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Abstract
KRAS and BRAF mutations drive colorectal cancer (CRC) progression by sustaining aberrant signaling
and promoting therapeutic resistance. Here, we identify TGF-β1-COX-2 axis as a critical regulatory
pathway mediated by Furin in CRC harboring KRAS or BRAF mutation. Genetic silencing or
pharmacological inhibition of Furin in KRAS-mutant (KPN) and BRAF-mutant (BPN) tumor-derived cells
suppressed tumor growth, reduced angiogenesis, and enhanced CD8⁺ T cell infiltration in mouse tumor
models. KRAS- and BRAF-mutant organoids with impaired Furin activity exhibited increased sensitivity to
5-FU, oxaliplatin, and irinotecan. Mechanistically, Furin inhibition via shRNA or the Furin inhibitor MI1148
blocked IGF-1 receptor and TGF-β1 precursor maturation and signaling, which was associated with
repressed COX-2 expression. Conversely, COX-2 over-expression elevated TGF-β1 levels, which in turn
enhanced Furin expression, establishing a feed-forward loop that promoted tumor progression and
angiogenesis. Moreover, Furin inhibition largely disrupted the activity of multiple kinases linked to KRAS
and BRAF oncogenic signaling. In CRC patient samples, Furin expression positively correlated with KRAS,
BRAF, TGF-β1, and COX-2. Collectively, these findings identify Furin as a pivotal regulator of oncogenic
signaling in KRAS- and BRAF-mutant CRC, and highlight the therapeutic potential of targeting the Furin-
TGF-β1-COX-2 axis.

Introduction
Colorectal cancer (CRC) is one of the most prevalent malignancies of the digestive system and is the
second leading cause of cancer-related mortality worldwide 1. Although the exact etiology is not always

clear, genetic factors, aging, and lifestyle significantly increase the risk of CRC development 2. In recent
years, experimental and clinical studies have revealed that multiple signaling (over) activation initiates or
promotes the progression of CRC 3–5, particularly the MAPK, PI3K, WNT, and COX-2 signaling pathways
3,6. Pharmacological inhibition of these pathways has become a widely used approach to prolong overall

survival of patients with CRC 6. However, these inhibitory strategies are not always effective because of
gene mutations in the related signaling pathways. For example, cetuximab, an antibody that targets
epidermal growth factor receptor (EGFR), can slow CRC progression in the clinic by inhibiting EGFR-
mediated activation of the MAPK and PI3K pathways 7,8. Nonetheless, as with other therapies, the
effectiveness of cetuximab is limited across different patient populations 9.

Resistance to treatment has been linked to the presence of KRAS and BRAF mutations in CRC 10–12.
Indeed, 40% of CRC tumors exhibit activating mutations in KRAS (e.g., G12D, G13D, and Q61H), leading to
the continuous activation of KRAS 13. This mutant KRAS functions as a molecular switch, persistently
triggering downstream RAF/MEK/ERK and PI3K/AKT signaling, which promotes cell proliferation and
survival, thereby contributing to tumorigenesis and resistance to therapy 14,15. Although BRAF mutations

are less common than KRAS mutations in CRC (occurring in approximately 8–12% of cases 16), these
mutations, such as the classic V600E mutation, lead to more aggressive tumor behavior 17, and BRAF
mutations are often linked to poor responses to chemotherapy, shorter progression-free survival, and
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reduced overall survival 18. Despite these insights, the development of effective targeted drugs for KRAS
and BRAF mutations remains a significant challenge 10,19,20. Therefore, understanding the molecular
complexities of the progression of this CRC subtype is crucial for the development of more effective
targeted therapies and personalized treatment strategies that can interfere with the KRAS and/or BRAF
mutation activity in cancer cells.

Furin, together with other members of the proprotein convertase (PC) family (PC1/3, PC2, PC4, PACE4,
PC5/6, and PC7), cleaves proproteins with basic motifs, such as Arg-X-Lys/Arg-Arg 21–23. Within this
family, PC1/3, PC2, and PC4 exhibit tissue-specific distribution, whereas Furin is expressed in a broad
range of cell lines and tissues. In a steady state, Furin predominantly localizes within the trans-Golgi
network, where it engages in a dynamic cycling process involving the sorting compartment, cell surface,
and early endosomes 24. Owing to its ubiquitous expression, Furin has been suggested to cleave more
than 100 substrates, ranging from growth factors and their receptors to adhesion molecules and
extracellular matrix proteins, although only a few have been confirmed in vivo 21,25–27. Many of these

protein precursors are involved in initiating and sustaining cancer hallmarks 21,22,28, suggesting that Furin
is a promising target for therapeutic intervention in various human cancers 21,23,29. Using mouse-derived
KRAS-mutant colorectal cancer (CRC) cell lines and organoids (KPN: villinCreER KrasG12D/+; Trp53fl/fl;

Rosa26N1icd/+) and BRAF-mutated CRC cell line and organoids (BPN: villinCreER BRAFV600E/+; Trp53fl/fl;
Rosa26N1icd/+), we found that Furin repression enhanced the sensitivity of both KRAS- and BRAF-mutant
CRC models to standard chemotherapeutic agents. In these CRC models, Furin regulates
cyclooxygenase-2 (COX-2) expression through the proteolytic activation of TGF-β1 and its downstream
signaling, both in vitro and in vivo. These findings suggest that targeting the Furin-TGF-β1-COX-2
interaction may represent a promising therapeutic strategy for KRAS- and/or BRAF-mutant colorectal
cancer, potentially addressing a critical unmet need in this aggressive disease subtype.

Materials and Methods

Human tumor samples
Samples from 25 colorectal cancer patients (both male and female) and adjacent normal regions were
collected from frozen tissues. The specimens were clinically and histopathologically diagnosed at the
Institut Bergonié, Bordeaux. The tissues acquired after resection were promptly placed on ice post-
surgery and snap-frozen in liquid nitrogen for subsequent analysis. For human experiments, ethics
approval was obtained from the Bergonié Institute, key projects [PV2024_071]). Patient consent forms
were obtained for all samples at the time of tissue acquisition. The biopsies were de-identified.

Plasmids and lentiviral transduction
The plasmid encoding pLenti-shFurin was generated by amplifying the corresponding cDNA via PCR
(shRNA-Furin; Sigma; 11042118MN; forward primer: CGCGAGTCTAGAATGGAGCTGAGGCCCTGG;
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reverse primer: CGAGTTGTCGACTCAGAGGGCGCTCTGGTC) and ligating the Xbal/Sal1-digested PCR
product into Xbal/Sal1-restricted pLenti CMV GFP Puro (Addgene; 17448). The plasmid encoding pLenti-
PTGS2 was generated by amplifying the corresponding cDNA via PCR (template: pcDNA3.1-hPTGS2-
2flag; addgene;102498; forward primer: CGATGGGATCCACCATGCTCGCCCGCGCC; reverse primer:
CGACTTGTCGACCTACAGTTCAGTCGAACGTTC), and the BamHI/Sal1-digested PCR product was ligated
into the BamHI/Sal1-restricted pLenti CMV GFP Puro (Addgene;17448). The DH5α coli strain (Thermo
Fisher Scientific) was used as the cloning and plasmid amplification host. All plasmids were validated
using DNA sequencing (LGC Genomics, Berlin, Germany). To produce lentiviral particles, HEK-293T cells
were incubated in DMEM/F12 medium and co-transfected with 1 µg/µL pLenti-shFurin/pLenti-COX-2
construct, 1 µg/µL p-VSVG construct (Addgene; 8454), or 1 µg/µL delta 8.91 (Addgene; 12247) with 7 µL
XtremeGene9 transfection reagent (41106502, Sigma). The medium was aspirated after 6 h and
replaced with fresh DMEM/F12 supplemented with 10% FCS. The supernatant was harvested after 48 h,
centrifuged at 1000 × g at 4°C for 10 min, filtered through a 0.4 µm low protein-binding membrane
(UFC905024, Millipore), and used to infect CRC cells in the presence of 8 mg/mL polybrene (107689,
Sigma). The virus-containing media were removed 48 h after transduction, and the infected cells were
selected with 2 µg/mL puromycin for 7 days (P7255, Sigma).

