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Abstract

In the complex landscape of cancer progression, the immune system shapes 
crucial interactions between tumor and immune cells. Understanding this 
dialogue is essential for elucidating how immune-derived cues trigger 
epithelial-mesenchymal transition (EMT)-like transcriptional changes, a 
fundamental process that drives tumor cell plasticity and facilitates 
aggressive phenotypes. Here, we investigated the crosstalk between M2 
macrophages and colon cancer cells (HT-29) during the post-tumorigenic 
phase, focusing on exosome-mediated regulation of EMT, a critical pathway 
controlling tumor cell phenotypic and transcriptional dynamics. Co-culture 
experiments revealed that M2 macrophage–derived exosomes (M2-Exo) 
induced profound transcriptional changes, with downregulation of epithelial 
markers and increased expression of mesenchymal genes. Importantly, EMT 
induction was markedly stronger following M2-Exo treatment than in the co-
culture setting, suggesting that while soluble mediators play a contributory 
role, EMT is predominantly and directly driven by exosome-mediated 
signaling. Transcriptomic profiling identified FAM83A as a key upregulated 
gene in M2-Exo–treated HT-29 cells. Functional analyses demonstrated that 
FAM83A promoted EMT by modulating regulators associated with decreased 
E-Cadherin and increased N-Cadherin, MMP2, and MMP9 expression. 
Importantly, siRNA-mediated silencing of FAM83A abolished its 
overexpression and inhibited EMT activation, confirming its essential role in 
M2-Exo–induced programming of EMT. Collectively, these findings highlight 
exosome-mediated immune-tumor interactions as critical drivers of EMT and 
the progression toward an invasive, mesenchymal-like phenotype. 

Keywords: Extracellular Vesicles, Exosomes, FAM83A, Cancer, Epithelial-
Mesenchymal Transition, Immune-Oncology
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1. Introduction

Cancer remains one of the most formidable challenges in human health, 

affecting individuals and populations across the globe. It is not a solitary 

entity; rather, it thrives within a complex ecosystem known as the tumor 

microenvironment (TME), where an intricate interplay among cellular 

components and signaling pathways determines tumor progression and 

response to therapy. Our understanding of this multifaceted relationship has 

significantly advanced in recent years, offering novel insights into cancer 

biology and informing innovative therapeutic strategies. The cancer 

microenvironment is a dynamic milieu, consisting of immune cells, stromal 

cells, blood vessels, and extracellular matrix components, all of which can 

influence tumor growth, invasion, and response to treatment. 

At the heart of this dynamic battleground lies the immune system, a 

remarkable defense mechanism of the body with the potential to suppress 

and aid cancer progression.[1] The interaction between cancer cells and the 

immune system within the TME is a pivotal factor that shapes the course of 

the disease. Among immune cells, macrophages play a particularly prominent 

role, exhibiting two major phenotypes: M1 and M2. M1 macrophages, 

stimulated by pro-inflammatory cytokines such as �(�:�#�/�A and IL-12, exert 

anti-tumorigenic effects by enhancing immune responses, promoting tumor 

cell phagocytosis, and correlating with improved prognosis and enhanced 

responsiveness to immunotherapies [2–4]. In contrast, M2 macrophages 

secrete anti-inflammatory cytokines including IL-10 and �(�C�#�/�D�� which create 

an immunosuppressive environment that facilitates tumor progression and 

metastasis by promoting angiogenesis, tissue remodeling, immune evasion, 

and therapy resistance [5–9]. These immunomodulatory effects can alter the 

tumor landscape in multiple ways, including suppression or enhancement of 

anti-tumor immunity, increased invasiveness, and remodeling of the TME to 

favor tumor survival. Notably, co-culture studies involving cancer cells and 
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tumor-associated macrophages (TAMs) have revealed activation of specific 

genes and pathways, such as those involved in aerobic glycolysis, 

upregulation of CCL2 chemokines, and modulation of VEGF receptor 

expression on cancer cells [10–12].

Within the intricate landscape of cancer biology, an emerging player has 

garnered increasing attention -exosomes. Exosomes are nano-sized 

membrane-bound vesicles secreted by various cell types, including 

macrophages.[13] These minuscule packages are replete with proteins, lipids, 

nucleic acids, and bioactive molecules, all carefully packaged to facilitate 

intercellular communication. Exosomes, play critical roles in cancer biology, 

significantly influencing tumor progression, metastasis, and the tumor 

microenvironment.[14] In the context of cancer, exosomes facilitate 

communication between tumor cells and their surroundings, promoting 

angiogenesis, immune evasion, and pre-metastatic niche formation.[15] They 

can transfer oncogenic signals to recipient cells, thus modulating their 

behavior to support tumor growth and spread.[16] Additionally, exosomes are 

crucial in mediating drug resistance by facilitating the efflux of anticancer 

drugs and disseminating resistance-conferring molecules to surrounding 

cells.[17] On the other hand, the abovementioned intricate web of 

communication orchestrated by macrophages could be exosome-

mediated.[18] Yet, the discovery of immune-triggered carcinogenic exosomal 

gene pathways within macrophages remains elusive, representing a 

significant opportunity to enhance cancer immunotherapy by transforming 

the tumor-promoting attributes of macrophage-derived EVs into anti-

tumorigenic traits. Therefore, understanding the roles and mechanisms of 

macrophage exosomes in cancer biology is essential for deciphering the 

complexities of tumor development and devising innovative therapeutic 

strategies.

This study investigates the EMT-related transcriptional modulation induced 

by macrophage-derived exosomes, leading to the activation of dormant 
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oncogenes in colorectal cancer cells. As a model, we established a co-culture 

model of colorectal cancer cells (HT-29) and M2 macrophage-derived 

exosomes (M2-Exo), enabling a platform to investigate the roles of exosomes 

in post-tumorigenic processes. The potential of M2-Exo to induce EMT and 

drive early motile phenotypes in HT-29 cells were assessed by a broad 

spectrum of techniques, including immunofluorescent microscopy, real-time-

quantitative polymerase chain reaction (RT-qPCR), and mRNA-seq. Finally, a 

proto-oncogene was determined to be responsible for the initiation of EMT in 

colorectal cancer cells, and its validation was further carried out by using 

oncogene-specific siRNAs.

2. Experimental Section

2.1. Cell culture

HT-29 (ATCC® HTB-38™, kindly provided by Prof. Erkan Yilmaz, 

Biotechnology Institute, Ankara University, Turkey), Raw267.4 (ATCC® TIB-

71™) and T98G cells (ATCC® CRL-1690™, kindly provided by Prof. Orhan 

���*�����L�� Middle East Technical University, Turkey), MCF-7 cells (ATCC® HTB-

22 ™, kindly provided by Prof. Ahmet Acar, Middle East Technical University, 

Turkey), and 451LU cells (Rockland #451lu-01-0001, kindly provided by Prof. 

