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Targeting the Phosphoinositide 3-Kinase/Protein Kinase B
Pathway Suppresses Y-Box Binding Protein 1 Expression
and Inhibits Colorectal Cancer Progression

Hui Shan® ¢, Yan Wang® ¢, Siyu Hu?, Yuting Wang?®, Rong Qin?,
Niu Zhang?, Guangyu Tian® 9, Zhiyuan Qiu® ¢

Abstract

Background: Colorectal cancer (CRC) is one of the most prevalent
and lethal malignancies worldwide, often characterized by the aber-
rant activation of multiple signaling pathways. Y-box binding protein
1 (YBX1), a multifunctional regulator of transcription and transla-
tion, has been identified as an oncogenic factor in various solid tu-
mors. However, its expression profile and mechanistic role in CRC
remain largely unclear.

Methods: In this study, integrative bioinformatic analyses were con-
ducted on The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) datasets to assess YBX1 expression and its correla-
tion with CRC progression. Functional assays, including cell prolif-
eration and migration assays, were performed to investigate the role
of YBX1 in CRC cells. The impact of YBX1 on the phosphoinositide
3-kinase/protein kinase B (PI3K/AKT) signaling pathway was evalu-
ated, and the effects of the PI3K inhibitor buparlisib (BKM120) on
YBX1-driven cellular phenotypes were also tested.

Results: YBX1 was found to be significantly upregulated in CRC
tissues and was closely associated with the activation of the PI3K/
AKT signaling pathway. YBX1 overexpression promoted CRC cell
proliferation and migration, whereas knockdown of YBX1 inhibited
these processes. Mechanistically, YBX1 was shown to enhance PI3K/
AKT signaling activity, promoting malignant phenotypes in CRC.
Treatment with BKM120 partially reversed these effects. Addition-
ally, Gene Set Enrichment Analysis (GSEA) identified enrichment of
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reactive oxygen species (ROS)-related pathways in YBX1-high CRC
samples.

Conclusions: This study highlights the oncogenic role of YBX1 in
CRC and reveals a potential YBX1-PI3K/AKT regulatory axis that
may serve as a promising therapeutic target. The findings suggest that
targeting this axis could provide a novel strategy for CRC treatment,
especially under hypoxic or microenvironmental stress conditions.

Keywords: Colorectal cancer; YBX1; PI3K/AKT signaling pathway;
BKM120; Hypoxia

Introduction

Colorectal cancer (CRC) is the third most common malignan-
cy worldwide and one of the leading causes of cancer-related
mortality [1]. According to the latest data from the Internation-
al Agency for Research on Cancer (IARC), the incidence and
mortality rates of CRC continue to rise globally, particularly in
developing countries, where early detection and effective treat-
ment remain major challenges [2]. Although current therapeutic
strategies, including surgery, radiotherapy, and chemotherapy,
have improved patient survival to some extent, their efficacy in
advanced or metastatic CRC is still limited, and long-term prog-
nosis remains poor [3]. Therefore, elucidating the molecular
mechanisms underlying CRC progression and identifying novel
therapeutic targets is of great clinical and scientific importance.

Y-box binding protein 1 (YBX1) is a highly conserved nu-
cleic acid-binding protein that plays dual roles in the regulation
of transcription and translation. It plays a role in various essen-
tial biological processes, including DNA repair, mnRNA splicing,
and protein synthesis [4, 5]. Previous studies have demonstrated
that YBX1 is overexpressed in a variety of solid tumors and
plays a crucial role in promoting tumor cell proliferation, migra-
tion, invasion, and drug resistance. Its oncogenic role has been
well documented in breast cancer [6, 7], gastric cancer [8], and
non-small cell lung cancer (NSCLC) [9]. However, the expres-
sion characteristics, functional roles, and upstream regulatory
mechanisms of YBX1 in CRC remain largely unexplored.

In this study, we analyzed The Cancer Genome Atlas
(TCGA) and Gene Expression Omnibus (GEO) datasets and
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found that YBX1 is significantly upregulated in CRC tissues and
is closely associated with tumor differentiation grade [10]. Us-
ing a combination of in vitro functional assays, RNA sequenc-
ing, and pharmacological inhibition with the phosphoinositide
3-kinase (PI3K) pathway inhibitor buparlisib (BKM120), we
systematically investigated the oncogenic role of YBX1 and its
underlying regulatory mechanisms in CRC. Additionally, we
explored the regulatory characteristics of YBX1 under condi-
tions of reactive oxygen species (ROS) enrichment and hypoxic
conditions, and preliminarily assessed its potential impact on
the tumor immune microenvironment [11]. This study aims to
elucidate the role of the PI3K/protein kinase B (AKT)-YBX1
regulatory axis in CRC and to provide a theoretical basis and
potential strategy for targeted therapy in CRC.

