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Abstract: Patients with advanced-stage colon cancer often exhibit resistance against treatment and distant me-
tastasis, both key contributors to poor prognosis. Emerging evidence indicates that cancer stem cells (CSCs), char-
acterized by the enhanced ability to self-renew, resist therapeutics, and promote metastasis, represents a clinical 
challenge to target. Alternative therapeutic approaches are urgently required. Here, we explored the feasibility of 
disrupting the intracellular communications between CSCs and the tumor microenvironment by way of exosomes. 
First, we demonstrated that exosomes secreted by colon tumorspheres (Exosp) promoted 5-FU resistance, migra-
tion, and tumorsphere formation. Exosp also increased the generation of cancer-associated fibroblasts and M2 
polarized macrophages in vitro. Oncogenic molecules, including IL-6, p-STAT3, TGF-β1, and β-catenin, were identi-
fied as the cargoes of Exosp. Furthermore, the public database revealed the high abundance of miR-1246 in serum 
exosomes from colon cancer patients, and we verified in the Exosp from HCT116 and HT29 cells. Therapeutically, we 
demonstrated the ovatodiolide treatment reduced exosomal cargoes from tumorspheres (Exosp_OV). Exosp_OV were 
significantly less capable of promoting 5-FU resistance, migration, and tumorsphere formation when co-cultured 
with HCT116 and HT29 cells. Notably, Exosp_OV was less CAF- and M2 TAM-transformative. Computational dock-
ing analysis revealed that OV could bind and significantly reduced β-catenin activity. Finally, mouse xenograft data 
indicated that ovatodiolide suppressed tumor growth via down-regulating IL-6, STAT3, β-catenin expression, and 
serum exosomal miR-1246. In conclusion, our findings provided preclinical supports for ovatodiolide as a colon CSC 
inhibitor by reducing β-catenin/STAT3/miR-1246 signaling conveyed by CSC derived exosomes.

Keywords: Colon cancer stem cells, tumor microenvironment, 5-FU resistance, tumorsphere derived exosomes, 
β-catenin/STAT3/miR-1246 signaling, and ovatodiolide

Introduction 

Despite the advance in the treatment modal-
ities of colorectal cancer (CRC), the clinical out-

come and the disease-free survival for meta-
static CRC patients remains poor; two major 
contributing factors are the development of 
drug resistance and distant metastasis [1]. The 
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existence of colon cancer stem cells (CSC) has 
been shown to drive the progression of colon 
cancer. CSCs are generally accepted as a sub-
population of cancer cells, residing within the 
tumor microenvironment (TME), with the en- 
hanced ability to self-renew and differentiate 
into progenies with different functionalities, 
which directly participate in distant metasta- 
ses and resistance to therapy [2]. 

Emerging evidence strongly indicates the com-
plex intracellular communications within the 
TME is likely to be orchestrated by the CSCs 
and instrumental for tumorigenesis [3]. Based 
on these premises, a model has been propos- 
ed that the intercellular exchange of free or 
packaged signaling molecules may determine 
the oncogenic potential of the TME and can- 
cer cells. Thus, to gain more insights into the 
molecular properties of the TME would lead to 
the identification of specific biomarkers and/or 
therapeutic targets. 

Recently extracellular vesicles, termed exoso- 
mes (Exo), have been shown to be one of the 
major routes for intracellular communications 
not only within the TME but also at the distant 
metastatic sites [4]. Exosomes are character-
ized as membranous vesicles with the average 
size of 20-1000 nm encapsulating signaling 
molecules, including nucleic acids, lipids, and 
proteins, that are transferred among donor and 
respective recipient cells [5]. Exosomes of the 
tumor and stromal cell origins are trafficked 
within the TME and contributing significantly  
to tumor development and progression [6]. A 
growing body of literature suggests tumor-deri- 
ved exosomal signaling facilitates the acquisi-
tion of drug-resistance and metastatic poten-
tial in different cancers [7]. However, the role  
of exosomes derived from CSC remains under- 
appreciated. 

Ovatodiolide, a small-molecule phytochemical 
isolated and purified from Anisomeles indica, 
has been traditionally used to treat inflamma-
tion-associated diseases and implicated for 
anticancer functions by our previous reports [8, 
9]. Various inflammatory and tumorigenic mar- 
kers such as TNF-α, NF-κB, β-catenin, MMPs 
were shown to be suppressed by ovatodiolide 
treatment [9, 10]. To further explore the thera-
peutic potentials of ovatodiolide as an inhibi- 
tor of colon cancer stem cells, we examined its 
effects on the CSC-derived exosomal cargoes 
and the TME. 

Exosomes derived from tumor cells have re- 
cently gained much attention. Tumor exosomes 
are vital participants for intracellular communi-
cations in different stages of tumorigenesis. 
Essentially, exosomes contain signaling mol-
ecules, including phospholipids, nucleic acids, 
and proteins, that are transferred between 
donor and recipient cells [11, 12]. Non-coding 
RNAs such as microRNAs (miRs) have been 
shown to be one of the most abundantly signa-
ling molecules packaged within tumor-derived 
exosomes [13]. Accumulating evidence sug-
gests that the exosomal miRs may function as 
prognostic and therapeutic biomarkers for 
many cancer types, including colon [14, 15]. In 
this study, we provided evidence that CSC-deri- 
ved exosomes facilitated the malignant trans-
formation of the TME in part by generating can-
cer-associated fibroblasts (CAF) and M2 polar-
ized tumor-associated macrophages (M2 TAM). 
We found that colon tumorspheres secreted 
exosomes containing oncomiR-1246 and sig-
naling molecules, including IL-6, STAT3, β-cate- 
nin, and TGF-β1. Ovatodiolide treatment redu- 
ced colon cancer tumorigenesis by reducing 
exosomal cargoes released from the colon 
tumorspheres. Our findings provide essential 
preclinical evidence supporting the further de- 
velopment of ovatodiolide as an inhibitor of 
colon cancer stem cells. 

