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Abstract
Background: Interferon regulatory factor-1 (IRF1) affects the proliferation of colorectal cancer (CRC).
Recombinant interferon inducible protein 35 (IFI35) participates in immune regulation and cell
proliferation. The aim of the study was to examine whether IRF1 affects the radiation sensitivity of CRC
by regulating IFI35.
Methods: CCL244 and SW480 cells were divided into five groups: blank control, IFI35 upregulation, IFI35
upregulation control, IFI35 downregulation, and IFI35 downregulation control. All groups were treated with
X-rays (6 Gy). IFI35 activation by IRF1 was detected by luciferase reporter assay. The GEPIA database
was used to examine IRF1 and IFI35 in CRC. The cells were characterized using CCK-8, EdU, cell cycle,
clone formation, flow cytometry, reactive oxygen species (ROS), and mitochondrial membrane potential.
Nude mouse animal models were used to detect the effect of IFI35 on CRC.
Results: IRF1 can bind to the IFI35 promoter and promote the expression of IFI35. The expression
consistency of IRF1 and IFI35 in CRC, according to GEPIA (R = 0.68, p < 0.0001). After irradiation, the
upregulation of IFI35 inhibited cell proliferation and colony formation and promoted apoptosis and ROS,
while IFI35 downregulation promoted proliferation and colony formation and reduced apoptosis, ROS,
and mitochondrial membrane potential were also reduced. The in vivo experiments supported the in vitro
ones, with smaller tumors and fewer liver metastases with IFI35 upregulation.
Conclusions: IRF1 can promote IFI35 expression in CRC cells. IFI35 is involved in the regulation of
radiosensitivity of CRC cells and might be a target for CRC radiosensitization.

Background
Colorectal cancer (CRC) is a malignant tumor of the intestine originating from the colon or rectum [1]. It is
the third most common malignant disease in the world and the fourth leading cause of cancer death [2].
In the past few decades, the incidence and mortality of CRC worldwide are steadily increasing [3, 4].
According to statistics from the American Cancer Society, there were 145,600 new cases of CRC and
51,020 deaths in the United States in 2019 [5]. Radical surgery combined with adjuvant radiotherapy is
the main method for the treatment of CRC [6, 7]. Nevertheless, inherent and acquired radiation resistance
of many patients with CRC can lead to treatment failure. Many genes, including EGFR, P53, Bcl-2, and NFκB, are related to the radiosensitivity of various tumor cells, but the clinical application of these markers
in radiotherapy is still controversial [8]. Therefore, in order to improve the effectiveness of radiotherapy for
CRC, there is an urgent need for further research and discovery of potential targets related to radiation
resistance and the development of new treatment strategies to improve the radiosensitivity of CRC.
Interferon regulatory factor-1 (IRF1) is a member of the IRF family, which is stimulated by interferon-γ
and/or tumor necrosis factor (TNF)-α. It is expressed in lymphocytes, monocytes, tumor cells, and many
other cell types (including intestinal epithelial cells) [9]. Yuan et al. [10] found that IFN-γ can
transcriptionally regulate IRF1 to induce miR-29b expression, which can inhibit the invasion and
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metastasis of CRC by inhibiting the PI3K/Akt pathway. A positive feedback loop is formed between IRF1
and miR-29b, and this regulation can significantly increase the sensitivity of CRC to IFN-γ, thus providing
a new way for the development and treatment of CRC.
Recombinant interferon inducible protein 35 (IFI35) (also known as IFP35) is a leucine zipper protein
regulated by interferon. IFI35 is expressed in a variety of cell types, including monocytes/macrophages,
epithelial cells, and fibroblasts [11]. Co-localization experiments with dual immunofluorescence and
confocal laser scanning microscopy showed that IFI35 has no specific localization relationship with any
organelles, including mitochondria, peroxisomes, endoplasmic reticulum, lysosomes, endosomes, Golgi
complex, ribosomes, and actin, among others [12]. The subcellular structure typing of membraneassociated proteins isolated from cytoplasmic proteins indicates that IFI35 is localized in the cytoplasm
[12]. Electron microscopy studies showed that IFI35 aggregated into cytoplasmic clusters in IFN-treated
cells, and these cells were neither associated nor surrounded by a membrane [12]. Combining
immunoprecipitation and immunofluorescence studies, cells transfected with the hemagglutinin epitope
IFI35 expression construct showed complex formation and co-localization of endogenous and
transfected IFI35 [12]. In summary, IFI35 is associated with a unique cytoplasmic structure, which is
different from known organelles and similar to large protein aggregates [13].