Materials and Methods

Data and resources

The CRC-related transcriptomic data used in this study were
obtained primarily from the GEO and TCGA database. Five
public datasets, including GSE21815, GSE31905, GSE35279,
GSE41657, and GSE81558, were selected from the GEO da-
tabase to analyze the expression characteristics of YBX1 in
CRC and its correlation with clinical indicators. These datasets
were obtained through the official GEO platform and cover
expression data of both tumor tissues and normal tissues from
CRC patients. Additionally, the study accessed and analyzed
the expression data of CRC (COAD and READ) from the
TCGA database using the Gene Expression Profiling Interac-
tive Analysis (GEPIA) online tool, in order to further validate
the expression trends of YBX1 in different samples and its cor-
relation with survival prognosis.

For functional enrichment analysis, Gene Set Enrich-
ment Analysis (GSEA) software was used to perform pathway
enrichment analysis on differentially expressed genes in the
TCGA samples of YBX1 high and low expression groups.
Pathways potentially related to the function of YBX1 were
identified, providing a reference for subsequent mechanistic
studies. All the data and analysis tools used were publicly
available and comply with the relevant usage guidelines.

All experiments were conducted using established cell
lines under standard laboratory conditions. The study did
not involve human participants, identifiable personal data, or
animal experimentation. Hence, ethical approval was not re-
quired, in accordance with institutional and journal policies.

Cell culture and treatments

This study used six cell lines, including five human CRC cell
lines (Caco-2, HCT 116, HT-29, SW480, and SW620) and
one mouse fibroblast cell line (L929). The Caco-2 cells were
cultured in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) containing 20% fetal bovine serum (FBS,
Gibco); HCT 116 and HT-29 cells were cultured in McCoy’s
5A medium (Gibco) with 10% FBS; SW480 and SW620 cells

were cultured in high-glucose DMEM containing 10% FBS.
L929 cells were cultured in high-glucose DMEM with 10%
FBS. All cells were maintained in a 37 °C, 5% CO, incubator,
and the culture medium was changed every 1 - 2 days.

For the drug treatment experiments, HCT 116, HT-29,
SW480, and SW620 cells, as well as stable cell lines with in-
terference or overexpression of YBX1, were treated with 300
uM cobalt chloride (CoCl,, Sigma) for 24 h to simulate hy-
poxic conditions. These four CRC cell lines were also treated
with BKM 120 (Selleck) for 24 h at their respective half-max-
imal inhibitory concentration (IC;) concentrations. As a nor-
mal control, L929 cells were not treated with CoCl, but were
treated with 2, 5, and 8 uM BKM120 to evaluate the potential
effects of the drug on normal cell viability.

RNA isolation, reverse transcription, and quantitative
real-time polymerase chain reaction (QRT-PCR)

The CRC cell lines used in this study include Caco-2, HCT
116, HT-29, SW480, and SW620. Once the cells reached an
appropriate density, total RNA was extracted using Trizol rea-
gent (Takara Bio, Japan) according to the manufacturer’s in-
structions. The concentration and purity of the extracted RNA
were measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA), and equal amounts of RNA
were used to synthesize cDNA using the PrimeScript RT rea-
gent kit (Takara, Japan).

For qRT-PCR, 2x SYBR Green premix (Takara, Japan)
was used, and reactions were performed on a 7500 Real-Time
PCR system (Applied Biosystems, USA). The primer sequenc-
es for target genes are as follows: 18sRNA (forward: 5'-TGC-
GAGTACTCAACACCAACA-3', reverse: 5'-GCATATCTTC
GGCCCACA-3"), YBXI1 (forward: 5'-TAGACGCTATCCACG
TCGTAG-3',reverse: 5'-ATCCCTCGTTCTTTTCCCCAC-3"),
hypoxia-inducible factor 1-alpha (HIF-1a) (forward: 5'-GAA
CGTCGAAAAGAAAAGTCTCG-3, reverse: 5'-CCTTATCA
AGATGCGAACTCACA-3"). In the experiment, 18S rRNA
was used as an internal reference gene, and the relative gene
expression levels were calculated using the 2"AACt method.

Western blot assay

Total protein was extracted from cells using RIPA lysis buffer
(P0O013B, Beyotime, Shanghai, China) containing protease and
phosphatase inhibitors (ab201119, Abcam, Shanghai, China).
The protein concentration was determined using a BCA pro-
tein assay kit (Pierce Biotechnology, USA) according to the
manufacturer’s instructions. Equal amounts of protein were
separated by SDS-PAGE and transferred to a nitrocellulose
(NC) membrane (BioTrace™ NT, PALL). The membrane was
blocked with 5% non-fat dry milk for 1 h at room tempera-
ture and then incubated with primary antibodies overnight at 4
°C. The primary antibodies used in this study include: YBX1
(1:10,000, Proteintech, 20339-1-AP), HIF-1a (1:1,000, Cell
Signaling Technology, #36169), AKT (1:2,000, Proteintech,
10176-2-AP), p-AKT (Ser473) (1:2,000, Proteintech, 66444-
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1-Ig), and GAPDH (1:10,000, Proteintech, 10494-1-AP). The
next day, the membrane was incubated with horseradish perox-
idase (HRP)-conjugated secondary antibodies for 1 h at room
temperature, and protein bands were detected using an ECL
chemiluminescent reagent kit.

