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ARTICLE INFO ABSTRACT

Keywords: Background: Colony-stimulating factor 3 (CSF3) is a cytokine that promotes inflammation by stimulating the

CSF3 maturation, proliferation, and trafficking of myeloid progenitor cells. However, the functional importance of

Colorectal cancer CSF3 in colorectal cancer (CRC) remains unclear.

E:;‘}E;{I;;n;;nahng Methods: CSF3 expression levels in CRC cells and tissues were detected by quantitative real-time PCR (qRT-PCR),

Tumor microenvironment western blot and immunohistochemistry (IHC). In vitro and in vivo assays were performed to investigate the
oncogenic function of CSF3 in the tumor associated malignant phenotypes and the tumorigenic capability of CRC
cells. Immunocoprecipitation was performed to verify the regulatory effects of CSF3 on IkBa ubiquitination.
Results: We found that CSF3 was overexpressed in CRC tissues compared to adjacent normal tissues, which
correlated with poor patient survival. In vitro, silencing CSF3 significantly impaired cell proliferation, colony
formation, and migration, while enhancing apoptosis. In vivo, silencing CSF3 resulted in reduced tumor growth,
weight, and volume, indicating its potential as a therapeutic target. Mechanistically, CSF3 was found to mediate
CRC development by activating the NF-kB signaling pathway, as evidenced by the decreased phosphorylation of
p65 and reduced IxkBa ubiquitination in CSF3-silenced cells. Furthermore, CSF3 silencing modulated immune
infiltration in CRC, promoting an anti-tumor immune response and altering the tumor microenvironment.
Conclusion: CSF3 modulated the NF-kB signaling pathway through a distinct mechanism involving p65 phos-
phorylation and the activation of NF-kB by enhancing IkBa ubiquitination, thereby effectively promoting CRC
development, and CSF3 may serve as a potential therapeutic target for repressing CRC advance and metastasis.

Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed and
third deadliest cancer type as of 2022 [1]. CRC mortality rates have
decreased by approximately 2 % annually over the most recent decade
(2010-2019) [1,2]. In addition to population aging and dietary habits,
adverse risk factors such as obesity, physical inactivity, and smoking all
contribute to an increase in the risk of CRC [3]. Chronic inflammation is
also a major risk factor linked to the development of CRC [4]. Current
treatments for affected patients include endoscopic and surgical local
excision, downstaging preoperative radiotherapy and systemic therapy,
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extensive surgery for locoregional and metastatic disease, local ablative
therapies for metastases, and palliative chemotherapy, targeted therapy
and immunotherapy [3]. Although these treatment options have pro-
longed the overall survival of patients to some extent, the outcomes tend
to be less than satisfactory for those with more advanced diseases. A
more profound understanding of CRC pathogenesis is likely to result in
the development of improved therapeutic strategies.

Granulocyte colony-stimulating factor (G-CSF), now referred to as
colony-stimulating factor 3 (CSF3), is an 18-70 kDa glycoprotein, which
was first discovered by Metcalf et al. in 1966 [5]. CSF3 is a proin-
flammatory cytokine with the well-studied function of inducing
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neutrophil differentiation and mobilization. CSF3 is a growth factor that
binds to the CSF3 receptor (CSF3R), thereby activating a complex signal
transduction cascade and orchestrating a variety of biological functions,
regulating the proliferation, survival, and differentiation of neutrophilic
progenitor cells, stimulating the secretion of pro-angiogenic vascular
endothelial growth factor, and inducing T cell immune tolerance in stem
cell grafts [6]. However, some tumors also express CSF3 and CSF3R, but
the significance of CSF3 in CRC remains unclear [7-9].

Here, we found that CSF3 was highly expressed in colorectal tumors.
The downregulation of CSF3 suppressed CRC cell phenotypes in vitro and
in vivo. Mechanistically, CSF3 was further determined to regulate the
NF-kB signaling pathway by promoting p65 phosphorylation and
enhancing IkBa ubiquitination, thereby effectively enhancing CRC
tumor growth. Additionally, silencing of CSF3 altered immune cell
infiltration in CRC, promoting an anti-tumor immune response and
modifying the tumor microenvironment. Our findings suggested that
CSF3 exhibited a pro-tumorigenic function in CRC such that further
consideration of its potential as a therapeutic target was warranted.

Materials and methods
Cell lines and animals

We purchased human normal colorectal mucosal cell line FHC, CRC
cell lines SW480, SW620, RKO, HCT 116 and DLD-1, as well as mouse-
derived CRC cells MCA38 from the American Type Culture Collection
(ATCC) (https://www.atcc.org/). MCA38, FHC, RKO, HCT 116, and
DLD-1 cells were cultured in RPMI-1640 containing 10 % fetal bovine
serum (FBS), while SW480 and SW620 cells were cultured in 1-15 media
containing 10 % FBS. All cells were cultured in a 37 °C incubator with 5
% COa.