Cell culture, organoid generation, and cell transfection
The characteristics of the KRAS- and BRAF-mutated cancer mouse models, in which KPN cells harboring
KRAS (G12D) and BPN cells carrying BRAF(V600E) were derived, have been described previously 30.
KRAS-mutant KPN cells were derived from a colon cancer mouse model with villinCreER KrasG12D/+;

Trp53fl/fl; Rosa26N1icd/+ phenotype, and BRAF-mutant BPN cells from villinCreER BRAF V600E/+; Trp53fl/fl;
Rosa26N1icd/+ mice. KPN and BPN cells were cultured in DMEM/F12 medium (21331, Gibco)
supplemented with 10% fetal calf serum (P30-3306, Panbiotech) and 1% penicillin-streptomycin
(15140122, Gibco). The cells were transfected with plasmids encoding full-length TGF-β1 using
LIPO2000 (11668027, Thermo Fisher) according to the manufacturer’s instructions. After 48 h of
transfection, the cells were harvested. To generate stable cell lines, KPN and BPN cells were transduced
with GFP, shRNA-Furin, or COX-2 lentivirus particles and these cell lines were named as follows: GFP
control (Control), shFurin-expressing (shFurin), COX-2-overexpressing (COX-2), and shFurin- and COX-2-
coexpressing (shFurin/COX-2) cells. All cell lines were confirmed to be negative for mycoplasma by PCR.
To generate organoids, 5000 cells were cultured in DMEM/F12 supplemented with N2 or B27
supplements (17502048; 17504044, Thermo Fisher), FGF (25 µg/mL, 100-18B-50, Sigma), EGF (10
µg/mL, AF-100-15, Sigma), or 0.4% sterile methylcellulose in a 96-well round-bottom plate that facilitated
the production of homogeneous organoids. After culturing for five days, the surface area of each
spheroid was measured using the Fiji Macro image program (Version X, National Institutes of Health,
USA). To inhibit Furin activity, cells were seeded and treated with 10 µM 4-guanidinomethyl-phenylactyl-
Arg-Tle-Arg-4-amidinobenzylamide (MI1148) 31. To stimulate protein phosphorylation, cells were
incubated with 100 ng/mL recombinant IGF1 (ab9573; Abcam) at the indicated time points. To increase
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TGF-β1 levels, the cells were incubated with 5 ng/mL recombinant TGF-β1 (P01137, Bio-Techne) at the
indicated time points. To inhibit COX-2 expression, cells were incubated with 25 µM celecoxib
(A0439955, Thermo Fisher) for 24 h.

Cell viability and proliferation analysis
Cell viability was determined using the WST-1 (11644807001, Roche) assay according to the
manufacturer’s guidelines. Briefly, cells were counted and plated at a density of 5000 cells/well in 96-well
plates. The WST-1 reagent (25 ng/mL) was added on days 1, 2, and 3, and the plates were incubated for
3.5 hours. The conversion of WST-1 to formazan was quantified at 450 nm using an enzyme-linked
immunosorbent assay reader (Infinite 2000 PRO microplate reader, Tecan, Switzerland). Cell proliferation
was evaluated by colony formation assay, as previously described 32. Briefly, 103 cells were seeded and
cultured for seven days. The colonies were fixed with methanol and stained with 1% crystal violet.
Images were collected and counted using ImageJ software (ImageJ, National Institutes of Health, USA).

Drug-induced cytotoxicity assay
To assess drug-induced cytotoxicity, KPN and BPN derived organoids were treated with 5-FU (500 µM),
Oxaliplatin (10 µM), Irinotecan (10 µM), or vehicle (DMSO) for 72 hours and were incubated with
Ethidium Bromide (EB, 2 µg/mL; Thermo Fisher) in growth medium for 30 minutes at 37°C. Fluorescent
images were captured using Echo Revolution, and EB fluorescence intensity was quantified using
ImageJ (NIH). Cytotoxicity was assessed by calculating the average EB signal intensity per spheroid.

RNA extraction and real-time PCR
Total RNA was extracted from cultured cells using the NucleoSpin RNA Kit (Macherey Nagel), according
to the manufacturer’s protocol. RNA was reverse transcribed using the high-capacity cDNA reverse
transcription kit iScript cDNA synthesis kit (1708891, Bio-Rad) in a T100 Thermal Cycler (Bio-Rad). Real-
time quantitative PCR was performed as previously described 27 using the primers indicated in
Supplementary Table S1, and data were collected using IQ SYBR Green Supermix reagent (1708882, Bio-
Rad) on an Agilent AriaMx Real-Time PCR System. Each sample was normalized to the housekeeping
gene GAPDH using the Livak‒Schmittgen method (2− ∆∆CT).

Immunoblotting

Sample preparation for immunoblotting was performed as described previously 28,32. Cells and tumor
tissues were lysed in RIPA buffer (89900, Sigma) supplemented with a protease inhibitor cocktail
(11836170001, Roche) and a phosphatase inhibitor (05892970001, Roche). For tumor tissue
preparation, 20 mg of frozen tumor tissue was extracted via homogenization in 480 µL of
radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and phosphate inhibitors.
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After 10 cycles of sonication, the supernatants were collected, and 4X sample buffer was added. Finally,
the samples were boiled at 100°C for 10 min before loading. The bands were visualized with the
enhanced chemiluminescence substrate SuperSignal (Thermo Fisher), and the images were processed
using Image Quant LAS4000 or Odyssey (LI-COR Biosciences, Lincoln, NE, USA). GAPDH served as the
loading control.

Fluorescence microscopy
For cell staining, cells were fixed with cold methanol for 5 min and permeabilized with 0.1% (v/v) Triton
X-100 (9036, Sigma) prepared in phosphate-buffered saline (PBS). After blocking with 5% BSA (A788,
Sigma) in PBS for 1 h, the cells were incubated with an Ki67 antibody diluted in blocking buffer at 4°C
overnight and then conjugated with an Alexa Fluor 586-conjugated secondary antibody. For tissue
staining, fresh tumor samples were fixed in 4% paraformaldehyde (sc-281692, Santa Cruz
Biotechnology) overnight, washed with running water for 2 h, rehydrated with gradient ethanol, and then
embedded in paraffin. Five micron-thick tissue sections were cut, and antigen retrieval (10 mM Tris, 1
mM EDTA, 0.05% Tween 20, pH 9) was performed in a 100°C water bath for 20 min. Following blocking
with 5% BSA in PBS for 1 h, the sections were incubated with primary antibodies (Ki67, CST; CD8, Abcam;
CD31, Bio-Techne) at 4°C overnight, and a secondary antibody conjugated with Alexa Fluor 488 or Alexa
Fluor 647. The cells and tissue sections were stained with DAPI (D1306, Thermo Fisher) before imaging.
CellSens Dimension software (version 2.1; Olympus) was used for image acquisition and analysis.

