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Abstract
Purpose

Nonylphenol (NP) is a pervasive environmental endocrine disruptor, yet its mechanistic
role in colorectal cancer (CRC) progression remains poorly defined. This study aimed to
elucidate the molecular pathways through which NP influences CRC pathogenesis.

Methods

Human CRC cell lines HCT-116 and HT29 were treated with environmentally relevant NP
concentrations. Functional assays assessed proliferation, apoptosis, cell cycle, migration,
and invasion. RNA sequencing identified transcriptional changes, followed by validation
via qPCR and western blot. Stable FosB knockdown and pharmacological MEK/ERK
inhibition were employed to interrogate pathway necessity. A BALB/c nude mouse
xenograft model was used for in vivo validation.

Results

Low-dose NP (100 nM) significantly enhanced proliferation, S-phase entry, migration, and
invasion in CRC cells. Transcriptomic analysis revealed activation of the MAPK signaling
pathway and marked upregulation of the AP-1 transcription factor FOSB. NP induced
rapid ERK1/2 phosphorylation and FosB expression. Genetic knockdown of FOSB or
pharmacological inhibition of MEK/ERK completely abolished NP-driven malignant
phenotypes in vitro. In xenograft models, NP significantly accelerated tumor growth; this
effect was abrogated by FOSB silencing, which also reversed NP-induced proliferation and
suppressed apoptosis in vivo.

Conclusion

NP promotes CRC progression via the ERK1/2-FosB signaling axis. This pathway
represents a critical mechanistic link between environmental NP exposure and aggressive
CRC phenotypes, identifying FosB as a potential therapeutic target.

Introduction

Colorectal cancer (CRC) represents one of the most common malignant tumors of the
digestive tract, posing a significant burden on global public health systems. It currently
ranks third in global incidence (9.6%) and second in mortality (9.3%) among all malignant
tumors(Bray et al., 2024; Keum and Giovannucci, 2019). According to the latest

Page 2/23



GLOBOCAN estimates in 2022, the global burden continues to rise, with approximately
1.1 million new cases reported and about 900,000 deaths attributed to the disease(Bray et
al., 2024). In China, colorectal cancer now ranks second among the causes of cancer-
related deaths, with approximately 517,100 new cases and 240,000 deaths reported in
2022, reflecting rapid epidemiological transitions linked to urbanization, dietary shifts,
and environmental changes(Han et al., 2024). In line with socio-economic development
and changes in lifestyle, both incidence and mortality rates for CRC have shown a
noticeable upward trend over the past decades(Foster, 2013; Zhu et al., 2017).
Furthermore, CRC exhibits distinct demographic patterns, alongside a concerning global
trend toward a younger age at diagnosis(Foster, 2013; Zhu et al., 2017). While
advancements in early screening, surgical resection techniques, and systemic therapies
have improved outcomes for patients with early-stage disease, the prognosis for metastatic
CRC remains dismal, with a 5-year survival rate hovering at only 10-15%(Biller and
Schrag, 2021; Van Cutsem et al., 2016). Hence, elucidating the molecular mechanisms
underlying the occurrence, progression, and metastasis of CRC.

Environmental estrogens, also known as xenoestrogens, are a class of chemical substances
present in the environment that possess estrogen-like activity. Causal relationships
between environmental estrogens and metabolic disorders such as obesity, as well as
hormone-sensitive cancers have been well established(Adeel et al., 2017). Nonylphenol
(NP), a prototypical alkylphenol, is a degradation product of nonylphenol ethoxylates
(NPEs), which are extensively used in products ranging from detergents to
pesticides(Soares et al., 2008). Consequently, human exposure is widespread and chronic,
evidenced by its detection in human urine, blood, breast milk, and adipose tissue(Calafat
et al., 2005; Fernandez et al., 2007).

A growing body of evidence associates NP exposure with a spectrum of adverse health
outcomes, including metabolic disruption, and immunotoxicity(Chen et al., 2015;
Kharrazian, 2014). Studies show that NP can stimulate the proliferation of breast cancer
cells (e.g., MCF-7) via estrogen receptor (ER)-a dependent and independent pathways(In
et al., 2015), influence cell growth and apoptosis in prostate cancer models(Kim et al.,
2016), and potentially contribute to uterine fibroid growth(Shen et al., 2014). A prior
study indicated that NP could regulate cell growth in CRC cells(Yang et al., 2017), but the
detailed signaling mechanism remains largely unexplored.

The biological effects of estrogenic compounds like NP are mediated through complex
signaling networks. These are often initiated at the plasma membrane by receptors such
as the G-protein coupled estrogen receptor 1 (GPER1, formerly GPR30) (Prossnitz and
Arterburn, 2015; Prossnitz et al., 2007). Activation of these membrane-associated
receptors can trigger cascades of kinase activities, prominently including the
phosphoinositide 3-kinase (PI3K)/Akt and the mitogen-activated protein kinase (MAPK)
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pathways(Levin, 2009). The MAPK/ERK1/2 module is a cardinal signaling hub that
transmits extracellular to intracellular responses governing cell fate decisions(Dhillon et
al., 2007). Constitutive or aberrant activation of the ERK1/2 pathway is a common feature
in CRC(Fang and Richardson, 2005).