Guliz Ak Demir, Ege University, Turkey) were cultured in Dulbecco’s 

Modified Eagle’s Medium-High Glucose (DMEM-HG, Thermo Fisher, USA) 

supplemented with fetal bovine serum (FBS, 10% v/v, Thermo Fisher, USA) 

and penicillin-streptomycin (P/S, 1% v/v, Thermo Fisher, USA) in a 

CO2 incubator at 37 °C and 5% CO 2 humidity conditions. The medium was 

refreshed every 3 days until the desired cell confluency was accomplished. 

For the induction of the M2 phenotype in Raw 264.7 cells, the cells were 

cultured in DMEM-HG supplemented with IL-10 (50 ng/mL) for 48 hours. 

Following the 48-hour polarization period, the medium was replaced with 

DMEM-HG without IL-10 and maintained in this condition for subsequent 

experiments. To compare the M1 phenotype and validate the success of M2 
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polarization, Raw 264.7 cells were cultured in DMEM-HG supplemented with 

LPS (100 ng/mL) and IFN-gamma (20 ng/mL) for M1 induction. The success 

of polarization was evaluated by RT-qPCR analysis of markers specific for the 

M1 phenotype (CD64, STAT-1) and the M2 phenotype (CD163, STAT-6). 

Primer sequences (Oligomer Biotechnology Jsc., Turkey) are provided in the 

SI. Each quantitative experiment was performed with three replicates with 

two biological replicates. Statistical differences among groups were assessed 

by t-test, one-way ANOVA followed by Tukey’s post hoc test.

2.2.  Co-culture of M2 macrophages with HT-29 colorectal cancer 
cells

To investigate the crosstalk between the immune system and cancer cells, 

HT-29 cells and M2 macrophages were co-cultured using a two-compartment 

Transwell system separated by a �%���B�/�S�� porous membrane, which allows the 

transfer of macrophage-derived factors (proteins, metabolites, lipids, 

mRNAs, miRNAs, snRNAs, etc.) into the lower chamber containing cancer 

cells. Initially, HT-29 cells and M2 macrophages were seeded separately into 

the lower and upper chambers, respectively, and cultured for 24 hours to 

ensure proper cell attachment. After this pre-culture period, the 

compartments were assembled to initiate the co-culture. To model the 

immune–cancer interaction, three different HT-29 to M2 macrophage ratios 

(1:2, 1:1, and 2:1) were established by seeding �
�T�
�%�U M2 macrophages in the 

upper inserts and varying the number of HT-29 cells �4�'�T�
�%�V�� �
�T�
�%�U�� or ���T�
�%�U�5 

in the lower wells. The co-culture was maintained for 5 days, after which 

analyses were conducted. All conditions were performed in triplicate using 

independent Transwell setups.

2.3. Exosome isolation and characterization

Exosomes were isolated from M2 macrophages through serial 

ultracentrifugation according to the detailed protocol carried out in our 

previous studies.[19–21] Briefly, secretion-rich medium (SRM) was filtered 
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by using �%�������/�S�� filters for the elimination of unwanted cells in the SRM and 

gradual centrifugation was performed at 300 g for 10 min, 2000 g for 10 min, 

and 10,000 g for 30 min, respectively, for the removal of cellular residues, 

apoptotic bodies, and large molecular weight proteins. Finally, SRM was 

ultracentrifuged (Himac CP100WX, Hitachi, USA) for 90 min at 120.000 g to 

obtain an exosome pellet. 

The isolated exosome pellet was resuspended in sterile PBS and 

characterized with several techniques. Total exosomal protein content was 

measured using a bicinchoninic acid (BCA) test (Thermo Fisher, USA) by 

recording the optic measurements of absorbances at 562 nm on a microplate 

reader (Thermo Scientific, Multiskan Sky Microplate Spectrophotometer). 

Nanoparticle tracking analysis (NTA) was carried out at 1:1000 dilution for 

the determination of particle size with a NanoSight LM10 instrument 

equipped with the NTA 2.0 analytical software. Nano-morphology of the 

isolated exosomes was characterized by counterstaining with uranyl acetate 

and visualized under transmission electron microscope (TEM, JEOL JEM 

100CX II, Tokyo, Japan). For Western Blot (WB) analysis, the extracted 

proteins were separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-

PAGE) electrophoresis and, subsequently, transferred onto a polyvinylidene 

difluoride (PVDF) membrane. The membrane was blocked with 5% skimmed 

milk at room temperature for 1 h. Immunoblotting was performed with 

exosome-specific antibodies namely CD63 and CD81 (1:200, Santa Cruz, USA) 

with overnight incubation at 4 oC, followed the incubation with horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG (1:2000, Abcam, UK) for 1 h at 

room temperature. Proteins were then visualized using SuperSignal West 

Femto electrochemiluminescence (ECL) substrate (Bio-Rad, USA).

2.4. Induction of HT-29 cells with M2-Exo

To demonstrate that macrophages influence cancer cells through an 

exosome-mediated mechanism, HT-29 cells were treated with M2-Exo under 
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various experimental conditions. To optimize the M2-Exo–based induction 

protocol, we systematically evaluated the effects of initial cell density, 

exosome concentration, and exosome application frequency. For this 

purpose, a fixed concentration of M2-Exo �4�
�%�%�Y�S�)�P�����5 was applied to HT-29 

cells 24 hours after seeding in 24-well plates at varying densities �4�'�Y�T�Y�
�%�V�� 

�
�Y�T�Y�
�%�U�� and ���Y�T�Y�
�%�U cells per well). To determine the optimal exosome 

concentration based on the selected cell density, HT-29 cells �4�'�Y�T�Y�
�%�V cells 

per well) were treated with increasing concentrations of M2-Exo (50, 100, 

and ���%�%�Y�S�)�P�����5�� Additionally, the frequency of M2-Exo administration was 

optimized by exposing HT-29 cells �4�'�Y�T�Y�
�%�V cells per well) to the optimized 

concentration �4�'�%�Y�S�)�P�����5 once, twice, or three times during the 5-day culture 

period. In all experiments, culture media were refreshed every 2 to 3 days in 

alignment with the exosome treatment schedule. Cells were maintained 

under standard incubation conditions (95% relative humidity, �9�G�Y�Q���� and 5% 

���<�Z�5 for either 2 or 5 days, depending on the experimental design. 

2.5. Investigation of cytocompatibility of M2 macrophages and M2-
Exo

Live/Dead Assay:  To assess the effects of varying M2 macrophage culture 

densities in co-culture with HT-29 cells, as well as the impact of different M2-

Exo concentrations and application frequencies on HT-29 cell viability and 

proliferation, live/dead staining and XTT assays were performed prior to 

subsequent experiments. For visualization of HT-29 cell viability over a 5-day 

culture period, cells were stained with calcein-AM �4�B�Y�S���= Molecular Probes, 

Thermo Fisher, UK) to detect live cells, and ethidium homodimer-1 (EthD-1, 

���Y�S���= Molecular Probes, Thermo Fisher, UK) to detect dead cells. 