Four-week-old female BALB/c nude mice and C57BL/6 mice were
provided by Cavens Biogle Model Animal Research Co., Ltd. (www.
cavens-biogle.cn) and were housed in cages (n = 5/cage) under
controlled conditions (22-25 °C; humidity: 50-60 %; and 12 h light/
dark cycle) with access to food and water.

Our laboratory animal facility has been accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Interna-
tional, and the Institutional Animal Care and Use Committee of the
Seventh Medical Center of Chinese PLA General Hospital approved all
animal protocols used in this study. This study was approved by the
Ethics Committee of the Seventh Medical Center of Chinese PLA General
Hospital.

Tissue sample collection

A CRC tissue microarray (TMA) including 91 CRC samples and 104
para-carcinoma tissues was obtained from the Seventh Medical Center of
Chinese PLA General Hospital, Beijing, China. All the patients who
provided tissue samples for this TMA signed written informed consent,
and none had undergone preoperative interventional therapy or
chemotherapy. Detailed clinical data, including age, gender, tumor size,
clinical grade, histological type, differentiation degree, and lymph node
metastasis, were collected and analyzed for all patients. Invasive
adenocarcinoma staging was determined based on analyses of surgically
resected specimens using the American Joint Committee on Cancer
(AJCC) staging system.

Bioinformatics analyses

CSF3 mRNA levels in CRC and normal tissues were investigated using
data from The Cancer Genome Atlas (TCGA) with the GEPIA2 tool
(http://gepia2.cancer-pku.cn/#analysis). The co-expressed genes of
CSF3 were investigated with the Coexpedia website (https://www.
coexpedia.org/search.php). Expression patterns for these co-expressed
genes were evaluated in CRC and normal samples from the TCGA
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database. All obtained differentially expressed genes (DEGs) were sub-
jected to Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses using the R cluster Profiler package (v 3.16.0).

Immunohistochemical (IHC) staining

Slides were deparaffinized with xylene three times, after which they
were subjected to antigen repair using an Ethylene Diamine Tetraacetic
Acid (EDTA) solution and blocked using 3 % H305. Then, primary and
secondary antibodies were added, after which DAB and hematoxylin
were applied to visualize the expression of antibodies in the healthy and
lesion tissue sites. IHC staining was evaluated independently by two
pathologists blinded to clinical outcomes. The staining percentage was
scored on a scale of 1 to 4, corresponding to increasing staining levels
from 1 % to 100 %. Staining intensity was rated from 0 to 3, with
0 indicating no signal and 3 indicating dark brown coloration. IHC
scoring included four categories: negative (0), positive (1-4), ++ posi-
tive (5-8), or +++ positive (9-12). The IHC scores were used to cate-
gorize tissues into high and moderate expression groups based on the
median score of all tissues analyzed. Antibodies included anti-CSF3
(1:500, Abcam, #ab204989), anti-Ki67 (1:100, Abcam, #ab16667),
anti-F4/80 (1:100, Abcam, #ab204467), anti-CD206 (1:100, Abcam,
#ab223961), anti-CD4 (1:100, Abcam, #ab59474), anti-CD8 (1:100,
Abcam, #ab237709) and Goat Anti-Rabbit IgG H&L (HRP) (1:400,
Abcam, #ab97080).

Plasmid construction and lentiviral transfection

RNA interference was herein used to knock down CSF3. The RNA
interference target sequence of CSF3 (shCSF3-1: GTGCTTA-
GAGCAAGTGAGGAA, shCSF3-2: GCAGATGGAAGAACTGGGAAT, and
shCSF3-3: TGCCTCCCATCTGCAGAGC TT) was designed and the cor-
responding shRNA lentiviral vector was constructed. The scramble
sequence (TTCTCCGAACGTGTCACGT) served as negative control
(shCtrl). Then, 1.5 x 10° HCT 116 or RKO cells in the logarithmic
growth phase were transfected at a lentiviral titer of 3 x 10% TU/mL in
the presence of ENLS + Polybrene, after which they were maintained in
RPMI-1640 + 10 % FBS. Transfection efficiency was evaluated using
fluorescence microscopy.

RNA extraction and real-time quantitative PCR (qRT-PCR)

Total cell RNA was extracted according to instructions provided with
the TRIzol reagent (Sigma, St. Louis, MO, USA), after which it was
reverse-transcribed to synthesize cDNA. Then, 10 pL qRT-PCR reactions
were prepared with the SYBR Green Mastermixs Kit (Vazyme, Nanjing,
Jiangsu, China). Relative gene expression was calculated with the
2~ AACt ethod. Primer sequences (5'—3") used for this study included
CSF3-forward: CAGAGCCCCATGAAGCTGAT; CSF3-reverse: GCCCTG-
GATCTTCCTCACTTG; GAPDH-forward: TGACTTCAACAGCGA-
CACCCA; and GAPDH-reverse: CACCCTGTTGCTGTAGCCAAA.

