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Gliomas are primary intracranial tumors that cause considerable morbidity and mortality. �e e�ect of interleukin 
4-induced gene-1 (IL4I1) on the progression of various diseases has been demonstrated to be signi�cant. However, the 
speci�c molecular mechanisms of how IL4I1 contributes to the progression and the epithelial-mesenchymal transition 
(EMT) process of glioma remain inadequately elucidated. IL4I1 expression in glioma was assessed using public datasets and 
immunohistochemistry. In in vitro experiments, IL4I1 expression was quanti�ed through real-time quantitative PCR and 
western blotting. �e e�ects of IL4I1 knockdown on the malignant phenotypes of glioma cells were investigated through 
in vitro studies. �e evaluation of biomarkers associated with EMT and the Janus-activated kinase 2/signal transducer and 
activator of transcription 3 (JAK2/STAT3) pathway was conducted using western blotting and immuno�uorescence assays 
a�er IL4I1 knockdown. A xenogra� tumor model was established to validate the in�uence of IL4I1 knockdown in glioma 
progression. �e results revealed that high expression of IL4I1 is linked to an unfavorable prognosis in human gliomas. 
IL4I1 knockdown e�ectively impeded the malignant phenotypes of glioma cells. IL4I1 knockdown induced EMT reversal, 
characterized by alterations in the expression levels and localization of EMT-related biomarkers. �is reversal is partially 
mediated through the JAK2/STAT3 signaling pathway. �e results of in vivo experiments con�rmed that IL4I1 knock-
down e�ectively suppressed glioma growth. Our research demonstrates that IL4I1 knockdown reverses the EMT process 
via JAK2/STAT3 signaling pathway and suppresses the malignant phenotypes of glioma, thereby highlighting its potential 
as both a prognostic marker and therapeutic target for glioma. 
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Glioma, particularly glioblastoma multiforme (GBM), 
is a highly prevalent and fatal primary intracranial tumor 
characterized by unfavorable prognosis and rapid progres-
sion [1, 2]. Despite advancements in surgical, chemothera-
peutic, and radio-therapeutic interventions, the average 
duration of survival for individuals diagnosed with GBM 
stands at 14.6 months [3]. It is essential to comprehensively 
explore the molecular mechanism of glioma to identify more 
e�ective molecular targets for it.

�e nomenclature of interleukin 4-induced gene-1 (IL4I1) 
originates from the discovery of its mRNA in mouse B 
splenocytes. Situated within the leukocyte-receptor complex 
on chromosome 19, the IL4I1 gene encodes a glycosylated 
protein [4]. �e authors of previous studies on IL4I1 initially 
focused on its involvement in immune response [5, 6]. A 
mounting body of evidence has elucidated the substantial 

role of IL4I1 in diverse tumorigenesis [7–9]. �e role of IL4I1 
in glioma has not been extensively studied, limited available 
evidence suggests its potential involvement in tumor progres-
sion and immune modulation. A multi-database analysis of 
the tryptophan metabolic gene in glioma suggested that IL4I1 
may function as an oncogene and is associated with poor 
prognosis in patients [10]. Another study demonstrated that 
IL4I1 expression is elevated in glioma at both the transcrip-
tome and protein levels, contributing to M2-like macrophage 
polarization and the enhancement of glioma cell invasive-
ness and motility [11]. Taken together, these studies provide 
evidence supporting further in-depth investigations into the 
mechanistic and clinical relevance of IL4I1 in glioma.

Epithelial-mesenchymal transition (EMT) is an intricate 
and ever-evolving cellular phenomenon characterized by 
substantial phenotypic plasticity, which plays a critical role 
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in tumor development [12, 13]. Its activation reduces cellular 
adhesion and polarity, which facilitates invasive expan-
sion and metastasis of tumors. Of late, the existence of an 
EMT process in central nervous system tumors has become 
widely accepted [14, 15]. �e complex progression of EMT in 
gliomas involves the regulation of various molecular mecha-
nisms, including the Notch and Wnt/β-catenin pathways 
[14, 16]. Emerging evidence suggests that signal transducer 
and activator of transcription 3 (STAT3), a crucial player 
in cancer development, induces EMT through the Janus-
activated kinase 2 (JAK2)/STAT3 signaling pathway [17, 18].

In the study presented herein, we conducted an analysis 
of the IL4I1 expression pro�le in gliomas and its association 
with clinical and pathologic characteristics. We conducted 
cell and molecular biology experiments to determine the 
e�ect of IL4I1 knockdown on glioma malignant phenotypes 
and the EMT process. To investigate the mechanisms under-
lying IL4I1 knockdown-mediated EMT, we explored the 
possible involvement of the JAK2/STAT3 signaling pathway. 
Lastly, in an in vivo setting, we performed xenogra� assays 
to assess the impact of IL4I1 on glioma proliferation and 
growth. �ese �ndings demonstrate the importance of IL4I1 
in glioma and provide a novel target for glioma therapy.

Patients and methods

Database acquisition. �e clinical and RNA sequencing 
data of patients examined in the present study were acquired 
from the publicly accessible Chinese Glioma Genome Atlas 
(CGGA) database (http://www.cgga.org.cn/) and �e Cancer 
Genome Atlas (TCGA) database (https://tcga-data.nci.nih.
gov/tcga/). �e 325 glioma samples from CGGA and 702 
glioma samples from TCGA cohorts were divided into high- 
and low-expression groups according to the median IL4I1 
expression levels.

