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Abstract 

Cancer-associated fibroblast (CAF)-derived extracellular vesicles (EVs) have been implicated in 

colorectal cancer progression, but their associations with PROM1 and RAC1/PAK1 expression 

remain incompletely characterized. We examined the effects of CAF-derived EV preparations on 

metabolic activity and selected stemness- and epithelial–mesenchymal transition (EMT)-related 

transcripts in SW480 colorectal cancer cells. Preparations were obtained by ExoQuick 

precipitation, assessed by dynamic light scattering (DLS), and applied at 100 µg/mL for 48 h. 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays measured metabolic 

activity, and quantitative real-time PCR (qRT-PCR) measured relative PROM1, SNAI1, ZEB1, 

RAC1, and PAK1 mRNA levels. Separate experimental arms evaluated small interfering RNAs 

(siRNAs) targeting PROM1 or RAC1 (siPROM1 and siRAC1, respectively), each at 30 nM. 

Treatment with the preparations increased MTT activity and the expression of all five transcripts 

relative to untreated controls. siPROM1 and siRAC1 reduced their respective target mRNAs. In 

the PROM1 arm, ZEB1 and SNAI1 transcript levels and MTT activity were numerically lower in 

cells receiving EV preparations with siPROM1 than in cells receiving the preparations alone. In 

the RAC1 arm, PAK1 transcript levels and MTT activity were numerically lower with combined 

EV preparation and siRAC1 treatment than with preparations alone. These observations describe 

exploratory transcript-level and metabolic responses in a single colorectal cancer cell model and 

provide a basis for targeted functional validation. 

Keywords: Colorectal cancer; cancer-associated fibroblasts; extracellular vesicles; PROM1 (CD133); RAC1; 

PAK1. 
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Introduction 

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the second 

leading cause of cancer-related death worldwide (1). Recurrence, metastasis, and treatment 

resistance remain major clinical challenges (2, 3). Alongside genetic alterations, interactions 

between tumor cells and the tumor microenvironment (TME) contribute to CRC progression (4-

6). 

Cancer-associated fibroblasts (CAFs) are a major stromal component of the TME. Through 

secreted factors, extracellular matrix components, and extracellular vesicles (EVs), they influence 

angiogenesis, invasion, metastasis, stemness, epithelial–mesenchymal transition (EMT), and drug 

resistance (7-10). EVs carry proteins, lipids, and regulatory RNAs that can alter signaling in 

recipient cells (11, 12). 

Cancer stem cells (CSCs) contribute to tumor initiation, treatment resistance, and recurrence (13, 

14). Prominin-1 (CD133) is a widely used CSC marker associated with stemness and tumorigenic 

potential (15-17), and small interfering RNAs (siRNAs) allow stemness-associated genes to be 

examined through targeted suppression (17-19). EMT contributes to tumor cell plasticity and 

invasion and is regulated by transcription factors that include Snail and ZEB1 (20, 21). These 

observations provide a rationale for examining PROM1 expression alongside SNAI1 and ZEB1 

in CRC cells. 

Rac1 and its downstream effector PAK1 also participate in CRC progression (22, 23). Their 

functions include the regulation of cytoskeletal remodeling, migration, proliferation, invasion, 

and EMT (24). Dysregulated Rac1 expression and activity have been associated with advanced 

disease, metastasis, and poor outcomes (25-28). 

CAF-derived EVs have been implicated in stemness, EMT, and treatment responses in CRC (29, 

30). Within this context, we examined changes in PROM1, SNAI1, ZEB1, RAC1, and PAK1 

mRNA levels and MTT metabolic activity in SW480 cells exposed to CAF-derived EV 

preparations. Two separate siRNA experiments examined the PROM1-related and RAC1/PAK1-

related transcript responses after siPROM1 or siRAC1 transfection, respectively. 

Materials and Methods 

Cell culture 

SW480 human colorectal cancer cells (RRID:CVCL_0546) were obtained from the Pasteur 

Institute cell bank and cultured in DMEM/F12 supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO₂. The 
medium was replaced every 48–72 h, and cells were subcultured at approximately 80–90% 

confluence (31). 
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Cancer-associated fibroblast (CAF) culture 

Human cancer-associated fibroblasts (CAFs) were provided by the Department of Genetics, 

Tarbiat Modares University. Cells were cultured in complete DMEM at 37°C under 5% CO₂. 
Cultures were monitored for mycoplasma using the MycoAlert Mycoplasma Detection Kit 

(Lonza, Walkersville, USA), and cell morphology was examined daily (32). Conditioned medium 

was collected at approximately 80% confluence for preparation of CAF-derived EV fractions 

with the ExoQuick kit (System Biosciences, USA) (33). 