AP-1, typically composed of Jun (c-Jun, JunB, JunD) and Fos family proteins, binds to
specific DNA sequences to regulate cell cycle progression, apoptosis, invasion, and
angiogenesis(Efer]l and Wagner, 2003). FosB have been implicated in cellular plasticity,
stress responses, and oncogenesis. In various cancer contexts, FosB overexpression
correlates with aggressive phenotypes and poor patient outcomes(Milde-Langosch, 2005;
Tulchinsky, 2000). In CRC, elevated AP-1 activity is associated with advanced tumor stage
and metastasis(Vaiopoulos et al., 2010).

In this study, we employed a multi-faceted approach combining in vitro functional assays
in two distinct CRC cell lines (HCT-116 and HT29), transcriptomic analysis, targeted
genetic intervention (FosB knockdown), pharmacological pathway inhibition, and in vivo
validation using a murine xenograft model. Our comprehensive results provide compelling
evidence for a defined signaling cascade linking environmental NP exposure to CRC
progression through ERK1/2-FosB axis.

Materials and Methods
Cell Culture and Maintenance

Human colorectal carcinoma cell lines HCT-116 and HT29 were procured from Shanghai
FuHeng Biotechnology were cultured in McCoy's 5A medium (Shanghai FuHeng
Biotechnology, FH-A01) supplemented with 10% heat-inactivated FBS (Gibco, 10099-141)
and 1% penicillin-streptomycin (Beyotime, C0222). HT29 cells (with mutant BRAF and
PIK3CA) were maintained in DMEM (Shanghai BasalMedia Technology, L110K])
supplemented with 10% FBS and 1% penicillin-streptomycin. Both cell lines were
incubated at 37°C in a humidified atmosphere of 95% air and 5% COIL.

NP Treatment and Experimental Grouping

Nonylphenol was purchased from sigma (84852-15-3). A 100 mM stock solution was
prepared in high-grade dimethyl sulfoxide (DMSO, Sigma-Aldrich, D2650) and stored at
-20°C. Cells were treated with NP at final concentrations of 10 nM, 100 nM, and 1 uM for
24, 48, and 72 hours.

Cell Viability and Proliferation Assay
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Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) (Beyotime, C0038)
assay. Cells were seeded in 96-well flat-bottom plates at a density of 5 x 100 cells per well
in 100 pL of complete medium. After overnight attachment (24 hours), cells were treated
according to the experimental design. At the designated time points (24, 48, 72 hours), 10
pL of CCK-8 reagent was added directly to each well, and plates were incubated for an
additional 2 hours at 37°C. The absorbance at 450 nm (reference wavelength 650 nm) was
measured using a K6600-A microplate reader (Beijing Kaiao Technology).

Cell Apoptosis

Apoptosis was evaluated by flow cytometry using an Annexin V-PE/7-AAD-PerCP Apoptosis
Detection Kit (MutiSciences Biotech, AP104-30). After the indicated treatments, both
adherent and floating cells were harvested; adherent cells were detached using trypsin
without EDTA and immediately combined with the corresponding culture supernatant to
avoid loss of non-adherent or apoptotic cells. Cells were washed twice with ice-cold
phosphate-buffered saline (PBS), and 100 cells were resuspended in 500 pL of 1x binding
buffer. Subsequently, 5 pL Annexin V-PE and 10 uL. 7-AAD-PerCP were added, and the
samples were gently mixed and incubated for 5 min at room temperature in the dark.
Stained cells were analyzed immediately on a NovoCyte flow cytometer (ACEA
Biosciences, USA) equipped with 488-nm and 561-nm lasers, with APC and 7-AAD
fluorescence detected using 660/20-nm and 695/40-nm band-pass filters, respectively.

Cell Cycle Distribution Analysis

To analyze cell cycle progression, cells were seeded in 6-well plates (5 x 100 cells/well).
After 48 hours of culture, both adherent and floating cells were collected, combined, and
washed twice with cold phosphate-buffered saline (PBS). Cells were fixed in ice-cold 70%
ethanol and stored at -20°C for at least 4 hours. Prior to analysis, fixed cells were washed
with PBS, treated with RNase A (MCE, HY-129046D) (100 pg/mL), and stained with
propidium iodide (PI, 50 png/mL) for 30 minutes at 37°C in the dark. Cellular DNA content
was analyzed using a flow cytometer (NovoCyte, ACEA Biosciences) equipped with a 488
nm laser.