Human tissue sample collection. From 2016 to 2022, 
76 glioma specimens were surgically excised and pathologi-
cally examined at the First A�liated Hospital of Soochow 
University. Additionally, eight brain samples without tumors 
were obtained from patients who underwent traumatic brain 
injury or intracerebral hemorrhage, necessitating the removal 
of a minute fraction of their brain tissues to alleviate intracra-
nial pressure and enhance therapeutic e�cacy. A�er �xation 
in 4% paraformaldehyde (PFA), the tissue samples were 
subjected to histological assays. Neither radiotherapy nor 
chemotherapy had been administered to the glioma patients 
prior to the tumor resection procedures. Informed consent 
was obtained from all individual participants included in the 
study. �e ethics committee of the First A�liated Hospital 
of Soochow University approved the experimental protocols 
(No. 2024480).

Cell culture and treatment. �e Cell Bank of Shanghai 
Institutes for Biological Science (Shanghai, China) provided 
a selection of human glioma cell lines: U138, A172, U87, T98, 
U251, U118, U343, and the human astrocyte cell line HA 

1800. �e glioma cells were grown in Dulbecco’s modi�ed 
Eagle medium (DMEM) (KeyGEN, Nanjing, China), supple-
mented with 10% fetal bovine serum (FBS) (Biological 
Industrie, Kibbutz Bet-Haemek, Israel) and maintained 
at 37 °C with 5% CO2. �e HA 1800 cells were cultured in 
a specialized medium designed for astrocytes (KeyGEN). 
For the rescue experiment, glioma cells were exposed to a 
concentration of 20 μM of RO8191 (Sigma, St. Louis, USA), 
an activator of the JAK2/STAT3 pathway [19].

Cell transfection. Stable IL4I1 knockdown was achieved 
by using lentiviral particles containing IL4I1 short hairpin (sh) 
RNA purchased from Genechem Biotechnology Company 
(Shanghai, China). �e speci�c sequences for IL4I1 knock-
down were as follows: sh#1-IL4I1: 5’-CGGCCACCAAGGT-
GTTCCTAA-3’; sh#2-IL4I1: 5’-CACACGCTCTTGGAA-
TATCTT-3’; sh#3-IL4I1: 5’-GCGCAACTATGTGGTGGA-
GAA-3’. IL4I1-speci�c shRNA was transfected into the cells 
(A172 and U138) based on the manufacturer’s protocols 
using HitransG transfection reagent (Genechem). Cells that 
had undergone stable transfection were chosen by subjecting 
them to treatment with 2 μg/ml of puromycin. In order to 
evaluate any non-speci�c e�ects of transfection, the cells 
were transfected with scrambled shRNA lentiviral particles 
(Genechem) and referred to as “negative control (sh-Ctrl)” 
for comparative purposes. A�er transfection, the cells were 
kept at 37 °C for 48 h. Transfection e�ciency was crudely 
surpassed 80%, as assessed with the green �uorescent protein 
(GFP).

Real-time quantitative polymerase chain reaction 
(RT-qPCR). RNA was isolated from the cells using TRIzol 
reagent (Invitrogen, Carlsbad, USA), followed by quanti�ca-
tion using a Nanodrop spectrophotometer (�ermoScien-
ti�c, Waltham, USA). All RNA samples exhibited a 260/280 
nm ratio ranging from 1.9 to 2.0, indicating purity. Subse-
quently, the obtained RNA was subjected to reverse transcrip-
tion by utilizing a cDNA Synthesis Kit (�ermoScienti�c) 
in a reaction volume of 20 μl with 1 µg of RNA sample. For 
PCR ampli�cation, PowerUp SYBR Green Master Mix (Invit-
rogen) was utilized following the manufacturer’s guidelines. 
�e ampli�cation primers were synthesized by GeneScript 
Biological Science and Technology (Nanjing, China). �e PCR 
primers used in this study were designed with the following 
sequences: IL4I1-F 5’-ACTCGCCCGAAGACATCTAC-3’; 
IL4I1-R 5’-CATCCTCGGACATCACGTCTC-3’; GAPDH-F 
5’-CAGGAGGCATTGCTGATGAT-3’; GAPDH-R 5’-GAA- 
GGCTGGGGCTCATTT-3’. GAPDH was used as a reference. 
�e results were determined by utilizing the 2−ΔΔCT approach.

Western blotting (WB). Total protein and membrane 
protein from cells were extracted using a whole cell lysis 
assay (Beyotime, Shanghai, China) and a membrane protein 
extraction kit (Bestbio, Shanghai, China), respectively. �e 
loading bu�er was mixed with the protein samples and then 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis for separation. Following transfer to a nitro-
cellulose membrane, the proteins were blocked for 1 h with a 



IL4I1 KNOCKDOWN INHIBITS GLIOMA 93

5% bovine serum albumin (BSA) solution (Amresco, Solon, 
USA). Incubation of primary antibodies continued overnight, 
and the nitrocellulose membranes underwent incubation 
with horseradish peroxidase (HRP)-linked anti-rabbit/
mouse secondary antibodies (1:3,000; Proteintech, Wuhan, 
China) for 1 h. The blots were observed via chemilumines-
cence (ThermoScientific) and captured with a Chemilumi-
nescent Western Blot Scanner (Gene Company, Hong Kong, 
China). GAPDH, tubulin, and Na+/K+-ATPase were used as 
endogenous references, as appropriate for each case. Band 
quantification was executed using ImageJ software (v1.51j8; 
National Institutes of Health, Bethesda, USA). The primary 
antibodies used are detailed in Supplementary Table S1.