Western blot densitometric analysis

Western blot band intensities were quantified using Imagel
software (National Institutes of Health, Bethesda, MD, USA).
For each blot, the intensity of the target protein bands (e.g.,
HIF-1a) was normalized to the corresponding GAPDH band to
correct for loading variations. Relative expression levels were
calculated by setting the control group to 1.0, and values from
at least three independent experiments were averaged. The re-
sults are presented as mean + standard deviation (SD). Statisti-
cal significance was determined using Student’s ¢-test (for two
groups) or one-way analysis of variance (ANOVA) (for multi-
ple groups), with P < 0.05 considered statistically significant.

Lentiviral transduction

To overexpress YBX1, lentiviral vectors carrying the YBX1
gene were purchased from Heyuan Bio (Shanghai, China)
HT-29 and SW480 cells were then infected with these vec-
tors according to the manufacturer’s instructions. After infec-
tion, cells were selected with 10 pg/mL blasticidin for 2 weeks
to establish stable YBX1 overexpressing cell lines. To knock
down YBXI, lentiviral vectors carrying shRNA sequences
targeting YBX1 were used to infect HCT 116 and SW620
cells. The specific shRNA sequences are as follows: shY-
BX1-1: 5'-CCAGTTCAAGGCAGTAAATAT-3"; shYBXI1-2:
5'-AGCAGACCGTAACCATTATAG-3"; shYBX1-3: 5'-GA
CGGCAATGAAGAAGATAAA-3'". After infection, cells were
selected with 5 pg/mL puromycin for 2 weeks to establish
stable YBX1 knockdown cell lines. The efficiency of YBX1
overexpression or knockdown in each cell line was verified by
qRT-PCR and Western blot.

siRNA transfection

YBXI targeting siRNA and negative control siRNA were pur-
chased from GenePharm (Shanghai, China) for transfection
into HCT 116 and SW620 CRC cells. The transfection was per-
formed according to the manufacturer’s instructions. Cells were
collected 48 h after transfection for siRNA efficiency validation
and subsequent experiments. The antisense sequences for the
siRNAs used are as follows: siYBX1-1 (YBX1-Homo-524):
5'-UAUCCGUUCCUUACAUUGAAC-3"; siYBX1-2 (YBXI-
Homo-620): 5'-CCUACACUGCGAAGGUACUUC-3".

Cell proliferation and colony formation assay

Cell proliferation was assessed using the cell counting kit-8

(CCK-8) method. Cells (1 - 2 x 10%) were seeded in a 96-well
plate, with three replicates per group, and cultured for 5 days.
At the set time points, the culture medium was removed, and
100 uL of CCK-8 reagent (diluted at 1:10 with culture me-
dium) was added to each well, incubated for 60 min at 37 °C,
and the absorbance (optical density (OD) value) was measured
at 450 nm using a multifunctional microplate reader (Bio-Rad,
USA) to reflect cell activity.

For colony formation assays, 1 x 103 cells were seeded in
a 6-cm dish and cultured for 10 - 14 days until visible colonies
formed. The colonies were washed twice with 1x phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for 30
min, and stained with 0.2% crystal violet for 1 h. After wash-
ing off excess dye and air-drying, the number of colonies with
a diameter greater than 100 um was counted to evaluate the
cell colony-forming ability.

Transwell migration assay

The cell migration assay was performed using Transwell
chambers with an 8-um pore size (JET BOIFIL, Guangzhou,
China). Cells (5 x 10*) were suspended in 200 pL serum-free
medium and seeded into the upper chamber of the Transwell.
The lower chamber was filled with 800 pL. medium containing
10% FBS as a chemotactic agent. After incubation for 24 h at
37 °C, 5% CO,, the non-migrated cells in the upper chamber
were gently removed with a cotton swab. The migrated cells
were fixed with 4% paraformaldehyde and stained with 0.2%
crystal violet for 30 min, washed with PBS, and randomly
counted in five fields of view under an inverted microscope to
assess cell migration ability.

Immunofluorescence (IF) staining

Bone marrow-derived macrophages (BMDMs) were isolated
from C57BL/6 mice and differentiated. The cells were then
seeded onto sterile coverslips and incubated ina 37 °C, 5% CO,
incubator for 24 h. Cells were treated with different concentra-
tions of BKM120 (2, 5, and 8 uM) for 24 h, and the control
group was treated with lipopolysaccharide (LPS, 1 pg/mL).