Western blot

The cells were lysed in 1 x Lysis Buffer lysis (Cell Signal Technology,
Danvers, MA, USA), the total proteins were separated by 10 % SDS-
PAGE prior to transfer onto PVDF membranes, and the membranes
were then blocked with TBST solution containing 5 % skim milk at room
temperature for 1 h and incubated with primary and secondary anti-
bodies. After that, the membranes were washed with TBST three times
(10 min/time), and the ECL+plusTM Western blot system kit was then
used for protein band development, followed by the capture of images
with X-ray film. Regarding nuclear-cytoplasmic fractionation, cells were
harvested and washed with cold phosphate-buffered saline (PBS). The
cell pellet was then resuspended in hypotonic buffer containing Tris-HCl
(pH 7.4), Nonidet P-40 (NP-40), 10 mM KCl, and protease inhibitors,
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followed by gentle rocking on ice for 15 min to allow cell swelling. After
centrifugation at 1000 x g for 5 min at 4 °C, the supernatant (cyto-
plasmic fraction) was collected carefully and transferred to a new tube.
The remaining nuclear pellet was washed once with hypotonic buffer to
remove cytoplasmic contamination. The nuclear pellet was then resus-
pended in a hypertonic buffer containing Tris—-HCI (pH 7.4), NP-40, 0.42
M KCl and protease inhibitors, followed by vortexing to disrupt the
nuclear membrane. The suspension was centrifuged at 10,000 x g for 10
min at 4 °C to separate the nuclear proteins (in the supernatant) from
insoluble debris (pellet). The resulting supernatant containing the nu-
clear proteins was carefully transferred to a new tube. Both cytoplasmic
and nuclear fractions were subjected to protein quantification and
subsequent western blot analysis to assess the distribution of specific
proteins between the cytoplasm and nucleus. Utilized antibodies
included anti-CSF3 (1:500, Abcam, #ab181053), anti-p65 (1:2000,
Proteintech, #10,745-1-AP), anti-p-p65 (1:1000, CST, #3033), anti-
IkBa (1:1000, CST, #4814S), anti-p-IkBa (1:1000, Abcam, #ab133462),
anti-Ubiquitin (1:2000, Santa Cruz, #sc-8017), anti-Histone H3 (1:2000,
CST, #4499S), anti-GAPDH (1:30,000, Proteintech, #60,004-1-1g),
Goat Anti-Rabbit (1:3000, Beyotime, # A0208), and Goat Anti-Mouse
(1:3000, Beyotime, #A0216).

Proliferation assay

After transfection, cells were inoculated in 96-well plates at the
density of 2000 cells/well. The CCK-8 assay was used to count the
number of cells per well on five continuous days, after which the data
were analyzed to plot the cell proliferation curve.

Colony formation assay

After transfection, cells were seeded into a 6-well plate at the density
of 5000 cells/well and incubated until colonies containing > 50 cells
were visible. Then, the cells were fixed with paraformaldehyde and
stained with crystal violet. Colonies were then counted, and their sizes
were estimated based on the staining intensity.

Migration assay

Wound healing assays were performed to assess cell migration. After
transfection, cells were cultured in 96-well plates (7 X 10* cells/well)
and incubated for appropriate periods, after which they were imaged via
microscopy. Cell migration rates were calculated based on these images.

Flow cytometry

Lentivirus-transfected cells were cultured in 6-well plates (2 mL/
well) for 5 days. Cells were then stained with 5 pL of Annexin V-APC and
5 pL of PI for 10-15 min at room temperature in the dark. Cell apoptosis
levels were measured with a FACSCalibur instrument (BD Biosciences,
San Jose, CA, USA).

Protein stability assay

For the protein stability assay, cells were treated with cycloheximide
(CHX) at a final concentration of 100 pg/mL to inhibit de novo protein
synthesis. At various time points (0, 3, 6, and 9 h) post-treatment, cell
lysates were prepared and subjected to western blot analysis using an-
tibodies against [kBax and GAPDH. The levels of IkBa were normalized to
GAPDH to assess protein degradation over time in HCT 116 and RKO
cells transfected with either shCtrl or shCSF3.

Immunoprecipitation for ubiquitination assay

The ubiquitination assay was performed by lysing cells in RIPA
buffer containing proteasome inhibitor MG132. Cell lysates were then
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subjected to immunoprecipitation using an anti-lkBa antibody. The
immunoprecipitated protein was resolved by SDS-PAGE and blotted
with an anti-ubiquitin antibody to detect ubiquitinated IkBa. The same
blots were stripped and reprobed with an anti-CSF3 antibody to confirm
the levels of CSF3 in the input lysates. GAPDH was used as a loading
control to ensure equal protein loading across samples. This approach
allowed us to evaluate the levels of IkBa ubiquitination in HCT 116 and
RKO cells under the influence of shCtrl or shCSF3.