Cell proliferation assay. In the cell counting kit-8 (CCK-8) 
assay, cells (4×103/well) were distributed into a 96-well plate. 
The CCK-8 reagent (Beyotime) was introduced into each 
well after 24, 48, and 72 h, followed by incubation for 2 h. 
Absorbance was then measured at 450 nm. The cells (3×104/
well) were seeded into a 24-well plate and left to incubate 
overnight for the 5-ethynyl-2’-deoxyuridine (EdU) assay. The 
cells were treated with EdU (Beyotime) for 2 h. Subsequently, 
they were fixed using 4% PFA for 15 min and permeabilized 
utilizing 0.3% Triton X-100 (Beyotime) for another 15 min. 
The cells were exposed to the Click Reaction Mixture from 
the EdU staining kit and incubated for 30 min while avoiding 
exposure to light. The cells were subsequently stained using 
4’,6’-diamidine-2’-phenylindole dihydrochloride (DAPI) 
(Beyotime). Thereafter, microscopic imaging was performed 
on the cells. To determine cell proliferation, the proportion 
of EdU-labeled cells (red dots) and total DAPI-stained cells 
(blue dots) was compared. The ImageJ software was used in 
the quantification of EdU-labeled and DAPI-stained cells.

Colony formation assay. To evaluate the capacity of 
colony formation, we seeded the cells (1×103/well) into 
a six-well plate. Subsequently, the cells were subjected to 
incubation at 37 °C. On day 14, the culture medium was 
removed, and the cells were washed with phosphate-buffered 
saline (PBS). Colonies were immobilized for 20 min at room 
temperature using a 4% PFA solution. Crystal violet staining 
(Beyotime) was applied to the colonies for 30 min, followed 
by PBS wash. The colonies were then photographed and 
counted using ImageJ software.

Cell migration and invasion assay. We conducted 
migration and invasion experiments by utilizing a 24-well 
Transwell chamber (Corning, NY, USA), applying a Matrigel 
coating for the invasion assay and no coating for the migra-
tion assay. In the upper chamber, cells (2×104/chamber) were 
seeded in 100 μl of DMEM without FBS, whereas the lower 
chamber received 550 μl of DMEM with 20% FBS and was 
incubated at 37 °C for 24 h. Cotton swabs were employed to 
eliminate cells from the upper chamber; in comparison, the 
lower membrane-attached cells were treated with 4% PFA 
solution for 30 min. The cells were subsequently stained with 
crystal violet for 30 min, visualized under a microscope, and 
quantified using ImageJ software.

Immunofluorescence (IF) staining. The cells (2×104/
well) were cultured on coverslips overnight in a 24-well plate. 
Subsequently, the cells were treated with 4% PFA for 15 min. 
After being fixed in place, the coverslips were permeabilized 
with 0.1% Triton X-100 for 10 min; thereafter, we proceeded 
with a 30 min blocking step in 5% BSA. The cells were left 
to incubate at 4 °C overnight with a primary antibody and 
then exposed to a fluorescent dye-conjugated secondary 
antibody (Invitrogen) for 1 h. Finally, fluorescence micros-
copy was used to examine the coverslips after DAPI staining 
for 10 min.

Immunohistochemistry (IHC) staining. A standard 
procedure was followed to conduct IHC. The tissues were 
incubated with a 4% PFA solution, followed by paraffin 
embedding and subsequent sectioning. The serial sections 
were then exposed to primary antibodies and left at 4 °C 
overnight for incubation. Following washing, secondary 
antibodies were applied to the tissue microarrays for 30 min. 
Lastly, 5% diaminobenzidine solution (Abcam, Cambridge, 
USA) was applied for 10 min to induce a brown color.

Two pathologists evaluated the immunohistochemical 
signals in a double-blinded manner. The proportional scores 
were as follows: <5% (score 0), 5–25% (score 1), 26–50% 
(score 2), 51–75% (score 3), and >75% (score 4). The staining 
intensity was evaluated on a scale of 0 to 3 (0: negative; 1: 
weak; 2: moderate; 3: strong staining). The formula used to 
compute the overall score for each slide was as follows: total 
score = extent score multiplied by intensity score. The primary 
antibodies used are detailed in Supplementary Table S1.

Intracranial orthotopic xenografts in vivo. Luciferase-
labeled U138 cells (2×105/mouse) were implanted into the 
brains of four-week-old nude male mice (6 mice/group). 
Bioluminescence imaging was conducted on day 10 and 21 
after the intraperitoneal injection of D-luciferin (15 mg/ml) 
at a dose of 10 μl/g. Harvested intact brains were preserved 
in 4% PFA, dehydrated, and embedded in paraffin wax for 
histological examination. The ethics committee of the First 
Affiliated Hospital of Soochow University granted approval 
for the experimental protocols (NO.2024480).

Statistical analysis. The software tools used to analyze 
the data were R software (v4.1.3, https://www.r-project.org/) 
and GraphPad Prism (v8.0, GraphPad Inc., La Jolla, USA). 
Categorical variables are represented using percentages, 
whereas continuous variables are reported as the mean ± 
standard deviation. A p-value <0.05 was deemed to be statis-
tically significant. All quantitative tests were repeated three 
times in triplicate.