Fluorescence imaging was carried out using a Leica DMIL fluorescence 

microscope (Germany) at excitation/emission wavelengths of �B�,�,�Y���� (green) 

and �'���G�Y���� (red), respectively.
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Cell Proliferation Assay:  To further evaluate HT-29 cell proliferation in the 

Transwell co-culture and M2-Exo induction experiments, XTT assays 

(Biological Industries, USA) were conducted. After 2 and 5 days of culture, 

HT-29 cells were washed and incubated with XTT working solution (1:2 ratio 

of XTT reagent to culture medium). Absorbance values were measured at 

�B�7�%�Y���� using a microplate spectrophotometer (Multiskan Sky, Thermo Fisher, 

USA) following a 2-hour incubation. All experiments were carried out in 24-

well plates compatible with Transwell inserts. Each quantification assay was 

performed in biological triplicate. Statistical differences among multiple 

groups were analyzed using one-way ANOVA followed by Tukey’s post hoc 

test.

2.6. Investigating the post-tumorigenic effects of M2 macrophages 
and M2-Exo through gene expression analysis

To assess the pro-tumorigenic effects of M2 macrophages and M2-Exo on HT-

29 cells and to optimize an exosome-mediated in vitro model, RT-qPCR 

analyses were performed targeting metastasis-related markers ( MMP-2  and 

MMP-9 ) as well as EMT-associated genes ( E-Cadherin  and N-Cadherin ). As 

part of the gene expression analysis, alterations in the metastatic gene 

signature of HT-29 cells co-cultured with M2 macrophages at varying ratios 

(HT-29:M2 = 1:2, 1:1, 2:1) were examined. The role of M2-Exo was further 

investigated through a series of experiments modulating initial HT-29 cell 

density, M2-Exo concentration, and loading frequency, to delineate the 

specific contribution of exosomes to metastatic potential. At the end of the 5-

day culture period, total RNA was extracted (GeneDireX, USA) and reverse-

transcribed into cDNA using a commercially available kit (Bio-Rad, USA). RT-

qPCR was conducted using a Bio-Rad CFX96 real-time thermal cycler (USA). 

Primer sequences (Oligomer Biotechnology Jsc., Turkey) are listed in the 

Supporting Information (Table S1). All quantitative RT-qPCR experiments 

were carried out in triplicate with three independent biological replicates. 
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Statistical significance among multiple groups was assessed using one-way 

ANOVA followed by Tukey’s post hoc test.

2.7. Examining EMT in HT-29 cells in response to M2 macrophages 
co-culture and M2-Exo treatment 

To visualize the loss of epithelial cell polarity and the concurrent increase in 

mesenchymal phenotype, immunofluorescent staining was performed for the 

epithelial tumor suppressor protein E-cadherin and the mesenchymal tumor 

promoter protein N-cadherin in HT-29 cells subjected to either M2 

macrophage co-culture (at the optimized cell ratio) or M2-Exo treatment. 

Following a 5-day culture period, HT-29 cells were fixed with 4% (v/v) 

paraformaldehyde (PFA; Sigma) for 15 minutes and permeabilized with 0.1% 

(v/v) Triton X-100 (Sigma). Non-specific binding sites were blocked by 

incubating the cells in 0.1% (v/v) bovine serum albumin (BSA; Sigma), 

followed by staining with primary antibodies against E-cadherin (1:200, 

Santa Cruz, USA) and N-cadherin (1:200, Santa Cruz, USA) according to the 

manufacturer’s instructions. After overnight incubation at �B�Y�Q���� cells were 

washed and incubated with Alexa Fluor 488-conjugated anti-mouse 

secondary antibody (1:1000, Thermo Fisher, USA). Nuclear staining was 

performed using DAPI (Thermo Fisher, USA). �+�/�����*�����������[ and �:�/�����*�����������[ 

cells were visualized under a fluorescence microscope (Leica DMIL, 

Germany) using the green and red fluorescence channels, respectively.

2.8. Transcriptome analysis and bioinformatics

Transcriptome analysis was performed in HT-29 cells to investigate the 

effects of M2-Exo on mRNA level. For this purpose, a co-culture experiment 

was set considering the optimized parameters (HT-29:M2 macrophages=1:2; 

initial cell density of HT-29 cells = 5x10 4; M2-Exo concentration = 50 g mL -

1, M2-Exo loading frequency = three times/culture period). Untreated HT-29 

cells were used as a negative control group. We conducted an RNA-seq study 

using NovaSeq 6000 (Illumina, USA). RNA was extracted using the RNeasy 
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mini kit (Qiagen, USA), and messenger RNA was purified from total RNA 

using poly-T oligo-attached magnetic beads. Raw data of FASTQ format were 

initially processed through in-house Perl scripts to obtain clean data by 

removing reads containing adapter, poly-N, and low-quality reads. 

Differential expression analysis (DEA) of two-group comparisons (two 

biological replicates per condition) was performed using the DESeq2 R 

package (1.20.0). The resulting p-values were adjusted using Benjamini and 

Hochberg’s approach for controlling the false discovery rate. Genes with an 

adjusted p-value <0.05 were assigned as differentially expressed. Genes with 

high significance (AKR1C3, PTGS1, SERPINE 2, HSPA6 and FAM83A) were 

validated by RT-qPCR. All transcriptomic analyses were performed using two 

biological replicates, while RT-qPCR validation was conducted with three 

independent biological samples.

2.9. siRNA-FAM83A transfection and optimization of gene silencing

FAM83A-siRNA (sense strain: �'�^�/���C���C�$�������$�C�����$�����$�������(�(�/�9�^ and 

antisense strain: �'�^�/�$�$�$���$�$���C�C�����C�$�C�����$���C���(�/�9�^�5 and non-silencing 

scramble (scr)-siRNA were purchased from Qiagen (Germany). HT-29 cells 

(5x10 4) were grown in 24-well plates and after the 24-hour incubation period, 

cells were treated with M2-Exo (50 g mL -1) three times during 5 days of 

culture period for the initiation of target FAM83A metastatic gene activation. 