Materials and methods

Cell culture and reagents 

Human colon cancer cell lines, HCT116, HT29, 
monocytic progenitor cell line, THP1, and nor-
mal fibroblasts (NF) were purchased from 
American Type Culture Collection (ATCC, Ma- 
nassas, VA, USA). All cells were cultured and 
expanded according to the protocols recom-
mended by the ATCC. The generation of colon 
tumorspheres (Sp) from HCT116 and HT29  
was performed according to our previously  
published protocol [9]. In brief, HT29 and 
HCT116 cells were seeded (2000 cells) in  
six-well ultra-low attachment plates (Corning, 
Corning, NY, USA) in serum-free medium com-
posing of Dulbecco’s modified Eagle medium 
(DMEM)/Ham’s F12 (1:1), human epidermal 
growth factor (hEGF, 20 ng/ml), basic fibro- 
blast growth factor (bFGF; 10 ng/ml, Pepro- 
Tech, Rocky Hill, NJ, USA), 2 μg/ml 0.2% hep-
arin (Sigma, St. Louis, MO, USA), and 1% peni-
cillin/streptomycin (P/S, 100 U/ml, Hyclone, 
Logan, UT, USA). Colon cancer cells were al- 
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lowed to grow for 5-7 days. Spheroid cells with 
a diameter >100 µm (suspended) were con-
sidered a tumorsphere and counted. Ovatodio- 
lide crystals were generous gifts from Pro- 
fessor Yew-Min Tzeng (Department of Life 
Science, National Taitung University, Taitung, 
Taiwan). The crystals were first dissolved in 
DMSO to make a stock solution and kept at 
-20°C until further use. 

Isolation of tumor sphere-derived exosomes 

Tumorsphere derived exosomes (Exosp) were 
isolated from the culture media collected from 
HCT116 and HT29 tumorspheres. The culture 
media were mixed with the Total Exosome 
Isolation Reagent (Thermo Fisher Scientific, 
Taipei, Taiwan) in a 10:1 ratio and process- 
ed according to the protocol provided by the 
vendor. Cluster of differentiation 9 (CD9) and 
CD63 antibodies were used to identify the  
exosomes isolated. Under our experimental 
conditions, 15 mL of culture medium (from the 
tumorsphere culture), approximately 0.9 to 1 
mg of total protein (isolated Exosp) were ob- 
tained, as determined by Bradford protein 
assay. 

In vitro cell migration assay 

Cell migration assay was carried out using  
a Transwell apparatus (ThermoFIsher, Taipei, 
Taiwan). In brief, HCT116 and HT29 colon can-
cer cells (2 × 104 cells/well) incubated with or 
without (30 µg Exosp, 12 h) were seeded into  
the upper chambers which contained 200 μL 
serum-free DMEM, and 500 μL DMEM with 
10% FBS in the lower chambers to generate a 
serum concentration gradient. The cells were 
then incubated for another 12 h, and then cells  
were fixed with formaldehyde (10%) followed  
by crystal violet staining. Cells on the upper 
side of the membrane were discarded, and 
colon cancer cells on the opposite of the mem-
branes were counted.

Exosome-induced transformation of stromal 
cells 

The transformation of normal fibroblasts (NF) 
to cancer-associated fibroblasts (CAF) was per-
formed by co-culturing NF (2 × 104 cells/well) 
with Exosp (30 ug) in a six-well plate (Costar®, 
Corning, Taipei, Taiwan) for 48 h. The resultant 
fibroblasts were subjected to CAF characteri- 
zation. NFs and Exosp transformed CAFs were 
first seeded in six-well chamber slides (Nunc™, 

Thermo Fisher Scientific, Rochester, NY, USA) 
for 24 h. Subsequently, immunofluorescence 
imaging was performed. The primary antibody, 
α-smooth muscle actin (α-SMA, 1:100, cat no. 
48938) was added to the slides and incubated 
at room temperature for 1 h followed by anoth-
er incubation with matched secondary anti- 
body anti-mouse immunoglobulin G (IgG) (H+L), 
F(ab)2 fragment (1:800, AlexaFluor 488 conju-
gate, cat no. 4408). Stained cells were mount-
ed using Vectashield mounting medium with 
4’,6-diamidino-2-phenylindole (DAPI) for nucle-
ar staining. Immunofluorescence images were 
captured with a Zeiss Axiophot (Carl Zeiss, 
Germany) fluorescence microscope and pro-
cessed using AxioVision Zeiss software (Carl 
Zeiss, Germany). 

A similar protocol was used for macrophage 
polarization. In short, uncommitted macroph- 
ages (MΦ) were obtained by treating naïve 
THP1 cells (1 × 105/well) with 320 nM PMA for  
6 h in a six-well plate. MΦ (were then washed 
with PBS (3 ×) followed by a 48 h incubation 
with Exosp (30 µg). The resultant macrophages 
were then subjected to qPCR analysis based  
on their expression of M1 and M2 TAM mark-
ers, as well as an ELISA test of M2 cytokine, 
TGF-β1. 

Cell viability assay 

The cell viability was tested using an estab-
lished sulforhodamine B (SRB) assay protocol 
[16]. Briefly, colon cancer cells, HT29, and 
HCT116 (8000 cells/well) were seeded in 96- 
well plates and received different concentra-
tions of 5-FU (in the case of parental cells) or 
co-cultured with Exosp and Exosp_OV (30 µg) for 
the period of 48 h. After the 48 h culture time, 
cells were fixed with 10% cold trichloroacetic 
acid (TCA) for 1 h followed by several washes 
with ddH2O and stained with 0.4% SRB (Sigma, 
Taipei, Taiwan) in 1% acetic acid for 30 min at 
room temperature. Excess SRB was removed 
by with 1% acetic acid washes. Plates were air-
dried at room temperature and washed in 20 
mM Tris-base solution for 15 min with shaking. 
The absorbance was finally measured using a 
microplate reader (at 515 nm). The cell viability 
was then represented in ratio normalized with 
the untreated control (set at 100%). 

Colony formation 

The ability to generate colonies of both HCT- 
116 and HT29 colon cancer cells under differ-
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ent treatments were examined using an es- 
tablished colony formation assay. Briefly, 500 
HCT116 and HT29 cells were plated in six-well 
plates (Corning, Taipei, Taiwan) under different 
treatments (Exosp or Exosp_OV, 30 µg). Subse- 
quently, the cells were allowed to grow for one 
week and fixed, stained, and counted.