Tumor xenograft model establishes

Briefly, 1 x 107 RKO or MCA38 cells expressing shCtrl or shCSF3
were subcutaneously injected into the axilla of the right forelimb of each
mouse (n =5 mice/group). Tumor volume was calculated over time with
the formula: volume = (n/6) x L x W x W, where L and W represented
tumor length and width, respectively. After 34 days, the mice were
sacrificed, and tumors were removed for weighing and photographing,
after which they were frozen in liquid nitrogen and stored at —80 °C.
Tumor tissues were collected and analyzed for immune cell infiltration
using IHC staining and molecular techniques.

Engzyme-Linked immunosorbent assay (ELISA) for IL-6, TNF-a, IL-10, and
TGF-f detection

The levels of IL-6, TNF-a, IL-10, and TGF-p in xenograft tumor tissues
were quantitatively measured using respective ELISA kits: the Mouse
Interleukin 6 (IL-6) ELISA Kit (Meibiao Biotechnology, #MB-2899A),
Mouse Tumor Necrosis Factor a (TNF-a) ELISA Kit (Meibiao Biotech-
nology, #MB-2868A), Mouse Interleukin 10 (IL-10) ELISA Kit (Meibiao
Biotechnology, #MB-2912A) and Mouse Transforming Growth Factor f
(TGF-p) ELISA Kit (Meibiao Biotechnology, #MB-6138A) following
streamlined protocols. Microplates pre-coated with antibodies for each
cytokine were incubated with samples and standards. After the addition
of HRP-conjugated detection antibodies and subsequent washing, the
colorimetric reaction with TMB substrate was developed and measured
at 450 nm. The resulting optical density values were used to determine
cytokine concentrations by comparison with a standard curve, providing
a concise and reliable assessment of these key inflammatory mediators.

Statistical analysis

All experiments were repeated three times. Data were analyzed using
GraphPad Prism 8 (San Diego, CA, USA) and SPSS 19.0 (IBM, SPSS,
Chicago, IL, USA). Student’s t-tests and one-way ANOVAs followed by
Tukey’s HSD were used to evaluate statistical significance. Data were
presented as the mean + SD. The link between CSF3 levels and clini-
copathological characteristics in CRC patients was assessed through
Spearman correlation analyses and Mann-Whitney U tests. The survival
analysis was determined through Kaplan-Meier survival analyses. A two-
tailed P < 0.05 was the threshold of significance.

Results
Colorectal cancer patients exhibit significantly increased CSF3 expression

We first characterized CSF3 protein expression levels in CRC through
IHC staining of a TMA including 91 tumor tissue samples and 104
normal tissue samples. These analyses revealed that CSF3 expression
was significantly enhanced in tumor samples compared with paracancer
tissues (Fig. 1A, S1A and Table 1). Furthermore, for the majority of
patients included in this CRC TMA, elevated CSF3 levels tended to be
associated with poorer patient survival (Fig. 1B). Moreover, we exam-
ined the relationship between CSF3 expression and patient clinico-
pathological parameters. The Mann-Whitney U test indicated that high
CSF3 levels tended to be associated with a higher pathological stage,
more distant lymphatic metastasis, and more severe lymph node
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Fig. 1. Colorectal cancer patients show significantly increased CSF3 expression. (A) Representative images of IHC staining showing CSF3 expression between para-
carcinoma tissues and CRC tissues. (B) Kaplan-Meier plot illustrating the overall survival probability of CRC patients with low and high expression of CSF3. (C, D)
Western blot (C) and gPCR (D) analysis showing the expression levels of CSF3 in normal colorectal mucosal cell line FHC and various colorectal cell lines, including
SW480, SW620, DLD-1, RKO, and HCT 116. (E) Scatter plot showing the expression levels of CSF3 in matched CRC and normal samples from TCGA database. * P <

0.05, ** P < 0.01, *** P < 0.001, ns, not significant.

Table 1
Expression patterns of CSF3 in colorectal cancer tissues and para-carcinoma
tissues revealed in immunohistochemistry analysis.

CSF3 expression Tumor tissue Para-carcinoma tissue P value
Cases Percentage Cases Percentage < 0.001

Low 39 42.9 % 93 89.4 %

High 52 57.1 % 11 10.6 %

invasion (Table 2), as was also evidenced by Spearman rank correlation
analyses (Table 3). Additionally, CSF3 mRNA and protein levels were
found to be increased in CRC cells compared to normal FHC cells, with
this trend particularly pronounced in HCT 116 and RKO cells (Fig. 1C,
D). Subsequent analysis of CSF3 mRNA expression based on RNA
sequencing data from The Cancer Genome Atlas (TCGA) dataset
confirmed that CSF3 mRNA levels were elevated in CRC patient samples
relative to healthy controls (Fig. 1E). These data suggested that elevated
CSF3 in CRC was significantly associated with poor overall survival.