At the end of the culture period, HT-29 cells were transfected with various 

FAM83A- and scr-siRNA (final concentration: 10, 20, and 50 nM) through 

Lipofectamine™ 3000 Transfection Reagent (Thermo Fisher, USA) based on 

the manufacturer’s directions, for the optimization of ideal silencing 

concentration. Scr-siRNA transfected cells and HT-29 cells without any M2-

Exo induction were used as negative controls, while HT-29 cells induced with 

M2-Exo were used as a positive control. 48 h after siRNA transfections, RT-

qPCR was performed for FAM83A to confirm the silencing of M2-Exo–

mediated FAM83A gene activation in HT-29 cells. Each quantification assay 

was carried out using three independent biological replicates, with three 
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technical replicates per biological sample. Statistical differences among 

multiple groups were analyzed using one-way ANOVA followed by Tukey’s 

post hoc test.

2.10. Correlation between FAM83A silencing and M2-Exo–mediated 
EMT activation

To confirm the suppression of M2-Exo–mediated FAM83A-driven EMT 

activation in HT-29 cells, RT-qPCR was performed for metastatic (MMP-2) 

and EMT-associated mesenchymal (N-cadherin) markers. For this purpose, 

optimized HT-29 cell density (5x10 4), M2-Exo concentration (50 g mL -1) and 

loading frequency (3 times), siRNA concentration (50 nM), and transfection 

time (48 h) were used for the RT-qPCR experiments. Scr-siRNA transfected 

cells and HT-29 cells without any M2-Exo induction were used as negative 

controls, while HT-29 cells induced with M2-Exo were used as a positive 

control. Each quantification assay was carried out using three independent 

biological replicates, with three technical replicates per biological sample. 

Statistical differences among multiple groups were analyzed using one-way 

ANOVA followed by Tukey’s post hoc test.

3. RESULTS

3.1. Isolation and Characterization of M2-Exosomes

To confirm the polarization state and functional stability of ���#�:�/�_�P�����/�
�%�/

induced RAW264.7 macrophages, RT-qPCR analyses were performed to 

evaluate the expression of M2-specific gene markers CD163  and STAT6 . LPS-

induced macrophages were used as a comparison group and assessed for M1-

specific markers CD64  and STAT1 . Gene expression analysis revealed that 

CD163  and STAT6  mRNA levels were significantly upregulated in ���#�:�/�_�P�����/

10-induced macrophages, whereas CD64  and STAT1  (M1 phenotype) were 

significantly upregulated in the LPS-induced group (Figure 1A). These 

findings confirm that RAW264.7 cells can be effectively polarized into the M2 
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phenotype, enabling their use in downstream analyses of pro-tumorigenic 

activity and the isolation of M2-Exo. The presence of M2-Exo was verified 

through BCA protein assay, TEM, and NTA. The total protein concentration 

of the purified exosomes was measured to be �&�Y���)�P���� (Figure S1). TEM 

imaging confirmed the presence of nano-sized vesicles with characteristic 

cup-shaped morphology ranging from 50 to ���%�%�Y���� in diameter (Figure 1B), 

which is consistent with the expected size range of exosomes. Western blot 

analysis further validated the exosomal identity by demonstrating positive 

expression of classical exosome markers CD63 and CD81 (Figure 1C and 

Figure S2). NTA measurements revealed a particle concentration of 

�������Y�T�Y�
�%�`�a exosomes/mL, with most particles peaking around �
�9�%�Y���� in size 

(Figure 1D). Additionally, DiI fluorescence labeling confirmed successful 

uptake of M2-Exo by HT-29 cells, as indicated by pronounced red 

fluorescence localized in the perinuclear region (Figure S3), supporting 

efficient internalization of M2-Exo by the target cells. Although M2 

macrophages expressed CD206 and �(�C�#�/�D�� these markers were not detected 

in untreated HT-29 cells, nor in HT-29 cells following M2-Exo exposure 

(Figure S4). This negative result likely reflects the low abundance of these 

exosomal proteins, which may fall below the detection threshold in total cell 

lysates, despite confirmed exosome internalization.

Figure 1 is here

3.2. Proof-of-Concept: M2 macrophages–HT-29 co-culture and 
investigation of immune-mediated EMT process

Our central hypothesis posits that immune system cells may promote EMT 

dynamics, promoting a phenotype switch in cancer cells through an exosome-

mediated mechanism. To investigate this, a co-culture study was initially 

conducted using Transwell systems (Figure 2A). Inverted microscope images 

obtained after co-culture of HT-29 cells (seeded in the lower compartment) 

and M2 macrophages (in the upper insert) at different cell ratios (HT-29:M2 
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= 1:2, 1:1, and 2:1) are shown in Figure 2A. HT-29 cells co-cultured at 1:1 

and 2:1 ratios displayed colony morphologies similar to those of non-co-

cultured controls. However, at the 1:2 ratio, colonies appeared smaller and 

more dispersed, indicating potential alterations in cellular organization 

under high M2 macrophage density (Figure 2B). Notably, no negative effects 

on cellular viability were observed across conditions (Figure 2C). Given that 

these morphological changes might reflect altered epithelial architecture or 

reduced cell–cell adhesion, immunofluorescence staining for EMT markers 

was performed at the 1:2 ratio. In monocultured HT-29 cells, strong E-

cadherin (E-Cad) expression was observed, whereas N-cadherin (N-Cad) 

expression was negligible (Figure 2D). In contrast, co-culture with M2 

macrophages led to a marked decrease in E-Cad and a concomitant increase 

in N-Cad expression, suggesting induction of a mesenchymal phenotype in 

HT-29 cells. To support these observations, RT-qPCR analysis of EMT-related 

gene expression was performed across different cell ratios. No significant 

changes in E-Cad  or N-Cad  expression were detected at the 2:1 ratio, 

indicating that low M2 macrophage density had minimal effect on EMT 

(Figure 2E). However, at the 1:1 ratio, E-Cad  expression was significantly 

reduced (~4-fold; p = �7���'�'�Y�T�Y�
�%�c�d�5 and N-Cad  expression increased similarly 

(~4-fold) compared to the 2:1 condition. The most pronounced changes were 

observed at the 1:2 ratio: E-Cad  expression was decreased by ~2.4-fold ( p = 

�7���7�7�Y�T�Y�
�%�c�`�a�5�� while N-Cad  expression showed an approximately 9-fold 

increase ( p = �
���
�B�Y�T�Y�
�%�c�e�5�� Furthermore, MMP2  and MMP9  expression levels 

exhibited a positive correlation with increasing M2 macrophage density, 

consistent with enhanced matrix remodeling associated with EMT under the 

influence of M2 macrophages. (Figure 2E). Collectively, these results 

confirm that co-culture with M2 macrophages induces a mesenchymal 

phenotype in HT-29 cells, consistent with the activation of EMT and enhanced 

matrix remodeling with disruption of epithelial organization.