Preparation of CAF-derived extracellular vesicle fractions 

CAF-derived extracellular vesicle (EV) fractions were prepared from conditioned medium using 

the ExoQuick precipitation kit (System Biosciences, USA). The medium was centrifuged to 

remove cells and cellular debris, mixed with the precipitation reagent, and centrifuged to recover 

the EV-enriched precipitate. The resulting pellet was resuspended in phosphate-buffered saline 

(PBS) and stored at −80°C (33-35). 

Particle-size characterization 

The preparations were diluted in PBS at a ratio of 1:6 and analyzed by dynamic light scattering 

(DLS) using a Zetasizer (Malvern, UK). Particle-size distributions were processed with Malvern 

Zetasizer software (version 7.11) (36). Throughout this manuscript, the term “EV preparation” 
refers to the ExoQuick-precipitated fraction from CAF-conditioned medium; DLS provides size 

information but does not establish vesicle identity or purity. 

Treatment of SW480 cells 

SW480 cells were incubated overnight to allow attachment and then treated with CAF-derived 

EV preparations at 100 µg/mL for 48 h. Untreated cells served as the negative control (37). This 

dose and exposure time fall within the range used for MSC-derived small EVs in colorectal 

cancer cells in a previous study from our laboratory (64). 

Small interfering RNA (siRNA) transfection 

SW480 cells were transfected separately with siPROM1 or siRAC1 using Lipofectamine™ 3000 

(Thermo Fisher Scientific, USA) to assess transcript responses associated with suppression of the 

respective targets. Cells were grown to approximately 60–70% confluence. The siRNA–
Lipofectamine mixture was prepared in serum-free medium and added to the cells (38). A 

working siRNA concentration of 30 nM was selected from the MTT concentration-response 

experiments. At this concentration, siRNA treatment alone yielded approximately 52% of the 

untreated-control MTT signal; dose selection was based on metabolic activity rather than a 

concentration-dependent assessment of gene knockdown. 
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Experimental treatment groups 

The PROM1 and RAC1 experiments were conducted separately. The PROM1 experiment 

included four groups: control (untreated), EV, siPROM1, and EV + siPROM1. The RAC1 

experiment included control (untreated), EV, siRAC1, and EV + siRAC1 groups. siPROM1 and 

siRAC1 were not combined in any experimental group. In the combined-treatment groups, EV 

preparations and siRNA were added simultaneously. The EV group labels refer to the CAF-

derived EV preparation. 

MTT metabolic activity assay 

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay was used 

to assess cellular metabolic activity as an indicator of viability. For siRNA concentration 

screening, cells were seeded into 96-well plates in complete RPMI-1640 medium and incubated 

for one day. Cells were then transfected with siPROM1 or siRAC1 at 0, 10, 20, 30, or 40 nM 

using Lipofectamine™ 3000 (Thermo Fisher Scientific, USA). After two days, cells were 

incubated with MTT solution (5 mg/mL; Sigma-Aldrich, USA) for 4 h. Formazan crystals were 

dissolved in DMSO (Sigma-Aldrich, USA), and absorbance was measured at 570 nm using a 

spectrophotometer (Anthos, Austria). The MTT assays were performed in triplicate. In the 

separate four-condition experiments, MTT activity was compared among the untreated control, 

EV, siRNA, and EV + siRNA groups. Concentration-screen values and four-group fold-change 

values represent different comparisons and should not be interpreted as identical measurements. 

Data were analyzed using GraphPad Prism (39). 

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

After 48 h of treatment or transfection, total RNA was extracted from SW480 cells using TRIzol 

reagent according to the manufacturer’s instructions. RNA concentration and purity were 
measured with a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). One microgram 

of total RNA was reverse-transcribed using a first-strand cDNA synthesis kit (Takara 

Biotechnology, Japan). PROM1 (CD133), ZEB1, SNAI1, RAC1, and PAK1 mRNA levels were 

quantified using SYBR Green Master Mix (Ampliqon, Denmark) on a StepOnePlus Real-Time 

PCR System (Applied Biosystems, USA). GAPDH was used as the endogenous reference gene, 

and relative expression was calculated by the 2−ΔΔCt method. Three independent biological 
replicates were analyzed, with each sample measured in technical duplicate (40). Melting-curve 

analyses documented for PROM1, ZEB1, and SNAI1 were used to evaluate amplification 

specificity for those assays. Primer sequences are provided in Table 1. 
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Table 1. Primer sequences used for quantitative real-time PCR (qRT-PCR). 