In-silico molecular modeling

We utilized the AutoDock Vina [17] software to 
simulate the molecular docking and examine 
the potential molecular interactions between 
ovatodiolide and β-catenin. Molecular docking 
studies were performed using crystal structu- 
res of β-catenin. (PDB ID: 2Z6H). Protein Stru- 
ctures were further prepared using an open-
source program, AutoDock Vina. First, the wa- 
ter molecule was removed. Second, the hydro-
gens (polar only) and missing side chains were 
added. The chemical structure of ovatodiolide 
was downloaded from PubChem (CID: 6451- 
060) and was converted into a 3D structure 
using Pymol software. Finally, the geometry of 
each ligand was optimized using Autodock 
Vina. The ligand-binding pockets of β-catenin 
were specified by the β-catenin crystal and  
ovatodiolide, and a 3D box was formed around 
each crystal ligand to enclose the orthosteric 
ligand-binding pocket. The 3D box (40Å × 40Å  
× 40Å) centered at (95.033, 33.729, 47.576) Å 
for ovatodiolide. Each ligand was first dock-ed 
using AutoDock Vina scoring function with de- 
fault procedures and parameters. 

TOPFlash/FOPFlash assay

The canonical Wnt/β-catenin signaling was de- 
termined using the TOP/FOP Flash system (TCF 
Reporter Plasmid Kit, Cat#17-285, Merck, Tai- 
pei, Taiwan). In brief, HCT116 cells were seed- 
ed in 6-well plates (6 × 104 cells/well) and al- 
lowed to grow up to 60-65% confluence, fol-
lowed by TCF-reporter plasmid (1 µg), TOPflash, 
FOPflash. A 50 ng pRL-CMV served as a control 
for transfection efficiency. 24 h after the trans-
fection, cells were treated with control medi- 
um, Wnt-3a-conditioned media (50%, diluted  
in 5% FBS/DMEM), or 5 μM ovatodiolide for 
another 24 h. Cells were lysed and assayed for 
Firefly luciferase (from TOPflash or FOPflash) or 
Renilla luciferase activity (from pRL-CMV). The 
readouts were expressed as a ratio of Firefly 
luciferase over Renilla luciferase activity. Each 

data point represents the mean ± standard de- 
viation. 

Real-time polymerase chain reaction (qPCR)

Total RNA was extracted and purified using a 
TRIzol-based method (Life Technologies, Tai- 
pei, Taiwan). Total RNA (500 ng) was reverse-
transcribed by a QIAGEN OneStep RT-PCR Kit 
(QIAGEN, Taipei, Taiwan), and the PCR reac- 
tions were carried out using a Rotor-Gene SY- 
BR Green PCR kit. Primer sequences used in 
this study are all listed in Supplementary Table 
1. GAPDH was used as a reference for norma- 
lization. 

microRNA transfections

For determination of miR-1246 level in colon 
cancer cells and/or exosomes, MystiCq® mi- 
croRNA qPCR Assay Primer (Cat# MIRAP00- 
759-250RXN, Merck, Taipei, Taiwan) was pur-
chased. Up and downregulation of miR-1246  
in colon cancer cells was performed using 
MISSION® microRNA Mimic has-miR-1246 
(Cat# HMI0094), MISSION® Synthetic microR-
NA Inhibitor (Cat# HSTUD0094) and negative 
control (Cat# NCSTUD001) respectively. The 
transfection experiments were carried out ac- 
cording to the vendor’s instructions. 

Enzyme-linked immunosorbent assays (ELISA)

The culture media from the control (uncommit-
ted macrophages, MΦ), M2 TAM (transformed 
by co-culturing with Exosp and Exosp_OV), or NF 
(control) and CAF (transformed from co-cultur-
ing with Exosp and Exosp_OV) were collected for 
analysis. ELISA kits for TGF-β1 (Cat# ab1006- 
47, Abcam, Taipei, Taiwan) and IL-6 (Cat# ab- 
46027, Abcam, Taipei, Taiwan) and were used 
for quantitative measurements of secreted 
TGF-β1 and IL-6 respectively. 

SDS-PAGE and immunoblotting 

Cancer cells, tumorspheres, and exosomes 
harvested before and after different experi-
mental conditions were collected and lysed. 
Total proteins were separated by SDS-PAGE 
with a Mini-Protean III system (Bio-Rad, Taiwan) 
and transferred onto PVDF membranes using 
the Trans-Blot Turbo Transfer System (Bio-Rad, 
Taiwan). Transferred membranes were then 
first incubated with primary antibodies over-
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night at 4°C followed by 3 washes with PBST, 
and incubation with respective secondary anti-
bodies (room temperature, 1 h). The immuno-
signals were detected using an ECL substrate 
kit (Cat# ab133406, Abcam, Taipei, Taiwan). 
Blot images were captured and analyzed us- 
ing the UVP BioDoc-It system (Upland, CA, USA). 
Please refer to Supplementary Table 2 for the 
list of primary antibodies and experimental 
conditions. 

In vivo efficacy evaluation of ovatodiolide 

Female NOD/SCID mice (6 weeks old) were  
purchased from BioLASCO Taiwan Co., Ltd. 
HCT116 tumorspheres (1 × 105 cells/injection) 
were injected subcutaneously in the right flank 
of the mice. Mice were allowed to recover for 
one week. The mice were randomly distributed 
to 4 different groups after the tumor had 
become palpable, and the treatments com-
menced. Four groups were defined as follows. 
Control (sham injection with PBS), ovatodiolide 
(10 mg/kg, 5 ×/week, i.p), 5-FU (30 mg/kg, 2 
×/week, i.p), and the combination (ovatodiolide, 
10 mg/kg, 5 ×/week plus 5-FU, 30 mg/kg, 2  
×/week, respectively). Tumor volume and body 
weight were monitored weekly. Tumor volume 
was measured using a standard caliper. Tumor 
volume was calculated using the established 
formula. Tumor volume = 1/2 (length × width2) 
in mm3. Upon the completion of the experi-
ments, all animals were humanely sacrificed, 
and tumor samples were collected for further 
analyses.