A previous study by our group showed that the expression of the interferon-induced proteins IFI6, IFI35,
and IFITM1 was increased after IRF1 was upregulated. Other studies also showed that these three
interferon-induced proteins are involved in the immune response caused by viral infections [14–16].
Nevertheless, they are also involved in the development and prognosis of various tumors. Cheriyath et al.
[17] found that mtROS induced by IFI6 has a direct role in the formation of migration structures and
nuclear gene expression, which can promote breast cancer cell metastasis, and interrupting the
mitochondrial function of IFI6 may improve the prognosis of breast cancer. In addition, both IRF1 and IFI6
are positively correlated with the drug-specific chemical sensitivity of gastric cancer [18]. Lui et al. [19]
found that the over-expression of IFITM1 could promote the occurrence and development of breast
cancer, and targeted therapy against IFITM1 might be beneficial to breast cancer patients who are
resistant to endocrine therapy. IFI35 negatively regulates IFN-β phosphorylation of the STAT1-RIG-ICXCL10/CCL5 axis in polyinosinic acid-polycytidylic acid-treated astrocytoma cells [20]. Yang et al. [21]
found that IRF1 could directly bind to a site of the IFI35 promoter and activate IFI35 expression in HeLa
cells in an IFN-γ-induced manner. In view of those results and our previous results, IFI35 was selected as
the subject of this research.
In view of the special structure of IFI35 and characteristics in cells, and since IFI35 is involved in the
immune regulation of various diseases, it could be hypothesized that IFI35 and IRF1 downstream could
participate in the radiosensitivity of CRC. Therefore, the aim of the study was to examine whether IRF1
affects the radiation sensitivity of CRC by regulating IFI35. The results could provide additional data for
eventually circumventing radiation resistance in cancer.

Methods
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Cell culture
Our previous study revealed that CCL244 and SW480 cells were relatively radiation-resistant cell lines
among seven types of CRC cells[22]. The present study mainly explored how to enhance the radiation
sensitivity of CRC. Therefore, these two types of cells were used for in vitro experiments. CCL244 and
SW480 cells were obtained from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and
maintained in Dulbecco's modified Eagle's medium (Hyclone, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum and 100 U/mL penicillin-streptomycin at 37℃ and 5%
CO2.
IRF1 and IFI35 infection
The shRNA against IFI35 (5’-GCT CAA CAT TCC TGA TAT CTT TCA AGA GAA GAT ATC AGG AAT GTT
GAG CTT TTT T-3’), IRF1 (sh1: 5’-GGC TCA TCT GGA TTA ATA AAG TTC AAG AGA CTT TAT TAA TCC AGA
TGA GCC TTT TTT-3’, sh2: 5’-GGA AAT TAC CTG AGG ACA TCA TTC AAG AGA TGA TGT CCT CAG GTA
ATT TCC TTT TTT-3’) and NC as control (5’-TTC TCC GAA CGT GTC ACG TTT CAA GAG AAC GTG ACA
CGT TCG GAG AAT TTT TT-3’) were obtained from Vigene Biosciences (Vigene Biosciences, Inc.,
Rockville, MD, USA) , inserted into the lentivirus (LV) expression vectors and packaged into viral particles.
CCL244 and SW480 cells were used for subsequent infection. After 72 h, the cells were harvested and
selected in a medium containing 3 μg/mL puromycin (Sigma-Aldrich, St. Louis, MO, USA). The stable
IFI35 or IRF1 knocked-down cell lines were validated using western blot.
For viral infection, the adenovirus expression vectors IFI35 (Ad-IFI35), IRF1 (Ad-IRF1), and negative control
(Ad-NC) were obtained from Hanbio Biotechnology (containing RFP, Shanghai, China). The cells were
infected by Ad-IFI35, Ad-IRF1, and Ad-NC to achieve IRF1 and IFI35 overexpression and used for the
relevant experiments 48 h after infection.
