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Abstract: Colon cancer is one of the most prevalent cancer types in developed countries. Metastasis and drug
resistance are two contributing factors to the high mortality rate. Accumulating evidence suggest that cancer stemlike cells (CSCs) represents as a major contributor to these malignant features. Here, we identified and isolated
colon cancer stem-like cells using side-population (SP) method from human colon cancer cell lines. SP colon cells
demonstrate cancer stem-like cell properties including enhanced sphere-forming ability and resistance towards
fluorouracil (5-FU). The CSC properties were associated with the increased expression level of major oncogenic and
stem cell markers including β-catenin, NF-kB, Akt/mTOR, KRAS and c-Myc. Trichostatin A (TSA), an antifungal antibiotic also a HDAC inhibitor, was found to function not only to decrease the expression of oncogenic markers but also
the colon CSC properties. Importantly, TSA and 5-FU combined treatment synergistically suppressed colon cancer
viability. Finally, in vivo results demonstrated that TSA alone and in combination with 5-FU effectively suppressed
colon tumorigenesis. Collectively, this study provides preclinical evidence that TSA may function as a potential colon
cancer therapeutic agent by targeting CSC and overcoming 5-FU resistance.
Keywords: Drug resistance, colon cancer, trichostatin A (TSA), cancer stem-like cells, side-population cells, 5-FU
resistance

Introduction
Colon cancer is one of the most diagnosed
malignancies in the developed countries with
an estimated 9% of all cancer incidence [1].
The underlying causes for the development of
colon cancer are multifactorial and complex.
The contributing factors may include environmental risk factors, genetic risks and dietary
habits [2]. Several frequently detected oncogenes such as KRAS, c-myc, β-catenin and
other less frequent but powerful tumorigenic
pathways have been shown to promote colon
tumorigenesis [3, 4].

Accumulating evidence suggest that the existence of a small subset of dormant cells termed
cancer stem-like cells (CSCs) are involved in
tumorigenic processes including initiation, progression, metastasis and drug resistance [5]. In
both experimental and clinical settings, CSCs
have been identified in a spectrum of cancer
types, including colon cancer [6]. It is generally
considered that resistance against current therapies observed clinically are, in part, due to the
presence of CSCs and their enrichment post
therapy. The CSCs are characterized to have an
enhanced self-renewal potential to regenerate
into different lineages of cancer cells within the
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tumor mass post cancer treatment. This key
feature of CSCs drive continued tumorigenesis
and contribute to the disease recurrence. Thus,
the presence and the generation of CSCs is
thought to be one of the major factors of treatment failure [7]. The discovery and development of an agent which can prevent the generation and/or eliminate CSCs could in theory
prevent the aforementioned clinical challenges
faced and significantly improve the prognosis
of patients with colon cancer.
Tumorigenesis may be induced by different
mechanisms, one of which is via epigenetic
control. Accumulating evidence suggests that
many tumor suppressors are silenced and
oncogenes activated epigenetically in virtually
all tumor types [8, 9]; these epigenetically
modifications in the cancer genome are directly
linked to the overexpressed histone deacetylase (HDAC). Thus HDAC inhibitors (HDACi)
may represent a promising class of compounds
for the cancer therapy [10]. Trichostatin A
(TSA) is a pan-HDACi and has been predominantly used in preclinical studies. The antitumor effect of TSA may be of multiple targets.
Through its interactions with histone and
nonhistone proteins, TSA has been shown to
reactivate once-silenced tumor suppressors,
inhibit cell cycle progression and promote
apoptosis [11].
In this study, using side-population method we
isolated cancer stem-like colon cancer cells
with enhanced tumor sphere forming ability
and drug resistance. In the search of anti-CSC
agents, we initially identified TSA as a potential
candidate via a bioinformatics tool. Subsequently, we demonstrated that TSA treatment
not only suppressed the cell viability of colon
cancer cells but also that of tumor spheres. In
addition, the combination of TSA and 5-FU synergistically suppressed the generation of colon
tumor spheres. The CSC-inhibitory effects
mediated by TSA was associated with the
downregulation of stemness and oncogenic
markers such as Nanog, β-catenin, Kras and
c-Myc. Our findings provide preclinical evidence
and rationale for the potential usage of TSA in
conjunction with 5-FU in drug-resistant colon
cancer patients.