Results

IL4I1 expression is upregulated in gliomas and exhibits 
potential as a molecular marker of malignancy. Patients 
with varying levels of IL4I1 expression exhibited distinct 
clinical and pathological traits. Heatmaps (Figures 1A, 1B) 
were constructed to display the differential distributions of 
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Figure 1. �e association of IL4I1 mRNA level with clinical and pathologic characteristics of gliomas. A, B) �e landscape of IL4I1-related clinical and 
pathologic characteristics of gliomas in CGGA and TCGA cohorts. C–L) Box and scatter plot of relationship between IL4I1 mRNA level and MGMT 
promoter methylation status (C), 1p/19q status (D), IDH status (E), age (F) and glioma grade (G) in CGGA cohort; and MGMT promoter methylation 
status (H), 1p/19q status (I), IDH status (J), age (K) and glioma grade (L) in TCGA cohort, respectively. Abbreviations: IL4I1, Interleukin 4-induced 
gene-1; CGGA, Chinese Glioma Genome Atlas; TCGA, �e Cancer Genome Atlas; MGMT, O6-methylguanine-DNA methyltransferase; 1p/19q, chro-
mosome arms 1p and 19q; IDH, isocitrate dehydrogenase
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IL4I1 mRNA expression, O6-methylguanine-DNA methyl-
transferase (MGMT) promoter methylation, chromosome 
arms 1p and 19q (1p/19q) codeletion, isocitrate dehydro-
genase (IDH) mutation, age, and WHO grade. Subse-
quently, we performed a comparative analysis of different 
subgroups of these samples. The association between IL4I1 
and the unmethylated MGMT promoter, 1p/19q non-codel, 
IDH-wildtype, and higher-grade gliomas was significantly 
pronounced (Figures 1C–1E, 1G, 1H–1J, 1L). Moreover, 
there was a correlation found between the expression of 
IL4I1 and increasing age (Pearson RCGGA = 0.272; Pearson 
RTCGA = 0.339) (Figures 1F, 1K). To summarize, these findings 
demonstrate that IL4I1 expression is upregulated in gliomas 
exhibiting a greater degree of malignancy.

High IL4I1 expression is correlated with an unfavorable 
prognosis in glioma patients. According to data from the 
Human Protein Atlas (HPA) database (https://www.protein-
atlas.org/), IL4I1 exhibited high expression levels in glioma 
tissues and low expression levels in normal brain tissues 
(Figure 2A). We examined the clinical characteristics of 76 
glioma patients and investigated the relationship between 
these characteristics and IL4I1 expression using IHC 
staining. Compared to normal brain tissues, the expression 
of IL4I1 protein was found to be elevated in glioma tissues 
of varying grades and showed a positive correlation with the 
pathological grade of glioma (Figure 2B). Furthermore, the 
intensity of IL4I1 protein expression was significantly corre-
lated with age and WHO grade but not with gender, tumor 
location, tumor diameter, or Karnofsky performance status 
(Supplementary Table S2).

To assess the prognostic significance of IL4I1 in patients 
with gliomas, we employed Cox proportional hazard models 
alongside Kaplan-Meier survival analysis by utilizing data 
from both CGGA and TCGA cohorts. Our multivariate 
analyses established IL4I1 as an adverse prognostic marker, 
independent of other well-established prognostic factors 
(Supplementary Tables S3, S4). The survival analysis results 
demonstrated significantly lower overall survival (OS) rates 
in patients in the cohort with elevated IL4I1 expression than 
in those with lower IL4I1 expression (Figures 2C, 2D). These 
results indicate that aberrant expression of IL4I1 may be 
linked to an unfavorable prognosis in human gliomas.

IL4I1 expression levels in glioma cell lines. IL4I1 mRNA 
levels were found to be upregulated to varying degrees in 
four glioma cell lines (U138, A172, U251, U343) compared 
to HA1800 human astrocytes using qRT-PCR (Figure 2E). 
IL4I1 protein levels were elevated in four glioma cell lines 
(U138, A172, T98, U343) compared to HA1800 human 
astrocytes using WB (Figure 2F). A172 and U138 cell lines 
with high IL4I1 expression levels were selected for further 
analysis.

Moreover, IF staining was employed to assess IL4I1 
expression in U138 cell lines. The results showed that IL4I1 
was mainly distributed in the cytosolic and perinuclear 
fractions of U138 cells (Figure 2G).

IL4I1 knockdown in glioma cell lines. We established 
IL4I1-knockdown A172 and U138 cells with lentivirus-
mediated shRNAs (sh#1-IL4I1, sh#2-IL4I1, and sh#3-IL4I1). 
The transfection efficiency was assessed by observing GFP 
(Figures 3A, 3B). To evaluate the effectiveness of the three 
shRNA constructs, we measured the expression of IL4I1 
mRNA and protein in A172 and U138 cell lines using 
qRT-PCR (Figure 3C, 3D) and WB (Figures 3E, 3F), respec-
tively. Among them, sh#2-IL4I1 exhibited the highest knock-
down efficiency and was selected for further analysis.

IL4I1 knockdown hampers glioma cell migration, 
invasion, and proliferation. The Transwell migration assays 
revealed notable inhibition of A172 and U138 cell migration 
in the sh#2-IL4I1 group in contrast with the sh-Ctrl group 
(Figure 4A). In parallel, the transwell invasion assays yielded 
similar results (Figure 4B). These findings indicate that IL4I1 
knockdown impedes the migratory and invasive abilities of 
A172 and U138 cells.

The CCK-8 (Figures 4C, 4D) and EdU (Figure 4E) assay 
results suggested that IL4I1 knockdown suppressed the 
viability and proliferation of A172 and U138 cells. Colony-
forming assays showed that the number of colonies derived 
from IL4I1-knockdown A172 and U138 cells was signifi-
cantly reduced (Figure 4F). These results suggest that IL4I1 
knockdown effectively suppresses both the proliferation and 
cell viability of A172 and U138 cells.

IL4I1 knockdown reverses the EMT process in glioma 
cells. The critical role of EMT in many malignant tumor 
phenotypes, such as migration, invasion, and proliferation, is 
widely recognized [20, 21]. We next focused on the effects of 
IL4I1 knockdown on the EMT process.