Figure 2 is here
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3.3. Examining the role of exosomes in immune-mediated EMT 
activation 

To determine whether M2 macrophage-induced EMT in HT-29 cells occurs 

through an exosome-mediated mechanism, M2-Exo were applied to HT-29 

cells under varying experimental conditions, followed by assessment of 

matrix metalloproteinase gene expression associated with the phenotypic 

transition. Initially, M2-Exo at a concentration of �
�%�%�Y�S�)�P���� was 

administered to HT-29 cells seeded at different densities �4�'�Y�T�Y�
�%�V�� �
�Y�T�Y�
�%�U�� 

and ���Y�T�Y�
�%�U cells per well) and cultured for 5 days. Untreated HT-29 cells 

served as controls. Inverted phase-contrast microscopy revealed notable 

alterations in epithelial morphology across all M2-Exo–treated groups (false-

colored in red), suggestive of a transition toward mesenchymal morphology 

(Figure 3A, B). This morphological shift was more prominent in cultures with 

lower initial HT-29 cell numbers. In contrast, no evidence of EMT was 

observed in control groups lacking M2-Exo treatment. Cell viability and 

proliferation assays confirmed that M2-Exo application did not induce 

cytotoxic effects across any of the tested cell densities (Figure 3C, D). RT-

qPCR analysis of EMT-related gene expression showed that E-Cadherin  

expression was significantly downregulated ( p = �9�Y�T�Y�
�%�c�V�5 in the high-density 

group �4���Y�T�Y�
�%�U cells) compared to the lower-density �4�'�Y�T�Y�
�%�V�5 and moderate-

density �4�
�Y�T�Y�
�%�U�5 groups. Conversely, N-Cadherin  expression was significantly 

higher in the low-density group compared to moderate and high-density 

conditions ( p = �
���7�Y�T�Y�
�%�c�V�5�� indicating enhanced mesenchymal transition at 

lower cell numbers (Figure 3E).

Figure 3 is here

To investigate the effect of exosome dosage on M2-Exo–induced EMT in HT-

29 cells, varying concentrations of M2-Exo (50, 100, and ���%�%�Y�S�)�P�����5 were 

applied to HT-29 cells �4�'�Y�T�Y�
�%�V cells/well) and cultured for 5 days. Across all 

three concentrations, HT-29 cells exhibited a clear transition from epithelial 
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to mesenchymal morphology, displaying bipolar and spindle-shaped 

mesenchymal features (Figure 4A). In contrast, untreated cells maintained 

typical epithelial morphology characterized by colony-like expansion. To 

evaluate whether higher exosome concentrations had any cytotoxic or anti-

proliferative effects, Calcein-AM/EthD-1 live/dead staining and XTT assays 

were performed. The live/dead assay showed predominant green 

fluorescence and negligible red signal, indicating maintained viability at all 

concentrations (Figure 4B). Similarly, the XTT assay revealed comparable 

proliferation kinetics among all M2-Exo–treated groups and the control, with 

an approximate 70% increase in proliferation from day 2 to day 5 (Figure 

4C). RT-qPCR analysis was conducted to assess the impact of M2-Exo on 

EMT-related gene expression (Figure 4D). E-Cadherin  expression was 

downregulated in all M2-Exo–treated groups compared to the untreated 

control, with the most significant reduction observed in the �'�%�Y�S�)�P���� group 

(~2-fold decrease; p = �G���
�Y�T�Y�
�%�c�U�5�� Conversely, N-Cadherin  expression 

increased by 3.9-fold ( p = �����'�Y�T�Y�
�%�c�e�5 and 2.4-fold (p = �9���
�Y�T�Y�
�%�c�V�5 at 50 and 

�
�%�%�Y�S�)�P���� doses, respectively. These findings were further supported by 

elevated expression of metastasis-associated genes. MMP2  and MMP9  

expression levels were significantly upregulated in cells treated with 

�'�%�Y�S�)�P���� of M2-Exo by 8-fold ( p = �����7�Y�T�Y�
�%�c�e�5 and 2-fold (p = �9���&�Y�T�Y�
�%�c�U�5�� 

respectively, compared to the control group. While MMP9  expression 

remained relatively constant across all M2-Exo concentrations, MMP2  

expression increased by 1.6-fold and 2-fold in the 100 and ���%�%�Y�S�)�P���� groups, 

respectively. Notably, lower M2-Exo concentrations (0–�'�%�Y�S�)�P�����5 resulted in 

more modest increases in N-Cadherin  and metastatic gene expression 

(Figure S5). To validate these gene expression findings at the protein level, 

HT-29 cells �4�'�Y�T�Y�
�%�V�5 were treated with �'�%�Y�S�)�P���� M2-Exo for 5 days, followed 

by immunofluorescence staining for E-Cadherin and N-Cadherin. As 

expected, untreated cells exhibited strong E-Cadherin and minimal N-

Cadherin expression, while M2-Exo–treated cells displayed reduced E-

Cadherin and prominent N-Cadherin expression (Figure 4E and Figure S6). 
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Collectively, these findings demonstrate that M2-Exo induces EMT in HT-29 

cells in a dose-dependent manner, giving rise to a motile and mesenchymal 

phenotype.

Figure 4 is here

Finally, an optimization study of M2-Exo loading frequency was conducted 

for the M2-Exo–induced HT-29 cells in vitro model. This study was designed 

to more realistically mimic the in vivo environment where cellular signaling 

occurs permanently, as depicted in Figure 5A. To this end, a cellular 

proliferation assay was performed following 1-time, 2-time, and 3-time M2-

Exo treatment during a 5-day culture period, revealing no significant 

difference between groups receiving 1-time, 2-times, or 3-times M2-Exo and 

the group without M2-Exo administration (Figure 5B). Similarly, Calcein-

AM/Ethd-1 staining was conducted to investigate the potential effects of 

exosome loading frequency on cellular viability, showing no negative impact 

on cellular viability (Figure 5C). However, compared to the group without 

M2-Exo treatment, approximately a 10-fold decrease in E-Cad expression was 

observed in HT-29 cells treated with M2-Exo for 1-, 2-, and 3-times, while N-

Cad expressions exhibited approximately 3.9 ( p=1x10 -4), 31 ( p=2.7x10 -5), 

and 34-fold ( p=6x10 -5) increases, respectively (Figure 5D). Similarly, 

statistically significant and substantial increases were observed in MMP2 and 

MMP9 expressions in cells treated with M2-Exo for 1-, 2-, and 3-times 

compared to untreated HT-29 cells. Considering these results, it is concluded 

that increasing the frequency of M2-Exo loading leads to significant increases 

in EMT accompanied by higher expression of metalloproteases in HT-29 cells, 

with an optimal loading frequency of 3 times.