Materials and methods
Human colon cancer cell lines in vitro culture
The human colon cancer cell lines SW480,
SW620, HCT116 and DLD-1 were purchased
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from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and maintained
and passaged as recommended by the ATCC.
The culture media were supplemented with 1%
penicillin/streptomycin and 10% fetal bovine
serum (FBS) (Gibco). Cells were grown in a
humidified incubator at 37°C containing 5%
CO2.
Isolation of side-population (SP) cancer cells
using Fluorescence-activated cell sorting
(FACS)
The side-population colon cancer cells were
determined and isolated using FACSAria™ III
sorter (BD Biosciences, Taiwan). Verapamil
(100 µM final concentration) was used as a
negative control. Verapamil was added 15 min
before Hoechst incubation. SP cells enriched
with ABCG2 and with the ability to efflux
Hoechst 33342 were identified and sorted for
further analyses.
In vitro cell viability determination
Sulforhodamine B (SRB) dye (Sigma-Aldrich
Chemie GmbH, Munich, Germany) was used to
test cell viability. Cells were harvested and
diluted with culture medium to a final DMSO
concentration of <0.05%. Cells (SP, non-SP and
parental) cells were seeded into 96 well plates
at 3000 cells/well. The cells were incubated in
the presence of 5-FU (ranging from 0 to 400
µM) or TSA (ranging from 0 to 2 µM) for 48 h.
Subsequently, drug-treated cells were collected
and fixed with 10% TCA. The plates were
washed, dried and followed by staining with
0.4% (w/v) SRB dissolved in 1% (v/v) acetic
acid. The bound SRB was solubilized in 20
mmol/L Tris base (100 μl/well) briefly. Finally,
the optical density (OD) of the samples was
measured using a microplate reader (Molecular
Devices, Sunnyvale, CA) at 562 nm.
Western blot analysis
SW480 and SW620 human colon cancer cells
(SP, non-SP, and drug-treated samples) after
different treatments were subjected to SDSPAGE and western blot analyses. In short, cells
were lysed in cold lysis buffer (50 mM Tris-HCl
pH 7.5, 2 mM EDTA, 2 mM EGTA, 10 mM b-glycerophosphate, 150 mM NaCl, 0.5% NP-40, 1
mM phenyl-methyl sulfonyl fluoride, 1 mM NaF,
1 mM DTT, 1% β-mercaptoethanol and protease inhibitor cocktail (EMD Biosciences). Cell
lysates were centrifuged at 15,000 g and proAm J Cancer Res 2017;7(5):1227-1237
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Figure 1. Identification of colon cancer stem-like cells. A representative flow cytometric analysis demonstrates the
usage of side-population assay to identify and isolate cancer stem-like cell population in human colon cancer cell
lines, SW480 and SW620. Experiments were performed in triplicates.

tein concentration was determined using commercial kit (Pierce, Rockford, IL) with bovine
serum albumin served as standards. Protein
samples (30 µg each) were dissolved in sample
buffer, denatured and separated using 10%
SDS-PAGE gels. The proteins were transferred
onto nitrocellulose membranes and blocked in
TBST (50 mM Tris-HCl pH 7.5, 150 mM NaCl,
0.2% Tween-20 and skim milk) for 1 h. Membranes were sequentially treated with the
primary and secondary antibodies, washed in
TBST. The signals were detected using enhanced chemiluminescence (ECL-Plus, Amersham Pharmacia Biotech, Piscataway, NJ) and
measured using BioSpectrum® Imaging System
(Upland, CA).