Immunohistochemistry 

Tumor samples were collected from mice after 
in vivo experiments were completed. The stain-
ing was carried out according to the vendor’s 
instructions (UltravVision Quanto Detection 
System HRP DAB manual, Thermo Scientific, 
CA, USA). Briefly, the immunostaining was per-
formed on 5-μm-thick tumor sections. The sec-
tions were first dewaxed and deparaffinized in 
xylene and rehydrated in graded alcohol solu-
tions. The antigen-retrieval protocol was appli- 
ed to the sections using a microwave (set at 
high power, 1 min) in Tris-EDTA buffer. Slides 
were subsequently stained with primary anti-
bodies, STAT3 (Cat# ab119352, 1:400), CD44 
(Cat# ab157107, 1:800), IL-6 (Cat# ab6672, 
1:500) and β-catenin (Cat# ab6302, 1:400)  
(All purchased from Abcam, Taiwan) and their 

respective secondary antibodies. The sections 
were then counterstained with hematoxylin, 
dehydrated and mounted. The micrographs 
were captured and recorded using Tissue FA- 
XS viewer software (TissueGnotics, GmBH, 
Vienna, Austria). 

For immunofluorescence imaging, NF (2 × 104 
cells/well) were incubated with Exosp (30 µg,  
48 h) and Exosp_OV (30 µg, 48 h) and harvest- 
ed for imaging. Anti-α-smooth muscle actin 
(α-SMA, Cat# ab5694, 1:100) and matched 
secondary antibody, goat Anti-Rabbit IgG H&L 
(Alexa Fluor® 488, Cat# ab150077) were us- 
ed. The immunofluorescence experiment was 
performed using the established protocol pub-
lished by the vendor (https://www.abcam.com/
protocols/immunocytochemistry-immunofluore- 
scence-protocol). Stained cells were mounted 
using Vectashield mounting medium with 4’,6- 
diamidino-2-phenylindole (DAPI) as the nuclear 
counterstain. Stained cells were finally imaged 
using a Zeiss Axiophot fluorescence micro-
scope (Carl Zeiss, Germany). Microphotogra- 
phs were captured by AxioCam MRc digital 
video camera and analyzed using AxioVision 
Zeiss software.

Statistical analysis

All experiments were independently repeated 
three times. Reported values shown in the 
graphs were the means and the error bars  
indicating the standard deviation (s.d). The 
Student’s t-test was performed using Graph- 
Pad Prism software. The experimental data 
were considered statistically significant when 
*P<0.05, **P<0.001, and ***P<0.001, res- 
pectively.

Results 

Exosomes derived from colon tumorspheres 
enhanced tumorigenic properties of colon can-
cer cells in vitro

Cancer stem cells (CSCs) play an essential role 
in virtually all aspects of tumorigenesis; tumor-
spheres cultured in vitro is an established sur-
rogate for CSC characterization [11]. We aim- 
ed to explore an emerging molecular route, 
namely exosomal communication, by which 
CSCs utilize to promote tumorigenesis with the 
tumor microenvironment (TME). First, we isola- 
ted exosomes secreted by colon tumorspheres 
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of HT29 and HCT116 cells (Exosp). Exosp were 
added into the culture medium of parental 
HT29 and HCT116 cells (30 ug Exosp, 48 h). 
Exosp educated, HT29, and HCT116 cells were 
harvested and assayed for their oncogenic 
properties. Both Exosp educated HT29, and 
HCT116 cells showed a significantly increased 
ability to generate tumorspheres as compared 
to their parental selves (Figure 1A); these cells 
demonstrated an increased expression of ste- 
mness markers such as β-catenin, CD133 and 
CD44 and oncogenic makers such as mTOR, 
Akt, and STAT3 (Figure 1B). Additionally, Exosp-
educated HT29 and HCT116 cells exhibited an 
apparent increase in 5-FU resistance as com-
pared to their parental counterparts (Figure 
1C). Furthermore, Exosp-educated HT29 and 
HCT116 cells exhibited an enhanced metastat-
ic potential, as indicated by increased migra-
tory ability and mesenchymal markers, vimen-
tin (VIM), Snail, while the reduced epithelial 
marker, E-cadherin (Figure 1D). 

Colon tumorspheres derived exosomes (Exosp) 

promoted the generation of CAFs and M2 
TAMs

Next, we examined the CSC’s role in transfor- 
ming the tumor microenvironment. First, isolat-
ed exosomes from tumorspheres of HT29 and 
HCT116. Exosp cultured normal fibroblasts (NF) 
showed an increased expression of α-SMA, a 
marker for cancer-associated fibroblasts (CAF) 
(Figure 2A); this was accompanied by signifi-
cantly increased secretion of IL-6, one of the 
major cytokines secreted by tumor-promoting 
CAF (Figure 2B). Consistently, Exosp-transform- 
ed CAF promoted the ability to generate tumor-
spheres in both HT29 and HCT116 cells (Fig- 
ure 2C). In a parallel experiment, we added 
Exosp into the culture medium of uncommitted 
macrophages (MΦ). Post-Exosp culture, these 
macrophages showed an elevated mRNA level 
of CD206 and TGF-β1, both of which are M2- 
polarized tumor-associated macrophages (M2 
TAMs) markers whiled a significantly reduced 
M1 marker, TNF-α, and IL-1β (Figure 2D). In 
support, Exosp transformed macrophages sh- 
owed an increased level of M2 cytokine, TGF-
β1, as compared with their uncommitted ma- 
crophages (Figure 2E). Similarly, M2 TAM co-
cultured HCT116 and HT29 cells resulted in a 
significantly increased ability to form tumor-
spheres, as compared to their naïve counter-
parts (Figure 2F). 