We individually compared and analyzed the correlation 
between IL4I1 levels and EMT biomarkers, including epithe-
lial markers (E-cadherin, occludin, desmoplakin, and zonula 
occludens-1 protein (ZO-1)) and mesenchymal markers 
(N-cadherin, vimentin, Snail, and Twist1) [13]. The overall 
correlation of IL4I1 expression is positive with mesenchymal 
markers and negative with epithelial markers (Figure 5A). 
Further analysis revealed that IL4I1 exhibited a weaker 
correlation with E-cadherin and desmoplakin compared to 
ZO-1 and occludin among the epithelial markers. Addition-
ally, N-cadherin showed less pronounced associations with 
IL4I1 compared to the other three mesenchymal markers 
(vimentin, Snail, and Twist1). Both databases showed consis-
tent results.

The WB results indicated that IL4I1 knockdown had a 
selective impact on EMT-related biomarkers (Figure 5B). 
Specifically, IL4I1 knockdown resulted in a significant 
decrease in vimentin expression, accompanied by an increase 
in ZO-1 expression. IL4I1 knockdown did not exert a discern-
ible impact on the levels of E-cadherin or N-cadherin. 

EMT could induce a “cadherin switch”, characterized by 
upregulated N-cadherin and downregulated E-cadherin in 
the cell membrane, which represents a key hallmark of EMT 
[22]. Therefore, further study on this progress is warranted.
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Figure 2. IL4I1 expression in glioma tissues and cell lines and its prognostic signi�cance in glioma patients. A) Representative IHC staining images of 
IL4I1 in normal brain, low- and high-grade glioma tissues from the HPA database. B) Representative IHC staining images and score of IL4I1 in normal 
brain and glioma tissues. C, D) Kaplan-Meier analysis based on IL4I1 expression pattern in CGGA and TCGA cohorts. E) Relative IL4I1 mRNA expres-
sion levels in glioma cell lines and a control normal astrocyte cell line HA1800 by real-time quantitative PCR analysis. F) IL4I1 protein expression levels 
in glioma cell lines and a control normal astrocyte cell line HA1800 by Western blotting analysis. G) Immuno�uorescence analysis of IL4I1 (red) and 
nuclear staining (blue). Quantitative results are presented as the mean ± SEM (n=3). *p<0.05, **p<0.01; Abbreviations: IL4I1-Interleukin 4-induced 
gene-1; IHC-immunohistochemistry; HPA-Human Protein Atlas; CGGA-Chinese Glioma Genome Atlas; TCGA-�e Cancer Genome Atlas
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Membrane proteins were extracted from A172 and U138 
cells using a membrane protein extraction kit. We further 
examined the changes in membrane levels of E-cadherin and 
N-cadherin a�er IL4I1 knockdown in A172 and U138 cell 
lines using WB. �e results showed that IL4I1 knockdown led 
to an increase in membrane E-cadherin level and a decrease 
in membrane N-cadherin level (Figure 5C). Combined with 
the �ndings from the previous section (Figure 5B), it can 
be inferred that IL4I1 knockdown did not a�ect the total 
cellular levels of E-cadherin and N-cadherin proteins but did 
alter their respective membrane levels.

Lee et al. emphasized that loss of E-cadherin in the cell 
membrane is a pivotal process of cancer cell migration and 
invasion [23]. �en, we analyzed the E-cadherin localiza-

tion by IF staining. �e result visually demonstrated that 
the E-cadherin location in the sh-Ctrl group was primarily 
observed in the nuclear fractions, with a minor presence in 
cytosolic fractions. In contrast, E-cadherin is highly enriched 
in the cell membrane and reduced in the nuclear fractions 
following IL4I1 knockdown (Figure 5D).

Overall, the results of these experiments indicate that 
IL4I1 knockdown partially reverses the EMT process in 
glioma cells. �is reversal is re�ected not only in changes in 
the expression levels of EMT some markers (vimentin and 
ZO-1), but also in changes in the cellular localization of 
additional EMT markers (E-cadherin and N-cadherin).

�e JAK2/STAT3 pathway is involved in the IL4I1-
mediated EMT process in glioma cells. �e JAK2/STAT3 

Figure 3. IL4I1 knockdown in A712 and U138 cell lines. A, B) �e transfection e�ciency of A712 and U138 cell lines, respectively. C, D) IL4I1 mRNA 
levels in A712 and U138 cell lines across groups with blank cells, negative control, and IL4I1 knockdown, respectively. E, F) IL4I1 protein levels in A712 
and U138 cell lines across groups with blank cells, negative control, and IL4I1 knockdown, respectively. Quantitative results are presented as the mean 
± SEM (n=3). *p<0.05, **p<0.01; Abbreviations: IL4I1-interleukin 4-induced gene-1
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Figure 4. IL4I1 knockdown inhibits the malignant phenotypes of glioma cells. A) Cell migration assays showing the e�ects of IL4I1 knockdown on 
glioma cell migration. B) Cell invasion assays showing the e�ects of IL4I1 knockdown on glioma cell invasion. C, D) Cell viability was analyzed using 
CCK-8 assays. E) Cell proliferation was analyzed using EdU assays. F) Colony formation assay was carried out to assess A172 and U138 cells’ growth 
a�er IL4I1 knockdown for 14 days. Quantitative results are presented as the mean ± SEM (n=3). *p<0.05, **p<0.01; Abbreviations: IL4I1-interleukin 
4-induced gene-1; CCK-8-cell counting kit-8; EdU-5-ethynyl-2’-deoxyuridine