After treatment, cells were washed twice with 1x PBS,
fixed with 4% paraformaldehyde for 15 min, and permeabi-
lized with 0.1% Triton X-100 at room temperature for 10 min.
Non-specific binding sites were blocked with 5% bovine se-
rum albumin (BSA) for 1 h, followed by overnight incubation
with primary antibodies at 4 °C. Primary antibodies included
anti-iINOS and anti-Arg-1 antibodies (both purchased from
Abclonal), used to detect M1 and M2 macrophage polariza-
tion. On the following day, the cells were incubated with Alexa
Fluor 488 goat anti-rabbit IgG (green) secondary antibody for
1 h at room temperature and stained with DAPI (blue) to label
cell nuclei. Cytoskeletal structure was stained with fluorescein
isothiocyanate (FITC)-labeled phalloidin (Biosharp, green).
All images were captured using an inverted fluorescence mi-
croscope, and fluorescence signals were observed and quanti-
fied using ImageJ software.
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Quantification was performed on > 5 random fields per
condition from > 3 independent biological replicates. For each
field, mean fluorescence intensity (MFI) of induced nitric ox-
ide synthase (iNOS) and Arg-1 was measured with identical
regions of interest (ROIs) and local background subtraction in
Imagel; values were normalized within each experiment to the
LPS + vehicle group (set to 1.0). Data are presented as mean
+ SD and were analyzed by two-tailed Student’s #-test (two
groups) or one-way ANOVA with Tukey’s post hoc test (mul-
tiple doses); P < 0.05 was considered statistically significant.

Live/dead cell staining assay

To evaluate the toxicity of the PI3K/AKT pathway inhibitor
BKM120 on normal cells, L929 mouse fibroblast cells under-
went live/dead cell staining using Calcein-AM/PI dual stain-
ing. Cells were seeded in six-well plates at a density of 2 x 10*
cells per well and incubated for 24 h at 37 °C and 5% CO,,.
After attachment, cells were treated with different concentra-
tions of BKM120 (0, 2, 5, and 8 uM) for 24 h.

After treatment, the culture medium was discarded, and
cells were washed twice with PBS. Aworking solution of
Calcein-AM and propidium iodide (PI) working solution (Bi-
osharp, China) was added according to the manufacturer’s
instructions, after which the cells were incubated in the dark
at room temperature for 15 min. After staining, the cells were
observed under an inverted fluorescence microscope, and im-
ages were collected. Green fluorescence (Calcein-AM) rep-
resents live cells, and red fluorescence (PI) represents dead
cells. Image analysis was performed using Imagel software
to quantify the proportion of dead cells in different treatment
groups and evaluate the toxicity of BKM120 on L929 normal
cells.

Results

YBX1 high expression in CRC and its association with the
PI3K/AKT pathway

To investigate the expression characteristics of YBX1 in CRC,
we first conducted bioinformatics analyses using TCGA and
GEO datasets, including GSE21815, GSE31905, GSE35279,
and GSE44076. The results showed that YBX1 was signifi-
cantly upregulated in both colon adenocarcinoma (COAD) and
rectum adenocarcinoma (READ) tissues compared with nor-
mal colorectal tissues (Fig. 1c, e).

Survival analysis indicated that high YBX1 expression
was closely associated with lower tumor differentiation grade
and poorer overall prognosis (Fig. 1d). Furthermore, GSEA re-
vealed that the PI3K/AKT signaling pathway was significantly
enriched in samples with high YBX1 expression (Fig. 1b),
suggesting a potential mechanistic link between YBX1 and
PI3K/AKT pathway activation in CRC.

Taken together, these findings collectively suggest that
YBXI1 is upregulated in CRC and may contribute to tumor pro-
gression via activation of the PI3K/AKT signaling pathway,

thereby providing a mechanistic basis for further functional
validation and therapeutic exploration.

YBXI1 regulates proliferation and colony formation of
CRC cells

To assess the functional role of YBX1, we initially examined
its expression across five CRC cell lines (Fig. 2a, Supplemen-
tary Material 1A, wjon.elmerpub.com). YBX1 expression
was found to be relatively high in HCT 116 and SW620 cells,
while lower levels were observed in HT-29 and SW480 cells.
Based on these results, we constructed YBX1 knockdown and
overexpression models (Fig. 2b, Supplementary Material 1B,
C, wjon.elmerpub.com). CCK-8 assays showed that YBXI
knockdown significantly inhibited cell proliferation, while
YBXI1 overexpression promoted cell proliferation (Fig. 2¢, d).
Colony formation assays further confirmed that YBX1 expres-
sion levels were closely related to colony formation capacity,
with knockdown significantly reducing colony number and
overexpression significantly enhancing it (Fig. 2c, d).