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Sphere forming assay
For the analysis of sphere forming ability, colon
cancer cells were cultured under serum-deprived conditions and in Ultra-low Attachment
Plates (Corning Incorporated). The culture conditions are modified from the original protocol
described by Lo et al [12]. Colon cancer cells
(103 cells/ml) were suspended and seeded in
the tumorsphere medium containing: 20 ng/ml
epidermal growth factor, 10 ng/ml basic fibroblast growth factor, 5 μg/ml insulin, 0.4%
Bovine Serum Albumin. Approximately 3-5 days
of incubation (depending on the cell type),
tumor sphere numbers were counted under a
phase-contrast microscope using the 40 ×
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Figure 2. Side-population (SP) colon cancer cells shows increased CSC properties. A. Representative micrographs
of colon spheres of both SW480 and SW620 cells generated under serum free medium. SP cells clearly formed
significantly more spheres as compared to non-SP counterparts. B. Colon spheres generated from SP cells were
significantly more resistant against 5-FU treatment. The representative IC50 values of 5-FU in non-SP versus SP
colon cancer cells are listed. C. Representative western blots depicting major oncogenic and/or CSC markers were
elevated in SP cells as compared to their non-SP counterparts. These markers include Nanog, β-catein, c-Myc, and
mTOR.

magnification lens. The ability of tumor formation was represented by the average number of
spheres obtaining from counts from different
views (at least 3 random fields).
Animal study
The animal study protocol was approved by the
Animal Care and User Committee at Taipei
Medical University (Affidavit of Approval of
Animal Use Protocol # LAC-101-0026). Female
NOD/SCID mice aged 4 to 6 weeks were purchased from the BioLASCO (Taipei, Taiwan).
Mice were housed in specific pathogen-free
conditions with an alternating 12-hour light:
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dark cycle. One week acclimation was allowed
prior to experiments. Mice were subcutaneously inoculated with SW480 colon cancer cells (1
× 106 cells in 100 μL of PBS) subcutaneously.
When tumors reached a palpable size, the
tumor volumes were measured and recorded
once a week with the following established formula: Tumor size = (L1 × L22)/2, where L1 is the
long axis and L2 is the short axis of the tumor.
The animals were randomly divided into 4
groups (N = 3 per group): vehicle control, TSA
(0.5 mg/kg, i.p injection, twice a week); 5-FU
(25 mg/kg, i.p injection, twice a week), and TSA
+ 5-FU (twice a week). All mice were allowed
free access to a standard rodent LabDiet (Lab
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5001, Purina Mills, St. Louis, MO) and water
over the 8-week experimental period. The body
weight of the mice was recorded weekly. After
the experiment, the animals were humanely
sacrificed by cervical dislocation and tumor
samples harvested for further analysis.
Statistical analysis
All experiments were carried out at least three
times. Two-tailed t tests were used to analyze
the in vitro and in vivo data. The statistical analysis was performed using GraphPad Prism software where a p value <0.05 was considered as
statistically significant and is indicated with an
asterisk.
Results
Colon cancer side-population (SP) cells exhibited increased sphere-forming ability and
expressed higher stemness markers
Using flow cytometry, we identified a small percentage of cancer cells exhibiting high ABCG
activity, namely the side-population (SP) cells.
In both SW480 and SW620 cell lines, using
verapamil as the negative control, approximately 4.4% and 6.7% of SP cells were identified in SW480 and SW620 cells respectively
under our experimental conditions (Figure 1).
Subsequently, we isolated the SP cells and cultured them under serum-deprived culture conditions. We found that SP colon cancer cells
generated a significantly higher number of
colon spheres as compared to their non-SP
counterparts (Figure 2A) and SW620 SP cells
significantly formed more colon spheres than
SW480 SP cells. We then tested these colon
spheres against chemotherapeutic agent 5-FU
and found that the spheres generated from SP
cells showed a significantly increased resistance against 5-FU (Figure 2B). For instance,
the IC50 values of the spheres generated from
non-SP versus SP SW480 cells were approximately 10.52 and 42.80 µM respectively (a
4-fold increase) while 19.30 and 97.48 µM for
SW620 non-SP and SP spheres respectively
(Figure 2B). Western blots analysis showed
that in the SP cells, the expression of stemness
markers (Nanog, β-catenin), oncogenic molecules (KRAS, c-Myc, mTOR and NF-kB) was significantly higher comparing to their non-SP
counterparts (Figure 2C).