Furin activity measurement
Cells were seeded in 6-well plates and reached 50–70% confluence at the time of collection. The cell
pellets were lysed using RIPA buffer, and 250 µM Furin peptide substrate pERTKR-AMC (ES013,
biotechne) was added to the reaction buffer (50 mM Tris, 150 mM NaCl, and 0.2% (v/v) Triton X-100, pH
8.0). The mixtures were incubated at 37°C, and the fluorescence intensity (excitation wavelength: 360
nm; emission wavelength: 465 nm) was measured every 10 min using a spectrofluorometer (Tecan,
Switzerland) as previously described 32.

Kinase activity analysis
Control, shFurin, and MI1148-treated KPN cells were washed and lysed in M-PER lysis buffer (78501,
Thermo Fisher) supplemented with protease and phosphatase inhibitors (87785, 78420, Thermo Fisher).
After centrifugation, the supernatant was analyzed using a kinome analysis platform (PamGene®
International, Netherlands), as previously described 33. Statistical significance was tested using unpaired
t-tests, and the results were represented by heatmaps, score plots, and volcano plots generated via BN63
(BN63; PamGene® International, the Netherlands). Peptides with a P value < 0.05 were considered
significantly different in the degree of phosphorylation of a peptide in the two groups.

In vivo tumorigenic assay
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Black6/J mice (male and female, 6–8 weeks old) were purchased from Jackson Laboratory. All mice
were raised under specific pathogen-free conditions in a comfortable environment with a temperature of
20–22°C, humidity of approximately 60%, and a 12-h light–dark cycle. Mice were subcutaneously
inoculated in the right flank with 5 × 106 control KPN and BPN cells and the same cells expressing
shFurin (shFurin/KPN and shFurin/BPN cells). In other experiments, mice were subcutaneously injected
with 5 × 106 control cells or the same cells expressing COX-2 alone or coexpressing shFurin and COX-2.
The tumor size was recorded every 2 or 3 days, and the tumor volume was calculated as 0.5 × length ×
width × width. All animal experiments were conducted in accordance with the guidelines and approved
by the Institutional Animal Care and Use Committee of the University of Bordeaux and complied with the
protocol approved by the Ethics Committee under the supervision of a trained veterinarian. (Approval No.
[APAFIS #51899-2024102315155381 v8]).

Statistics
Statistical analysis, as specified in the figure legends, was performed via one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple comparisons, and Student’s unpaired two-tailed t-
test was used to compare two groups. Pearson’s coefficient was calculated to determine the correlation
between normally distributed protein expression in human tumors. All statistical analyses were
performed using GraphPad Prism 8.1 (GraphPad Software). All measurements were obtained from
distinct samples. The indicated sample sizes (n) represent the biological replicates. Data are presented
as the mean ± standard deviation (SDs). P < 0.05. Mice (of matched age), tumor samples, and cell line
cultures were randomly allocated to the appropriate groups for the experiments. No data or mice were
excluded from the analyses.

Results
Repression of Furin attenuates the malignant phenotype and enhances efficiency of chemotherapy in
colorectal cancer cells with KRAS and BRAF mutations

In colorectal cancer (CRC), activating mutations in KRAS and BRAF lead to the dysregulation of various
signaling cascades, which drives cancer cell proliferation, differentiation, angiogenesis, and resistance to
apoptosis and diminishes responsiveness to therapy. To investigate the role of Furin (PCSK3) in KRAS-
and BRAF-mutant CRC, we employed lentiviral shRNA targeting PCSK3 to suppress Furin expression in
CRC cells derived from mice generated specifically to harbor each of these mutations. These include the
KRAS-mutant KPN and BRAF-mutant BPN tumor cells 30. As expected, Furin protein levels were
significantly reduced by 4.6-fold in KPN cells and 3.4-fold in BPN cells stably expressing shRNA against
PCSK3 (shFurin) (Fig. 1A, B). To assess the impact of Furin knockdown on enzymatic activity, we
performed an in vitro fluorogenic assay using the peptide substrate pERTKR-MCA. Compared with those
from the control cells, the lysates from Furin-deficient cells showed a significant reduction in substrate
processing (Fig. 1C, D). Notably, treatment with the Furin inhibitor MI1148 further reduced Furin activity
in both KPN and BPN cells, likely due to cross-reactivity with other proprotein convertases (Fig. 1C, D).
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Next, we evaluated the role of Furin in the malignant phenotype of colon cancer with KRAS or BRAF
mutations, we first employed the WST-1 assay to evaluate the proliferation of control and shFurin-
expressing cells. The growth of shFurin-expressing cells was significantly lower than that of control cells
(Fig. 1E, I). Correspondingly, immunofluorescence analysis of the proliferation marker Ki-67
demonstrated markedly lower Ki-67 staining in both KPN- (Fig. 1F, G) and BPN (Fig. 1J, K) shFurin-
expressing cells. Furthermore, treatment with the Furin inhibitor, MI1148, resulted in decreased
proliferation of KPN (Fig. 1F) and BPN (Fig. 1J) cells, as evidenced by diminished Ki-67 staining. The
inhibitory effect of MI1148 on cell growth was more pronounced than that of shFurin alone. Additionally,
analysis via a colony formation assay revealed that the expression of shFurin in KPN (Fig. 1H) and BPN
(Fig. 1L) cells significantly impaired their ability to form colonies, confirming the pivotal role of Furin in
sustaining the tumorigenic potential of these colorectal cancer cells. We next investigated whether Furin
depletion could also sensitize KRAS- and BRAF-mutant CRC cells to standard chemotherapeutic agents.
Thereby, we established organoid cultures derived from KPN and BPN CRC cells, with or without stable
Furin knockdown. Organoids were treated with 5-fluorouracil (5-FU), oxaliplatin, or irinotecan, and
cytotoxicity was assessed by ethidium bromide (EB) staining, which marks cell death within the organoid
core. As shown in Fig. 1M-U, treatment with 5-FU alone induced moderate EB uptake in both KPN
(Fig. 1M, N) and BPN (Supplementary Fig. S1A, B) organoids. However, Furin knockdown in combination
with 5-FU led to a marked increase in EB signal intensity, indicating enhanced cell death and disruption
of spheroid structural integrity, suggestive of increased tissue damage and compromised organoid
architecture. A comparable effect was observed with oxaliplatin treatment at 10 µM in KPN organoids
(Fig. 1Q, R). Treatment with irinotecan (10 µM) mirrored the response observed with 5-FU, as both KPN
and BPN organoids showed significantly increased sensitivity upon Furin silencing, evidenced by
elevated EB staining and spheroid disintegration (Fig. 1O, P; Supplementary Fig. S1C, D). In contrast, this
sensitizing effect was absent in the BPN model, where Furin depletion did not potentiate oxaliplatin-
induced cytotoxicity (Supplementary Fig. S1E, F). Collectively, these findings suggest that Furin
knockdown enhances the cytotoxic effects of several standard CRC chemotherapies in KRAS- and BRAF-
mutant CRC.