YBX1 promotes CRC cell migration

Transwell migration assays further confirmed that YBX1 sig-
nificantly enhanced CRC cell migration ability, suggesting that
it plays a key role in promoting the malignant progression of
colorectal cancer (Fig. 3a, b).

YBXI1 functional differences in different cellular contexts
may be related to its phosphorylation status

Overexpression of YBX1 in HT-29 cells may exhibit func-
tional reversal due to multi-site phosphorylation, changing its
structural state and resulting in a “dominant negative” pheno-
type. These findings underscore the importance of considering
not only the total protein levels of YBX1 in targeted studies,
but also its phosphorylation status and specific post-transla-
tional modification sites, which may critically influence its
oncogenic potential.

YBX1 regulates HIF-1a expression and participates in
hypoxic response

GSEA revealed that the HALLMARK REACTIVE OXY-
GEN SPECIES PATHWAY was significantly enriched in
YBX1 high-expression samples in multiple GEO CRC cohorts
(GSE21815, GSE31905, GSE35279, and GSE41657) (Fig. 4a).

To further explore the potential role of YBX1 in hypoxic
responses, we established CRC cell models with YBX1 knock-
down and overexpression, combined with CoCl, treatment to
simulate hypoxic conditions.

In SW620, YBX1 knockdown consistently reduced HIF-
la protein levels, and this reduction remained evident under
hypoxia (Fig. 4b2). In HCT116, by contrast, YBX1 knock-
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Figure 2. YBX1 regulates CRC cell proliferation and colony formation. (a) Expression levels of YBX1 in five CRC cell lines. (b)
Western blot verification of YBX1 knockdown in HCT 116 and SW620 cells and YBX1 overexpression in HT-29 and SW480 cells.
(c) CCK-8 assays showing that YBX1 knockdown inhibits cell proliferation, while overexpression promotes cell proliferation. (d)
Colony formation assays showing that YBX1 knockdown decreases colony formation ability, while overexpression enhances
colony formation ability. CCK-8: cell counting kit-8; CRC: colorectal cancer; YBX1: Y-box binding protein 1.
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down produced only a modest, non-significant change under
normoxia and no robust difference under hypoxia (Fig. 4b1).
In SW480 cells, YBX1 overexpression resulted in a significant
increase in YBX1 protein levels under hypoxic conditions, but
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HIF-1a expression was lower than that in the control group

(Fig. 4b, c).

Quantitative analysis confirmed these trends (Supplemen-
tary Material 1D-F, wjon.elmerpub.com).
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Figure 4. YBX1 regulates HIF-1a expression and participates in hypoxic response. (a) GSEA analysis showing significant enrich-
ment of the ROS signaling pathway in YBX1 high-expression samples. (b) Effect of YBX1 knockdown on HIF-1a under normoxia
and CoCl,-simulated hypoxia. (c) Effect of YBX1 overexpression on HIF-1a in HT-29 and SW480. GSEA: Gene Set Enrichment
Analysis; HIF-1a: hypoxia-inducible factor 1-alpha; ROS: reactive oxygen species; YBX1: Y-box binding protein 1.

RNA-seq suggests PI3K/AKT pathway may regulate
YBXI1 expression

To further explore the upstream regulatory mechanisms of
YBX1 expression, we performed RNA sequencing analysis
on YBXI1 knockdown and control groups. The results revealed
that multiple tumor-associated pathways, including PI3K/AKT
and MAPK, were significantly downregulated upon YBXI
knockdown, suggesting its involvement in coordinating key
oncogenic networks. Several downstream key genes showed
decreased expression in the YBX1 knockdown group, suggest-
ing that this pathway might serve as an important upstream
regulator of YBX1 expression (Supplementary Materials 2 and
3, wjon.elmerpub.com).

PI3K inhibitor BKM120 downregulates YBX1 expression

To verify the regulatory relationship between the PI3K/AKT
pathway and YBXI1 expression, we treated CRC cells with

494

the PI3K inhibitor BKM120 for 24 h. The results showed that
BKM120 significantly inhibited the phosphorylation level of
AKT (p-AKT expression decreased), while the total AKT ex-
pression remained unchanged. Meanwhile, YBX1 protein ex-
pression also significantly decreased, suggesting that YBX1
expression is positively regulated by the PI3K/AKT pathway
(Fig. 5a-c). These findings reinforce the hypothesis that YBX1
is a downstream effector of PI3K/AKT signaling, and that
its expression may be regulated through pathway-dependent
phosphorylation events.