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Identification of trichostatin A (TSA) as a potential inhibitor of colon tumorigenesis and colon
sphere formation
We utilized the public search tool Connection
Digest (Lincscloud, Broad Institute [13]) and
found that trichostatin A (cmap_id: CGS0013845) had a high connectivity score with KRAS
expression in 9 cell lines and 11 microarray
experiments. Since KRAS is one of the most
mutated oncogenes detected in colon cancer
[14-16], this in-silico result prompted us to
examine the potential role of TSA as an antagonist of colon tumorigenesis. In addition, we
analyzed a GEO profile where hepatocellular
carcinoma was treated with TSA and the resultant mRNA level of both KRAS (profile ID:
GDS2213/1559204_x_at) and LGR5 (profile
ID: GDS2213/210393_at) was significantly
reduced (data not shown) [17]. In our SRB
assay, TSA treatment effectively inhibited the
cell viability in both SW480 and SW620 cells
with respective IC50 values of 0.62 and 1.59
µM (Figure 3A). The ability of generating colon
spheres in both SW480 and SW620 cell lines
were also significantly suppressed by the treatment of TSA (IC50 values 1.19 and 1.48 µM
respectively, Figure 3B). Next, we tested the
TSA and 5-FU combination on SW480 colon
spheres and found that the combination of
TSA (0.5 µM) and 5-FU (20 µM) had the highest
inhibitory effect on the sphere forming ability
as comparing to TSA alone or 5-FU alone
(Figure 3C). Using western blots, we demonstrated that the TSA was able to suppress
major oncogenic signaling pathways including
c-Myc, mTOR/Akt, NF-kB, and KRAS (as predicted by Lincscloud) while also effectively in suppressing stemness markers such as Nanog,
LGR5 and β-catenin (Figure 3D); interestingly,
5-FU appeared to be less effective than TSA
according to our experimental results. The
combination of TSA and 5-FU also significantly
suppressed the expression of the aforementioned markers (Figure 3D). Furthermore, TSA
treatment reduced the percentage of sidepopulation cells in both SW480 and SW620.
Consistently, SW620 cells contained a relatively higher percentage of SP cells (approximately
7.93%) as compared to 4.79% in SW480 (Figure
3E); at the same TSA concentration (0.5 µM).
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Figure 3. TSA treatment effectively inhibited colon tumor cells and spheres. A. SRB assay results demonstrated that
TSA effectively inhibited the cell viability of both SW480 and SW620 cells with the IC50 values below 2 µM. B. Colon
sphere viability assay results indicated that TSA eliminated colon spheres from both SW480 and SW620 effectively
with the IC50 values below 2 µM. C. The combination of TSA and 5-FU significantly reduced the cell viability of the
tumor spheres. ***P<0.001 as compared to the control). D. Western blot analysis showed that TSA treatment
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suppressed oncogenic pathways including mTOR/Akt, NF-kB and stemness markers such as Nanog, LGR5 and
β-catenin. The combination of TSA and 5-FU further suppressed the expression. E. TSA effectively suppressed the
percentage of side-population in both SW480 and SW620 colon cancer cells.

another 24 h (Figure 4B).
Thus, we demonstrated
TSA and 5-FU functioned
synergistically to suppress colon cancer cell
viability but with different
treatment conditions.
TSA inhibits colon tumorigenesis in vivo
After establishing that
TSA treatment suppressed colon tumorigenesis
in vitro, xenograft mouse
model was used for in
vivo validation. SW480
cells were inoculated subcutaneously into NOD/
SCID mice to establish
tumorigenesis. Tumor-bearing mice were then
divided into four groups:
vehicle control, TSA (0.5
mg/kg, 2 times/week),
5-FU (25 mg/kg, 2 times/
week) and TSA plus 5-FU.