Detection of luciferase reporter gene
The pGL-3 vector containing luciferase IFI35 promoter, blank control pGL-3 basic, and Renilla luciferase
reporter gene vector pRL-TK-Renilla were from Jinan Weizhen Co. (Jinan, China). The Ad-IRF1 and Ad-NC
cells were digested and placed in 24-well plates. After the cells adhered, pGL-3 basic, pGL-3-IFI35, and TK
were transfected using Lipofectamine 3000 (Invitrogen Inc., Carlsbad, CA, USA) according to the
manufacturer’s instructions. After transfection for 6 h, the medium was replaced. The cells were
incubated at 37 °C for 48 h. The medium was removed, and the cells were washed with 100 µL of PBS
twice. The 1 × Passive Lysis Buffer (Dual-Luciferase Reporter Assay System E1910, Promega, Madison,
WI, USA) was prepared and added (200 µL) to each well. After 20 min, the mixture was centrifuged at
13,000 rpm for 30 s, and 50 µL of the supernatant was transferred to a white opaque 96-well microplate.
The pre-mixed LARII solution (30 µL) of the Promega Dual-Luciferase kit (Dual-Luciferase Reporter Assay
System E1910, Promega, Madison, WI, USA) to each well. The results were read on a microplate reader
(Varioskan LUX, Thermo Fisher Scientific, Waltham, MA, USA). Finally, a BCA kit (P0011, Beyotime,
Shanghai, China) was used to determine the protein concentration of each well for correction.
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GEPIA database
The results of IRF1 and IFI35 in CRC were validated using the GEPIA database, which is a database for
cancer and normal gene expression [23].
Cell proliferation assay
The logarithmic-phase cells of the IFI35 groups were resuspended to 1×104/well in 100 µL in 96-well
plates, with eight replicate wells were each set. After adherence, the cells were irradiated with 6 Gy of Xrays. Cell viability was measured at 24, 48, and 72 h after irradiation using a CCK-8 kit (PF724, Dojindo
Molecular Technologies, Kimamoto, Japan). A multi-functional microplate reader was used to detect the
OD value at a wavelength of 450 nm. The cell viability rate was calculated with the following formula: cell
viability rate = (OD in experimental group/OD in the mock group) × 100%. Graphpad 6.0 software
(GraphPad Software Inc., San Diego, CA, USA) was used to analyze and plot the growth curve. Three
independent experiments were performed in quadruplicates.
Colony formation assay
The cells were seeded on 6-well plates at a density of 2000 cells/well. After 24 h, both CCL244 and
SW480 were exposed to X-rays with a dose of 6 Gy. After 14 days of incubation at 37 °C, the colonies
were stained with Giemsa (418033, Besso Biotechnology Co., Ltd., Zhuhai, China), and those with a
minimum of 50 viable cells were counted. This process was repeated three times. The cloning efficiency
was calculated as a ratio of the number of colonies formed divided by the total number of cells plated.
Flow cytometric analysis of cell apoptosis assays
Following conventional digestion, cells in the logarithmic growth phase were used to prepare a single cell
suspension; 2 × 105 cells/mL were seeded in 6-well plates. After treatment for 48 h, all cells were collected
and centrifuged at 2000 rpm for 5 min; the supernatant was discarded after washing with PBS, and
centrifugation was repeated twice. The cells were stained with fluorescein FITC-conjugated Annexin V
and PI (40302ES60, Yeasen, Shanghai, China) and analyzed by flow cytometry (Beckman Coulter, Brea,
CA, USA). The ratio of both early and late apoptosis cells was calculated [22].
Flow cytometric analysis of cell cycle
After treatment, cells in the logarithmic growth phase were collected and fixed with 70% precooled
ethanol overnight. After staining with propidium iodide (10 μg/mL, Sigma-Aldrich, St Louis, MO, USA) in
the dark for 30 min, flow cytometry was performed on a FACSCalibur Flow Cytometer system (BD
Biosciences, San Jose, California, USA) and the cell cycle distribution was analyzed with the Flow-Jo 7.6
software (BD Biosciences, San Jose, California, USA) [24].