Silencing CSF3 affects colorectal cancer cell phenotypes and tumor
outgrowth

Next, we aimed to investigate the effects of CSF3 on CRC cell func-
tion in vitro. Initially, three lentiviruses targeting CSF3 were generated
and transfected into HCT 116 cells. The results demonstrated a signifi-
cant reduction in the relative mRNA level of CSF3 in the shCSF3 groups

compared to the shCtrl group, confirming successful knockdown with
shCSF3-1, shCSF3-2, and shCSF3-3 (Fig. S1B), with shCSF3-1 and
shCSF3-3 being particularly effective. Given the more pronounced ef-
fects of shCSF3-1 and shCSF3-3 in silencing CSF3, these were selected
for use in the subsequent experiments aimed at excluding off-target ef-
fects. Then, shCSF3-1 and shCSF3-3 were transfected into HCT 116 and
RKO cells exhibiting high and moderate levels of CSF3 expression. Both
gRT-PCR and western blot confirmed a decrease in CSF3 mRNA and
protein levels in shCSF3-1 and shCSF3-3 groups (Fig. S1C, D), indi-
cating that CSF3 was effectively silenced by the shCSF3-1 and shCSF3-3
lentiviruses.

Subsequently, CCK-8 assays revealed impaired proliferation of CSF3-
depleted HCT 116 and RKO cells (Fig. 2A), further supported by
diminished colony formation activity in these CSF3-depleted cells
(Fig. 2B). Apoptosis, a critical event in tumorigenesis and progression,
was also examined post-CSF3 knockdown using flow cytometry to detect
changes in HCT 116 and RKO cell apoptosis. The findings suggested that
CSF3 downregulation led to an increase in cell apoptosis (Fig. 2C). In
addition to affecting proliferation and apoptosis, we analyzed the abil-
ities of CSF3-depleted HCT 116 and RKO cell migration through wound-
healing assay. The results demonstrated that silencing of CSF3 also
attenuated the migratory activities of these cells (Fig. 2D). Together,
these results indicated that silencing of CSF3 regulated CRC cell
phenotypes.

Given the observed effects of CSF3 knockdown in vitro, a series of in
vivo experiments were conducted by establishing a subcutaneous
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Table 2
Relationship between CSF3 expression and tumor characteristics in patients
with colorectal cancer.

Features No. of patients CSF3 expression P value
- low high
91 39 52
Age (years) 0.014
<60 47 26 21
>60 44 13 31
Gender 0.295
Male 55 26 29
Female 36 13 23
Tumor size 0.713
<4cm 54 24 30
>4cm 37 15 22
Differentiation 0.092
low 8 1 7
medium 81 37 44
high 2 1 1
Tumor stage 0.003
1 9 5
1I 35 21 14
11 39 12 27
I\ 8 1 7
Tumor infiltrate 0.702
T1 1 1 0
T2 11 5 6
T3 43 18 25
T4 36 15 21
Metastasis 0.071
MO 83 38 45
M1 8 1 7
Lymph node invasion 0.014
No 47 26 21
Yes 44 13 31
Vascular invasion 0.895
No 86 37 49
Yes 5 2 3
Lymphatic metastasis (N) 0.027
0 47 26 21
1 26 7 19
2 18 6 12
Table 3

Relationship between CSF3 expression with patients’ age, pathological stage,
lymph node invasion and lymphatic metastasis (N).

CSF3
Age Spearman correlation 0.260
Signification (double-tailed) 0.013

N 91
Stage Spearman correlation 0.315
Signification (double-tailed) 0.002

N 91
Lymph node invasion Spearman correlation 0.260
Signification (double-tailed) 0.013

N 91
Lymphatic metastasis (N) Spearman correlation 0.233
Signification (double-tailed) 0.026

N 91

xenograft model. Briefly, 1 x 107 RKO cells expressing shCSF3 or shCtrl
constructs were subcutaneously injected into the axilla of the right
forelimb of BALB/c nude mice. We assessed tumor growth indices at the
indicated time points and observed a reduction in the volume of tumors
in which CSF3 was silenced (Fig. 2E). On day 34 after xenograft tumor
inoculation, the mice were sacrificed to harvest tumors. We found that
tumor weight and size in shCSF3 group were reduced relative to the
shCtrl group (Fig. 2F, G), suggesting that silencing CSF3 could impair
CRC tumor outgrowth in vivo. To further clarify this possibility, a
western blot was performed, and it revealed that CSF3 protein levels
were reduced in tumors derived from shCSF3-transfected cells (Fig. 2H).
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Consistently, IHC staining revealed reduced staining density and in-
tensity for CSF3 and the proliferation marker Ki67 in cell-derived
xenograft tumors with shCSF3 (Fig. 21, J). Taken together, silencing
CSF3 could affect CRC cell phenotypes and tumor outgrowth.

