period. As shown in Fig. 6A and B, the average tumor
volume in mice injected with the IRGI1-depleted U251 cells
was markedly (by >60%) reduced when compared to that in
the control animals (P<0.05). Tumor weight analysis showed
that sh-IRGI1-transfected cells gave rise to significantly smaller
tumors than did sh-vector-transfected cells (P<0.05) (Fig. 6C
and D). These results confirmed the previously results in vitro,
indicating that expression of IRGI increases the cancer cell
growth of gliomas.

Discussion
Glioma is a disease characterized by uncontrolled cell growth

in brain tissues that may lead to metastases (17). It ultimately
results in the death of the patient. Tumor development from
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the stages of formation and growth to those of invasion and  and other pathological processes. In this series of events,
metastasis is a complex process that often involves changes  pro-inflammatory proteins, including various cytokines
in the tissue microenvironment, gene mutations, angiogenesis, and transcription factors, play a very important role (18).
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Inflammatory regulators are associated not only with early
stages of tumor growth but also with malignant cell migration,
invasion and metastasis (19).

The IRGI gene plays a crucial role in the orchestration of
immune responses to infection (20). To clarify the role of IRG1
in glioma pathogenesis, we analyzed IRG1 protein expression
in glioma and normal tissues by immunohistochemistry. We
found that the IRGI1 expression levels were higher in glioma
tumors compared to those in normal brain tissues. Increased
IRGI expression was associated with disease progression and
poor prognosis in glioma patients. Furthermore, inhibition
of IRGI1 expression upregulated the tumor suppressor p21
gene, and this may have caused inhibition of cell prolifera-
tion and migration. These results suggest that the molecular
mechanisms underlying IRGI activity may be associated with
pro-inflammatory factors and EMT-related proteins.

The transcription factor E2F1 was initially identified as
an adenoviral E2 promoter-binding cellular factor-1 induced
by adenoviral E1A oncoprotein (21). E2F1 ectopic expression
is sufficient to promote the G1/S phase transition in the cell
cycle. Our findings indicate that IRG1 knockout can suppress
E2F]1 expression. At present, cumulative evidence points to the
members of the cyclin D/CDK4/CDK6/pRB cell cycle regula-
tory pathway as potential targets for cancer therapy (22). Both
CDK4 and CDK®6 encode cyclin-dependent serine-threonine
kinases that respond to mitogenic or pro-proliferative stimuli
by complexing with D-type cyclins and phosphorylating the
tumor suppressor protein pRB. The phosphorylated pRB is
released from the complex with E2F transcription factors,
enabling E2F to initiate the transcription of genes required for
G1/S cell cycle progression, and ultimately cellular prolifera-
tion (23). Here, we found that knockdown of endogenous IRG1
expression reduced the activation of CDK4, CDK6, and other
oncogenic cell cycle regulators, including cyclin D1 and pRd,
and increased the expression of tumor suppressors, including
p21. Our results indicate that IRG1 may influence cell cycle
transition by mediating the transcription of cell cycle regula-
tory proteins.

Previous studies have shown that snail, N-cadherin, and
vimentin are markers of EMT (22). In this study, we found that
the downregulation of IRG1 significantly inhibited the expres-
sion of snail, N-cadherin and vimentin in glioma SHG-44
cells. The in vitro Transwell cell migration assay and in vivo
xenograft model showed that the downregulation of IRG1
expression significantly repressed the migration and pulmo-
nary metastasis of glioma cells. Our studies showed that IRG1
inhibition promoted the expression of the epithelial marker
E-cadherin, while reducing the levels of the mesenchymal
markers snail, N-cadherin, and vimentin in glioma cells. These
data suggest that IRG1 may increase EMT and cancer metas-
tasis. Several studies have provided evidence that secretion of
pro-inflammatory cytokines and growth factors is critical for
constitutive activation of NF-xB in cancer cells (24-26). The
reduced expression of IRGI in glioma cells may have caused
inhibition of NF-kB signaling, suggesting that IRG1 can be
involved in carcinogenesis through NF-«B signaling as well.

In summary, our study revealed that the cytoplasmic
expression of IRG1 was significantly upregulated in glioma
and that it is an important prognostic factor for glioma patients.
Our in vitro and in vivo data indicate that IRG1 is involved in
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proliferation, invasion, and migration of cancer cells through
multiple molecular mechanisms, including regulation of
NF-«B signaling, the EMT pathway, and cell cycle transition,
suggesting that IRGI1 plays an important role in the develop-
ment of gliomas.
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