IL4I1 KNOCKDOWN INHIBITS GLIOMA 99

Figure 5. E�ects of IL4I1 knockdown on the EMT process. A) �e correlation between IL4I1 and EMT-related biomarkers in CGGA and TCGA co-
horts. �e width and color of the band in the circle represent the Pearson correlation coe�cients. �e width and color of the thin band around the 
circle represent the p-value. B) Western blotting showing changes in the expression of epithelial markers (E-cadherin and ZO-1) and mesenchymal 
markers (N-cadherin and vimentin) a�er IL4I1 knockdown. C) Western blotting showing the extracted membrane protein expression of E-cadherin 
and N-cadherin in each group. A�er IL4I1 knockdown, membrane E-cadherin level increased while membrane N-cadherin level decreased. D) Immu-
no�uorescence analysis showed that IL4I1 knockdown did not a�ect the protein expression level of E-cadherin; however, it prompted the distribution 
of E-cadherin from the nucleus to the cell membrane. Quantitative results are presented as the mean ± SEM (n=3). *p<0.05, **p<0.01; Abbreviations: 
IL4I1- interleukin 4-induced gene-1; EMT- epithelial-mesenchymal transition; CGGA-Chinese Glioma Genome Atlas; TCGA-�e Cancer Genome 
Atlas
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signaling pathway has been identi�ed as an immensely 
crucial pathway in driving the malignant phenotypes and 
EMT of glioma [17, 24]. Our pathway enrichment analysis 
results showed a signi�cant positive correlation between 
IL4I1 and the JAK2/STAT3 signaling pathway (Figure 6A).

To investigate whether IL4I1 regulates EMT through the 
JAK2/STAT3 pathway in A172 and U138 cells, we conducted 
subsequent experiments. Our WB analysis results showed 
that IL4I1 knockdown signi�cantly decreased the levels of 
phosphorylated JAK2 (p-JAK2) and phosphorylated STAT3 
(p-STAT3) (Figure 6B). Additionally, downregulation was 
observed in the relative levels of p-JAK2/JAK2 and p-STAT3/
STAT3 in the statistical results (Figure 6B).

To further con�rm this �nding, we exposed the cells to the 
JAK2/STAT3 pathway activator (RO8191). �e control groups 
were treated with dimethyl sulphoxide (DMSO). �e results 
revealed that the introduction of RO8191 partially counter-
acted the impact of IL4I1 knockdown on the phosphoryla-
tion of JAK2/STAT3 (Figure 6C). We subsequently found 
that treatment with RO8191 reduced ZO-1 expression while 
increasing vimentin expression (Figure 6D). Collectively, 
the JAK2/STAT3 pathway was found to be involved in IL4I1 
knockdown and functionally modulate EMT.

IL4I1 knockdown impedes glioma progression in vivo. 
A�er identifying the impact of IL4I1 knockdown in A172 
and U138 cells, we further validated its function in vivo 
(Figure 7A). Bioluminescence imaging data revealed signi�-
cant inhibition of tumor development in the sh#2-IL4I1 
group compared to that in the sh-Ctrl group on day 10 and 
21 (Figure 7B).

IHC staining assay of Ki-67 showed that IL4I1 knock-
down inhibited cell proliferation in vivo (Figure 7C). A�er 
IL4I1 knockdown, no changes were observed in the expres-
sion levels of E-cadherin and N-cadherin. Nevertheless, an 
increase in ZO-1 levels and a decrease in vimentin levels were 
observed (Figure 7D). �ese �ndings indicate that, in vivo, 
IL4I1 knockdown in gliomas impedes the tumor burden and 
reverses the EMT process.

Discussion

Glioma, originating from glial cell malignant transforma-
tion, is a leading cause of mortality among individuals with 
brain tumors [1, 25]. A major setback with current treatment 
approaches stems from gliomas’ ability to breach the blood-
brain barrier and exhibit unlimited proliferative potential 
[25, 26].

In recent years, IL4I1 has gained recognition as a key 
regulator of malignant tumor characteristics [5, 9]. A 
recent comprehensive bioinformatics analysis of IL4I1 also 
proposed that IL4I1 is �rmly related to the poor prognosis 
of multiple cancers [27]. Our bioinformatics analysis results 
also indicated that IL4I1 might have a signi�cant impact 
on intercellular communication and regulation in glioma 
(Figure 8). Research indicates that increased IL4I1 gene 

copy numbers in multiple tumor types are associated with 
unfavorable prognoses [28]. A recent prominent study has 
proposed that IL4I1 is a novel therapeutic target in cancer 
[29]. In this study, we examined the e�ect of IL4I1 knock-
down on malignant phenotypes, EMT-related biomarkers, 
and the underlying mechanism in gliomas. Our �ndings 
support the consideration of IL4I1 as a therapeutic target for 
gliomas.

In the present study, we utilized bioinformatic analysis 
of data from CGGA and TCGA databases, which encom-
pass extensive clinical samples representing diverse ethnic 
backgrounds, to explore the expression of IL4I1 in gliomas. 
Elevated IL4I1 levels are linked to an unfavorable prognosis 
of human gliomas. Our Cox analysis results also demon-
strated that IL4I1 has independent prognostic signi�cance in 
glioma patients.