To explore the effect of Furin repression on tumor growth in vivo, control and shFurin-expressing KPN
and BPN cells were inoculated into syngeneic Black6/J mice. As shown in Fig. 2A, F, and consistent with
the in vitro results, the expression of shFurin in KPN and BPN cells significantly reduced their ability to
mediate tumor growth. Accordingly, immunostaining analysis of tumor sections derived from control,
shFurin-expressing KPN (Fig. 2B, C) and BPN (Fig. 2G, H) cells revealed fewer Ki-67-positive cells. Given
the role of KRAS signaling in tumor cells, which affects the tumor microenvironment and reduces the
function of tumor-infiltrating T cells via a range of mechanisms 34–36, we analyzed the infiltration of CD8 
+ T cells in control and shFurin-treated mice tumors and found an increase in CD8 + T cells in shFurin
KPN (Fig. 2D, E) and BPN (Fig. 2I, J) tumors. These findings suggest that Furin inhibition may not only
impair tumor cell proliferation, but also enhance the recruitment or activation of cytotoxic T lymphocytes,
contributing to the reduction in KRAS- and BRAF-mediated immune evasion and tumor growth.
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Expression of Furin and other proprotein convertases correlates with KRAS and BRAF mutations in CRC
patients

Analysis of the expression of all proprotein convertase family members, namely PCSK1, PCSK2, PCSK3,
PCSK4, PCSK5, PCSK6, PCSK7, PCSK8, and PCSK9, in public datasets, including The Cancer Genome
Atlas (TCGA) and the GEPIA web server (http://gepia.cancer-pku.cn/), revealed that although the
expression of several PCs positively correlated with wild-type KRAS or BRAF, only PCSK3 (Furin gene)
showed significantly higher expression in tumors harboring KRAS/BRAF mutations compared with wild-
type cases (Fig. 2M, Supplementary Fig. S2). In parallel, immunohistochemical staining of normal human
colon tissue and primary colon tumors with BRAF and KRAS mutations revealed Furin expression in the
colon crypts. In cancerous tissues, the loss of crypts was associated with an altered Furin expression
pattern, with strong expression observed in all analyzed tumor samples (Fig. 2N). These findings further
support a potential role for Furin in colorectal cancer progression associated with KRAS and/or BRAF
mutations.

Furin inhibition impairs basal and induced multiple signaling pathways associated with KRAS and BRAF
oncogenic activity.

The RAF/MEK/ERK and PI3K/AKT signaling pathways are commonly activated in association with KRAS
and/or BRAF mutations 7,8. To investigate whether Furin repression interferes with these oncogenic
signaling cascades potentially by impairing the processing of proprotein convertase (PC) substrates, we
focused on the PC substrate IGF-1 receptor (IGF-1R) pathway. We first examined the effect of Furin
knockdown on ERK and AKT pathway activation downstream of IGF-1R signaling. To this end, we
analyzed the impact of shFurin on IGF-1 receptor cleavage in KPN (Fig. 3A, B) and BPN (Supplementary
Fig. S3A, B) cells. Immunoblot analysis of pro-IGF-1R revealed a marked reduction in its conversion into
the mature IGF-1R form, as evidenced by the accumulation of a higher-molecular-weight precursor in
Furin-knockdown KPN (Fig. 3A, B) and BPN (Fig. Supplementary Fig. S3A, B) cells. This form displayed a
characteristic doublet pattern on immunoblots, suggesting the modification of N-linked glycans into
complex sugars within late Golgi compartments 28. We next analyzed ERK and AKT phosphorylation in
KPN and BPN cells under both basal and stimulated conditions following IGF-1 activation (100 ng/mL).
In cells stably expressing shFurin, we observed a significant reduction in basal ERK and AKT
phosphorylation (Fig. 3C-H). In control KPN and BPN cells, IGF-1 stimulation increased ERK (Fig. 3C, D)
and (Supplementary Fig. S3C, D) and AKT (Fig. 3E, F) and (Supplementary Fig. S3E, F) phosphorylation
levels. However, IGF-1-induced activation of ERK and AKT was markedly diminished in shFurin-
expressing KPN and BPN cells, indicating that Furin suppression impairs IGF-1-mediated signaling. This
effect correlated with a reduction in pro-IGF-1R cleavage, as demonstrated by immunoblotting analysis
(Fig. 3G, H) and (Supplementary Fig. S3G, H), confirming the inhibition of Furin activity in these shFurin
cells. Collectively, these findings demonstrate that Furin repression disrupts both basal and stimulated
ERK and AKT activation in KRAS- and BRAF-mutant CRC cells.
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To further investigate the impact of Furin repression on basal and stimulated downstream signaling, we
performed a comprehensive screening of kinase activity in KRAS-mutated cells using PamGene
technology (Fig. 4A-J). Substantial differences in basal kinase activity profiles were observed between
control and shFurin cells (Fig. 4A-D). Furin repression markedly downregulated 114 protein tyrosine
kinases (PTKs) and 63 serine/threonine kinases (STKs). Only 11 PTK and 10 STK proteins were
upregulated (Fig. 4A-D, Supplementary Table S2). The most affected PTKs included several SRC family
members (LYN, LCK, SRC, FRK, FYN, SRMS, BLK and YES1), Met (MST1R, MET), TEC (TEC, BMX) and AXL
(MERTK), whereas the significantly impacted STKs included CAMK4, PKA (PRKACA, PRKACB, PRKX),
PKC (PKRCA), and PKG (PRKG1-2) (Fig. 4D, Supplementary Table S2, Supplementary Fig. S4A). Upon
stimulation with IGF-1 (100 ng/mL), the control cells showed increased phosphorylation of 111 PTKs
and 43 STKs (Fig. 4A, B, E, F; Supplementary Table S2; Supplementary Fig. S4B). The most enriched
PTKs included the families VEGFR (KDR, FLT4), SRC (FYN, BLK, FRK, LCK, HCK, and SRMS), GSK3B,
ROR1, and RYK. The main upregulated STKs were MAPK family members (MAPK11, MAPK12, MAPK1,
MAPK3, and MPK7), AKT (AKT1 and AKT2), CDKs (CDK18, CDK 17, and CDK 5), CDKL2, and DYRK1A. In
contrast, shFurin cells displayed increased activity of only 3 PTKs (FGFR1, FGFR2, and FGFR3) and 30
STKs (Fig. 4G, H; Supplementary Table S3; Supplementary Fig. S4C). Among the key STKs activated by
IGF-1 in shFurin were several PKs, PKAs, and PKG family members (Fig. 4G, H; Supplementary Table S3;
& S4, Supplementary Fig. S4C). No MAPK or AKT family members were found to be activated. When non-
stimulated and IGF-1-activated cells (control and shFurin KRAS-mutated cells) were compared, dramatic
differences in PTK- and STK-activated kinases were also observed (Fig. 4I, J, Supplementary Table S3,
Supplementary Fig. S4D). These findings highlight the key role of Furin in both basal and stimulated PTK
and STK kinases in KRAS-mutated cells. To elucidate the broader impact of Furin suppression on
oncogenic signaling, we analyzed mean kinase statistics and scores for branches and nodes in the
phylogenetic tree of the human protein kinase family (Supplementary Fig. S6A). The top upstream
kinases among the significantly altered PTK/STK peptides following Furin silencing in the absence or
presence of IGF-1, they were mapped to distinct kinase families, including tyrosine kinases (TKs), AGC
kinases, and CAMK kinases (Supplementary Fig. S5, Supplementary Fig. S6, Supplementary Table S4).
Collectively, these findings suggest that Furin repression disrupts multiple oncogenic signaling pathways
under both basal (Supplementary Fig. S5B) and stimulated (Supplementary Fig. S 5C) conditions in
KRAS-mutated cells, highlighting its role in kinase network modulation. These finding suggest that Furin
repression in these cells affect the signaling of various KRAS-associated signaling pathways (Fig. 4K).

