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Abstract: Colorectal cancer represents one of the most prevalent malignancies globally, with an
estimated 140,000 new cases in the United States alone in 2019. Despite advancements in
interventions, drug resistance occurs in virtually all patients diagnosed with late stages of colon
cancer. Amplified epidermal growth factor receptor (EGFR) signaling is one of the most prevalent
oncogenic drivers in patients and induces increased Janus kinase (JAK)/signal transduction and
activator of transcription (STAT) and [3-catenin functions, all of which facilitate disease progression.
Equally important, cancer-associated fibroblasts (CAFs) transformed by cancer cells within the
tumor microenvironment (TME) further facilitate malignancy by secreting interleukin (IL)-6 and
augmenting STAT3 signaling in colon cancer cells and promoting the generation of cancer stem-like
cells (CSCs). Based on these premises, single-targeted therapeutics have proven ineffective for
treating malignant colon cancer, and alternative multiple-targeting agents should be explored.
Herein, we synthesized a tetracyclic heterocyclic azathioxanthone, MSI-N1014, and demonstrated
its therapeutic potential both in vitro and in vivo. First, we used a co-culture system to demonstrate
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that colon cancer cells co-cultured with CAFs resulted in heightened 5-fluorouracil (5-FU) resistance
and tumor sphere-forming ability and increased side populations, accompanied by elevated
expression of cluster of differentiation 44 (CD44), B-catenin, leucine-rich repeat-containing G-
protein-coupled receptor 5 (LGR5), and ATP-binding cassette super-family G member 2 (ABCG2).
MSI-N1014 suppressed cell viability, colony formation, and migration in both DLD1 and HCT116
cells. MSI-N1014 treatment led to decreased expressions of oncogenic markers, including
mammalian target of rapamycin (mTOR), EGFR, and IL-6 and stemness markers such as CD44, 3-
catenin, and LGR5. More importantly, MSI-N1014 treatment suppressed the transformation of
CAFs, and was associated with decreased secretion of IL-6 and vascular endothelial growth factor
(VEGF) by CAFs. Furthermore, MSI-N1014 treatment resulted in significantly reduced oncogenic
properties, namely the migratory ability, tumor-sphere generation, and resistance against 5-FU.
Notably, an increased level of the tumor suppressor, miR-142-3p, whose targets include LGR5, IL-
6, and ABCG2, was detected in association with MSI-N1014 treatment. Finally, we demonstrated
the therapeutic potential of MSI-N1014 in vivo, where combined treatment with MSI-N1014 and 5-
FU led to the lowest tumor growth, followed by MSI-N1014 only, 5-FU, and the vehicle control.
Tumor samples from the MSI-N1014 group showed markedly reduced expressions of LGR5, -
catenin, IL-6, and mTOR, but increased expression of the tumor suppressor, miR-142-3p, according
to qRT-PCR analysis. Collectively, we present preclinical support for the application of MSI-N1014
in treating 5-FU-resistant colon cancer cells. Further investigation is warranted to translate these
findings into clinical settings.

Keywords: colon cancer; drug resistance; small-molecule therapeutics; cancer-associated fibroblasts
(CAFs); cancer stemness; miR-142

1. Introduction

Colorectal cancer (CRC) ranks as one of the most prevalent gastrointestinal cancer types
globally, accounting for an estimated nine percent of all cancer cases [1]. Patients with advanced
stages of CRC often manifest unfavorable phenotypes, including treatment resistance and distant
metastasis, which lead to limited therapeutic options. Studies have shown that the tumor
microenvironment (TME) plays a key role in the development and progression of CRC. One of the
major components of the CRC TME is stromal fibroblasts. A subpopulation of these fibroblasts is
referred to as cancer-associated fibroblasts (CAFs), which are closely linked to the malignant
characteristics of late-stage CRC [2]. CAFs are characterized by the expression of alpha-smooth
muscle actin (a-SMA), which promotes the metastatic potential and stemness within the TME [3].
CAFs contribute to the progression of CRC by secreting oncogenic cytokines such as interleukin (IL)-
6, transforming growth factor (TGF)-1, and epidermal growth factor (EGF), all of which are
documented to promote the epithelial-to-mesenchymal transition (EMT) and induce stemness [4-7].
Thus, preventing and inhibiting CAF transformation could provide significant therapeutic benefits.

Both experimental and clinical data indicate that amplified EGF receptor (EGFR) and Kirsten rat
sarcoma (KRAS) mutations were found in approximately 50% of patients [8], and both oncogenic
molecules further amplify downstream signaling such as signal transducer and activator of
transcription 3 (STAT3) and mammalian target of rapamycin (mTOR), resulting in enhanced
proliferation, metastasis, and stemness. Thus, the combination of bevacizumab (an anti-EGFR
antibody) and chemotherapy has been trialed with the hope of improving overall survival (OS) of
patients with advanced-stage CRC [9]. Modified FOLFOX6 regimen that is a combination of I-
leucovorin (I-LV), 5-fluorouracil (5-FU), and Oxaliplatin (L-OHP) was approved for the first-line
treatment of metastatic colorectal cancer [10]. However, recent clinical evidence revealed that adding
the adjuvant bevacizumab to the FOLFOX6 chemo-regimen did not significantly improve the OS of
patients with stage II/III rectal cancer [11]. This finding suggests that additional players and/or
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signaling networks exist to promote the survival of CRC cells. Connected to this point, current
therapeutic regimens specifically target CRC cells but fail to suppress the generation of CAFs.