Transwell Invasion Assay

Invasion assays were performed using BioCoat™ Matrigel® Invasion Chambers (Corning).
Prior to the assay, the Matrigel matrix (Beyotime, MC0383) (diluted to 200-300 pg/mL
with serum-free medium) was applied to the upper surface of the membrane and allowed
to polymerize at 37°C for 2 hours. Cells were harvested after treatment, washed, and
resuspended in serum-free medium at a density of 2.5 x 100 cells/mL. The upper chamber
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was loaded with 100 pL of cell suspension (2.5 x 100 cells). The lower chamber was filled
with 600 pL of complete medium containing 20% FBS as a chemoattractant. After
incubation for 48 hours at 37°C, non-invading cells on the upper surface of the membrane
were gently removed with a cotton-tipped swab. Invaded cells on the lower surface were
fixed with 70% methanol for 15 minutes, stained with 0.1% crystal violet for 20 minutes,
and washed with distilled water. Membranes were air-dried and photographed under an
inverted light microscope (XD, Ningbo Sunny Optical) at 200x magnification.

Wound Healing Migration Assay

Cells were seeded in 6-well plates and grown to near-confluent monolayers (~ 95%). A
uniform scratch wound was created across the center of each well using a sterile 200 pL
pipette tip. Detached cells were removed by washing three times with PBS. Fresh medium
containing 2% FBS was added. Images of the wound were captured immediately (0 hour)
and at specified intervals (24, 48, 72 hours) using an inverted microscope with a digital
camera. The wound area at each time point was measured using the freehand selection
tool in Image] software.

RNA Sequencing and Bioinformatics

Total RNA was extracted from HCT-116 cells treated with 100 nM NP or DMSO vehicle for
48 hours using RNAiso Plus (TaKaRa, 9109). RNA integrity was assessed using an Agilent
Bioanalyzer (RIN > 8.0). Library construction and 150 bp paired-end sequencing on an
[llumina NovaSeq 6000 platform were performed by a commercial service provider
(Beijing Genomics Institute). Raw sequencing reads were processed to remove adapters
and low-quality bases using Trimmomatic. Clean reads were aligned to the human
reference genome (GRCh38) using HISAT?2. Gene expression levels were quantified as
fragments per kilobase of transcript per million mapped reads (FPKM) using StringTie.
Differential expression analysis was conducted with DESeq2, applying a threshold of
llog2(fold change)| > 0.585 (corresponding to a 1.5-fold change) and an adjusted p-value
(Benjamini-Hochberg) < 0.05. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were performed using the clusterProfiler R
package to identify significantly enriched biological processes and signaling pathways.

Quantitative Real-Time PCR (qPCR)

Total RNA from cultured cells or snap-frozen tumor tissues was extracted using RNAiso
Plus (Takara, 9109). cDNA was synthesized from 1 pg of total RNA using the PrimeScript
RT reagent Kit with gDNA Eraser (Takara, RR047A) in a 20 pL reaction. Quantitative PCR
was performed on a qTOWER 3G Real-Time PCR System (Analytik Jena AG) using
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PerfectStart Green qPCR SuperMix (TransGen, AQ601-02). The reaction conditions were:
94°C for 30 sec, followed by 40 cycles of 94°C for 5 sec and 60°C for 30 sec. Melt curve
analysis was performed to confirm amplification specificity. The primer sequences used
are listed below:

FosB-F: 5'-CATTGTCAACCTCGCCGC-3'

FosB-R: 5'-TGCTCGGTGCTGTCTGGAA-3'

CCNB1-F: 5'-GCAGCACCTGGCTAAGAATGT-3!
CCNB1-R: 5'-CAGCCTTGGCTAAATCTTGAACT-3'
CDC20-F: 5'-GCAGACATTCACCCAGCATCA-3'

CDC20-R: 5'-ATCCACGGCACTCAGACAGG-3'

GAPDH-F: 5'-CCAGAACATCATCCCTGCCT-3'
GAPDH-R: 5'-CCTGCTTCACCACCTTCTTG-3'

Relative gene expression was calculated using the comparative 27 (-AACt) method, with
GAPDH serving as the endogenous reference gene for normalization.

Western Blot Analysis

Cells or homogenized tumor tissues were lysed in RIPA buffer (Beyotime, PO0O13B)
supplemented with 1 mM PMSF and a protease/phosphatase inhibitor cocktail (Roche,
4693116001). Lysates were centrifuged at 14,000 x g for 15 minutes at 4°C. Protein
concentration in the supernatant was determined using a BCA Protein Assay Kit (Pierce,
23225). Equal amounts of protein (10-20 png) were separated by SDS-PAGE on 4-20%
gradient mini-protean TGX gels (Bio-Rad) and transferred to PVDF membranes (Millipore).
Membranes were blocked with 5% (w/v) bovine serum albumin (BSA) in TBST for 1 hour
at room temperature and then incubated with primary antibodies diluted in blocking
buffer overnight at 4°C. After three washes with TBST, membranes were incubated with
appropriate HRP-conjugated secondary antibodies for 1 hour at room temperature. Protein
bands were visualized using an enhanced chemiluminescence (ECL) substrate
(ThermoFisher, 34579) and captured with a MiniChemi 610 imaging system (Beijing
Saizhi). Primary antibodies used were: anti-FosB (HuaBio, ET1611-75), anti-ERK1/2
(Proteintech, 11257-1-AP), anti-phospho-ERK1/2 (Thr202/Tyr204) (Proteintech, 28733-1-
AP), anti-CCNB1 (Proteintech, 28603-1-AP), anti-CDC20 (Proteintech, 10252-1-AP), anti-
Ki-67 (Proteintech, 27309-1-AP), and anti-GAPDH (Proteintech, 10494-1-AP). HRP-
conjugated secondary antibodies were from Jackson ImmunoResearch.
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Lentiviral Vector Construction and FosB
Knockdown