Inhibition of PI3K/AKT pathway affects macrophage po-
larization

To preliminarily explore the potential impact of PI3K/AKT/
YBX1 pathway inhibition on the tumor-associated immune
microenvironment, we further examined the effect of BKM 120
on the polarization of BMDMs. BMDMSs were exposed to dif-
ferent concentrations of BKM120 (0, 2, 5, and 8 uM) for 24 h,
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Figure 5. BKM120 downregulates YBX1 expression and promotes M1 polarization of macrophages. (a) IC4, values for various
cell lines. (b, c) After 24-h BKM120 treatment of CRC cells, p-AKT and YBX1 protein levels significantly decreased, while total
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Figure 6. BKM120 promotes M1 polarization of macrophages and toxicity assessment. (a) Immunofluorescence staining show-
ing decreased Arg-1 expression in BMDMs after BKM120 treatment. These results suggest that PI3K/AKT pathway inhibition
might promote macrophage polarization towards M1, improving the tumor immune microenvironment. (b) The results show that
at the concentrations of the drug used, L929 cells exhibited good vitality, indicating that the concentration of BKM120 is safe. AKT:
protein kinase B; BKM120: buparlisib; BMDMs: bone marrow-derived macrophages; PI3K: phosphoinositide 3-kinase.

and immunofluorescence results showed that the expression of CRC microenvironment (Figs. 5d and 6a).
the M1 marker iNOS gradually increased, while the expression
of the M2 marker Arg-1 decreased. These results indicate that
PI3K/AKT signaling may influence macrophage polarization
dynamics, and its inhibition promotes a pro-inflammatory M1
phenotype, which could enhance anti-tumor immunity in the To further evaluate the safety of BKM120 in CRC cell mod-

Toxicity of BKM120 on L1929 cells
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els, we conducted a toxicity experiment using L.929 mouse
fibroblasts. Cells were cultured with different concentrations
of BKM 120, and cell viability was assessed by live/dead stain-
ing (Calcein-AM/PI staining). The results showed that at the
concentrations used, L929 cells exhibited good vitality (Fig.
6b). Staining results indicated that, under both normoxic and
hypoxic conditions, the majority of the cells were green, in-
dicating no cell death. These findings confirm that the tested
concentrations of BKM120 exhibit minimal cytotoxicity in
L9209 fibroblasts, supporting its safety profile for further CRC-
related studies.

Discussion

Increasing evidence suggests that in addition to genetic muta-
tions, alterations in molecular regulatory networks play criti-
cal roles in driving CRC progression, therapy resistance, and
immune evasion. Therefore, further elucidation of novel mo-
lecular mechanisms is essential for identifying new therapeutic
strategies.

YBX1 is a multifunctional nucleic acid-binding protein,
but the expression patterns, functional roles, and upstream
regulation of YBX1 in CRC are not fully understood. In this
study, we revealed that YBX1 is significantly overexpressed
in CRC tissues and correlates with poor prognosis. Functional
experiments further demonstrated that YBX1 promotes CRC
cell proliferation and migration, and is positively regulated by
PI3K/AKT signaling (Fig. 2).

The PI3K/AKT signaling pathway is a core pathway
that regulates cell growth, metabolism, survival, and migra-
tion. Persistent activation of this pathway has been observed
in various malignancies [12, 13]. Recent evidence suggests
that PI3K/AKT signaling may promote tumor progression by
modulating downstream effectors that drive phenotypic trans-
formation and immune evasion in cancer cells [13]. However,
it is unclear whether this pathway regulates CRC development
via YBXI1 activation [14].

Increasing attention has been paid to the role of YBXI
in the hypoxic tumor microenvironment. Recent studies have
shown that YBX1 promotes HIF-1a expression via PI3K/AKT
signaling, thereby enhancing tumor adaptation to hypoxia [15,
16]. Based on this, we hypothesized that YBX1 acts as a mo-
lecular bridge linking PI3K/AKT signaling and HIF-1a acti-
vation in CRC, thereby contributing to malignant progression
(Fig. 7).

RNA sequencing and GSEA analysis indicated that the
PI3K/AKT signaling pathway might be involved in the up-
stream regulation of YBX1 expression. After treating CRC
cells with the PI3K inhibitor BKM120, we observed a signifi-
cant reduction in p-AKT and YBXI1 protein levels, confirming
the positive regulation of YBX1 by the PI3K/AKT pathway
[17]. Notably, this concentration of BKM120 showed mini-
mal cytotoxicity in L929 cells without significantly affecting
cell viability (Fig. 6b), indicating its suitability for subsequent
tumor microenvironment studies. Moreover, BKM120 treat-
ment promoted M1 polarization of BMDMs, suggesting that
the YBX1/PI3K/AKT axis may influence CRC progression by

regulating the tumor immune microenvironment [18].