Regulation of COX-2 (cyclooxygenase-2) expression by
Furin in colorectal cancer with KRAS and BRAF mutations
We previously reported that Furin inhibition leads to a reduction in COX-2 protein levels in HCT116 and
KM20 cells, which harbor KRAS and BRAF mutations, respectively, whereas this effect was not observed
in HCA7 cells that lack these mutations 28. To further investigate the role of Furin in regulating COX-2
expression in colorectal cancer (CRC) with KRAS and BRAF mutations, we first analyzed the expression
of PTGS2 (COX-2) and its associated receptors in KPN and BPN cells, as well as in their respective Furin-
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silenced counterparts (KPN/shFurin and BPN/shFurin). Furin repression led to a significant reduction in
COX-2 expression in both KPN (Fig. 5A) and BPN (Supplementary Fig. S7A) cells. Consistently, tumors
derived from mice injected with KPN/shFurin or BPN/shFurin cells also showed decreased COX-2
expression (Fig. 5B, C; Supplementary Fig. S7B, C). In parallel, the expression of PTGES (prostaglandin E
synthase) and prostaglandin E receptors (PTGER1, PTGER3, and PTGER4) was significantly
downregulated in both Furin-silenced cell lines and corresponding induced tumor tissues (Fig. 5A;
Supplementary Fig. S7A), further supporting Furin’s involvement in the COX-2 regulatory network in CRC.
Using publicly available datasets from GEPIA, we observed a weak but statistically significant correlation
between FURIN and PTGS2 expression in CRC patient samples (Fig. 5D). Additionally, the expression
levels of PTGER1 (Fig. 5E), PTGER3 (Fig. 5F), PTGER4 (Fig. 5G), and PTGES (Fig. 5H) all showed
moderate but significant positive correlations with FURIN. These results reinforce a potential role for
Furin in modulating the COX-2 signaling axis in KRAS- and BRAF-mutant CRC.

Furin repression abrogates COX-2-mediated tumor growth and angiogenesis induced by colorectal
cancer with KRAS and BRAF mutations

To investigate the role of Furin in COX-2–mediated growth of cancer cells harboring KRAS and BRAF
mutations, we stably overexpressed COX-2 in KPN and BPN cell lines (COX-2 cells) as well as in their
corresponding shFurin cells (shFurin/COX-2). As shown in Fig. 5I and Fig. 5J, COX-2 overexpression
significantly enhanced cell proliferation in both control and shFurin-expressing cells, as measured by the
WST-1 assay. This increase in proliferation was less pronounced in KPN/shFurin (Fig. 5I) and
BPN/shFurin (Fig. 5J) cells. Colony formation assays revealed that COX-2 overexpression increased the
number of colonies in both control and shFurin-expressing cells; however, colony numbers remained
lower in shFurin cells compared with controls (Fig. 5K; Fig. Supplementary Fig. S7D, E). Consistent with
these observations, organoids derived from KPN (Fig. 5L, M) and BPN (Supplementary Fig. S7F, G) COX-
2-expressing cells were larger than controls, whereas shFurin organoids were smaller than their
respective controls (Fig. 5L, M; Supplementary Fig. S7F, G). Injection of COX-2-expressing colon cancer
cells into mice showed that control/COX-2 cells induced a marked increase in tumor growth (Fig. 5O). In
contrast, this growth enhancement was attenuated in mice injected with shFurin/COX-2 cells, supporting
the notion that Furin repression limits COX-2–mediated tumorigenesis.

Previous studies have shown that COX-2 promotes tumor growth by inducing angiogenesis within the
tumor microenvironment (Wang & Dubois, 2010). To assess the impact of Furin on COX-2–mediated
angiogenesis, we analyzed vessel density in tumors via CD31 immunostaining. Tumors derived from
shFurin cells exhibited reduced CD31 expression compared with control tumors (Fig. 5P, Q). COX-2
expression in both control and shFurin tumors was associated with enhanced angiogenesis, reflected by
high vessel density in COX-2–expressing tumors. However, angiogenesis was significantly less
pronounced in shFurin/COX-2 tumors, indicating that Furin repression markedly impairs COX-2-mediated
angiogenic processes (Fig. 5P, Q). These results demonstrate that Furin repression suppresses COX-2-
mediated tumor growth by limiting COX-2 expression and angiogenic processes in the tumor
microenvironment.
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TGF-β1 activation by Furin enhances COX-2 levels in KRAS-
and BRAF-mutant CRC
To further investigate the mechanisms linking Furin to COX-2 repression in shFurin cells, we first
analyzed the effect of TGF-β1 processing on COX-2 expression. Indeed, TGF-β1 has previously been
shown to be processed by Furin 37 and to mediate COX-2 expression in colon cancer cells 38. As shown
in Fig. 6A-D, stimulation of control KPN and BPN cells with exogenous TGF-β1 (5 ng/ml) significantly
induced COX-2 expression at the protein level, as assessed by immunoblotting analysis. Additionally, the
expression of proTGF-β1 cDNA in control KPN and BPN cells also induced COX-2 expression (Fig. 6E-H),
with proTGF-β1 being efficiently converted into TGF-β1 in these cells. In contrast, the expression of
proTGF-β1 cDNA in KPN and BPN shFurin cells did not significantly increase COX-2 expression
compared to that in control cells (Fig. 6E-H), suggesting the critical importance of TGF-β1 processing by
Furin for its functional activity in regulating COX-2 expression.

COX-2 mediates TGF-β1 activation and Furin production in
KPN and BPN cells
TGF-β1 has been previously shown to induce Furin expression via Smad2/3 phosphorylation, thereby
promoting the activation and processing of other Furin-dependent proteins 39. Similarly, treatment of
KPN and BPN cells with recombinant TGF-β1 (5 ng/ml) significantly upregulated Furin expression
(Fig. 6I-L). Conversely, Furin repression in KPN and BPN shFurin cells led to a marked reduction in TGF-
β1 expression (Fig. 6M, N), highlighting a positive feedback loop between Furin and the processed TGF-
β1. Using the web server GEPIA (http://gepia.cancer-pku.cn/), we identified a positive correlation
between TGF-β1 and Furin (R = 0.36) as well as between TGF-β1 and the COX-2 gene (PTGS2) (R = 0.34)
in patients with colorectal tumors (Fig. 6O, P). Collectively, these results indicate that COX-2
accumulation in CRC cells with KRAS and BRAF mutations is directly linked to TGF-β1 cleavage by Furin.

To explore whether COX-2 modulates TGF-β1 levels, we first assessed basal TGF-β1 expression in
control and shFurin cells, and observed a notable reduction in shFurin cells (Fig. 6Q-V). Overexpression
of COX-2 in control KPN (Fig. 6Q, R, S) and BPN (Fig. 6T, U, V) cells significantly increased TGF-β1 levels,
whereas this effect was less pronounced in the corresponding shFurin cells.