Figure 4. TSA and 5-FU combination analysis. SW480 and SW620 cells were subMice receiving TSA alone
jected to different concentrations of TSA and 5-FU to test the effectiveness of the
and 5-FU alone appeared
treatment. Definition: synergism (CI<1), additive effect (CI = 1), and antagonism
to exhibit a similar tumor
(CI>1). The most potent combination was marked by an asterisk.
burden according to our
regimen while the tumor
TSA and 5-FU synergistically suppresses viabilburden appeared to be the lowest in the combination group (Figure 5A, 5B). The body weight
ity of colon cancer cells
in all groups did not seem to be significantly difNext, we examined the possibility of combining
ferent as the body weight increased over time
in all groups (Figure 5C), suggesting no apparTSA and 5-FU in treating colon cancer cells.
ent systematic toxicity in our treatment
Different combinations of TSA (ranging from
regimens.
0-0.1 µM) and 5-FU (from 0-30 µM) and incubation times (24-48 h) were used to determine
Discussion
the combination index for drug effect interactions. First, SW480 cells were incubated with
One of the most clinically challenging task is to
TSA for 5 h followed by the addition of 5-FU and
overcome drug resistance which is almost
cultured for 48 h. This treatment regimen as
inevitable in the majority of patients with
demonstrated by Fa-CI plots, worked synergistiadvanced colon cancer. For the past decade,
cally to suppress SW480 viability (Figure 4A,
both experimental and clinical evidence sugnumbers in bold font). While SW620 responded
gest the existence of cancer stem-like cells
towards a different TSA and 5-FU combinations
(CSCs) in virtually all cancer types and now conwhere SW620 cells were first treated with TSA
sidered as a major contributing factor to drug
for 24 h, followed by the addition of 5-FU for
resistance, distance metastasis and disease
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Figure 5. In vivo evaluation of TSA in suppressing colon tumorigenesis. A. SW480 subcutaneous xenograft mouse
model was used to evaluate the tumor inhibitory effect of
TSA and 5-FU. TSA alone significantly suppressed SW480
tumor growth (to a similar extent as 5-FU alone) as compared to those vehicle control mice. TSA and 5-FU combination showed the most significant inhibition to tumor growth.
B. Photographs of tumor samples harvested from different
treatment groups. The tumor size of the TSA + 5FU combination group was clearly the smallest followed by TSA and 5-FU
alone groups. C. Body weight of the animals was monitored
over the experiment and showed no significant difference
among different treatment groups.

recurrence [18]. Rationally, agents that can
target and eliminate CSCs, may offer a more
effective strategy for cancer treatment.
In this study, we used a generally accepted
method termed side-population [19, 20], to
identify and isolate colon CSCs. Human colon
cancer cell lines, SW480 and SW620 were
found to contain approximately 4.4% and 6.7%
SP cell population, respectively (Figure 1).
Comparatively, SP colon cells showed an enhanced ability to form colon spheres than their
non-SP counterparts, indicative of enhanced
self-renewal ability (Figure 2A). More importantly, these colon spheres showed a significantly increased resistance towards 5-FU treatment. For instance, non-SP SW620 spheres
had an IC50 value of 19.3 µM, but the value for
SP SW620 spheres was approximately 5-fold
higher (97.5 µM). In agreement, studies have
indicated that tumor spheres derived from cell
lines or patient samples serves a great model
for exploring the molecular mechanisms associated with stem cell-like properties including
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drug resistance [5, 21]. We showed that the
expression of stemness genes, Nanog, β-catenin and LGR5 were elevated in colon spheres
generated from the SP SW480 and SW620 cell
lines. Both Nanog, β-catenin and LGR5 have all
shown to participate in the maintenance of the
undifferentiated state of colon stem cells and
promote drug resistance in colon cancer [2225]. Hence, we provide evidence for using
tumor spheres generated from SP colon cancer
cells as an in vitro tool for anti-CSC drug
screening.
Clinically, 5-FU serves as one of the standard
chemotherapeutic agents for treating colon
cancer. However, tumor cells often develop
resistance against it leading to a relatively low
efficacy (approximately 40%). A recent study
shows that 5-FU treatment may actually increase the CD133+ tumor population in human
colon cancer patients with the increased resistance towards 5-FU [26]. Our observations are
in agreement with the literature where the SP
colon cancer cells showed an increased ability
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to form colon spheres and resist 5-FU treatment (Figure 2). These results supported our
notion that SP-cancer cells serve an important
in vitro tool for anti-CSC drug screening
purpose.