Figure 5 is here

3.4. Transcriptome analysis to decode the underlying mechanism of 
M2-Exo–induced EMT activation
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Figure 6 is here

To elucidate the molecular signatures associated with M2-Exo–mediated 

post-tumorigenic mechanisms, HT-29 cells were exposed to M2-Exo. Cells co-

cultured with M2 macrophages served as a positive control, while untreated 

cells were utilized as a negative control. Our working hypothesis posited that 

M2-Exo internalization by cells would induce alterations in the transcriptomic 

landscape of HT-29 cells, potentially instigating EMT. Prior to transcriptome 

analysis, qPCR assays targeting EMT and matrix metalloproteinase were 

repeated to validate the involvement of exosome-mediated mechanisms in the 

samples. Subsequent qPCR analysis of M2-Exo–treated HT-29 cells unveiled 

a downregulation of E-Cadherin expression and an upregulation of N-

Cadherin, MMP2, and MMP9 expression, in accordance with our previous 

findings (Figure 6A). Principal component analysis (PCA) of the RNA-seq 

data demonstrated distinct clustering of the experimental groups (Figure 

6B). A Venn diagram highlighted 314 transcripts uniquely altered in M2-Exo–

treated HT-29 cells, underscoring their contribution to group separation 

(Figure 6C). A Heat-Map diagram illustrated the distinctive transcriptomic 

pattern formed by these transcripts compared to others (Figure 6D). Volcano 

plots were generated to visually represent the significantly upregulated or 

downregulated transcripts. Notably, in HT-29 cells co-cultured with M2 

macrophages, transcripts such as ERRFI1 (fold change=1.3, p=1.74x10 -13 ), 

RBMS2P1 (fold change=3.5, p=0.0001), and CKMT1B (fold change=1.52, 

p=0.0006) exhibited marked regulation (Figure 6E), whereas M2-Exo–

treated HT-29 cells showed significant upregulation of genes like LINCO1559 

(fold change=1.52, p=2.87x10 -48 ), AKR1C2 (fold change=2.2, p=1.39x10 -30 ), 

and FLNA (fold change=2.1, p=1.12x10 -9) (Figure 6F). Further analysis of 

highly expressed transcripts in M2-Exo–treated HT-29 cells compared to M2 

macrophage co-cultured cells revealed prominent genes such as LINCO1559, 

AKR1C2, FAM83A, PTGS1, and AKR1C3 (Figure 6G). Pathway analysis 

utilizing KEGG pathways [22,23] unveiled alterations in gene expression 
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levels associated with chemical carcinogenesis, cancer-related 

proteoglycans, central carbon metabolism in cancer, transcriptional 

misregulation in cancer, and other pathways in M2-Exo–treated HT-29 cells, 

aligning with previous findings (Figure 6H). Validation via RT-qPCR 

corroborated the RNA-seq results, particularly for the upregulation of PTGS1, 

AKR1C3, FAM83A, SERPINE, and HSPP6A in M2-Exo–treated HT-29 cells but 

not in M2 macrophage co-cultured cells (Figure 6I). Notably, FAM83A 

emerged as statistically significant for its upregulation in M2-Exo–treated 

HT-29 cells (fold change=3.6, p=7.64x10 -8) compared to M2 macrophage co-

cultured cells, underscoring its relevance as a key exosome-driven regulator 

of EMT.

3.5 Silencing FAM83A for the validation of FAM83-mediated EMT 
activation

In this study, significant insights were obtained into the immune-mediated 

activation of EMT. RNA-seq analysis revealed that exosomes derived from M2 

macrophages upregulate FAM83A  expression in HT-29 cells. To investigate 

the role of FAM83A  in EMT, a specific siRNA targeting FAM83A  was designed 

and optimized, followed by gene expression analysis. Under basal conditions, 

HT-29 cells exhibited low FAM83A  expression. However, upon stimulation 

with M2-Exo, FAM83A  levels increased approximately 2-fold ( p = 0.0027). 

Treatment with siRNA-FAM83A at 10, 20, and �'�%�Y���� resulted in a significant 

and dose-dependent downregulation of FAM83A (Figure 7A), whereas no 

significant changes were observed in cells treated with equivalent doses of 

scramble siRNA (scr). These findings confirm the effective silencing 

capability of the designed siRNA. To further elucidate the role of FAM83A  in 

EMT and early tumor-progressive phenotypes, N-Cadherin  and MMP2  

expression levels were analyzed by RT-qPCR in HT-29 cells treated with M2-

Exo, siRNA-FAM83A, and scr (Figure 7B,C). While M2-Exo treatment led to 

upregulation of both N-Cad  and MMP2 , a dose-dependent suppression of 

these genes was observed following siRNA-FAM83A transfection. In contrast, 

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



no such reduction was observed in the scramble-treated groups, indicating 

that FAM83A  upregulation plays a central role in M2-Exo–induced EMT. To 

validate these findings at the protein level, Western blot analysis for E-

Cadherin and N-Cadherin was performed (Figure 7D and Figure S7- S8). 

As expected, HT-29 cells under basal conditions expressed both markers. M2-

Exo treatment resulted in a marked increase in N-Cadherin levels, supporting 

its EMT-inducing potential. Co-treatment with an Akt inhibitor, given Akt's 

known association with EMT and N-Cadherin upregulation, led to a moderate 

reduction in N-Cadherin expression. Notably, cells treated with both M2-Exo 

and siRNA-FAM83A exhibited a more pronounced decrease in N-Cadherin 

levels, further validating the central role of FAM83A . Moreover, combined 

treatment with M2-Exo, siRNA-FAM83A, and the Akt inhibitor resulted in a 

substantial suppression of N-Cadherin expression, emphasizing the 

synergistic inhibitory effect on EMT activation.

To evaluate the broader applicability of our hypothesis and model beyond 

colorectal cancer, FAM83A  expression levels were assessed by RT-qPCR in 

other cancer cell lines, including breast cancer (MCF-7), melanoma (451LU), 

and glioblastoma (T98G) cells. The results showed high FAM83A  expression 

in MCF-7 cells, while low expression was detected in both melanoma and 

glioblastoma lines (Figure S9). These preliminary findings suggest that the 

M2-Exo– FAM83A –EMT axis may be more relevant in specific tumor types, 

warranting further investigation into the role of FAM83A  in EMT activation 

across various cancers.