Exosomes derived from colon tumorspheres 
contained oncogenic signaling cargoes

Noncoding RNAs such as microRNAs (miRs) 
have been shown to play key roles in tumori- 
genesis, including colon cancer, and emerged 
to become prognostic markers. Based on these 
premises, our bioinformatics research from 
several public miR databases, comparing the 
healthy and colon cancer samples, identified 
miR-1246 as one of the most abundantly ex- 
pressed miRs across different databases and 
sequencing platforms (Figure 3A); these data 
were adapted from Falzone et al. [18]. This 
analysis showed the most upregulated miRs 
(colon cancer versus normal tissues), identified 
in at least 3 out of 10 total datasets. Also, ten 
different genes obtained from COSMIC and the 
mirDIP analysis indicated that miR-1246 was 
associated with colon cancer-associated on- 
cogenes such as KRAS and PI3K with high lev-
els of specificity (Figure 3B). Subsequently, we 
explored further using another database [19] 
where the level of miRs in serum exosomes  
was analyzed from 88 primary CRC patients 
and 11 healthy controls. Again, miR-1246 was 
one of the most abundant miRs (Figure 3C). 
More importantly, we found that a higher level 
of miR-1246 was associated with a significant- 
ly lower survival ratio in patients of colorectal 
cancer (Figure 3D) from the TCGA database (N 
= 395) [20]. In vitro, we compared the level of 
miR-1246 from the exosomes isolated from  
the parental and tumorspheres of HCT116 and 
HT29 colon cancer cell lines. Notably, exoso- 
mes from the tumorspheres contained a sig- 
nificantly higher level of miR-1246 (Figure 3E). 
Furthermore, exosomes from tumorspheres 
(Exosp) contained a relatively higher level of 
stromal transforming molecules, including β- 
catenin, IL-6, TGF-β1, and p-STAT3 as com-
pared to exosomes isolated from the parental 
cancer cells (Exop) (Figure 3F). 

Ovatodiolide treatment resulted in reduced 
oncogenic properties in colon sphere-derived 
exosomes

After establishing that tumorsphere derived 
exosomes (Exosp) contained oncogenic and 
stroma-transforming potential, we aimed to 
evaluate the therapeutic potential of ovato- 
diolide in a similar experimental setup. Exo- 
somes were isolated from tumorspheres ge- 
nerated from ovatodiolide treated HT29 and 
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Figure 1. Tumor sphere derived exosomes promoted tumori-
genic properties in colon cancer cells. A. Colon cancer cell 
lines, HT29 and HCT116 co-cultured with Exosp showed a signif-
icantly increased self-renewal ability, reflected by an increased 
number of tumorspheres generated. B. Comparative Western 
blots of Exosp-educated and parental HT29 and HCT116 cells. 
Exosp-educated colon cancer cells showed a markedly in-
creased expression of stemness markers, β-catenin, CD133, 
and CD44; increased level of oncogenic molecules, mTOR, 
Akt, and STAT3. C. SRB assay showed that Exosp-educated 
HT29 and HCT116 became more resistant against 5-FU treat-
ment. D. Increased migratory ability post-Exosp co-culture in 
both HT29 and HCT116 cells and increased expression of Vi-
mentin, Snail, while decreased E-cadherin. Numbers in red in-
dicate the relative expression ratio. **P<0.01; ***P<0.001.
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Figure 2. Tumor sphere derived exosomes promoted CAF transformation and M2 polarization in vitro. A. Immunofluorescence images of CAF-transformation. Normal 
fibroblasts (NF) incubated with Exosp showed an increase in α-SMA immunofluorescence (Green, α-SMA, Blue, DAPI). The insert depicts the experimental setup 
where NF (normal fibroblasts) were cultured with and without Exosp. B. IL-6 ELISA analysis. CAFs transformed Exosp secreted a significantly higher amount of IL-6 into 
the culture medium as compared to their normal fibroblasts (NF) counterparts. C. Tumor sphere formation assay. Both HCT116 and HT29 cells co-cultured with CAF 
(48 h), generated a significantly higher number of tumorspheres as compared to their parental counterparts. The insert shows the experimental setup where THP-1 
monocytes were first Treated with PMA to generate uncommitted macrophages (MΦ), followed by the incubation of Exosp. M2 TAM, M2 polarized tumor-associated 
macrophages. D. Real-time PCR analysis of Exosp co-cultured uncommitted macrophages (MΦ). Post Exosp incubation, macrophages expressed a significantly higher 
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M2 marker, CD206, and TGF-β1 while decreased M1 markers, IL-1β and TNF-α, as compared to the naïve counterparts. E. TGF-β1 ELISA test indicated that M2 
TAMs generated by Exosp co-culture released a significantly higher amount of TGF-β1 than MΦ. F. A co-culture system of Exosp transformed M2 TAMs and parental 
HCT116 and HT29 colon cancer cells. Exosp transformed M2 TAM promoted tumor sphere-forming ability in parental HCT116 and HT29 colon cancer cells. *P<0.05; 
**P<0.01; ***P<0.001.

Figure 3. Increased exosomal miR-1246 in colon cancer patients and correlated with poor prognosis. A. MicroRNA profiling of clinical samples from colon cancer 
patients. MiR-1246 appeared to be the most abundantly expressed microRNA in tumors samples from colon cancer patients versus normal tissues in two databases 
(GSE41655 and GSE35834). The color bars represent the logFC (log fold-change) values. High (logFC ≥3), moderate (logFC 1.5<x<3), and slight (logFC 0.5<x<1.5). 
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HCT116 cells (Exosp_OV). Both Exosp_OV were 
less capable of promoting tumorspheres gen-
eration after co-cultured with parental HT29 
and HCT116 cells (Figure 4A). Similarly, HT29 
and HCT116 cells treated with Exosp_OV show- 
ed reduced 5-FU resistance as compared to 
their counterparts, which were co-cultured with 
Exosp (Figure 4B); Exosp_OV induced a com- 
paratively lower migratory ability in both HT29 
and HCT116 cells as to their counterparts cul-
tured with Exosp (Figure 4C). Subsequently, we 
examined the stromal normalizing effects of 
ovatodiolide. We found that Exosp_OV lost a 
substantial ability to transform NF to CAF. For 
instance, NF co-cultured with Exosp_OV exhib-
ited markedly lower immunofluorescence of 
α-SMA and secreted a significantly lower am- 
ount of IL-6, as compared to their counterparts 
co-cultured with Exosp (Figure 4D). Similarly, 
Exosp_OV exhibited a lower capacity to induce 
M2 polarization in macrophages, comparing to 
Exosp (Figure 4E); and the resultant M2 TAMs 
secreted a significantly lower level of TGF-β1 
(Figure 4E). 