Gene Forward primer (5′→3′) Reverse primer (5′→3′) 

PROM1 (CD133) CACTACCCAAGGACAAGGCGTTC 
CAACGCCTCTTTGGTCTCCTTG 

ZEB1 GGCATACACCTACTCAACTACGG TGGGCGGTGTAGAATCAGAGTC 

SNAI1 (Snail) TGCCCTCAAGATGCACATCCGA GGGACAGGAGAAGGGCTTCTC 

RAC1 CCCTATCCTATCCGCAAACA CGCACCTCAGGATACCACTT 

PAK1 AAGACATCCAACAGCCAGAA TGTAGCCACGTCCCGAGT 

GAPDH ACACCCACTCCTCCACCTTTG TCCACCACCCTGTTGCTGTAG 

The RAC1 and PAK1 primer sequences were taken from Zhou et al. (41). 

Statistical analysis 

Experiments were performed in triplicate, and data are presented as mean ± standard deviation 

(SD). For qRT-PCR, three independent biological replicates were analyzed, with each sample 

measured in technical duplicate. MTT assays were performed in triplicate. Statistical analyses 

were performed in GraphPad Prism 9.4 (GraphPad Software Inc., San Diego, CA, USA). Group 

comparisons were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple-comparisons test, as applicable. For comparisons involving two groups, a one-factor 

ANOVA is equivalent to the conventional pooled-variance two-sample t-test. P < 0.05 was 

considered statistically significant. Asterisks in the figures indicate the annotated comparisons. 

The EV-only versus EV + siRNA contrasts are described descriptively, without a claim of 

statistical significance, because no corresponding pairwise result is available. 

Results 

Cell morphology and particle size of CAF-derived EV preparations 

Phase-contrast microscopy showed spindle-shaped, fibroblast-like CAFs (Fig. 1A) and epithelial-

like SW480 cells (Fig. 1B). DLS analysis of the CAF-derived EV preparations showed a particle-

size peak at approximately 110 nm (Fig. 1C). Figure 1D summarizes the preparation of the 

conditioned-medium fraction, treatment of SW480 cells, and downstream analyses. 
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Figure 1. Cell morphology, particle-size distribution, and experimental workflow. (A) Spindle-shaped, 
fibroblast-like morphology of CAFs. (B) Epithelial-like morphology of SW480 cells. (C) DLS size distribution 
of the CAF-derived EV-enriched preparation, with a peak at approximately 110 nm. (D) Schematic of 
preparation of the conditioned-medium fraction, simultaneous exposure to the EV preparation and target-
specific siRNA in the combined-treatment groups, and subsequent MTT and qRT-PCR analyses. The 
schematic indicates experimental stages and is not evidence of direct EV uptake or vesicle purity. 

Selection of the siRNA concentration 

In the siRNA concentration screens, MTT metabolic activity declined with increasing 

concentrations of siPROM1 or siRAC1 (Fig. 2A, B). At 30 nM, 52.44% of the untreated-control 

MTT signal remained for siPROM1 and 52.02% for siRAC1; the 30 nM concentration was used 

in subsequent experiments. These screening results are distinct from the fold-change values in the 

four-condition experiments and do not quantify gene-silencing efficiency. 

PROM1-related transcript responses and metabolic activity 

qRT-PCR showed significantly higher PROM1 mRNA levels in SW480 cells treated with CAF-

derived EV preparations than in untreated controls (**P < 0.01; Fig. 2C). In the separate 

transfection comparison, PROM1 mRNA levels were significantly lower in siPROM1-transfected 

cells than in untreated cells (**P < 0.01; Fig. 2D). 

MTT activity was compared among the control, EV, siPROM1, and EV + siPROM1 groups. 

Activity was higher in the EV group and lower in the siPROM1 group than in the untreated 
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control (*P < 0.05 versus control for both; Fig. 2E). The EV + siPROM1 group showed 

numerically lower MTT activity than the EV group. This assay reports metabolic activity and was 

not used as a direct measure of cell proliferation. 