Notably, YBX1 overexpression in HT-29 cells suppressed
proliferation and migration, contrasting with its typical onco-
genic role in other CRC cell lines, suggesting a context-de-
pendent regulatory mechanism. This phenomenon is different
from its oncogenic effects in other cell lines. To address this
discrepancy, we investigated the phosphorylation status of
YBXI1 and found that its overexpression in HT-29 cells was
associated with significantly increased phosphorylation [19]
(Fig. 2b). This observation implies that YBX1’s functional ef-
fects may be determined by cellular context and post-trans-
lational modifications, particularly site-specific phosphoryla-
tion.

Previous studies have demonstrated that YBX1 phospho-
rylation at different sites can lead to different outcomes. For
instance, phosphorylation at Ser102 [20], which is mediated
by kinases such as Akt, ribosomal S6 kinase (RSK), and mam-
malian target of rapamycin (mTOR), promotes the nuclear
translocation and transcriptional activation of oncogenes such
as epidermal growth factor receptor (EGFR) and Snail. This is
consistent with YBX1’s established role as an oncogene [21,
22]. In contrast, phosphorylation at other sites (e.g., Serl65
[23], Thr80 [24], and Ser176 [19]) may impair nucleic acid
binding, stability, or nuclear localization, potentially inducing
transcriptional inactivation or loss of function [25] (Table 1).
Notably, multi-site phosphorylation could result in a “domi-
nant negative” or “inactive” conformation [26], explaining the
tumor-suppressive phenotype observed in HT-29 cells (Figs.
2d and 3b).

Table 1 summarizes the kinase origins, functional direc-
tions, and regulatory mechanisms of various YBX1 phospho-
rylation sites reported in the current literature. The oncogenic
or tumor-suppressive functions of YBX1 are finely regulated
by these phosphorylation sites, with some sites enhancing its
nuclear transcriptional regulatory ability, while others may
lead to inactivation or mislocalization. Undiscovered sites of-
fer potential directions for future mechanistic studies.

Previous studies have highlighted the dual roles of YBX1
phosphorylation in tumor biology depending on the cellular
context. Bai et al [27] reported that PI3K/mTOR-mediated
phosphorylation of YBXI, particularly at Ser102, promotes
its nuclear translocation and the activation of proliferative
transcriptional programs in basal-like head and neck can-
cer cells, thereby driving tumor progression. In contrast, in
mesenchymal-like cells with low PI3K activity, reduced lev-
els of phosphorylated YBX1 were associated with enhanced
EMT programs and increased invasiveness, suggesting that
the phosphorylation status of YBX1 critically influences tu-
mor cell behavior. On the other hand, Sogorina et al [28] dem-
onstrated that phosphorylation of YBX1 at Ser209 inhibits its
nuclear translocation, thereby restraining its transcriptional
activity. Taken together, these findings support the hypothesis
that site-specific phosphorylation of YBX1 may exert oppo-
site functional outcomes: phosphorylation at Ser102 enhances
its oncogenic role, while phosphorylation at Ser209 may limit
nuclear functions and confer a tumor-suppressive effect. This
mechanistic framework may help to explain the differential
effects that we observed in colorectal cancer cell lines and
warrants further investigation into the precise contribution of
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individual phosphorylation sites to YBX1’s context-dependent
roles in cancer progression.

The functional heterogeneity of YBXI1 highlights the
complexity of its regulation. While most CRC cell lines exhib-
it enhanced proliferation and migration when YBX1 is over-
expressed, HT-29 cells display the opposite trend, which is
likely due to differential phosphorylation patterns. These find-
ings highlight the importance of cellular context and kinase
activity in determining YBX1’s role, and suggest a potential

mechanism for its dual functions in cancer progression. Fur-
ther studies are needed to elucidate how specific phosphoryla-
tion signatures dictate YBX1’s switch between oncogenic and
tumor-suppressive states [29].

Thus, we speculate that overexpression of YBX1 in HT-29
cells may result in functional reversal due to high-level phos-
phorylation, which changes its structural state. This observa-
tion suggests that in studies targeting YBX1, attention should
not only be paid to its total protein levels, but also to its phos-
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Table 1. Impact of Different Phosphorylation Sites on YBX1 Functional Regulation

Mechanism description

Promotes YBX1 nuclear translocation, enhances its transcriptional activation

ability, and regulates the expression of target genes such as EGFR and Snail.

Phosphoryla- q q Functional
tion site Regulating kinase direction
Ser102 [20, 22] Akt, RSK, mTOR  Oncogenic
Ser165 [23] Unknown Tumor
suppressive
(speculated)
Ser176 [19] CKI (indirect Oncogenic
regulation,
induced by IL-1B)
Thr80 [24] Unknown Unclear
Multi-site Multi-pathway Biphasic
phosphorylation [26] activation function

effect.

May lead to inhibition of YBX1’s transcriptional
activity; further verification is needed.

Phosphorylation at Ser176 activates the NF-«kB signaling pathway in CRC cells,
promoting YBX1 nuclear translocation and transcriptional activation, an
important regulatory point for its oncogenic function.