CSF3 mediates colorectal cancer development by activating the NF-xB
signaling pathway

To elucidate the downstream pathways through which CSF3 medi-
ates CRC development, we utilized the Coexpedia website (https
://www.coexpedia.org/search.php) to identify genes co-expressed
with CSF3. Genes with a log2 fold change (|log2FC|) greater than log2
and a P-value <3 were identified as differentially expressed genes
(DEGs) in CRC and were subjected to Kyoto Encyclopedia of Genes and
Gene Set Enrichment analysis (KEGG). The results showed that 12 DEGs
were enriched in the NF-kB signaling pathway (Fig. 3A). Importantly,
NF-xB signaling pathway has been reported to participate in CRC
development [10,11]. P65, a key component of the NF-kB pathway, is
known to regulate the activity and transcriptional control of NF-xB [12].
We observed that CSF3 silencing reduced the level of p65 phosphory-
lation (p-p65) without altering the total p65 protein level (Fig. 3B). To
further explore the roles of CSF3 in the regulation of CRC through the
NF-kB signaling pathway, we included groups such as shCtrl, shCSF3,
shCtrl+PBS, shCSF3+PBS, shCtrl+NF-xB activator (TNF-a), and
shCSF3+TNF-a. A series of assays were conducted to assess cell prolif-
eration, colony formation, migration, and apoptosis. The findings indi-
cated that PBS treatment did not significantly affect the outcomes, as
anticipated. CSF3 knockdown suppressed cell proliferation, colony for-
mation, and migration while enhancing apoptosis. The addition of
TNF-a restored these effects (Fig. 3C-F), highlighting the critical role of
the NF-«xB pathway in CSF3-mediating CRC development. We also
included the following groups: NC, CSF3, NC+PBS, CSF3+PBS,
NC+NF-kB inhibitor (Bortezomib), and CSF3+bortezomib (Bortezo-
mib). PBS treatment did not significantly affect the outcomes, as ex-
pected. Functional assays showed that CSF3 promoted cell proliferation,
colony formation, and migration while inhibiting apoptosis. The addi-
tion of the bortezomib (Bortezomib) reversed these effects (Fig. 3G-J),
once again demonstrating the critical role of the NF-xB pathway in
CSF3-regulating CRC cell events. Western blot analysis was further
performed to detect the total and phosphorylated levels of p65. The data
revealed that p-p65 was decreased in the shCSF3 group compared to
shCtrl group, and increased in the shCtrl+TNF-a and shCSF3+TNF-a
groups compared to shCtrl and shCSF3 groups, respectively (Fig. 3K). On
the other hand, p-p65 was increased in the CSF3 group compared to NC
group and decreased in the NC+bortezomib (Bortezomib) and
CSF3+bortezomib (Bortezomib) groups compared to NC and CSF3
groups, respectively (Fig. 3L). Based on these results, we concluded that
CSF3 mediated CRC development by activating NF-kB signaling
pathway.

CSF3 is involved in the phosphorylation of p65 and the activation of NF-kB
by enhancing IxBa ubiquitination

The canonical TLR/NF-«B signaling pathway involves the following
process: Activated TLR leads to the recruitment of the IKK complex. The
IKK complex consists of IKKy, IKKa and IKK, which then phosphorylate
IkBa. Phosphorylation of IkBa leads to its ubiquitination and subsequent
degradation by the proteasome. With IkBa degraded, the NF-xB complex
is released and can translocate to the nucleus. The NF-kB complex,
consisting of P50, p65/c-Rel, binds to the promoter regions of target
genes, activating transcription. Our findings revealed that CSF3 knock-
down led to a reduction in the phosphorylation levels of p65 (p-p65),
without altering the overall p65 protein levels (Fig. 3B). Additionally,
we observed an elevation in both p65 and p-p65 within the nucleus upon
CSF3 overexpression, as opposed to their cytoplasmic levels (Fig. 4A).
This suggested that CSF3 might facilitate the nuclear translocation of
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p65. Thus, we hypothesized the involvement of CSF3 in the activation of
the NF-xB pathway via IkBa. To address this, we first assessed the levels
of total IxkBa and phosphorylated IkBa (p-IkBa) in shCtrl and shCSF3-
transfected HCT 116 and RKO cells. The results demonstrated that
CSF3 knockdown led to a decrease in p-IkBa (Fig. 4B). We then treated
cells with cycloheximide (CHX) to block protein synthesis and assessed
IkBa degradation in shCtrl and shCSF3 groups. The data showed that the
degradation of IkBa was slower in the shCSF3 group (Fig. 4C), sug-
gesting that CSF3 knockdown contributed to the stabilization of IxBa.
We further performed immunoprecipitation of [kBu followed by western
blot analysis in shCtrl and shCSF3 groups. The findings indicated that
the ubiquitination levels of IkBa were reduced in the shCSF3 group
(Fig. 4D), further supporting the role of CSF3 in modulating IkBa
degradation. These experiments provided evidence that CSF3 was
involved in the phosphorylation of p65 and the activation of NF-kB by
enhancing IxBa ubiquitination.