Ovatodiolide treatment was associated with 
reduced exosomal cargoes 

After observing the decreased oncogenic po- 
tential in Exosp_OV, we then analyzed and com-
pared the exosomal cargoes before and after 
ovatodiolide treatment. According to the com-
parative Western blots, Exosp_OV demonstrat-
ed a significantly lower amount of β-catenin, 
IL-6, TGF-β1, and p-STAT3 (Figure 5A), includ- 
ing a lower level of miR-1246 as compared to 
Exosp (Figure 5B). Previous studies indicated 
that miR-1246 positively regulated β-catenin 
signaling [21, 22]. Here, we explored its role in 
colon tumorigenesis by silencing miR-1246 
level using inhibitor molecules in both HCT116 
and HT29 cells. There was a significantly re- 
duced number of tumorspheres generated in 
both miR-1246 silenced HCT116 and HT29 
cells (Figure 5C), accompanied by the reduc-

tion of stemness markers such as β-catenin 
and CD44 as well as STAT3 (Figure 5D); this 
observation was reversed when the miR-1246 
level was increased by miR-1246 mimic mol-
ecules (Figure 5C and 5D). 

Ovatodiolide suppressed tumorsphere-initiated 
cancer growth and overcame 5-FU resistance

We examined the potential of ovatodiolide to 
serve as a colon CSC inhibitor by inoculating 
mice with HCT116 tumorspheres. Ovatodiolide 
treatment (10 mg/kg, five times/week) effect-
ively suppressed the tumor growth. Notably, 
the combination of ovatodiolide and 5-FU (10 
mg/kg, three times a week), the most signifi-
cant inhibitory effect was observed (Figure  
6A). The survival curve also showed that the 
mice which received the combination regimen 
and ovatodiolide only treatment had the high-
est survival ratio, followed by the control and 
5-FU treatment groups (Figure 6B). The aver-
age weight of the mice was tracked over time 
and showed no significant difference among  
all groups (Figure 6C). Immunohistochemical 
sections revealed that tumors from the ova-
todiolide only and the combination treatment, 
expressed a markedly lower level of β-catenin, 
CD44, IL-6, and STAT3 (Figure 6D). We also 
examined the level of miR-1246 from the pool- 
ed serum exosomes. The level of exosomal 
miR-1246 was significantly lower in both ova-
todiolide and the combination treatment sam-
ples, as compared with the control and 5-FU 
samples (Figure 6E). 

Ovatodiolide functioned as a potential 
β-catenin inhibitor

To provide mechanistic evidence to support 
ovatodiolide as a β-catenin inhibitor, we per-
formed a computational docking analysis. The 
targeted compound (ovatodiolide) was docked 
into the active site of the β-catenin single sub-
unit (Figure 7A), and the docking energy for 

B. mirDIP gene target analysis. The association between miR-1246 and the top 10 mutated genes in colon cancer. 
The intensity of association is represented by color-scale ranging from red (high interaction) to pink (medium in-
teraction). Data adapted and modified from Falzone [18]. C. Comparative profiling of serum exosomal microRNAs 
between colon cancer patients (n = 88) and healthy individuals (n = 11). MiR-1246 was the most abundant miR 
species in serum exosomes of colon cancer patients. D. TCGA survival analysis of colon cancer patients (N = 160). A 
higher miR-1246 predicts a significantly lower survival probability in patients of colon cancer. E. Comparative Real-
time PCR analysis of miR-1246 of exosomal cargo between parental cells and tumorspheres of HCT116 and HT29. 
F. The exosomal cargo of colon tumorspheres were higher in IL-6, β-catenin, TGF-β1, and p-STAT3 than their parental 
counterparts. Numbers in red indicate the relative expression ratio. ***P<0.001.
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Figure 4. Ovatodiolide treatment resulted in less oncogenic exosomes produced by colon cancer tumorspheres. Exosomes, isolated from tumorspheres generated 
from ovatodiolide-treated (Exosp_OV) HCT116 and HT29, showed a significantly reduced ability to promote tumorsphere formation (A), 5-FU resistance (B), and migra-
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tion (C) when co-cultured with parental HCT116 and HT29 cells. (D) Exosp_OV cultured normal fibroblasts (NF) showed a lower a-SMA expression (upper panel) and 
reduced amount of IL-6 released (lower panel) as compared to their Exosp-cultured counterparts. (E) Real-time PCR analysis of M1 M2 markers post macrophages 
co-cultured with Exosp and Exosp_OV (upper panel). Comparative ELISA of TGF-β1 released by macrophages after co-cultured with Exosp and Exosp_OV (lower panel). 
MΦ, uncommitted macrophages; M1 TAM markers, TNF-α, IL-1β; M2 TAM markers, CD206, TGF-β1. a, P<0.001; b, P<0.01; NS, no significant difference (all com-
pared to MΦ). *P<0.05; **P<0.01; ***P<0.001.

Figure 5. Ovatodiolide treatment reduced the oncogenic potential of exosomes isolated from colon tumorspheres. A. Comparative western blots of exosomes iso-
lated from tumorspheres generated from parental (Exosp) and ovatodiolide-treated (Exosp_OV) HCT116 and HT29 cells. A marked reduction in IL-6, β-catenin, TGF-β1, 
and p-STAT3 were observed in Exosp_OV. B. Real-time PCR analysis indicated that a significantly lower level of miR-1246 was found in Exosp_OV (lanes marked by 
+) as compared to Exosp (lanes marked by -). C. Tumor sphere formation assay in relationship with the miR-1246 level in colon cancer cells. C, scramble control; I, 
inhibitor; M, mimic. D. Comparative western blots of HCT116 and HT29 cells with miR-1246 level silenced or amplified. Numbers in red indicate the relative expres-
sion ratio. **p<0.01; ***p<0.001. 
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Figure 6. Ovatodiolide treatment suppressed colon tumor growth and overcame 5-FU resistance in vivo. A. Change in tumor burden over time curve. Ovatodiolide 
alone and ovatodiolide + 5 FU (combination) regimen provided the most pronounced inhibitory effect on tumor growth. B. Kaplan-Meier survival curve. C. Average 
body weight over time curve. D. Immunohistochemical profiling of tumor samples harvested from all groups (left panels); the corresponding H-score of each marker 
examined is shown (right panels). E. Comparative qPCR profiling of serum exosomal miR-1246 abundance. **P<0.01; ***P<0.001; NS, no significant difference.
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each docking mode was calculated (Figure 7B). 
Amino acid residues within the active site of 
β-catenin (Asn516, Ser473, and Lys508) were 
shown to interact with ovatodiolide. The dock-
ing study indicated that ovatodiolide could fit 
and interact within the β-catenin active site 
where it approximately occupies the active site. 
The ester site of dixatricyclo ring appears to 
occupy the polar interaction with the amino 
acid active site (bond length 1.8 and 2.0 Å). 
This short length of the docking energy indi-
cates a possible high drug interaction. The 
presence of hydrogen bond acceptor on ring A 
or B may increase the interaction between ova-
todiolide and β-catenin through the hydrogen 
bond formation at the active site (Figure 7C). 
Also, the results from our TCF assay demon-

strated that ovatodiolide treatment significant- 
ly reduced β-catenin activity in HCT116 cells 
(Figure 7D).