Western blotting
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The proteins in cell lysates were resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane, which was blocked with PBS/Tween-20
containing 5% bovine serum albumin. The membranes were incubated with antibodies against IRF1
(1:500, ab186384, Abcam, Cambridge, UK), IFI35 (1:500, ab233415, Abcam, Cambridge, UK), Bcl-2
(1:1000, #15071, Cell Signaling Technology, MA, USA), cleaved Caspase-3 (1:500, ab2302, Abcam,
Cambridge, UK), cleaved Caspase-9 (1:200, ab2324, Abcam, Cambridge, UK), Bax (1:1000, #5023, Cell
Signaling Technology, Inc., Danvers, MA, USA), and Tubulin (1:1000, GB13017-2, Servicebio, Woburn, MA,
USA). Goat anti-mouse primary antibodies (1:1000, A0208) and goat anti-rabbit secondary antibodies
(1:1000, A0216) were from Beyotime (Shanghai, China).
Measurement of mitochondrial membrane potential
CRC cells of different treatment groups were inoculated into a six-well plate at a cell density of 60%. After
the cells adhered, there were irradiated with 6 Gy of X-rays. After 24 h, the medium was removed, and the
cells were washed three times with PBS. Then, 500 µL of JC-1 probe (1:1000, ab113850, Abcam,
Cambridge, UK) diluted in serum-free medium (DMEM and RPMI1640) was added to each well. The cells
were incubated at 37 °C for 1 h. The medium was removed, the cells were washed three times with PBS,
and the cells were imaged at 20 × under a microscope (DM IL LED, Leica, Wetzlar, Germany).
Detection of oxygen free radicals
The cells were resuspended in a six-well plate. After the cells adhered, they were irradiated with 6 Gy of Xrays. After 12 h, the medium was discarded, and the cells were washed three times with PBS. After
digesting with trypsin, the cells were resuspended, placed in a centrifuge tube, and centrifuged at 1200
rpm for 5 min. The cells were washed twice with PBS. After centrifugation, the supernatant was
discarded, and the cell pellet was collected. The fluorescent probe DCFH-DA (S0033M, Beyotime,
Shanghai, China) was diluted 1:1000 with PBS, and the mixture was added to resuspend the cell pellet
and placed in a 37 °C water bath for 30 min. The cells were shaken every 5 min. After loading the
fluorescent probe, the mixture was centrifuged at 1200 rpm for 5 min; the cells were washed three times
with PBS, resuspended in 1 mL of new PBS, and, finally, flow cytometry was used for detection.
Animal experiments
Four-week-old male BALB/c nude mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The mice were maintained under standard laboratory conditions on a 12-h light-dark
cycle and given access to sterilized food and water under a specific pathogen-free environment. For the
subcutaneous injection, CCL244 cells (5 × 104) were suspended in 100 μL of PBS and inoculated
subcutaneously into the right posterior flank region of the mice. The mice were divided into five groups: 1)
Control group without treatment; 2) Ad-IFI35 group; 3) Ad-NC group; 4) shRNA-IFI35 group; and 5) shRNANC group (n = 5/group). Two-dimensional measurements were taken with an electronic caliper every 3
days, and the tumor volume in mm3 was calculated using the formula: volume = a × b2/2, where a was
the longest diameter and b the shortest diameter. When the tumor volume in all groups reached 80 mm3
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on the fifth day, the local tumor was irradiated with 8 Gy of X-ray. Tumor volume was measured every 4
days, and the mice were sacrificed on the 29th day. The tumors were frozen at -80 °C or fixed in 10%
formalin overnight and subjected to routine histological examination. Next, liver metastasis models were
established by tail vein injection of IFI35-up/down-regulated and control CCL244 cells (the grouping is the
same as above). The metastatic liver tumors were frozen at -80 °C or fixed in 10% formalin overnight and
subjected to routine histological examination. The method of sacrifice of the animals was as follows:
The nude mouse was placed into the euthanasia box, and carbon dioxide was infused into the box at a
rate of 10-30% of the solvent in the euthanasia box per min. It was ensured that the nude mouse did not
move, had no breathing and had dilated pupils. The carbon dioxide was turned off, followed by
observation for 2 min to confirm that the nude mouse was dead.
Ethics
This study was approved by the Institutional Animal Care and Use Committee (#KY-2020-010) [25-27].