CSF3 silencing modulates immune infiltration and tumor
microenvironment in colorectal cancer

It is well established that CSF3 can modulate the tumor microenvi-
ronment. To assess the impacts of CSF3 silencing on immune infiltration,
we established subcutaneous tumor xenograft models using immune-
competent C57BL/6 mice. We injected mouse-derived CRC cells

MCA38 transfected with shCtrl or shCSF3 and monitored tumor growth.
The results showed that CSF3 silencing led to an inhibition in tumor
growth, as evidenced by decreased tumor volume and weight (Fig. 5A-
C). Moreover, western blot analysis demonstrated downregulation of
CSF3 in the shCSF3 group (Fig. 5D). IHC staining further showed
decreased CSF3 and Ki67 expression in tumor tissues derived from
shCSF3-transfected MCA38 cells (Fig. 5E, F).

Additionally, tumor tissues were collected and analyzed for immune
cell infiltration using IHC analysis and molecular techniques. We first
quantified the expression levels of M1-type and M2-type macrophage
markers in the tumor tissues using ELISA. The results revealed an
upregulation of IL-6 and TNF-a in the shCSF3 groups, while the levels of
IL-10 and TGF-p were downregulated (Fig. 5G), indicating a shift to-
wards enhanced anti-tumor immune response following CSF3 silencing.
Furthermore, IHC analysis revealed that silencing CSF3 led to a decrease
in F4/80 and CD206 expression, indicating a reduction in total macro-
phages and M2-type macrophages, respectively. Conversely, the in-
crease in CD4 and CD8 expression was observed in the shCSF3 group
compared to the shCtrl group (Fig. 5H-J), suggesting enhanced infil-
tration of CD4+ and CD8+ T cells into the tumor microenvironment.
These findings were consistent with the established role of CSF3 in
modulating the immune response in CRC.
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Fig. 3. CSF3 mediates colorectal cancer development by activating the NF-xB signaling pathway. (A) KEGG enrichment analysis of CSF3 co-expressed genes. (B)
Western blot analysis of CSF3, p65 and p-p65 protein expression in HCT 116 and RKO cells transfected with shCtrl or shCSF3. (C) The results of cell proliferation in
HCT 116 and RKO cells transfected with shCtrl or shCSF3, following PBS or TNF-a treatment. (D) The results of colony formation assay in HCT 116 and RKO cells
transfected with shCtrl or shCSF3, following PBS or TNF-a treatment. (E, F) Flow cytometry (E) and wound-healing (F) experiments were performed to analyze the
changes in cell apoptosis and migration of HCT 116 and RKO cells transfected with shCtrl or shCSF3, following PBS or TNF-a treatment. (G) The results of cell
viability in HCT 116 and RKO cells transfected with NC or CSF3, following PBS or bortezomib (Bortezomib) treatment. (H) The results of colony formation assay in
HCT 116 and RKO cells transfected with NC or CSF3, following PBS or bortezomib (Bortezomib) treatment. (I, J) Flow cytometry (I) and wound-healing (J) ex-
periments were performed to analyze the changes in cell apoptosis and migration of HCT 116 and RKO cells transfected with NC or CSF3, following PBS or bor-
tezomib (Bortezomib) treatment. (K) Western blot analysis of p65 and p-p65 protein expression in HCT 116 and RKO cells transfected with shCtrl or shCSF3,
following PBS or TNF-a treatment. (L) Western blot analysis of p65 and p-p65 protein expression in HCT 116 and RKO cells transfected with NC or CSF3, following
PBS or bortezomib (Bortezomib) treatment. "NC" stands for "Negative Control", which refers to the group that was transfected with an empty vector. The "NC" group

served as a baseline to compare against the effects of the gene of interest, in this case, CSF3 overexpression.* P < 0.05, ** P < 0.01, *** P < 0.001, ns, not significant.
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Fig. 4. CSF3 is involved in the phosphorylation of p65 and the activation of NF-kB by enhancing IkBa ubiquitination. (A) Western blot analysis was performed to
determine the subcellular distribution of p65, phosphorylated p65 (p-p65), in the nucleus and cytoplasm of HCT 116 and RKO cells with shCtrl and shCSF3. (B)
Western blot analysis was used to assess the expression levels of IkBa and phosphorylated IxkBa (p-IxkBa) in HCT 116 and RKO cells transfected with shCtrl or shCSF3.
(C) shCtrl-/shCSF3-transfected HCT 116 and RKO cells were treated with CHX to inhibit protein synthesis, and IkBa protein stability was assessed at 0, 3, 6, and 9 h
post-treatment. (D) Cells were lysed, and IkBa was immunoprecipitated using an anti-IkBa antibody. The immunoprecipitated proteins were analyzed by western blot
for ubiquitin.