Subsequently, through in vitro experiments, we con�rmed 
that IL4I1 knockdown e�ectively hampered the malignant 
characteristics of glioma cells. Given the role of EMT in 
dictating the metastatic and invasive behaviors of carcinoma 
cells, understanding EMT marker alterations is crucial for 
tumor diagnosis and treatment advancement [21, 30]. Part 
of the controversy surrounding the EMT process in glioma 
arises from the developmental origin of glial cells within the 
neuroepithelial lineage, which exhibit distinct behavior from 
that of classical epithelial cells [13]. Nonetheless, an EMT 
process is recognized in brain tumors, and a considerable 
amount of evidence links EMT to malignant progression and 
adverse outcomes in gliomas [13, 31].

�rough our subsequent experiments, we aimed to eluci-
date the impact of IL4I1 knockdown on the alterations in 
EMT-related biomarkers and their underlying molecular 
pathways. �e results revealed that IL4I1 knockdown upreg-
ulates ZO-1 expression (an epithelial marker) and downreg-
ulates vimentin expression (a mesenchymal marker). In 
this study, public database analysis and whole-cell lysate 
WB did not provide evidence for a signi�cant correlation 
between IL4I1 and E-cadherin or N-cadherin. However, 
we found that IL4I1 knockdown a�ected the membrane 
levels of E-cadherin and N-cadherin, as determined by 
membrane protein extraction followed by WB analysis. IF 
staining revealed that changes in the subcellular localiza-
tion of E-cadherin were evident upon IL4I1 knockdown in 
U138 cells. �e alteration manifested as signi�cantly reduced 
nuclear staining and increased membranous staining. Similar 
studies investigating changes in the subcellular localization of 
E-cadherin have been documented in other tumor types [32, 
33]. �erefore, IL4I1 knockdown could still exert an in�u-
ence on the phenomenon known as the “cadherin switch”. 
�e in�uence is manifested in the changes in the localization 
of the E-cadherin and N-cadherin. �is �nding also suggests 
to us the signi�cance of not solely focusing on alterations in 
the whole-cell expression levels of the “cadherin switch” but 
also considering modi�cations in their intracellular localiza-
tion when investigating EMT in gliomas.
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Figure 6. IL4I1 knockdown inhibits the EMT process by suppressing the JAK2/STAT3 pathway in vitro. A) Positive correlation between the JAK2/
STAT3 pathway and IL4I1 by GSEA analysis in CGGA and TCGA cohorts. B) �e e�ects of IL4I1 knockdown on the protein levels of the JAK2/STAT3 
pathway via Western blotting. C) �e addition of RO8191 partially counteracted the e�ect of IL4I1 knockdown on the JAK2/STAT3 phosphorylation. 
D) Changes in EMT-related biomarker expression a�er the JAK2/STAT3 pathway reactivation. Quantitative results are presented as the mean ± SEM 
(n=3). *p<0.05, **p<0.01; Abbreviations: IL4I1-interleukin 4-induced gene-1; EMT-epithelial-mesenchymal transition; JAK2/STAT3-Janus-activated 
kinase 2/signal transducer and activator of transcription 3; GSEA-Gene Set Enrichment Analysis; CGGA-Chinese Glioma Genome Atlas; TCGA-�e 
Cancer Genome Atlas
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Figure 7. IL4I1 knockdown suppresses glioma growth, proliferation, and the EMT process in vivo. A) Schematic diagram of the xenogra� tumor model. 
B) Representative image and statistical results of tumor-bearing nude mice in each group. C) Representative IHC staining images of IL4I1 and the cell 
proliferation indicator Ki67 a�er IL4I1 knockdown. D) Representative IHC staining images of EMT-related biomarker (E-cadherin, N-cadherin, ZO-
1, and vimentin) expression a�er IL4I1 knockdown. Quantitative results are presented as the mean ± SEM (n=6). *p<0.05, **p<0.01; Abbreviations: 
IL4I1-interleukin 4-induced gene-1; EMT-epithelial-mesenchymal transition; IHC-immunohistochemistry

�e involvement of the JAK2/STAT3 pathway in EMT 
has been de�nitively established [17, 34]. In this study, we 
conducted a more in-depth examination of the correlations 
among IL4I1, EMT, and the JAK2/STAT3 pathway. Our 
�ndings unequivocally demonstrate that IL4I1 knockdown 

signi�cantly decreases the p-JAK2 and p-STAT3. By intro-
ducing RO8191 to rescue the JAK2/STAT3 pathway, we found 
that IL4I1 modulates the JAK2/STAT3 pathway to hinder 
the EMT process in glioma cells. Reactivation of the JAK2/
STAT3 pathway e�ectively counteracts the regulatory in�u-
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ence of IL4I1 on EMT biomarkers. Furthermore, the results 
of in vivo investigations have indicated that the suppression 
of IL4I1 inhibits tumor growth. IHC assays indicated that 
downregulating IL4I1 inhibits tumor cell proliferation and 
mitigates the EMT process.

Nevertheless, this study is subject to certain constraints. 
First, the analysis of patients’ data was retrospective, based 
on a limited sample size, and lacked molecular classi�cation. 
Second, a series of subsequent investigations may be neces-
sary to determine the alterations in the glioma phenotype 
induced by IL4I1 overexpression and the potential under-
lying mechanisms involved. Finally, the potential underlying 
mechanisms by which IL4I1 di�erentially in�uences various 
EMT-biomarkers require further investigation, which is also 
the focus of our forthcoming research.