Hematoxylin and eosin (H&E) staining
Subcutaneous tumor and liver tissues were fixed in 10% neutral-buffered formalin and embedded in
paraffin. Paraffin sections (about 3 µm) were deparaffinized and heat-treated with citrate buffer, pH 6.0,
for 7 min following an epitope retrieval protocol. The sections of the subcutaneous tumor and liver were
stained with H&E. All slides were examined under a microscope and photographed. Representative
images were randomly selected from each sample.
Immunohistochemistry
Sections (3 µm) were deparaffinized, and the antigens were retrieved in citrate buffer (pH 6.0) under heat.
Endogenous peroxidase was blocked using H2O2 for 15 min, and non-specific binding was blocked with
4% skim milk for 30 min. The sections were incubated with the primary antibody against Bcl-2 (1:100,
Abcam, Cambridge, UK) overnight at 4 °C. The secondary antibody was added and incubated 30 min at
room temperature and revealed using the Dako LSAB2 system (Dako, Glostrup, Denmark). The sections
were counterstained with hematoxylin. The sections were scored as negative (-, < 10% of staining), weakly
positive (+, 10%-25% of staining), moderately positive (++, 25%-75% of staining), and strongly positive
(+++, > 75% of staining).
Statistical analysis
Data are expressed as mean±SD (n=3). The data were evaluated using an unpaired two-sided Student’s ttest after confirming that the data met appropriate assumptions (normality, homogeneous variance, and
independent sampling). When more than two groups were compared, one-way ANOVA was adopted
followed by Tukey’s post hoc test. For all in vitro experiments, five biological replicates were analyzed. For
all in vivo experiments, three biological replicates were analyzed for each condition. Statistical analysis
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was performed using Prism 6.01 software (GraphPad Software, La Jolla, CA, USA). The differences were
considered significant if p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

Results
In CRC cells, IRF1 can bind to the IFI35 promoter and promote IFI35 expression, and the two genes are
positively correlated in CRC
The luminescence values were detected in three groups: TK + pGL-3 basic, Ad-NC:TK + pGL-3-IFI35, and
Ad-IRF1:TK + pGL-3-IFI35. The results showed that compared with the control group, the expression of the
luciferase reporter gene in the promoter region containing IFI35 was significantly increased after IRF1
was upregulated, suggesting that IRF1 could bind to and activate the promoter region of IFI35 and
promote the expression of IFI35 (Fig. 1A). After infecting CRC cells with downregulating lentivirus and
upregulating adenovirus, western blot was used to detect the expression of the IRF1 and IFI35 proteins in
CRC cells. It was found that IRF1 could affect IFI35 expression (Fig. 1B), but that IFI35 could not affect
the expression of IRF1 in turn (Fig. 1C). By searching the GEPIA database, it was found that the
expression of IRF1 and IFI35 in CRC had a strong consistency (R = 0.68, p < 0.0001) (Fig. 1D). Taken
together, the results suggest that IRF1 can regulate the expression of IFI35, and their expression is
positively correlated.
IFI35 upregulation combined with X-ray can significantly inhibit the proliferation and colony formation of
CRC cells
CCK8 was used to detect the proliferation of CRC cells. It was found that the upregulation of IFI35 could
significantly inhibit the proliferation of CRC cells, whereas the downregulation of IFI35 promoted the
proliferation of CRC cells (Fig. 2A). Flow cytometry was used to detect the cell cycle changes of CRC cells.
It was found that the upregulation of IFI35 could significantly prolong the G2 phase, while the G1 and the
S phases were relatively reduced. On the other hand, the downregulation of FI35 could cause the G2
phase to shorten significantly, and the G1 and S phases increased relatively. IFI35 could significantly
inhibit the division of colorectal cancer cells, leading to a delay of cell entry into the G1 and S phases,
thus leading to G2 phase arrest and shortening of the G1 and S phases (Fig. 2B). Cells of different
treatment groups were inoculated in 60-mm cell culture dishes. Each group of cells was seeded with 2000
cells. After the cells adhered, they were fixed 14 days after irradiation, stained with Giemsa, and counted.