Next, we examined the effect of COX-2 inhibition using celecoxib, a selective COX-2 inhibitor known to
suppress inflammation and tumor progression by blocking the production of proinflammatory
prostaglandins 40. Treatment of KPN and BPN cells with celecoxib led to a significant reduction in COX-2
levels (Fig. 7A, B), which was accompanied by a decreased expression of TGF-β1 (Fig. 7A, C) and
phosphorylated Smad2 (Fig. 7A, D). Notably, Furin expression was also reduced by celecoxib treatment
(Fig. 7A, E). Moreover, combined treatment with celecoxib and the Furin inhibitor MI-1148 resulted in
more pronounced suppression of COX-2, TGF-β1, and Furin expression (Fig. 7A-E). These findings
revealed a regulatory axis in which COX-2 enhances TGF-β1 activation and Furin expression.
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Furin and COX-2 interaction in KRAS- and BRAF-mutant mice colorectal tumors

To assess the relevance of the Furin and COX-2 interaction in vivo, we injected control KPN, shFurin,
COX-2, and shFurin/COX-2 cells into syngeneic mice and monitored the tumor growth over time. As
shown in Fig. 7F, tumors derived from shFurin cells exhibited significantly reduced growth compared to
control tumors. This reduction in tumor size was associated with decreased TGF-β1 (Fig. 7G, H,
Supplementary Fig. S8) and reduced Smad2 activation (Fig. 7G, I). Conversely, tumors derived from COX-
2-overexpressing cells exhibited increased tumor growth accompanied by increased TGF-β1 expression
(Fig. 7G, H) and Smad2 activation (Fig. 7G, I). Interestingly, tumors derived from shFurin/COX-2 cells
showed reduced TGF-β1 expression (Fig. 7G, H) and Smad2 activation (Fig. 7G, I) compared to COX-2
tumors, suggesting that Furin repression dampens COX-2-mediated upregulation of TGF-β1 expression
and signaling. These findings further support the role of Furin in regulating COX-2-driven tumor
progression and highlight the potential therapeutic benefit of targeting Furin and COX2 interaction in
colorectal cancer (Fig. 8).

Discussion
An improved understanding of the molecular pathogenesis of mutant BRAF- and KRAS-driven CRCs will
inform the development of effective preventative and therapeutic strategies for this aggressive CRC
subset. When KRAS is mutated, the downstream signaling pathway MAPK is activated, leading to cellular
proliferation and tumor progression. KRAS mutations are predictive markers of colon cancer 41 and
resistance to therapy 42. Similarly, as BRAF is downstream of RAS in the MAPK/ERK signaling pathway,
mutated BRAF is assumed to have the same resistance to therapeutic agents, such as anti-EGFR agents,
as in RAS-mutated colon tumors 43. Here, we revealed that Furin repression in cancer cells with KRAS or
BRAF mutations, shows low resistance to standard CRC chemotherapy such as 5-FU, Oxaliplatin and/or
irinotecan. The study also describes the involvement of the Furin and COX2 interaction through TGF-b1
cleavage in oncogenic BRAF and KRAS mutations that promote tumor progression. Indeed, targeting
Furin and its downstream effector COX-2 profoundly disrupted the malignant phenotype of KRAS- and
BRAF-mutated CRC cell lines (KPN and BPN). These models, which recapitulate the adenoma-to-
metastasis transition 30, enabled us to elucidate the functional role of Furin in KRAS/BRAF-driven CRC
progression. In this CRC, Furin controls COX-2 expression via TGF-β1/Smad signaling and probably other
signaling pathways, establishing a positive feedback loop that sustains tumor progression. Furin
facilitates the proteolytic activation of TGF-β1, which in turn enhances Smad-mediated COX-2
transcription, reinforcing TGF-β1 expression and further increasing Furin levels. This reciprocal
regulation highlights the clinical relevance of the Furin/TGF-β1/COX-2 axis in colorectal cancer,
particularly in tumors harboring KRAS or BRAF mutations. By linking oncogenic signaling with pathways
involved in angiogenesis and immune modulation, this axis appears to contribute to tumor progression
and resistance to therapy. Importantly, analysis of colorectal cancer patient datasets revealed strong co-
expression of FURIN, KRAS, BRAF, COX-2, and TGF-β1, further supporting its significance in the clinical
setting.
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Using shRNA-mediated Furin silencing, we repressed multiple signaling pathways linked to KRAS and
BRAF oncogenic activity, not only at basal levels but also in response to Furin substrate IGF-1R
activation, which is known to stimulate PI3K/MAPK signaling pathways 28,44. This effect is associated
with impaired IGF-1 receptor processing. Furthermore, Furin inhibition markedly reduced cell
proliferation, colony formation, and tumorigenic potential both in vitro and in vivo. COX-2 overexpression
partially rescued the inhibitory effects of Furin silencing and further exacerbated the malignant
phenotype of control cells, highlighting its role as a critical downstream effector of Furin in driving
tumorigenic properties. Previously, the association between COX-2 expression and colorectal cancer
mortality was reported to be stronger in BRAF-mutated tumors than in BRAF-wild-type tumors,
supporting the interactive roles of COX-2 expression and BRAF mutation status in the prognostication of
patients with colorectal cancer 45. Similarly, the overexpression of activated RAS isoforms was reported

to stimulate COX-2 expression 38,46, and both the presence of mutant KRAS and high-level COX-2
expression were correlated with tumor recurrence after surgery, with metastatic spread to the liver and
reduced survival 47,48. Low COX-2 expression has been previously associated with improved survival in
patients with colorectal adenocarcinoma harboring KRAS or BRAF mutations, but not in those with wild-
type KRAS or BRAF 49. Suppression of mutant KRAS expression in colon and pancreatic cancer cells was
reported to reduce COX-2 levels, suggesting a role for mutant KRAS in modulating prostaglandin
accumulation by increasing its biosynthesis and/or attenuating catabolism 49. Our study advances this
understanding by revealing a regulatory axis in which Furin controls TGF-β1 signaling and, in turn,
modulates COX-2 expression in BRAF- and KRAS-mutant colon tumors. TGF-β1 plays dual roles in CRC
as both a tumor suppressor and a tumor promoter depending on disease progression in advanced
stages, particularly in KRAS/BRAF-mutated contexts, and drives epithelial‒mesenchymal transition
(EMT), metastasis, and immune evasion 38. Our findings reveal that Furin regulates COX-2 expression via
the TGF-β1/Smad pathway, forming a self-reinforcing feedback loop in which COX-2 amplifies TGF-β1
signaling and further enhances Furin expression. This circuit emerges as a potential critical driver of
tumor progression in KRAS/BRAF-mutant CRC, as evidenced by the significantly reduced tumor growth
observed in mice upon Furin silencing. In addition, tumors derived from KRAS- and BRAF-mutant cancer
cells expressing shRNA targeting Furin exhibited a marked increase in CD8 + T cell infiltration,
highlighting a potential immunomodulatory role for this pathway. This observation aligns with previous
studies showing that Furin inhibition enhances the presence of CD8 + T cells in the tumor
microenvironment, possibly through the regulation of immune checkpoints, such as PD-1 expression in T
cells 50. Together, these findings suggest that targeting the Furin in CRC with KRAS or BRAF mutations
may offer dual therapeutic advantages: directly suppressing tumor growth by disrupting oncogenic
signaling and reshaping the immune microenvironment to enhance antitumor immunity.