Three distinct shRNA oligonucleotide sequences targeting human FOSB (NM_006732)
were designed and synthesized. The sequences were:

shFosB-1: 5'-CTCGCCTCTGTGAACTCTTT-3'
shFosB-2: 5'-CTTCGTACACTTCTTCGTTT-3'
shFosB-3: 5'-TCTTTACACACAGTGAGATT-3'

A non-targeting scrambled shRNA sequence (5'-TTCTCCGAACGTGTCACGT-3") served as
the negative control (NC). Oligos were cloned into the pLKO.1-puro lentiviral vector
(Addgene) between the BamHI and EcoRI restriction sites. Lentiviral particles were
produced by co-transfecting 293T cells with the transfer vector and packaging plasmids
(psPAX2 and pMDZ2.G) using polyethylenimine (PEI). Viral supernatants were collected at
48 and 72 hours post-transfection, filtered, and concentrated by ultracentrifugation. HCT-
116 and HT29 cells were transduced with lentiviruses at an appropriate multiplicity of
infection (MOI) in the presence of 8 ng/mL polybrene. Stable cell lines were selected with
2 ng/mL puromycin for 7-10 days.

In Vivo Xenograft Tumor Study

Thirty female BALB/c nude mice (4-6 weeks old, 19-23 g) were purchased from
GemPharmatech (Chengdu) Co., Ltd. Mice were housed under specific pathogen-free
(SPF) conditions. After one week of acclimatization, mice were randomly divided into six
groups (n=>5 per group).

For tumor inoculation, exponentially growing cells were harvested, washed, and
resuspended at 5*100 cells in 100 pL of serum-free medium, mixed 1:1 with cold Matrigel.
The cell suspension (200 pL total) was injected subcutaneously into the right dorsal flank
of each mouse using a 1 mL insulin syringe. Tumor growth was monitored every three
days by measuring the length (L, longest dimension) and width (W, shortest perpendicular
dimension) with digital calipers. Tumor volume was calculated using the formula: V =
(L¥*W~2) / 2. Starting one week post-inoculation (when palpable tumors formed), mice in
the NP treatment groups received intraperitoneal injections of NP (80 uM in 100 pL of
saline containing 5% DMSO) every three days. Control groups received vehicle injections.
On day 24, all mice were euthanized by cervical dislocation under deep anesthesia induced
by intraperitoneal injection of Ketamine (50 mg/kg). Tumors were carefully excised,
photographed, weighed, and measured. Each tumor was divided: one portion was fixed in
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4% paraformaldehyde for 24 hours for histology, and the remainder was snap-frozen in
liquid nitrogen for molecular analysis.

Histopathology, Immunohistochemistry (IHC), and
TUNEL Assay

Formalin-fixed, paraffin-embedded tumor tissues were sectioned at 5 pm thickness. For
general histopathology, sections were stained with hematoxylin and eosin (H&E) using a
standard protocol(Magaki et al., 2019).

For Ki-67 THC, antigen retrieval was performed by heating sections in citrate buffer (pH
6.0) in a microwave. Endogenous peroxidase activity was quenched with 3% HIOL.
Sections were blocked with 10% normal goat serum and incubated overnight at 4°C with
anti-Ki-67 antibody (Proteintech, 27309-1-AP) (1:200). After washing, sections were
incubated with a biotinylated secondary antibody and then with HRP-conjugated
streptavidin. Staining was developed with 3,3'-diaminobenzidine (DAB) substrate and
counterstained with hematoxylin. For quantification, five representative high-power fields
(HPF, 400x) per tumor section were captured. Apoptosis was detected using a One-Step
TUNEL Apoptosis Assay Kit (Beyotime, C1089).