The results showed that the clone formation rate after IFI35 was upregulated was significantly lower than
that of the other groups, while the clone formation rate was significantly increased after IFI35 was
downregulated (Fig. 2C). Taken together, X-ray irradiation after the upregulation of IFI35 could
significantly inhibit the proliferation and colony formation of CRC cells and increase the radiation
sensitivity of CRC cells.
IFI35 upregulation combined with X-ray can obviously promote the apoptosis of CRC cells and promote
the expression of pro-apoptotic proteins
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Flow cytometry was used to detect the changes in CRC cell apoptosis in different treatment groups. It
was found that the upregulation of IFI35 could obviously promote the apoptosis of CRC cells caused by
irradiation, while the downregulation of IFI35 could significantly reduce the apoptosis caused by
irradiation. Flow cytometry was used to detect the changes in CRC cell apoptosis in the different
treatment groups. It was found that the upregulation of IFI35 could obviously promote the apoptosis of
CRC cells caused by irradiation, while the downregulation of IFI35 could significantly reduce the
apoptosis caused by irradiation (Fig. 3A). In addition, western blot was used to detect the expression of
apoptosis-related proteins. It was found that the upregulation of IFI35 could significantly promote the
expression of Bax, caspase-3, and caspase-9 and inhibit the expression of Bcl-2. On the other hand,
downregulating IFI35 inhibited Bax, caspase-3, and caspase-9 expression and promoted Bcl-2 expression
(Fig. 3B). In summary, IFI35 could significantly increase the apoptosis of CRC cells caused by X-rays.
IFI35 upregulation combined with X-ray could significantly promote reactive oxygen species and increase
mitochondrial membrane potential in CRC cells
At 48 h after irradiation, flow cytometry was used to detect oxygen free radicals in the different treatment
groups. The results showed that the oxygen free radical content significantly increased after IFI35 was
upregulated, and the oxygen free radical content was significantly reduced after IFI35 was downregulated
(Fig. 4A). Therefore, it indirectly reflects that the upregulation of IFI35 can lead to increased DNA damage
of CRC cells, and the downregulation of IFI35 can reduce the DNA damage of cells.
The different treatment groups were stained with JC-1 after being irradiated with 6 Gy for 24 h. The
results showed that compared with the blank control and the negative control groups, the green
fluorescence increased, and the mitochondrial membrane potential increased after IFI35 was upregulated.
After IFI35 was downregulated, JC-1 resumed aggregation in the mitochondrial matrix and produced red
fluorescence, and the green fluorescence was weaker (Fig. 4B). Therefore, the results show that the
upregulation of IFI35 could significantly increase the radiation-induced increase in mitochondrial
membrane potential of CRC cells and induce apoptosis.
IFI35 upregulation combined with X-ray could significantly inhibit the formation of CRC subcutaneous
tumors and distant metastasis
After the X-ray irradiation of CRC cells, the in vivo experiments showed that the growth rate of
subcutaneous CRC was significantly inhibited after IFI35 was upregulated, while the growth rate of nude
mice tumors after IFI35 downregulation was significantly higher than that of the other treatment groups
(Fig. 5A). The tumors were the smallest in the IFI35 upregulation group and the largest in the IFI35
downregulation group (Fig. 5B). Under the condition of X-ray irradiation, the incidence of CRC liver
metastasis was significantly reduced after IFI35 was upregulated, and the number of metastases and the
size of metastases were lower than in the other groups. The incidence of liver metastases after IFI35 was
downregulated was significantly higher than in the other treatment groups, and the number of metastasis
and size of tumors was the highest. There were significant differences in liver tumor lesions among the
different treatment groups, and the results were consistent with the general specimens (Fig. 5C).
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Immunohistochemistry was used to detect the apoptotic protein BCL-2 in CRC subcutaneous tumors and
liver metastases. The results showed that irrespective of the lesion location, the expression of Bcl-2 was
reduced after IFI35 was upregulated, but the expression of Bcl-2 was significantly increased in IFI35
downregulated tissues, which means that IFI35 could obviously promote the apoptosis of CRC cells in
vivo (Fig. 5D). These results are consistent with the results of the cell experiments.

Discussion
IRF1 affects the proliferation of CRC [10]. IFI35 participates in immune regulation and cell proliferation.