Discussion overall survival as compared with patients presenting with tumors
expressing low CSF3 levels. CSF3 knockdown attenuated CRC cell pro-
In the present study, we identified an important role played by CSF3 liferation and migration while augmenting apoptotic cell death. Our

in CRC. CRC patients with high levels of CSF3 exhibited decreased data were consistent with previous reports indicating that CSF3 is
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responsible for human cancer development [13-15]. CSF3 over-
expression has carcinogenic effects in other human cancers. For
instance, CSF3 regulates macrophage phenotypes and is associated with
poor overall survival in human triple-negative breast cancer [13]. In
addition, high levels of tumor-derived G-CSF have been reported in some
sporadic cases of aggressive human tumors, and more recent reports
have observed high G-CSF and G-CSFR expression in colon and gastric
tumors, with CSF3 promoting carcinoma cell proliferation and migra-
tion [14,15]. On the other hand, drugs targeting CSF3 have been in
clinical use for two decades to stimulate neutrophil and macrophage
production and function, particularly in cancer patients. G-CSF, for
example, was registered in the USA in 1991 for use in the prophylactic
treatment of febrile neutropenia in cancer patients following chemo-
therapy [16]. Our study revealed that CSF3 expression levels could serve
as a novel biomarker for predicting treatment response and prognosis in
CRC. The distinct effects of CSF3 on cell growth, colony formation, and
apoptosis, as compared to other cancer types, underscore its potential as
a specific therapeutic target in CRC.

Unlike previous investigations that primarily focused on the corre-
lation between CSF3 expression and clinical outcomes, our study
explored the molecular pathways regulated by CSF3. It was demon-
strated that CSF3 signaling is intricately linked to the activation of NF-
kB. NF-xB is a ubiquitous transcription factor that mediates a cyto-
plasmic/nuclear signaling pathway and regulates gene expression of
various cytokines, cytokine receptors, and adhesion molecules involved
in inflammatory and immune responses [17,18]. Furthermore, there is a
correlation between the activation of NF-kB and the control of apoptotic
signaling, cell proliferation, differentiation, migration, angiogenesis,
and resistance to chemo/radiotherapy in tumor cells [19]. NF-xB is also
engaged in tumorigenic processes and cancer survival in a variety of
solid tumors including breast cancer, ovarian cancer, prostate cancer,
gastric carcinoma, and pancreatic cancer [20-24].

Here, we found that the co-expressed genes of CSF3 were associated
with the NF-kB signaling pathway. In addition, CSF3 downregulation
resulted in the reduced phosphorylation of the NF-kB subunit. A sub-
stantial body of evidence has demonstrated that the NF-kB signaling
pathway is involved in CRC development and progression [10,11]. For
instance, MyD88 has been shown to function as a potential promotor of
CRC through mechanisms mediated by the NF-xB signaling pathway
[25]. In addition, B7-H3 overexpression in CRC can promote CRC
angiogenesis by activating the NF-xB pathway [9]. SREBP1 can further
promote CRC cell invasion and angiogenesis in a manner accompanied
by the phosphorylation of NF-kB-p65 [26]. Other studies have demon-
strated that DHX9 enhances the phosphorylation of p65 and promotes its
nuclear translocation, thereby facilitating NF-kb-mediated transcrip-
tional activity and contributing to malignant CRC phenotypes [27]. This
study demonstrated that CSF3 modulated the NF-kB signaling pathway
through a distinct mechanism involving p65 phosphorylation and the
activation of NF-kB by enhancing IkBa ubiquitination, thereby effec-
tively promoting CRC development.

These findings also indicated that CSF3 not only affected cell pro-
liferation and survival but also modulated the immune cell composition
within the tumor microenvironment, which could have significant im-
plications for the development of targeted therapies in CRC. Moreover,
the findings suggested that CSF3 could be utilized for patient stratifi-
cation, allowing for personalized treatment approaches. Patients with
high CSF3 expression may benefit from therapies targeting the NF-xB
pathway, while those with low expression might require alternative
treatment strategies. This stratification has the potential to improve
treatment outcomes and reduce unnecessary side effects associated with
non-targeted therapies.

Our study complemented the existing body of work by elucidating
the precise molecular mechanisms through which CSF3 contributes to
CRC progression and by highlighting its potential as a therapeutic target.
We believed that these novel findings could advance the field by
providing a more nuanced understanding of CSF3's role in CRC.
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Conclusion

Our findings demonstrated that CSF3 was upregulated in CRC and
promoted CRC cell proliferation and migration through NF-kB pathway,
implying that CSF3 might be a potential therapeutic target for CRC.
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