 

Figure 2. MTT metabolic activity and PROM1 transcript responses in SW480 cells. (A, B) MTT 
concentration-response profiles for siPROM1 (A) and siRAC1 (B). (C) PROM1 mRNA levels 
after treatment with the CAF-derived EV preparation. (D) PROM1 mRNA levels after siPROM1 
transfection. (E) MTT signal (fold change) for untreated control, EV, siPROM1 and EV + 
siPROM1 groups. Concentration-screen and four-group MTT results are separately normalized 
datasets and are not directly interchangeable. For qRT-PCR, three independent biological 
replicates were measured in technical duplicate; MTT experiments were performed in triplicate. 
Results are presented as mean ± SD. Asterisks indicate the comparisons annotated in the panels 
(*P < 0.05; **P < 0.01); no EV-versus-combined-treatment P value is assigned. 

ZEB1 and SNAI1 mRNA levels were also measured in the control, EV, siPROM1, and EV + 

siPROM1 groups. Both transcripts were higher in the EV group and lower in the siPROM1 group 

than in untreated controls (*P < 0.05 versus control; Fig. 3). The EV + siPROM1 group showed 

numerically lower ZEB1 and SNAI1 mRNA levels than the EV group. 
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Figure 3. PROM1-associated EMT transcript responses in SW480 cells. Relative mRNA levels of (A) ZEB1 
and (B) SNAI1 (Snail) after EV preparation exposure, siPROM1 transfection or combined treatment. 
Expression was measured by qRT-PCR and normalized to GAPDH. Three independent biological replicates 
were analyzed in technical duplicate; data are mean ± SD. *P < 0.05 indicates the comparisons annotated in the 
plots; differences between EV-only and combined treatment are descriptive. 

RAC1 and PAK1 transcript responses and metabolic activity 

RAC1 mRNA levels, measured by qRT-PCR, were significantly higher in SW480 cells treated 

with CAF-derived EV preparations than in untreated cells (**P < 0.01; Fig. 4A). In the separate 

transfection comparison, RAC1 mRNA levels were significantly lower in siRAC1-transfected 

cells than in untreated cells (**P < 0.01; Fig. 4B). 

MTT activity was compared among the control, EV, siRAC1, and EV + siRAC1 groups. Activity 

was higher in the EV group and lower in the siRAC1 group than in untreated controls (*P < 0.05 

versus control for both; Fig. 4C). The EV + siRAC1 group showed numerically lower MTT 

activity than the EV group. 

 
Figure 4. RAC1 transcript responses and MTT metabolic activity in SW480 cells. (A) RAC1 mRNA 
expression after exposure to the CAF-derived EV preparation. (B) RAC1 mRNA expression after siRAC1 
transfection. (C) MTT signal (fold change) in untreated control, EV, siRAC1 and EV + siRAC1 groups. For 
qRT-PCR, three independent biological replicates were analyzed in technical duplicate; MTT experiments were 
performed in triplicate. Data are mean ± SD. Asterisks indicate the comparisons annotated in the plots (*P < 
0.05; **P < 0.01); no EV-versus-combined-treatment P value is assigned. 
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PAK1 mRNA levels were measured by qRT-PCR in the control, EV, siRAC1, and EV + siRAC1 

groups. Levels were higher in the EV group and lower in the siRAC1 group than in untreated 

controls (*P < 0.05 versus control for both; Fig. 5). The EV + siRAC1 group showed numerically 

lower PAK1 mRNA levels than the EV group. 

 
Figure 5. PAK1 transcript responses in SW480 cells. Relative PAK1 mRNA expression in the untreated 
control, EV, siRAC1 and EV + siRAC1 groups. Expression was measured using qRT-PCR and normalized to 
GAPDH. Three independent biological replicates were analyzed in technical duplicate; data are mean ± SD. *P 
< 0.05 indicates the comparisons annotated in the plot; differences between EV-only and combined treatment 
are descriptive. 

Discussion 

Recurrence, metastasis, and treatment resistance continue to limit outcomes in CRC (42, 43). 

Interactions between tumor cells and the stromal and immune components of the TME contribute 

to these challenges (44, 45). Studies in other epithelial cancers have linked CAF-derived EVs to 

migration and invasion (46). EV-mediated communication can occur in both directions between 

fibroblasts and tumor cells (47), while cancer-cell-derived EVs may also contribute to the 

diversity of CAF subtypes (48). 