Discussion 

Cancer stem cells (CSCs) are a subpopulation 
of cancer cells characterized by enhanced self-
renewal ability, infinite dividing, and multi-lin-
eage differentiation potential. CSCs contribute 
to virtually every aspect of tumorigenesis, in- 
cluding initiation, progression, drug resistance, 
distant metastasis, and relapse via complex 
networks of cellular communication within the 
tumor microenvironment (TME) [23]. Thus, tar-
geting signaling networks involving the genera-
tion of CSCs and suppression of CSC-mediat- 

Figure 7. Assessment of ovatodiolide as an inhibitor of β-catenin. A. AutoDock Vina Computational docking model 
for ovatodiolide and β-catenin. The highest binding affinity scenario is depicted. The amino acid residues (Asn516, 
Ser473, and Lys508) participate in binding with ovatodiolide are shown. B. The top ten different binding modes 
are ranked by the free energy (binding affinity). C. The chemical structure of ovatodiolide depicts three potential H-
bond acceptors for reinforcing its binding with β-catenin. D. TCF assay. Ovatodiolide treatment (5 µM) significantly 
reduced β-catenin activity, as determined by the reduced luciferase activity of the TOP/FOP flash system.
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ed TME transformation is a rational approach 
for the development of more effective thera- 
peutics. 

Here, we first demonstrated that exosomes 
derived from tumorspheres (Exosp) co-cultured 
with parental HCT116 and HT29 cells, signifi-
cantly increased the malignant phenotypes, 
including increased 5-FU resistance, migratory 
ability, and self-renewal potential. These phe-
nomena were accompanied by the markedly 
increased expression of colon CSC markers 
such as CD133, β-catenin, and CD44, as well 
as the oncogenic Akt/mTOR/STAT3 axis. In  
support, a previous study demonstrated that 
tumor-derived exosomes contributed to the 
development of 5-FU resistance in colon can-
cer via exosomal p-STAT3 transfer [24]. Besi- 
des, Wang et al., showed that tumor-derived 
exosomes enhanced both the proliferative and 
migratory abilities in colon cancer cells via  
activating WNT1/Akt signaling [25]. Further- 
more, CD133 expressing exosomes obtained 
from both melanoma and colon cancer cells 
were shown to promote invasiveness in mes- 
enchymal stem cells after a short-term co-cul-
ture [26]. Collectively, exosomes derived from 
colon cancer cells and tumorspheres (Exosp, 
from our observations) represents an essential 
route for disease progression. 

We further examined the transformative effe- 
cts of the Exosp on two major stromal cell po- 
pulations, namely the cancer-associated fibro-
blasts and macrophages. According to our find-
ings, the Exosp co-culture promoted CAF and 
M2 TAM transformation. Consequently, Exosp-
transformed CAF and M2 TAMs significantly en- 
hanced the ability to generate tumorspheres  
in parent HCT116 and HT29 cells. In corrobora-
tion, a previous study showed that serum exo-
somes isolated from patients of metastatic 
colorectal cancer promoted the differentiation 
of monocytes to M2 macrophages in vitro [27]; 
Webber et al., demonstrated that exosomes 
from bladder, prostate, breast, and colon can-
cer cells contained a high level of TGF-β1 and 
transformed NF to CAF [28]. Our observations 
added another dimension in which colon CSCs 
transform the TME to a pro-tumor niche. 

To further characterize colon Exosp, we search- 
ed established evidence that provides insights 
into the exosomal cargoes derived from colon 
cancer patients and cell lines. Several data- 
sets indicated that miR-1246 as one of the 

most abundant microRNA species expressed 
by patients of colorectal cancer [18], strongly 
associated with KRAS and PI3K signaling; clin-
ically, a higher miR-1246 level predicted a sig-
nificantly lower survival ratio. Another study cor-
roborated that miR-1246 was highest am- 
ong the seven most upregulated miRs in se- 
rum exosomes isolated from patients of co- 
lon cancer, and down-regulated after surgical 
intervention [19]. Furthermore, miR-1246 was 
shown to promote cancer stemness and che- 
moresistance in oral cancer [29]. Uniquely, we 
found Exosp contained a significantly higher 
level of miR-1246 than that in Exop, further  
supporting its role as a colon CSC marker. We 
also compared the protein cargoes from Exosp 
and Exop. As expected, Exosp contained a high- 
er amount of β-catenin, TGF-β1, IL-6, and p- 
STAT3. The identification of p-STAT3 was of im- 
portance as the transfer of exosomal p-STAT3 
was shown to contribute 5-FU resistance in 
colon cancer [24]. The enrichment of β-cate- 
nin, TGF-β1, IL-6, and p-STAT3 in Exosp reinfor-
ces our view that CSCs transform the TME via 
exosomal signaling. For instance, TGF-β1 and 
IL-6 enriched Exosp respectively promoted CAF 
transformation and M2 polarization of TAMs. 
Consistently, the downregulation of miR-1246 
using inhibitor molecules resulted in the de- 
creased expression of β-catenin, STAT3, and 
CD44 in both HCT116 and HT29 cells and the 
reverse was confirmed when mimic molecules 
amplified the miR-1246 level. 