Statistical Analysis

Data are presented as the mean + standard deviation (SD) from at least three independent
experiments unless otherwise stated. Statistical analysis was performed using GraphPad
Prism software (version 10.5.21). Normality of data distribution was assessed using the
Shapiro-Wilk test. For comparisons between two groups, an unpaired two-tailed Student's
t-test was used for data with normal distribution and equal variance; the Mann-Whitney U
test was used for non-parametric data. For comparisons among multiple groups, one-way
analysis of variance (ANOVA) was performed, followed by Tukey's post-hoc test for data
meeting homogeneity of variance (assessed by Brown-Forsythe test) or by the Kruskal-
Wallis test with Dunn's post-hoc test for non-parametric data. Differences in tumor growth
curves over time were analyzed by two-way repeated measures ANOVA. A p-value of less
than 0.05 was considered statistically significant. All statistical tests were two-sided. ns
stands for no significance;*P < 0.05; **P < 0.01; **P <0.001; ***P < (0.0001.

Results

Low-Dose Nonylphenol Enhances the Proliferative
Capacity of CRC Cells

To define the concentration range and temporal dynamics of NP's effects on CRC cells, we
conducted a comprehensive CCK-8 viability screen. HCT-116 and HT29 cells were exposed
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to a spectrum of NP concentrations (10 nM, 100 nM, 1 pM) for 24, 48, and 72 hours

(Fig. 1A). 1 uM NP exerted a consistent inhibitory effect on cell viability, educing viability
to 80-94% of control. In contrast, lower concentrations elicited a subtle but statistically
significant pro-proliferative effect, particularly evident after 48 hours of exposure.
Treatment with 100 nM NP for 48 hours increased the viability of HCT-116 cells to
106.02% + 4.11% and HT29 cells to 105.10% + 7.92% relative to their respective DMSO
controls. These data indicate that NP, at environmentally plausible low doses, can function
as a mitogenic stimulus for CRC cells, whereas higher doses are cytotoxic. Based on this
profile, the condition of 100 nM NP for 48 hours was selected for all subsequent in vitro
experiments.

NP Treatment Alters Cell Cycle Dynamics,
Promoting S-Phase Entry

To elucidate the cellular basis for the observed increase in proliferation, we analyzed the
cell cycle distribution. In HCT-116 cells, treatment with 100 nM NP for 48 hours resulted
in a significant redistribution of cells among the cycle phases (Fig. 1B). Specifically, the
percentage of cells in the GO/G1 phase decreased from 65.2% in controls to 61.3%, while
the proportion of cells in the S phase increased markedly from 33.5% to 41.1%. The G2/M
population remained relatively stable. This shift indicates that NP stimulates HCT-116
cells to transition from the G1 resting phase into the DNA synthesis (S) phase, thereby
accelerating cell cycle progression. In HT29 cells, a similar trend was observed. These
results confirm that the pro-proliferative effect of NP is associated with active modulation
of the cell cycle machinery.

NP Potentiates the Migratory and Invasive
Phenotypes of CRC Cells

In the wound healing assay (Fig. 1C), NP exposure accelerated the rate of wound closure.
For instance, in HT29 cells, the wound healing percentage at 48 hours post-scratch was
41.9% in the NP-treated group versus 35.2% in the control group. As shown in Fig. 1D, NP
treatment significantly augmented the invasive capacity of both HCT-116 and HT29 cells.
The number of cells invading through the Matrigel-coated membrane increased by
approximately 1.8-fold in HCT-116 and 1.6-fold in HT29 cells compared to their respective
controls. These findings demonstrate that NP robustly enhances the migratory and
invasive properties of CRC cells, key hallmarks of metastatic potential.

Transcriptomic Analysis Implicates MAPK Signaling
and Identifies FosB as a Key Responder
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To gain an unbiased, genome-wide perspective on the molecular changes induced by NP,
we performed RNA sequencing on HCT-116 cells treated with 100 nM NP or vehicle for 48
hours. Differential expression analysis identified 1,247 genes that were significantly
upregulated and 893 genes that were downregulated in response to NP (adjusted p < 0.05,
llog2FC| > 0.5). KEGG pathway enrichment analysis of the upregulated genes revealed
highly significant enrichment for terms including "MAPK signaling pathway",
"Transcriptional misregulation in cancer," "Cell cycle," and "Focal adhesion" (Fig. 2A).
Within the list of most significantly upregulated genes, FOSB(encoding the FosB protein)
emerged as a top candidate, with a log2 fold change of 1.92 (approximately 3.8-fold
increase) (Fig. 2B).

NP Activates the ERK1/2 MAPK Pathway and
Induces FosB Expression

Guided by the transcriptomic results, we examined the activation status of the ERK1/2
pathway, a major branch of MAPK signaling. Western blot analysis showed that NP
treatment (100 nM, 48 hours) led to a pronounced increase in the levels of phosphorylated
ERK1/2 (p-ERK1/2 at Thr202/Tyr204) in both HCT-116 and HT29 cells, while total
ERK1/2 protein remained unchanged (Fig. 2C). Concurrently, NP exposure resulted in a
substantial upregulation of FosB protein, consistent with the RNA-seq data (Fig. 2C).
Quantitative PCR confirmed that NP induced a significant increase in FOSBmRNA levels
(Fig. 2D).