In SW480 cells, exposure to CAF-derived EV preparations was associated with increased 

PROM1, RAC1, PAK1, ZEB1, and SNAI1 mRNA levels and increased MTT metabolic activity 

compared with untreated controls. In the siPROM1 arm, ZEB1 and SNAI1 mRNA levels were 

numerically lower during combined treatment than with EV preparations alone; in the siRAC1 

arm, the corresponding pattern involved PAK1. MTT activity was also numerically lower in both 

combined-treatment groups. These findings indicate preparation-associated transcript and 

metabolic responses, without demonstrating a shared signaling pathway or a causal requirement 

for either target. 

Prominin-1 (CD133) is recognized as a marker and functional regulator of colorectal cancer stem 

cells (49). It has been linked to stem cell maintenance, self-renewal, treatment resistance, and 

cellular states that favor EMT (50, 51). ZEB1 and Snail regulate epithelial and mesenchymal 

gene expression and contribute to cellular plasticity and invasion (52). Here, siPROM1 reduced 
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PROM1 mRNA, and the EV + siPROM1 group showed numerically lower ZEB1 and SNAI1 

transcript levels and MTT metabolic activity than the EV group. These findings associate the 

siPROM1 treatment condition with EMT-related transcript responses; they do not demonstrate 

PROM1-specific regulation of functional EMT. 

Rac1 signals through PAK1, a serine/threonine kinase involved in actin dynamics, focal adhesion 

turnover, migration, and proliferation (53-55). Rac1/PAK1 signaling has also been linked to 

EMT-related transcription factors and pathways, including MAPK/ERK, NF-κB, and β-catenin 

(26, 56-59). In other tumor models, RAC1 silencing has reduced migration and invasion (60, 61). 

In the present RAC1 arm, siRAC1 reduced RAC1 mRNA, while PAK1 mRNA and MTT 

metabolic activity were numerically lower with EV + siRAC1 than with the EV preparation 

alone. These transcript and metabolic observations do not establish RAC1-GTP loading, PAK1 

phosphorylation, or pathway activation. 

Evidence from other tumor models links Rac1/PAK1 activity to EMT programs, including Snail 

regulation (62, 63). This provides a biological context for considering a relationship between the 

two response patterns observed here. However, the experiments did not test the effects of 

siPROM1 on RAC1/PAK1 or of siRAC1 on ZEB1/SNAI1, so they provide no direct evidence of 

crosstalk. 

Limitations 

This exploratory study examined a single colorectal cancer cell line and principally measured 

transcript abundance and MTT metabolic activity. CAF-conditioned-medium fractions were 

prepared by ExoQuick precipitation and assessed by DLS without complementary vesicle-marker 

or ultrastructural characterization. Accordingly, EV-associated responses cannot be conclusively 

separated from effects of co-precipitated non-vesicular material. Uptake of the preparations by 

SW480 cells was not examined here, although uptake of labeled MSC-derived small EVs by 

colorectal cancer cells has been reported previously (64). Matched non-targeting siRNA and 

transfection-reagent-only controls were not included. In the siPROM1 dose-response screen, 30 

nM siPROM1 reduced normalized MTT signal by approximately 48% relative to the untreated 

control; the separately presented four-group experiments also showed lower siRNA-only MTT 

signals, but their fold changes are not directly interchangeable with the screening percentages. 

Silencing efficiency was shown for siPROM1 and siRAC1 versus untreated control, but target 

knockdown was not independently demonstrated within the combined EV + siRNA treatment 

groups. The method used to assign a protein-equivalent concentration to the EV preparations and 

the use of EV-depleted serum during CAF-conditioned-medium collection were not specified in 

the source protocol. Protein abundance, RAC1-GTP loading, PAK1 phosphorylation, functional 

EMT, and experimental crosstalk between the separate PROM1 and RAC1 arms were not 

directly assessed. 
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Conclusion 

CAF-derived EV-enriched preparations were associated with increased PROM1, RAC1, PAK1, 

ZEB1, and SNAI1 mRNA levels and higher MTT metabolic activity in SW480 cells. In the 

separate siPROM1 and siRAC1 experiments, the corresponding combined-treatment groups 

showed numerically lower EMT-related or PAK1 transcript levels and MTT responses than the 

EV-only groups. These findings provide a descriptive basis for further experiments but do not 

establish EV-specific causality, functional pathway activation, or direct crosstalk between the two 

gene-response modules. 
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