Figure 7 is here

4. Discussion

The results of this study provide compelling evidence of the involvement of 

M2 macrophages and M2-Exosomes in activating EMT in HT-29 cells. Co-

culture with M2 macrophages decreased epithelial phenotype and induced a 

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



mesenchymal phenotype in HT-29 cells, evidenced by the downregulation of 

E-Cadherin and the upregulation of N-Cadherin expression levels (Figure 

2D,E), similar to literature studies.[24,25] Further investigations revealed 

that M2-Exosome application led to the initiation of mesenchymal 

morphology in HT-29 cells (Figure 3A), with a transition from epithelial to 

mesenchymal cell morphology observed across different cell ratios and 

exosome concentrations (Figure 3E, 4D). Notably, gene expression analyses 

confirmed the downregulation of E-Cadherin and upregulation of N-Cadherin 

in M2-Exo–treated HT-29 cells, accompanied by increased expression of 

metastatic markers MMP2 and MMP9 (Figure 4D). Immunofluorescence 

staining validated these findings (Figure 4E), emphasizing the pivotal role of 

M2 macrophage–derived exosomes in EMT activation. These findings offer 

important insights into how M2 macrophages drive EMT activation and 

establish pre-metastatic transcriptional conditioning within the tumor 

microenvironment, highlighting their potential influence on immune-

mediated cancer progression. When reviewing the studies reported in the 

literature, it is evident that investigations into the post-tumorigenic effects of 

M2 macrophage exosomes are being conducted. These studies provide 

insights into EMT-like alterations and pro-migratory/invasive behaviors at a 

molecular level. For instance, Lu et al. reported that M2 macrophage 

exosomes promote EMT characteristics in hepatocellular carcinoma cells 

through miR-23a-3p regulation.[26] In a different study focusing on miRNA-

mediated mechanisms, M2 macrophage exosomes delivering miR-21-5p and 

miR-155-5p were shown to downregulate BRG1 in colon cancer cells. This 

BRG1 suppression was accompanied by enhanced migration and invasion, 

aligning with a shift toward a more invasive, EMT-associated cellular 

phenotype.[27] Furthermore, a separate study highlighted that M2 

macrophage exosomes facilitate migration and promote metastasis in non-

small-cell lung cancer cells through the mechanism involving integrin 

aVb3.[28] Zheng et al. reported that M2 macrophage exosomes enhance the 

metastatic migratory abilities of gastric cancer cells by influencing the 
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function of Apolipoprotein E.[29] In this study, we investigated the EMT 

phase of the metastatic cascade by defining the EMT-like transcriptional 

alterations induced by M2 macrophage–derived exosomes and elucidating 

how M2-Exo–driven proto-oncogene activation promotes EMT-associated 

cancer progression.

The comprehensive analysis conducted in this study elucidated the molecular 

signatures associated with M2-Exosome-mediated post-tumorigenic 

mechanisms in HT-29 cells. The observed alterations in the transcriptomic 

landscape, including the differential gene expression profiles between M2-

Exo–treated HT-29 cells and M2 macrophage co-cultured cells (Figure 6B-

D), particularly the significant upregulation of genes like FAM83A (Figure 

6G), highlight the potential involvement of M2-Exosome-mediated 

mechanisms in EMT-mediated cancer progression. These findings highlight 

the need for deeper investigation into the roles of FAM83A and other 

identified genes in the EMT-initiated cellular transitions that contribute to 

the metastatic cascade driven by M2-Exo exposure.

Studies have suggested a potential relationship between the FAM83A gene 

and EMT-related cancer progression. FAM83A has been reported to be 

involved in promoting cancer metastasis by enhancing cell migration, 

invasion, and metastatic potential.[30,31] High FAM83A expression levels 

have been associated with EMT markers, indicating a possible role in 

elevated metastatic behavior.[32] Moreover, FAM83A overexpression has 

been linked to drug resistance in cancer treatments, potentially contributing 

to metastatic progression.[33] Elevated FAM83A levels have been associated 

with poor prognosis and increased metastasis in various cancer types, 

suggesting its potential as a prognostic marker for metastatic disease. The 

relation between the FAM83A gene and colorectal cancer has been newly 

discovered.[34] FAM83A is overexpressed in colorectal cancer cells and 

clinical samples, indicating its involvement in the disease's development and 
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progression. High FAM83A levels correlate with advanced tumor stages, 

poorer prognosis, and increased metastasis in colorectal cancer patients, 

suggesting its potential as a prognostic marker. The overexpression and 

phosphorylation of FAM83A activates key signaling pathways such as �E�����P�D�/

catenin,[35] EGFR,[36] and PI3K, known to drive cancer progression. Hence, 

FAM83A has been proposed as a viable therapeutic target, with its inhibition 

potentially hindering tumor growth, metastasis, and drug resistance in 

colorectal cancer. Although previous studies implicate FAM83A in metastatic 

progression, determining whether its regulation under immune exosome–

induced EMT activation serves as a proto-oncogenic driver that primes cells 

for metastatic competence remains crucial.

In this study, we confirmed the involvement of FAM83A in EMT, suggesting 

its potential contribution to subsequent progression in colorectal cancer. 

Targeting FAM83A using siRNA resulted in a significant reduction in its 

expression levels, highlighting the efficacy of the designed siRNA (Figure 

7A). Subsequent examination of N-Cadherin and MMP2 gene expressions 

demonstrated a notable increase in M2-Exo–treated HT-29 cells, whereas 

siRNA-mediated FAM83A silencing led to a dose-dependent decrease in these 

markers (Figure 7B-C). These findings indicate that M2-Exo–mediated 

upregulation of FAM83A functionally promotes transcriptional programs 

associated with EMT in colorectal cancer cells, a process recognized as a key 

initiating step in the metastatic cascade. Evaluation of FAM83A expression 

across additional cancer cell lines revealed variable patterns among tumor 

types, highlighting its potential role in modulating EMT dynamics in diverse 

cancer contexts (Figure 7D). Further studies are warranted to elucidate the 

precise mechanisms by which FAM83A orchestrates EMT-related changes 

that enable cancer cells to acquire invasive and migratory phenotypes.

5. Conclusion
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The findings from this study shed light on the crucial role of M2-Exo in 

enhancing FAM83A expression to activate EMT and facilitate early 

metastatic progression. This finding underscores that exosomes derived from 

M2 macrophages act as potent mediators of EMT induction, exerting a 

stronger effect than the parental M2 cells themselves. The exosomal cargo 

not only triggers EMT programs but also upregulates the proto-oncogene 

FAM83A, highlighting that exosome-mediated signaling drives both 

phenotypic plasticity and oncogenic transcriptional changes in recipient 

tumor cells. Moreover, our findings support a functional involvement of 

exosomes in immune–cancer crosstalk. Specifically, the upregulation of 

FAM83A following exposure to M2 macrophage–derived exosomes, together 

with its association with EMT-related transcriptional changes, suggests a 

potential link between exosome-mediated signaling and EMT modulation in 

cancer cells. These observations provide a rationale for future studies to 

further investigate the molecular mechanisms underlying exosome-

associated tumor cell plasticity. Addressing these strategies is pivotal for 

devising effective therapeutic interventions targeting cancer metastasis. 