The role of IRF1 and IFI35 in CRC radiosensitivity is poorly understood. Therefore, the aim of the study
was to examine whether IRF1 affects the radiation sensitivity of CRC by regulating IFI35. The results
suggest that IRF1 can promote IFI35 expression in CRC cells. IFI35 is involved in the regulation of
radiosensitivity of CRC cells and might be a target for CRC radiosensitization.
In this study, after X-ray irradiation, the upregulation of IFI35 could significantly inhibit the proliferation
and colony formation of CRC cells. In addition, G2 phase arrest occurred, and the production of oxygen
free radicals, mitochondrial membrane potential, and the apoptosis rate increased significantly. On the
other hand, the reverse results were obtained after IFI35 was downregulated. These experimental results
indicate that the upregulation of IFI35 could significantly promote the radiosensitivity of CRC cells. This
phenomenon might be mainly achieved by regulating the oxygen free radicals of CRC cells and the
mitochondrial membrane potential to affect apoptosis. In addition, consistent results were obtained with
the animal experiments and showed that the upregulation of IFI35 could significantly inhibit liver
metastasis of CRC, which is also consistent with the results caused by the upregulation of IRF1 reported
earlier. Therefore, the effect of IFN-γ-mediated IRF1 on the occurrence and development of colorectal
cancer cells and radiosensitivity might be achieved by regulating IFI35. Interestingly, we chose another
interferon-inducible protein IFI6 as a comparison and found that the proliferation of CRC cells was also
significantly inhibited after IFI6 was upregulated (Fig. 6). This result implies that IRF1 might play a role by
regulating a series of interferon-induced proteins in the occurrence and development of CRC and the
radiosensitivity of CRC, but it is still not clear whether IRF1 can directly participate in the regulation of IFI6
promoter and the expression of IFI6. Nevertheless, it is clear that IRF1 can directly participate in the
regulation and expression of IFI35 and form the IFN-γ/IRF1/IFI35 axis to play a role in CRC. Indeed, IFI6
has a direct role in the formation of migration structures in breast cancer metastasis [17]. In addition, the
expression of IRF1 and IFI6 are is associated with drug sensitivity in gastric cancer [18]. IFITM1 promotes
breast cancer [19]. IFI35 negatively regulates IFN-β phosphorylation in astrocytoma cells [20]. IRF1
directly binds to the IFI35 promoter and activates IFI35 expression in HeLa cells in an IFN-γ-induced
manner [21]. Nevertheless, the exact mechanisms involved remain to be elucidated.

Conclusions
In conclusion, IFI35 is regulated by IRF1 and is involved in the proliferation, metastasis, and radiation
sensitivity of CRC. IRF1/IFI35 is not the only mechanism regulating the biological behavior of CRC, but it
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certainly plays an important role. The IRF1/IFI35 axis could be a treatment target against CRC.
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IRF1
interferon regulatory factor-1
CRC
colorectal cancer
IFI35
recombinant interferon inducible protein 35
ROS
reactive oxygen species
TNF
tumor necrosis factor
H&E
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Figures

Figure 1
IRF1 regulates the expression of IFI35, and their expression is positively correlated. (A) Luciferase reporter
assay for the binding of IRF1 and IFI35 promoter and the regulation of IRF1 on IFI35. The bars show the
fold of IFI35 expression relative to the empty vector. (B) Western blot was used to verify the expression of
IFI35 after down- or upregulating IRF1. The results suggest that IRF1 modulates the expression of IFI35.
(C) Western blot was used to verify the expression of IRF1 after down- or upregulating IFI35. The results
suggest that IFI35 does not modulate the expression of IRF1. (D) The correlation between IRF1 and IFI35
expression was retrieved from the GEPIA database. **p < 0.01, ****p < 0.0001. Data was expressed as the
mean±SD (n=3). Ad-NC: adenovirus, negative control; Ad-IRF1, adenovirus for IRF1 overexpression; sh:
short hairpin RNA for the downregulation of IRF1 or IFI35. shNC: negative control short hairpin RNA.
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Figure 2
Effect of IFI35 on X-ray irradiation and the proliferation and colony formation of colorectal cancer cells.
(A) CCK8 was used to detect the effect of IFI35 on the proliferation of colorectal cancer cells.