Although COX-2 has long been implicated in inflammation-driven tumorigenesis, our findings
demonstrate that its integration within the TGF-β1 signaling network is more complex and functionally
significant than previously understood 51. Targeting multiple components of this pathway simultaneously
could counteract compensatory mechanisms and improve the therapeutic efficacy. For example,
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combining Furin and COX-2 inhibitors with novel KRAS G12D inhibitors such as MRTX1133 52,53 may
enhance treatment responses by disrupting complementary oncogenic pathways. Notably, therapies
targeting KRAS G12D face challenges because of their non-covalent nature, which may result in
reversible binding and reduced potency 54. Integrating these agents with inhibitors of the Furin could
provide a more robust therapeutic strategy by simultaneously targeting multiple tumor-promoting
pathways. This multibranched approach has the potential to overcome resistance mechanisms
frequently observed with single-agent therapies, ultimately improving outcomes in patients with
KRAS/BRAF-mutated CRC. Thereby, our findings establish the Furin/TGF-β1/COX-2 axis as a key driver of
CRC progression, particularly in KRAS- and BRAF-mutated contexts. This regulatory network represents a
promising therapeutic target, offering new opportunities to overcome the limitations of conventional
treatment strategies for CRC and advancing precision medicine for patients with KRAS and BRAF
mutations.
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Figure 1

Furin silencing reduces proteolytic activity, proliferation, colony formation, and chemoresistance in
KRAS- and BRAF-mutant colon cancer cells. (A)Western blot analysis of Furin expression in KRAS-
mutant (KPN) and BRAF-mutant (BPN) colon cancer cells following lentiviral infection to establish stable
shFurin expression.(B) Quantification of Furin protein levels in control KPN, BPN, and shFurin-expressing
cells. (C, D) Kinetics of Furin activity in control and shFurin-expressing KPN (C) and BPN (D)cells
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measured using the fluorogenic substrate pERTKR-MCA (n = 3). The Furin inhibitor MI1148 was included
for comparison. RFU, relative fluorescence units. (E, I) WST-1 proliferation assay of control KPN (E) and
BPN (I) cells and cells stably expressing shFurin at indicated time points (n = 5 independent
experiments). (F, J) Immunostaining for Ki-67 in KPN (F) and BPN (J) cells and corresponding shFurin-
expressing cells (n = 3 independent samples). Scale bars, 50 μm. (G, K) Quantification of Ki-67 staining
intensity in KPN (G) and BPN (K) cells with or without shFurin expression (n = 3 independent
experiments). (H, L) Representative images and quantification of colonies formed by control KPN (H)
and BPN (L) cells and shFurin-expressing cells (crystal violet staining, n = 3 independent experiments).
(M, O, Q)Representative images of control and shFurin-expressing KPN organoids treated with 5-
fluorouracil (M, 500 μM), irinotecan (O, 10 μM), or oxaliplatin (Q, 10 μM). Ethidium bromide (EB) staining
was used to assess cytotoxicity. Data are representative of 6 organoids per condition from 3
independent experiments. (N, R, P) Corresponding quantification of EB staining intensity. (R, S, T, U)
Quantification of organoid area following indicated treatments. Scale bars, 500 μm. Data represent mean
± SD of three independent experiments. Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparisons test for (C, D, E, I, G, H, K, L, N, P, R, S, T, U) and by two-tailed unpaired t test
for (B).
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Figure 2

Furin knockdown in KRAS- and BRAF-mutant colorectal cancer cells inhibits tumor growth in mice and
correlates with dysregulated proprotein convertases in patients. (A, F) Growth curves of subcutaneous
tumors derived from control KPN (A) and BPN (F) cells and corresponding shFurin-expressing cells in
C57BL/6J mice (n = 7 tumors per group, 3 independent experiments). (B, G, D, I) Immunofluorescence
staining of tumor sections derived from control KPN (B, D) and BPN (G, I) cells and shFurin-expressing
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cells, stained for Ki-67 (B, G) and CD8 (D, I) (n = 3 independent experiments). Scale bars, 100 μm. (C, H, E,
J) Quantification of Ki-67 and CD8 staining intensity in KPN (C, H) and BPN (E, J) tumors with or without
shFurin expression (n = 3 independent experiments). (K, L) Scatter plots showing Spearman correlation
analysis of KRAS (K) and BRAF (L) expression with indicated members of the convertase family in
colorectal adenocarcinoma (COAD and READ; n = 367) derived from GEPIA (http://gepia.cancer-pku.cn/).
Significant correlations are highlighted in blue. (M) Furin expression levels in COAD and READ tissues
with KRAS- or BRAF-mutations (n = 17) versus non-mutated tissues (n = 328) from the TCGA dataset.
Box plots show median (central band), first and third quartiles (boxes), and minimum and maximum
values (whiskers).
(N) Representative immunofluorescence images of colon cancer samples and adjacent normal tissues
from patients with KRAS- or BRAF-mutated tumors stained with anti-Furin. Data are presented as mean ±
SD. Statistical significance was determined using two-tailed unpaired t test.

Figure 3

Furin repression impairs IGF-1 receptor maturation and IGF-1-induced ERK and AKT activation in KRAS-
and BRAF-mutant colon cancer cells.(A) Western blot analysis of precursor IGF-1 receptor (Pro-IGF-IR)
and processed IGF-IRβ in control KRAS-mutated (KPN) cells and corresponding shFurin-expressing cells.
(B)Quantification of Pro-IGF-IR accumulation, calculated as the ratio Pro-IGF-IR / (Pro-IGF-IR + IGF-IRβ),
indicating the percentage of pro-IGF-IR accumulation. (C-F) Immunoblots showing phosphorylated and
total ERK1/2 (C, D) and AKT (E, F) in control KPN and shFurin-expressing cells following IGF-1
stimulation (100 ng/ml) at the indicated time points. Quantification of phosphorylated protein levels was
normalized to total protein levels (D, F). (G) Western blot analysis of Pro-IGF-IR and mature IGF-IR in

http://gepia.cancer-pku.cn/
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control and shFurin-expressing KPN cells. (H) Quantification of mature IGF-IR accumulation, determined
as the ratio IGF-IR / (Pro-IGF-IR + IGF-IR), expressed as a percentage. All data represent three
independent experiments (n = 3) and are presented as mean ± SD. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparison test (D, F, H) or two-tailed unpaired t
test (B).

Figure 4
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Basal and IGF-1-stimulated kinome profiling in control and shFurin-expressing KRAS-mutant colorectal
cancer cells. (A, B) Heatmaps showing log₂-transformed signal intensities for 196 PTK (A) and 144 STK
(B) peptide substrates in control KPN cells and shFurin-expressing cells under basal conditions and after
IGF-1 stimulation (100 ng/ml). Signals are color-coded from high (green) to low (blue) phosphorylation
intensity. (C-I) Peptide phosphorylation levels under basal conditions in control and shFurin-expressing
cells (C, D), in IGF-1-treated control cells (E, F), and in IGF-1-treated shFurin-expressing cells (G, H). (I, J)
Volcano plots showing two-group comparisons of peptide phosphorylation in control versus shFurin-
expressing cells following IGF-1 stimulation (100 ng/ml; n = 3). A significance score (log₂) > 1.3 (dotted
line) indicates statistically significant changes. Upstream kinase analysis of PTKs and STKs was
performed for: (D) control and IGF-1-treated cells, (F) shFurin-expressing cells under basal and IGF-1-
stimulated conditions, (H) control versus shFurin-expressing cells after IGF-1 stimulation, and (J) control
versus shFurin-expressing cells activated by IGF-1. The top 20 ranked kinases are shown. A normalized
kinase statistic (log₂) < 0 indicates reduced kinase activity, and a specificity score (log₂) > 1.3 (white-to-
red bars) denotes statistically significant changes. Statistical significance was determined via ANOVA
followed by a post hoc test. (K) Schematic representation of the proposed mechanism by which shFurin
suppresses signaling in IGF-1–activated colorectal cancer (CRC) cells. Under normal conditions, Furin
cleaves the precursor form of the IGF-1 receptor (Pro-IGF-1R), enabling its maturation and subsequent
activation by the IGF-1 ligand. This leads to IGF-1R signaling, triggering downstream activation of IRS1
and various KRAS-related pathways. These include key effectors such as ERK, RPS6KB, EPHA1, LYN,
PI3K, PSKH1, and AKT-commonly implicated in KRAS- and BRAF-mutant CRC. In shFurin-expressing
cells, reduced Furin activity limits IGF-1R processing, thereby attenuating IGF-1-induced receptor
activation and repressing multiple downstream signaling pathways involved in KRAS- and BRAF-mutant
oncogenic signaling.
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Figure 5