Genetic Knockdown of FosB Abrogates NP-Induced
Malignant Phenotypes

To establish the relationship between FosB upregulation and the biological effects of NP,
we stably knocked down FosB expression in both cell lines using lentiviral shRNA. Three
independent shRNA sequences were tested, and shFosB-2 was selected for all subsequent
experiments, reducing FosB mRNA and protein levels by over 70% (Fig. 3A-B). Strikingly,
FosB knockdown completely reversed the pro-proliferative effect of NP. In CCK-8 assays,
while NP treatment boosted the viability of control (NC) cells (Fig. 3C). In cells
transduced with control shRNA (shNC), treatment with 100 nM NP for 48 hours did not
significantly alter the overall apoptotic rate. In contrast, when FOSB was stably knocked
down (shFosB), subsequent NP exposure resulted in a pronounced increase in apoptosis
(Fig. 3D). In transwell invasion assays, the NP-induced increase in invaded cell numbers
was almost entirely abolished in shFosB cells (Fig. 3E). Similarly, wound healing assays
demonstrated that the accelerated migration caused by NP was significantly blunted upon
FosB silencing (Fig. 4A). These functional rescue experiments provide definitive evidence
that FosB is an essential mediator required for NP to exert its tumor-promoting effects on
CRC cell proliferation, migration, and invasion.
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The ERK1/2 Pathway Acts Upstream of FosB and is
Necessary for NP's Effects

We next investigated the hierarchical relationship between ERK1/2 activation and FosB
induction. Western blot analysis showed that NP-induced ERK1/2 phosphorylation was
partially attenuated in FosB-knockdown cells (Fig. 4B). To directly test the requirement of
ERK1/2 signaling for NP's actions, we used the pharmacological MEK1/2 inhibitor
PD98059. Pre-treatment with PD98059 effectively blocked NP-induced ERK1/2
phosphorylation (Fig. 4C). Crucially, this inhibition of the ERK1/2 pathway completely
nullified the pro-proliferative effect of NP in the CCK-8 assay (Fig. 4C). This experiment
positions ERK1/2 activation as an upstream, obligatory event for NP to stimulate cell
proliferation, presumably through the subsequent induction of FosB and other targets.

NP Promotes Tumor Growth In Vivo in a FosB-
Dependent Manner

To validate the pathophysiological relevance of our in vitro findings, we established
subcutaneous xenograft models. NP administration significantly accelerated tumor growth
of (Fig. 5A). For HT29-derived tumors, the final average tumor volume in the NP + NC
group (1023.98 + 94.54 mm/) was substantially larger than in the NC group (696.53 +
100.87 mml) at day 24. A similar effect was observed with HCT-116 tumors: NP + NC
volume =1088.16 + 152.32 mml vs. NC volume = 647.53 + 241.83 mml. The most
compelling result was that the tumor-promoting effect of NP was almost completely
abrogated in mice injected with FosB-knockdown cells (NP+shFosB groups). The tumor
volumes in these groups (e.g., 691.31 £ 107.64 mm( for HCT116/NP+shFosB) were not
significantly different from those in the untreated NC groups and were dramatically
smaller than in the NP + NC groups (Fig. 5B).

FosB Mediates NP-Induced Proliferation and
Suppression of Apoptosis in Tumors

Gross examination and H&E staining, revealed that NP + NC tumors were generally
larger, more fleshy, and exhibited higher cellularity with fewer necrotic (Fig. 5C). In
contrast, NP+shFosB tumors often showed more extensive regions of necrosis.
Immunohistochemical staining for Ki-67 demonstrated that NP treatment significantly
increased the proliferative index, while this increase was markedly suppressed in FosB-
knockdown tumors treated with NP (Fig. 5D). Conversely, the TUNEL assay for apoptosis
detection showed that NP exposure reduced the apoptotic index in NC tumors, suggesting
enhanced survival. This anti-apoptotic effect of NP was reversed in the NP+shFosB group,
where the apoptotic index returned to levels similar to the NC group (Fig. 6A). These in
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vivo histopathological findings confirm that FosB is crucial for mediating NP's dual effects
of stimulating proliferation and inhibiting apoptosis within the tumor microenvironment.

Molecular Profiling of Tumors Confirms Activation
of the ERK1/2-FosB Axis

The mRNA levels of key proliferation and cell cycle-related genes, CCNB1 (Cyclin B1) and
CDCZ20 (Cell Division Cycle 20), were significantly elevated in NP + NC tumors but were
significantly lower in NP+shFosB tumors (Fig. 6B). NP treatment increased the p-
ERK1/2/ERK1/2 ratio and FosB protein abundance in control tumors. Importantly, these
increases were attenuated in tumors derived from FosB-knockdown cells (Fig. 6C). The
protein levels of CCNB1 and CDC20 followed a similar pattern, being induced by NP in a
FosB-dependent manner.