Using a bioinformatics platform (Lincscloud
App, Broad institute, USA), we identified that
trichostatin A (TSA) as one of the top-ranking
perturbagens negatively associated with the
expression of KRAS across different cancer cell
lines. Notably, KRAS is one of the most frequently observed mutated genes in colon cancer patients and play key roles in promoting
colon tumorigenesis [16], generating colon cancer stem cells [27, 28] and inducing drug resistance [29, 30]. First, our in vitro test confirmed
that TSA’s ability to suppress the viability of
colon cancer cells with a significantly lower concentrations comparing to 5-FU (Figure 3). More
importantly, KRAS expression was reduced by
the treatment of TSA in concert of other key
tumorigenic markers such as c-Myc, Akt/mTOR
and stemness promoting markers, LGR5,
Nango and β-catenin (Figure 3). This result validated our in silico analysis where TSA is predicted to suppress KRAS expression. Furthermore, colon cancer cells that are resistant to
5-FU damage have been shown to express
Nanog and other stemness markers including
LGR5 [31, 32], suggesting their role in 5-FU
resistance. More importantly, a recent report
shows that the PI3K/Akt/mTOR pathway plays
a key role in maintaining the stemness of colon
cancer stem cells and inhibition of this pathway
represents a potential venue to combat drug
resistance and metastasis in colon cancer [33].
Similarly, suppressing PI3K/Akt/NF-κB signaling axis results in the significantly reduced the
pluripotency in pancreatic stem cells [34].
Collectively, our data indicated that TSA exerts
an overall inhibitory effect on signaling pathways associated with tumorigenesis and
stemness-maintenance.
After establishing that TSA as a potential antiCSC agent alone, we also evaluated the possibility of using TSA with 5-FU. Interestingly, we
found that SW480 and SW620 responded differentially towards TSA and 5-FU combined
therapy. For instance, SW480 cells were more
sensitive to the regimen where cells were incubated with TSA for 5 hours first and followed by
the 5-FU treatment for the total of 48 hours.
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The SW620 cells appeared to require a longer
TSA incubation (24 hours) and less 5-FU (24
hours). This is interesting since SW480 and
SW620 cells were derived from the same
patient where SW480 was obtained from the
primary tumor while SW620 from the lymph
node metastasis. The observation where a longer TSA incubation was required for SW620
cells may be associated with the higher metastatic potential and gene-signature of SW620
over its non-metastatic counterpart SW480
cells [35]. More importantly, we found that
when combining TSA and 5-FU, a significantly
lower dosage was required to achieve synergy.
This is important for future clinical consideration since 5-FU has been shown to pose serious adverse effects in a sub-population of
patients [36, 37]. By reducing the clinical dosage of 5-FU significantly may reduce and avoid
5-FU induced side effects. Together, our findings showed that TSA and 5-FU combined regimen synergistically suppressed colon cancer
viability at significantly lower concentrations.
Our findings supports the notion where precision medicine should be exercised to achieve
the best possible efficacy.
In conclusion, we demonstrated that SP colon
cancer cells as an important in vitro tool for
anti-CSC drug screening where SP colon cancer
cells demonstrate two key CSC-like properties
namely increased colon sphere forming ability,
and drug resistance. Equally important, we provided evidence that TSA identified in silico has
the potential as an antagonist for colon cancer
stem cells. TSA-treated SW480 and SW620
cells demonstrated a significantly decreased
oncogenic markers (KRAS, NF-kB, Akt/mTOR)
and CSC signature Nanog, LGR5 and β-catenin.
Our in vivo experimental data showed that TSA
alone suppressed colon tumorigenesis and to a
more significant degree when it was combined
with 5-FU. TSA may be repurposed for treating
drug-resistant colon cancer with further clinical
investigation in the future.
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