Moving forward, further investigations are warranted to scrutinize the 

protein-level implications of the results, delve into detailed pathway analyses, 

assess potential side effects of FAM83A gene silencing, evaluate the 

consequences of inhibiting M2-exosome secretion, and conduct in vivo 

studies. These gaps in the current study emphasize the necessity for 

advanced research to fill these voids comprehensively. The insights gained 

from this study pave the way for future investigations aimed at elucidating 

the intricate dynamics of EMT-related processes and devising targeted 

interventions.
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Figure Legends

Figure 1. (A) Gene expression analysis for M1-markers (STAT-1 and CD64) 
and M2-markers (STAT-6 and CD163) to confirm the polarization of Raw267.4 
cells into M1- and M2-phenotypes. *p<0.05, **p<0.01, ***p<0.0001, 
NS=non-significant. (B) TEM images showing the conventional lipid-bilayer 
structure of M2-Exo with the size around 150 nm. (C) WB analysis for CD63 
and CD81, two surface markers for exosomes. (D) Concentration-particle size 
spectrum (multiply with 10 10 ) and scatter graph showing the size distribution 
and particle concentration at median size.

Figure 2. (A) The hypothesis: Co-culture with M2 macrophages or inducing 
with M2-Exo induces EMT in HT-29 cells. (B) Invert phase-contrast images of 
HT-29 cells before and after co-culture with M2 macrophages. (C) Cell 
viability assay images showing the biocompatibility of co-culture conditions 
at 1:2, 1:1, and 2:1 cell ratio of HT-29 to M2 macrophages. (D) 
Immunofluorescent microscopy images obtained for E-Cad (green) and N-Cad 
(red), two EMT markers, obtained with HT-29 cells before and after co-
culture with M2 macrophages. (E) Gene expression analyses for EMT (E-Cad 
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and N-Cad) and metastasis (MMP2 and MMP9) markers at varying HT-29:M2 
macrophage cell number ratio (1:2, 1:1, 2:1). All conditions for gene 
expression analysis were performed in triplicate using independent Transwell 
setups. All schematic illustrations were created by the authors using 
BioRender.

Figure 3. (A) Invert phase-contrast images showing the mesenchymal 
transiting cells upon M2-Exo induction to HT-29 cells with varying initial cell 
number (50K, 100K, and 200K). (B) An illustration depicting the observations 
in microscopical assessments. (C) Cell proliferation test showing the 
proliferative ability of HT-29 cells against M2-Exo induction. (D) Cell viability 
assay testing the biocompatibility of M2-Exo induction. (E) EMT (E-Cad and 
N-Cad) gene expressions in HT-29 cells treated with M2-Exo. For cell 
proliferation, each red dot represents a single biological replicate. All RT-
qPCR experiments were performed across three independent biological 
replicates. All schematic illustrations were created by the authors using 
BioRender.

Figure 4. (A) Invert phase-contrast images showing the mesenchymal 
transiting cells upon M2-Exo induction with varying M2-Exo concentration 
(50, 100, and 200 g.mL -1). (B) Cell viability assay testing the biocompatibility 
of low, mid, and high doses of M2-Exo. (C) Cell proliferation test showing the 
proliferative ability of HT-29 cells against varying doses of M2-Exo. (D) EMT 
(E-Cad and N-Cad) and metastatic (MMP-2 and MMP-9) gene expressions in 
HT-29 cells treated with varying doses of M2-Exo. (E) Immunofluorescent 
images were obtained with E-Cad and N-Cad before and after M2-Exo 
treatment of HT-29 cells. For cell proliferation, each red dot represents a 
single biological replicate. All RT-qPCR experiments were performed in 
triplicate across three independent biological replicates.

Figure 5. Effect of exosome loading frequency on EMT. (A) The rationality 
of loading frequency optimization. (B) Cell proliferation ability of HT-29 cells 
in response to different M2-Exo loading frequency. (C) Cell viability test for 
HT-29 cells treated with M2-Exo with different loading frequency. (D) 
Assessment of EMT in HT-29 cells after M2-Exo exposure for 1-, 2-, and 3 
times. For cell proliferation, each red dot represents a single biological 
replicate. All RT-qPCR experiments were performed in triplicate across three 
independent biological replicates. All schematic illustrations were created by 
the authors using BioRender.

Figure 6. Transcriptomic analysis to elucidate the mechanism of M2-Exo–
initiated EMT. (A) Verification of M2-Exo mediated upregulation of EMT in 
HT-29 cells preceding transcriptomic analysis. (B) PCA plot of RNA-seq data 
illustrating transcriptomic distinctions in HT-29 cells co-cultured with M2 
macrophages and stimulated with M2-Exo, with HT-29 cells alone as the 
negative control. (C) A Venn diagram illustrating common and discriminated 
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transcript alterations across groups. (D) Hierarchical clustering analysis of 
transcriptomic alterations reveals distinct patterns in HT-29 cells stimulated 
with M2-Exo compared to both co-culture and HT-29-only groups. Volcano 
scatter plots illustrating differential up/down-regulation of transcripts among 
groups: (E) co-cultured vs HT-29 cells alone, (F) M2-Exo–stimulated HT-29 
cells vs HT-29 cells alone, and (G) HT-29 cells co-cultured with M2 
macrophages and stimulated with M2-Exo. (H) KEGG pathway [22,23] 
analysis identified gene expression changes in M2-Exo–treated HT-29 cells, 
consistent with cancer-related pathways. (I) Identification of EMT-related 
upregulated transcripts in M2-Exo stimulated HT-29 cells through 
transcriptome analysis, followed by RT-qPCR validation demonstrating 
specific upregulation mediated by M2-Exo, distinct from co-culture and HT-
29-only groups. All transcriptomic analyses were performed using two 
biological replicates, while RT-qPCR experiments were conducted in the 
biological replicates. 

Figure 7. Validation of M2-Exo stimulated FAM83A-mediated EMT 
activation through FAM83A silencing and examining by RT-qPCR analysis. (A) 
Silencing of FAM83A in M2-Exo–induced HT-29 cells using varying 
concentrations of FAM83A-siRNA (sir10, 20, 50 nM) and corresponding 
scramble-siRNA controls (scr10, 20, 50 nM). HT-29 cells alone and HT-29 
cells stimulated with M2-Exo served as negative and positive controls, 
respectively.  Silencing FAM83A attenuates M2-Exo–mediated EMT, as 
demonstrated by reduced expression of the (B) mesenchymal marker N-
Cadherin and (C) the metastasis marker MMP-2, in M2-Exo stimulated HT-29 
cells, respectively. (D) FAM83A expression was assessed in breast cancer 
(MCF-7), melanoma (451LU), and glioblastoma (T98G) cells without M2-
Exosome stimulation (NS = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001). 
Western Blot images obtained with N-cadherin and E-cadherin to assess the 
response of HT-29 cells against M2-Exo, M2-Exo–Akt inhibitor co-load, M2-
Exo–siRNA co-load, and M2-Exo–Akt inhibitor-siRNA co-load. RT-qPCR 
experiments were conducted in triplicate across three biological replicates. 
Western blot analysis was performed in duplicate using protein samples 
pooled from three independent biological replicates.
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