Furin repression in KRAS- and BRAF-mutated cancer cells inhibits COX2 expression and COX2-mediated
proliferation, colony formation, and tumor growth and angiogenesis in mice. (A)Relative mRNA
expression levels of PTGS2, PTGER1, PTGER3, PTGER4, and PTGES in control KPN cells and KPN cells
expressing shFurin, measured by qRT‒PCR and normalized to GAPDH (n = 3 independent experiments).
(B) Western blot analysis of COX-2 expression in tumors derived from control KPN cells and shFurin-
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expressing KPN cells in mice (n = 7). (C) Quantification of COX-2 protein levels in tumors from control
and shFurin KPN cells. (D–H)Spearman correlation analysis of PTGS2 (D), PTGER1 (E), PTGER3 (F),
PTGER4 (G), and PTGES (H) versus Furin expression in colorectal adenocarcinoma (COAD and READ)
based on GEPIA data (n = 367). (I, J) WST-1 proliferation assay of control KPN (I) and BPN (J) cells, as
well as cells stably expressing shFurin, COX-2, or coexpressing shFurin and COX-2, at indicated time
points (n = 3 independent experiments). (K) Representative images and quantification of colonies
formed by control and shFurin KPN cells (crystal violet staining, n = 3 independent experiments). (L)
Representative organoid morphologies of control and shFurin KPN cells after 5 days of culture (n = 3–6
organoids, 3 independent experiments). (M) Quantification of organoid area. Scale bars, 500 µm. (O)
Tumor growth curves of C57BL/6J mice subcutaneously injected with control KPN cells, shFurin-
expressing cells, COX-2-expressing cells, or cells coexpressing shFurin and COX-2 (n = 8 tumors per
group, 3 independent experiments). (P) Immunofluorescence staining of tumor sections from (O) for
CD31. Scale bars, 100 µm. (Q)Quantification of CD31 staining intensity in tumors. Data are shown as
mean ± SD. Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparisons test for (I, J, K, M, O, Q) and by two-tailed unpaired t test for (C).
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Figure 6

Furin regulates TGF-β1-induced COX2 expression in KRAS- and BRAF-mutant colorectal cancer cells. (A,
C) Western blot analysis of COX2 expression in control KPN and BPN cells stimulated with TGF-β1 (5
ng/ml) (n = 4). (B, D) Quantification of COX2 protein levels in control KPN and BPN cells stimulated with
TGF-β1 (5 ng/ml). (E-H) COX2 expression in control KPN (E) and BPN (BPN) cells expressing shFurin,
transfected with TGF-β1 cDNA, and quantified by immunoblotting (F, H). (I-L) Furin expression was
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analyzed by immunoblotting in control KPN and BPN cells stimulated with TGF-β1 (I and K) and
quantified (J, L). (M, N) Relative expression levels of TGF-β1 in control KPN and BPN cells, as well as in
the same cells expressing shFurin, were measured via qRT‒PCR and normalized to the level of GAPDH
(n = 3 independent experiments). (O, P) Scatter plot graphs of data derived from GEPIA illustrating the
Spearman correlation analysis of TGF-β1 and Furin and TGF-β1 and PTGS2 expression in colorectal
adenocarcinomas (COAD and READ) (n = 367). (Q-U) Western blot analysis of TGF-β1 and COX2
expression in control KPN (Q) and BPN (T) cells, as well as in cells expressing shFurin alone or
coexpressing either an empty GFP vector (GFP) or PTGS2 cDNA (n = 3 independent experiments).
Quantification of TGF-β1 (R, U)and COX2 (S, V) protein levels in control KPN and BPN cells, as well as in
shRNA-expressing cells or those coexpressing shFurin and COX2. All the data are presented as the
means ± SDs. Statistical significance was determined via one-way ANOVA with Tukey’s multiple
comparison test for (F, H, R, S, U, V) and a two-tailed unpaired t test for (B, D, J, L, M andN).
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Figure 7

Furin, COX2 and TGF-β1 interaction during tumor growth induced by KRAS- and BRAF-mutant colorectal
cancer cells. (A), Western blot analysis of COX2, TGF-β1, p-Smad2, Smad2, and Furin expression in
control KPN and BPN cells treated with or without the COX2 inhibitor (celecoxib, 75 μM) and/or the Furin
inhibitor MI1148 (10 μM). (B-E), Quantification of COX2 (B), TGF-β1 (C), p-Smad2 (D), and Furin
(E)expression in control KPN and BPN cells in the absence or presence of celecoxib and/or MI1148 (n =
3 independent experiments). (F), Tumor growth on day 40 in Black6/J mice subcutaneously injected with
control KPN cells or KPN cells expressing shFurin or COX2 or coexpressing shFurin and COX2 (n = 6
tumors per group, 3 independent experiments). (G), Western blot analysis of TGF-β1, p-Smad2, Smad2,
and GAPDH expression in tumors derived from mice injected with control KPN cells or KPN cells
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expressing COX2, shFurin, or coexpressing shFurin and COX2. (H) and(I), Quantification of TGF-β1 (H)
and p-Smad2 (I) in tumors derived from the same conditions (n = 3 independent experiments). The data
are representative of three independent experiments and are shown as the means ± SDs. Statistical
significance was determined via one-way ANOVA with Tukey’s multiple comparison test.

Figure 8
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Schematic representation of Furin-mediated signaling pathways and their role in promoting tumor
progression in KRAS- and BRAF-mutated colorectal cancer cells. In colorectal cancer (CRC) cells
harboring KRAS and BRAF mutations, Furin mediates the cleavage of the IGF-1 receptor, TGF-β, and other
protein precursors (1). Interaction with their ligands or receptors (2) leads to activation of signaling
pathways such as ERK, AKT, and MAPK (3), all of which are linked to KRAS and BRAF mutation-driven
activity (4). These pathways promote tumorigenic effects, including increased proliferation, resistance to
chemotherapy, suppressed T cell infiltration, angiogenesis, and tumor growth (5). TGF-β1 stimulates the
expression of both COX2 (6) and Furin (7), establishing a positive feedback loop that intensifies tumor
progression. Suppression of Furin expression disrupts KRAS- and BRAF-associated signaling pathways,
ultimately impairing these tumor-promoting processes (8).
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