To summarize, the research �ndings indicate the signi�-
cant upregulation of IL4I1 in glioma, which exhibits a strong 
correlation with unfavorable patient prognosis. IL4I1 knock-
down could inhibit the malignant phenotypes of glioma in 
vitro and in vivo. Importantly, we found that IL4I1 knock-
down signi�cantly a�ects the expression levels and localiza-
tion of EMT-related biomarkers, with this in�uence being 
at least partially mediated by the JAK2/STAT3 signaling 
pathway. Consequently, the �ndings of this study contribute 

Figure 8. GO and KEGG enrichment analysis revealed that IL4I1 is closely related to intercellular communication and regulation in glioma. A–C) 
Signi�cantly enriched GO terms associated with BP, CC, and MF annotations in the CGGA cohort. D) Enrichment analysis of IL4I1-related pathway 
in the CGGA cohort. E–G) Signi�cantly enriched GO terms associated with BP, CC, and MF annotations in TCGA cohort. H) Enrichment analysis of 
IL4I1-related pathway in TCGA cohort. Abbreviations: GO-Gene Ontology; KEGG-Kyoto Encyclopedia of Gene and Genomes; IL4I1-interleukin 4-in-
duced gene-1; BP-biological processes; CC-cellular components; MF-molecular functions; CGGA-Chinese Glioma Genome Atlas; TCGA-�e Cancer 
Genome Atlas

to a more profound comprehension of the pathogenesis of 
glioma and the development of therapeutic strategies.

Supplementary information is available in the online version 
of the paper.
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Supplementary Table S1. Primary antibodies used in this research.
Antibody 
name Species Vendor Catalog number

IL4I1 Rabbit A�nity Biosciences DF4819#311
E-cadherin Mouse ProteinTech 60335-1-lg
N-cadherin Rabbit ProteinTech 22018-1-AP
ZO-1 Mouse ProteinTech 66452-1-lg
Vimentin Rabbit ProteinTech 10366-1-AP
JAK2 Rabbit A�nity Biosciences AF6022
p-JAK2 Rabbit A�nity Biosciences AF3024
STAT3 Rabbit A�nity Biosciences AF6294
p-STAT3 Rabbit A�nity Biosciences AF3293
Ki67 Rabbit ProteinTech 27309-1-AP

Supplementary Table S2. Association of IL4I1 expression with the clini-
cal parameters in gliomas.

Parameter Total
L4I1 expression

Low High p-value
Total 76 35 (46.1%) 41(53.9%)
Gender 0.193

Male 33 18 (51.4%) 15 (36.6%)
Female 43 17 (48.6%) 26 (63.4%)

Age (year) 76 41.26±11.56 47.5±11.68 0.022
WHO grade 0.003

Low-grade (I–II) 36 23 (65.7%) 13 (31.7%)
High-grade (III–IV) 40 12 (34.3%) 28 (68.3%)

Tumor location 0.375
Temporal 28 15 (42.9%) 13 (31.7%)
Frontal 37 14 (40.0%) 23 (56.1%)
Other 11 6 (17.1%) 5 (12.2%)

Tumor diameter (cm) 0.960
≤4 28 13 (37.1%) 15 (36.6%)
>4 48 22 (62.9%) 26 (63.4%)

KPS score 0.278
<80 34 18 (51.4%) 16 (39.0%)
≥80 42 17 (48.6%) 25 (61.0%)

Abbreviation: IL4I1 – interleukin 4-induced gene-1; KPS – Karnofsky 
performance status
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Supplementary Table S3. Univariate and multivariate analysis of prognostic param-
eters for overall survival (OS) in Chinese Glioma Genome Atlas (CGGA) cohort.

Parameter
Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value
MGMT status 0.830 (0.632–1.089) 0.178
1p/19q codel 0.170 (0.104–0.277) <0.001 0.229 (0.137–0.385) <0.001
IDH status 0.355 (0.269–0.468) <0.001 1.080 (0.776–1.504) 0.648
Age 1.033 (1.020–1.046) <0.001 1.014 (1.002–1.027) 0.020
Gender 0.941 (0.716–1.236) 0.660
WHO grade* 5.657 (3.917–8.171) <0.001 4.273 (2.889–6.321) <0.001
IL4I1 expression 1.093 (1.067–1.118) <0.001 1.043 (1.012–1.074) 0.005

Note: *WHO grade I and II gliomas were classi�ed as low-grade, and WHO grade III 
and IV gliomas were classi�ed as high-grade. Abbreviations: CI – con�dence interval; 
HR – hazard ratio; MGMT – O6-methylguanine-DNA methyltransferase; 1p/19q – 
chromosome arms 1p and 19q; IDH – isocitrate dehydrogenase; IL4I1 – interleukin 
4-induced gene-1

Supplementary Table S4. Univariate and multivariate analysis of prognostic param-
eters for overall survival (OS) in �e Cancer Genome Atlas (TCGA) cohort.

Parameter
Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value
MGMT status 0.312 (0.225–0.433) <0.001 0.902 (0.613–1.328) 0.602
1p/19q codel 0.220 (0.130–0.375) <0.001 0.533 (0.283–1.004) 0.051
IDH status 0.091 (0.064–0.129) <0.001 0.343 (0.200–0.590) <0.001
Age 1.075 (1.063–1.088) <0.001 1.060 (1.045–1.075) <0.001
Gender 1.001 (0.743–1.347) 0.997
WHO grade* 6.103 (3.890–9.574) <0.001 2.259 (1.356–3.763) 0.002
IL4I1 expression 1.805 (1.613––2.020) <0.001 1.206 (1.044–1.392) 0.011

Note: *WHO grade I and II gliomas were classi�ed as low-grade, and WHO grade III 
and IV gliomas were classi�ed as high-grade. Abbreviations: CI – con�dence interval; 
HR – hazard ratio; MGMT – O6-methylguanine-DNA methyltransferase; 1p/19q – 
chromosome arms 1p and 19q; IDH – isocitrate dehydrogenase; IL4I1 – interleukin 
4-induced gene-1