Discussion

The biphasic dose-response observed in our viability assays—proliferation at low doses
(10-100 nM) and inhibition at a higher dose (1 pM)—is a hallmark characteristic of many
EDCs and hormones(Vandenberg et al., 2012). The selected active concentration of 100
nM is plausible within the context of chronic, low-level human exposure. The concomitant
shift in cell cycle distribution towards the S phase provides a clear cellular mechanism for
the increased proliferation, aligning with the known role of estrogenic signals in
promoting G1/S transition through induction of cyclins and suppression of CDK
inhibitors(Prall et al., 1997).

Our transcriptomic approach was pivotal in identifying FosB as a key nodal point. While
previous studies on NP in cancer have focused on classical estrogen receptors or the
PI3K/Akt pathway(Amaro et al., 2014; In et al., 2015), our unbiased screen highlighted the
MAPK/ERK1/2 pathway and its downstream transcriptional network. FosB's marked
induction is particularly interesting. Unlike the transient expression of c-Fos, FosB and its
truncated splice variant AFosB can exhibit remarkable stability, leading to sustained AP-1
activity that drives long-term adaptive and, in pathological contexts, maladaptive cellular
responses(Nestler, 2015). In cancer, FosB/AFosB has been linked to therapy resistance,
stem-like properties, and metastasis in breast and lung cancers(Milde-Langosch, 2005;
Zhao et al., 2020). Our study is among the first to implicate FosB as a critical effector in
environmental chemical-driven CRC progression.

The ERK1/2 inhibitor PD98059 blocked NP-induced proliferation, placing ERK1/2
activation upstream as the necessary trigger. The partial reduction of ERK1/2
phosphorylation in FosB-knockdown cells suggests a positive feedback loop. Such loops,
where transcription factors sustain the activity of upstream kinases, are common in
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cancer(Santos et al., 2007). This implies that once the NP-ERK1/2-FosB axis is engaged, it
may become self-reinforcing, potentiating long-lasting effects even after NP exposure
ceases.

Therapeutically, the ERK1/2-FosB axis presents a potential target for intervention. While
directly targeting transcription factors like FosB remains challenging, inhibitors of the
upstream kinase MEK (and thus ERK1/2) are already in clinical use or development for
cancers with MAPK pathway mutations(Zhao and Adjei, 2014). Our data suggest that such
inhibitors might be particularly relevant for CRC patients with a history of significant
environmental EDC exposure or for preventing progression in high-risk settings.

Conclusion

In summary, this study delineates a novel and coherent signaling pathway through which
the environmental contaminant nonylphenol promotes colorectal cancer progression. We
demonstrate that NP, at environmentally relevant low doses, activates the ERK1/2 MAP
kinase pathway, leading to the transcriptional induction of the AP-1 transcription factor
FosB. FosB is functionally essential, acting as a critical downstream effector that mediates
NP's stimulatory effects on cancer cell proliferation, migration, invasion in vitro, and
tumor growth in vivo. The ERK1/2-FosB axis thus emerges as a key mechanistic link
between exposure to this pervasive endocrine disruptor and the acquisition of aggressive
cancer phenotypes.
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Figure 1

Nonylphenol promotes proliferation, cell cycle progression, migration, and invasion in CRC
cells.

(A) HCT-116 and HT29 cells were treated with increasing concentrations of NP (10 nM,
100 nM, 1 uM) or vehicle control (DMSO) for 24, 48, and 72 hours. Cell viability was
assessed by CCK-8 assay and was presented as a percentage relative to the DMSO control
(set at 100%) at each time point. Data are shown as mean = SD (n=5). (B) Cell cycle
distribution was analyzed by flow cytometry after PI staining of HCT-116 and HT29 cells
treated with 100 nM NP or DMSO for 48 hours. (C) Representative images of wound
healing. Confluent monolayer of HCT116 and HT29 cells was scratched and then treated
with 100 nM NP or DMSO. Wound closure was monitored and quantified at 0, 24, 48 and
72 hours. Scale bar = 100 pm. (D) Representative images of transwell invasion assays.
HCT-116 and HT29 cells treated with 100 nM NP or DMSO for 48 hours were seeded into
Matrigel-coated chambers. Invaded cells were stained with crystal violet and counted.
Scale bar = 50 ym. Student’s t-test; ns stands for no significance;*P<0.05; **P<0.01;
***P<(.001; ***P<0.0001.
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Figure 2
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Figure 2

NP activates the MAPK pathway and upregulates FosB expression.