Overexpression of IFI35 decreases colorectal cancer cell viability, while the inhibition of IFI35 increases
their viability. (B) Flow cytometry detection of the effect of IFI35 on the cell cycle of colorectal cancer
cells. The bar graph shows the proportion of cells in each cell cycle phase. Overexpressing IFI35
increases the proportion of cells in G2, while inhibiting IFI35 decreases the proportion of cells in G2. (C)
The effect of IFI35 on the colony formation rate of colorectal cancer cells was verified by the colony
formation test. The bar graph shows the colony formation rates. Overexpression IFI35 decreases the
colony formation, while inhibiting IFI35 increase colony formation. *p < 0.05, **p < 0.01, ***p < 0.001 ,
****p < 0.0001 vs. Ad-NC or shNC, as appropriate. Data was expressed as the mean±SD (n=3). Ad-NC:
adenovirus, negative control; Ad-IRF1, adenovirus for IRF1 overexpression; sh: short hairpin RNA for the
downregulation of IRF1 or IFI35. shNC: negative control short hairpin RNA.
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Figure 3
Effect of IFI35 on X-ray irradiation and cell apoptosis of colorectal cancer cells. (A) Flow cytometry
detection of the effect of IFI35 on the cell apoptosis of colorectal cancer cells. The bar graph shows the
proportion of apoptotic cells. Overexpressing IFI35 increases cancer cell apoptosis, while inhibiting IFI35
decreases cancer cell apoptosis. (B) Expression of apoptosis-related proteins Bax, Caspase-3, Caspase-9,
and Bcl-2 determined by western blot. The bar graphs show the protein expression normalized to that of
GAPDH. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data was expressed as the mean±SD (n=3).
Ad-NC: adenovirus, negative control; Ad-IRF1, adenovirus for IRF1 overexpression; sh: short hairpin RNA
for the downregulation of IRF1 or IFI35. shNC: negative control short hairpin RNA.
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Figure 4
Effect of IFI35 on X-ray irradiation and reactive oxygen species and mitochondrial membrane potential of
colorectal cancer cells. (A) Flow cytometry detection of the effect of IFI35 on reactive oxygen species
(ROS) of colorectal cancer cells. The bar graphs show the production of ROS. *p < 0.05, **p < 0.01, ****p <
0.0001. Data was expressed as the mean±SD (n=3). (B) Mitochondrial membrane potential of colorectal
cancer cells determined by JC-1 immunofluorescence. Ad-NC: adenovirus, negative control; Ad-IRF1,
adenovirus for IRF1 overexpression; sh: short hairpin RNA for the downregulation of IRF1 or IFI35. shNC:
negative control short hairpin RNA.
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Figure 5
In vivo experiments supporting the effect of colorectal cancer on X-ray radiosensitivity after IFI35. Fourweek-old BALB/c nude mice were divided into five groups: 1) Control group without treatment; 2) Ad-IFI35
group; 3) Ad-NC group; 4) shRNA-IFI35 group; and 5) shRNA-NC group (n = 5/group). (A) Tumor volume
growth curve of each group. Two-dimensional measurements were taken with an electronic caliper every
3 days, and the tumor volume in mm3 was calculated. *p < 0.05, **p < 0.01. Data was expressed as the
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mean±SD (n=3). (B) Representative subcutaneous tumors of each group. (C) Liver metastasis models
were established by tail vein injection of IFI35-up/down-regulated and control CCL244 cells (grouping
was the same as above). Liver metastasis specimens of colorectal cancer and HE staining of liver
metastases in each group. The red arrows point at metastatic lesions in the specimen and the HE
staining. (D) Immunohistochemistry was used to detect the expression of the apoptotic protein Bcl-2 in
subcutaneous tumors and liver metastases. Ad-NC: adenovirus, negative control; Ad-IRF1, adenovirus for
IRF1 overexpression; sh: short hairpin RNA for the downregulation of IRF1 or IFI35. shNC: negative control
short hairpin RNA.
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Figure 6
(A) CCK8 was used to detect the effect of IFI6 on the proliferation of colorectal cancer cells. (B) EdU was
used to detect the effect of IFI6 on the proliferation of colorectal cancer cells. **p < 0.01, ***p < 0.001,
****p < 0.0001. Data was expressed as the mean±SD (n=3). NC: negative control.
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