Of therapeutic importance, ovatodiolide treat-
ment reduced the exosomal cargoes of Exosp, 
such as the signaling molecules mentioned ab- 
ove. This finding provided another therapeutic 
function of ovatodiolide, where it targets not 
only colon CSCs but also the TME via exosomal 
communication. A recent study reported that 
inhibiting β-catenin signaling prevented the 
CAF generation and suppression of melanoma 
growth [30]. Our docking simulation suggested 
that ovatodiolide bound to the Armadillo repeat 
domain of β-catenin and could inhibit its activ-
ity. This finding lent additional support to ova-
todiolide as a colon CSC inhibitor. A previous 
report indicated that exosomal β-catenin could 
promote cytoskeletal rearrangement, cellular 
mobility in the recipient cells by activating wnt/
β-catenin signaling [31]. These findings strong- 
ly suggested that ovatodiolide could suppress 
the generation of colon CSCs on two levels. 
First, ovatodiolide suppressed the intrinsic β- 
catenin expression and activity by reducing the 
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cancer stemness; this subsequently leads to 
the reduced β-catenin cargo packaged into the 
CSC-derived exosomes. At present, the exact 
mechanism by which ovatodiolide reduced the 
exosomal abundance of oncogenic molecules 
remains unclear and is under our investiga- 
tion. 

Furthermore, miR-1246 expressing mesenchy- 
mal stem cells secrete high levels of IL-6 and 
induces Jak-Stat and NF-kB signaling path- 
ways [32]; IL-6 induced STAT3 activation in 
CAFs was associated with colon cancer pro-
gression and poor prognosis [33]. More im- 
portantly, we demonstrated that ovatodiolide 
and, in combination with 5-FU, effectively sup-
pressed HCT116 tumor sphere-initiated tu- 
morigenesis. Consistent with the in vitro obser-

vations, tumor samples from ovatodiolide and 
combination treatments showed a markedly 
reduced expression of STAT3, CD44, IL-6, and 
β-catenin as compared to the vehicle control 
and 5-FU treatment groups. The serum exo-
somal miR-1246 level was significantly lower  
in both ovatodiolide and combination groups. 
Our observation and others [22] together sug-
gested the prognostic potential of exosomal 
miR-1246 in colon cancer. In short, ovatodio- 
lide mediated anti-colon cancer functions in 
part was associated with the reduced exosom-
al cargo produced by tumorspheres. The redu- 
ced oncogenic cargo examined in our study 
were all essential factors for the generation of 
CAF and colon cancer stemness. These find-
ings were collectively summarized in Figure 8. 

Figure 8. Colon cancer stem cells secrete exosomes containing signaling molecules, including miR-1246, TGF-β1, 
p-STAT3, β-catenin, and transform uncommitted macrophages and normal fibroblasts to M2 polarized tumor-as-
sociated macrophages (M2 TAM) and cancer-associated fibroblasts (CAF) respectively. M2 TAM and CAF promote 
cancer stemness and 5-FU resistance by secreting TGF-β1 and IL-6. TGF-β1 secreted by M2 TAM also facilitates CAF 
transformation; CAF secretes IL-6 to enhance M2 polarization and tumorigenesis. Ovatodiolide treatment prevents 
the generation of M2 TAM, CAF, and CSCs via reducing CSC derived exosomes and their cargoes.
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In summary, we have provided preclinical evi-
dence for ovatodiolide as a dual functional 
therapeutic agent which acts to suppress the 
generation of colon cancer stem cells, and the 
transformation of malignant stromal cells via 
reducing cancer stem cell-derived exosomal 
β-catenin/STAT3/miR-1246 cargoes.
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Supplementary Table 1. List of qPCR primers
Gene Primer Sequences
Human CD206-F TTGCACTTTGAGGGAAGGGA
Human CD206-R CCTTGCCTGATGCCAGGTTA
Human TNF-α-F CCTGTAGCCCACGTCGTAGC
Human TNF-α-R AGCAATGACTCCAAAGTAGACC 
Human IL-1β-F CCACAGACCTTCCAGGAGAATG
Human IL-1β-R GTGCAGTTCAGTGATCGTACAGG
Human TGF-β1-F TACCTGAACCCGTGTTGCTCTC
Huamn TGF-β1-R GTTGCTGAGGTATCGCCAGGAA
Human RPLP0-F TGGTCATCCAGCAGGTGTTCGA
Human RPLP0-R ACAGACACTGGCAACATTGCGG
F: forward primer; R: reverse primer.

Supplementary Table 2. List of primary antibodies used in this study

No. Target Dilution Company and Catalog No. Predicted 
MW (kDa)

Observed MW 
(kDa)

01 β-actin 1:5000 Proteintech, β-actin Rabbit pAb, 20536-1-AP 42 42
02 Akt 1:1000 Cell Signaling, Akt Rabbit mAb, #9272 60 60
03 β-catenin 1:800 Cell Signaling, β-Catenin (6B3) Rabbit mAb, #9582P 92 100
04 mTOR 1:800 Cell Signaling, mTOR (7C10) Rabbit mAb, #2983 289 289
05 STAT3 1:600 Proteintech, STAT3 Rabbit pAb, 10253-1-AP 79-86 79-86~100
06 TGFβ1 1:1000 Proteintech, TGFβ1 Rabbit pAb, 18978-1-AP 43 44
07 CD63 1:600 Abcam, CD63 Rabbit pAb, ab216130 26 40
08 CD9 1:1000 Abcam, CD9 (EPR2949) Rabbit mAb, ab92726 25 40
09 CD44 1:1000 Invitrogen, CD44 Mouse mAb, MA5-13890 81 81
10 Vimentin 1:1000 Cloud Clone, Vimentin Rabbit pAb, PAB040Hu01 52-58 52-58
11 Snail 1:600 Abclonal, Snail Rabbit pAb, A5544 29-35 29-35
12 CD133 1:1000 Abcam, CD133 Rabbit pAb, ab19898 123 123
13 E-cadherin 1:1000 Proteintech, E-cadherin Rabbit pAb, 20874-1-AP 97 125
14 IL-6 1:1000 Proteintech, IL-6 Rabbit pAb, 21865-1-AP 24-30 24-30
15 Alix 1:1000 Abcam, Alix Rabbit pAb, ab76608 96 96
16 P-STAT3 1:600 Cellsignal, p-STAT3 Rabbit mAb, #9145s 79-86 79-86