May affect YBX1 stability and its RNA-binding ability.

Excessive phosphorylation may cause nuclear exclusion or non-functional
aggregation, resulting in transcriptional inactivation or a “dominant negative”

AKT: protein kinase B; CKI: casein kinase |I; CRC: colorectal cancer; EGFR: epidermal growth factor receptor; IL: interleukin; mTOR: mammalian
target of rapamycin; NF-kB: nuclear factor-kB; RSK: ribosomal S6 kinase; Ser: serine; Thr: threonine; YBX1: Y-box binding protein 1.

phorylation status and specific modification sites.

In addition to its role in regulating proliferation and migra-
tion through phosphorylation modifications, we also explored
the involvement of YBXI1 in hypoxic responses through the
PI3K/AKT-HIF-1a axis. GSEA revealed that the HALL-
MARK REACTIVE OXYGEN_SPECIES PATHWAY
was significantly enriched in YBX1 high-expression sam-
ples in multiple GEO CRC cohorts (GSE21815, GSE31905,
GSE35279, and GSE41657) (Fig. 4a). This pathway is closely
associated with responses to oxidative stress and hypoxia re-
sponses, suggesting a potential role for YBXI1 in regulating
ROS-mediated stress pathways and hypoxic adaptation.

To further investigate this possibility, we established CRC
cell models with YBX1 knockdown and overexpression, com-
bined with CoCl, treatment to simulate hypoxic conditions.
Consistent with a cell line- and context-dependent relation-
ship, YBX1 knockdown in SW620 reproducibly reduced HIF-
la under both normoxia and hypoxia, whereas in HCT116 the
change was modest under normoxia and not robust under hy-
poxia (Fig. 4b; supported by densitometric quantification). In
both SW480 and HT-29 cells, overexpression of YBX1 under
hypoxic conditions led to a reduction in HIF-1a protein levels
compared to vector control. This was particularly evident in
SW480 cells (Fig. 4c), suggesting a possible negative feed-
back regulation mechanism mediated by YBX1 in response
to hypoxia. Together, these findings indicate that YBX1 can
either enhance or restrain HIF-1a in CRC cells depending on
cellular background and stress intensity, highlighting its dual
regulatory potential.

This phenomenon may be attributed to YBX1-mediated
modulation of oxidative stress under hypoxic conditions,
either through direct interaction with HIF-1a or through in-
creased ROS accumulation, leading to the suppression of HIF-
la transcriptional activity [30]. Consistent with previous stud-
ies, YBX1 has been implicated in regulating tumor survival,
angiogenesis, and invasiveness through oxidative stress path-
ways [29, 31, 32]. Our findings validated this regulatory trend
across multiple CRC cell models, indicating that YBXT1 acts as

an upstream regulator of HIF-1a and participates in hypoxic
stress responses.

Although YBX1 is generally considered to promote HIF-
la expression, our results demonstrate that under specific hy-
poxic conditions, YBX1 may inhibit excessive accumulation
of HIF-la through a negative feedback mechanism. These
findings highlight the complex and context-dependent regula-
tory roles of YBX1 in tumor hypoxic microenvironments.

Moreover, considering that PI3K/AKT signaling is a
well-known regulator of both hypoxic adaptation and HIF-1a
expression, and that our previous experiments demonstrated
PI3K/AKT-dependent regulation of YBX1 in CRC cells, it
is reasonable to propose that PI3K/AKT activation promotes
YBX1 upregulation, which in turn modulates HIF-1a dynam-
ics under hypoxic conditions.

Based on our findings, we propose a conceptual model
(Fig. 7) illustrating how the PI3K/AKT-YBX1-HIF-1a axis me-
diates hypoxia adaptation and promotes CRC progression and
metastasis. In this model, PI3K/AKT signaling activates YBX1,
which in turn enhances HIF-1a expression through translational
and post-transcriptional mechanisms, especially under hypoxic
and oxidative stress. This axis further drives angiogenesis and
metabolic reprogramming, contributing to tumor adaptation.

Beyond its role in hypoxia, YBX1 may also influence
immune modulation [33-35]. Future studies should explore
whether YBXI1 regulates the functional states of tumor-asso-
ciated macrophages (TAMs), regulatory T cells (Tregs), and
MDSCs [36, 37], thereby facilitating in immune evasion and
providing new opportunities for immunotherapy.

Although our study demonstrated that BKM 120 treatment
promotes M1 polarization of BMDMs, suggesting its potential
role in modulating the tumor immune microenvironment, the
specific mechanisms by which BKM120 influences immune
cell subsets such as TAMs, Tregs, and MDSCs in CRC remain
to be elucidated. Future studies should investigate whether
BKM120, alone or in combination with immunotherapies, can
effectively modulate these immune cells to enhance anti-tumor
immunity in CRC.
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