(A) HCT-116 cells were treated with 100 nM NP or DMSO for 48 hours, and
transcriptomic changes were analyzed by RNA-seq. KEGG pathway enrichment analysis of
significantly upregulated genes shows the top enriched pathways, including the MAPK
signaling pathway. The size of the dot represents the gene count, and the color represents
the adjusted p-value. (B) A volcano plot from the RNA-seq data highlights differentially
expressed genes. The red and blue dots represent significantly upregulated and
downregulated genes, respectively (log2FC| > 0.5, padj < 0.05). (C) HCT-116 and HT29
cells were treated with 100 nM NP or DMSO for 48 hours. WB analysis ofphosphorylated
ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), and FosB. GAPDH served as a loading
control. (D) FOSB mRNA expression levels in HCT-116 and HT29 cells treated as in (C)
were measured by qRT-PCR. Data are presented as mean + SD from three independent
experiments. Student’s t-test; *P<0.05.
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Figure 3
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Figure 3

FosB knockdown abrogates NP-Induced proliferation, survival, and invasion.

(A-B) Validation of FosB knockdown efficiency in HCT-116 and HT?29 cells stably
transduced with control shRNA (NC) or FosB-targeting shRNA. (A) FOSB mRNA levels
were measured by qRT-PCR. Data are shown as mean + SD (n=3). (B) FosB protein levels
were detected by Western blot. (C-E) Cells were treated with 100 nM NP or DMSO for 48
hours. (C) Cell viability was assessed by CCK-8 assay and was shown as a percentage of
the untreated shNC control. Data are shown as mean + SD (n=4). (D) Apoptosis was
analyzed by flow cytometry after Annexin V-PE/7-AAD staining. Representative dot plots
are shown. (E) Cell invasion was assessed using transwell assays. Representative images
were shown. Scale bar = 100 pym. Student’s t-test; ns stands for no significance;*P<0.05;
**P<0.01; ¥**P<0.001; ***P<0.0001.
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Figure 4
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Figure 4

The ERK1/2 Pathway acts upstream of FosB to mediate NP's effects.

(A) Wound healing assays were performed in HCT-116 and HT29 cells. shNC and shFosB
cells treated with 100 nM NP or DMSO. (B) shNC and shFosB cells were treated with 100
nM NP or DMSO for 48 hours. WB analysis of p-ERK1/2, ERK1/2 and FosB. (C) HCT-116
cells were pre-treated with the MEK inhibitor PD98059 (10 uM) or vehicle for 1 hour,
followed by co-treatment with 100 nM NP or DMSO for 48 hours. Cell viability was
assessed by CCK-8 assay and was shown as a percentage of the untreated control (right).
Data are shown as mean = SD (n=5). Student’s t-test; ns stands for no significance;

****xP<0.0001.
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Figure 5
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Figure 5

FosB is required for NP-promoted tumor growth in vivo.

BALB/c nude mice were subcutaneously injected with HCT-116 or HT29 cells stably

expressing shNC or shFosB. Mice received intraperitoneal injections of NP (100 puM) or
vehicle every three days.

(A) Tumor volumes were measured at the indicated time points (n=5 per group). Data are
shown as mean tumor volume + SD. (B) Images of excised tumors from each group at the
end of the experiment (Day 24). (C) Representative images of H&E staining of tumor
sections from the indicated groups. Scale bar = 100 pm. (D) Immunohistochemical
staining for the proliferation marker Ki-67 in tumor sections. Representative images (left)
and quantification of the Ki-67 positive index (right) are shown. Scale bar = 100 pm.
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Figure 6
A

NP+ShFosB

HCT-116 HCT-116

DAPI
s
]
]
~

o
»
o

HCT-116
5 @

FosB
°
P
Reletive expression of CCNB1
°
o

Reletive expression of CCNB1
S 8 2 & ¢
Reletive expression of CDC20

HT29

* kK

Reletive expression of CDC20

K3
%
O@o
K3
%
0\‘.6
°
s
K3

NP+ShFosB

Y
%
P4
Y%
e

X
(9]
N
ry
>

DAPI
NP+ShFosB

NP+ShFosB
NP+ShFosB

O o o
z Z z

NP

Y%

4;0!
She

NP+ShFosB

HT29

O a
z Z

- ~N w

NP+ShFosB

Kok

HT29

ns

Aok

NP+ShFosB

kDa

- -

--- PERK1/2 = -

HT29
¢
'

‘ 40-44

FosB

ERK”Z --'—vtsSHv'-v--.-—-“‘o““
CONBH1 55-60
COC0 [™ ™ = = - = = - = 55

GAPDH

36

Figure 6

FosB mediates NP-induced proliferation and suppresses apoptosis in tumors.

(A) TUNEL assay was performed on tumor sections from the indicated groups. Nuclei
were counterstained with DAPI (blue). Representative images are shown. Scale bar = 50

pm. (B) RNA was extracted from xenograft tumors. The mRNA expression levels of CCNB1
and CDC20 were measured by qRT-PCR and normalized to GAPDH. (C) Protein was
extracted from xenograft tumors. The levels of p-ERK1/2, t-ERK1/2, FosB, CCNB1, and

CDC20 were detected by Western blot. GAPDH served as a loading control. Data are

shown as mean + SD (n=4). Student’s t-test; ns stands for no significance;*P<0.05;

**P<0.01.
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