Previously, our group synthesized a series of tetracyclic heterocyclic azathioxanthones and
showed the potential cytotoxic potential of some of those candidates [12]. Herein, we evaluate one of
the candidates, named MSI-N1014, for its efficacy in suppressing CRC carcinogenesis, as well as the
potential for preventing the generation of CAFs. We first demonstrated that CRC cells co-cultured
with CAFs, showed increased 5-fluorouracil (5-FU) resistance, colony formation, and self-renewal
ability. This was accompanied by increased expressions of oncogenic markers such as mTOR, IL-6,
ATP-binding cassette super-family G member 2 (ABCG2), and TGF-f1 and stemness markers,
leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), and [-catenin. In return, CAF-
educated CRC cells promoted CAF transformation from normal fibroblasts. Analyses of public
databases demonstrated that higher expressions of EGFR, LGR5, and IL-6 in CRC patients were
associated with a significantly lower survival ratio and coincided with lower expression of miR-142-
3p, a suppressor of these oncogenic markers. Essentially, CRC tumor-spheres treated with MSI-N1014
showed significantly reduced expressions of LGR5, B-catenin, and ABCG2, and reduced resistance
against 5-FU, with an increased level of microRNA (miR)-142-3p, which targets both LGR5 and
ABCQG2. In addition, treatment with MSI-N1014 resulted in a decreased CAF-transforming ability in
both DLD1 and HCT116 cells, coincident with decreased secretion of IL-6 and VEGF by CRC cells
and reduced expression of a-SMA by CAFs. CAFs treated with MSI-N1014 showed reduced abilities
to promote the tumor-sphere formation, the EMT, and resistance against 5-FU via increased miR-142-
3p expression. Finally, we evaluated MSI-N1014's efficacy using a mouse xenograft model and
confirmed our in vitro observations. MSI-N1014 appeared to re-sensitize 5-FU-resistant CAF-
educated DLD1 cells and led to the lowest tumor burden followed by the MSI-N1014 group, while
the 5-FU and vehicle groups showed no significant difference.

In summary, we provided evidence that MSI-N1014 suppressed the major colon cancer stemness
markers, LGR5 and [3-catenin, and oncogenic signaling, such as mTOR and IL-6; it also prevented
cancer cell-mediated CAF transformation. Thus, MSI-N1014 should be further investigated for its
potential as a single or an adjuvant anticancer therapeutic agent for treating patients with chemo-
resistant CRC.

2. Results

2.1. CAFs Increased Oncogenic Properties of CRC Cells with Increased Association of EGFR

CAFs were implicated in the development and progression of CRC. Herein, we demonstrated
the tumor-promoting roles of CAFs, where we co-cultured DLD1 and HCT116 CRC cells with CAFs
(Insert, Figure 1A). First, we demonstrated that CAF-educated DLD1 and HCT116 cells are more
resistant against 5-FU (Figure 1A). For instance, under the influence of CAFs, the ICs value of 5-FU
of DLD1 cells was approximately 2-fold higher than its naive counterpart. Second, our flow
cytometric analysis showed that CAF educated DLD1 and HCT116 cells showed increased
percentages of the cluster of differentiation 44-positive (CD44) cell population (Figure 1B), and more
importantly, side-population (SP) cells (Figure 1C). These observations were accompanied by
increased colony-forming (Figure 1D), migratory (Figure 1E), and self-renewal abilities (Figure 1F),
compared to their naive counterparts.



Cancers 2020, 12, 1590 4 of 15

A B HCT116 C HCT116
coton cancer —
Gl T iz
00 150 N 65% — |5 8.8%
el - DLDY w . o8 .
T -m- DLDI*H e % " S .
=&~ HCT116 @ “afis @ #
48 k- sorF b P
vs 100 & HCT116 - E g 9’iﬂ
' '

B B TR T

g
i
=
-
cell viability (%)
3

+CAF
54

+CAF
E 3
&!

S S g8 BB DB B S E
5-FU(uM) ¥ e ¥ fms et

cDaa-FITC cDaa-FITC

DLD1

E HCT116

T

m

HCT116

DLD1

22\

parental

+CAF

8 parental

&
<
e
X
v
Eq
2
=
3
8

@

~

o

Figure 1. Cancer-associated fibroblasts (CAFs) increased the oncogenic properties of colon cancer
cells. (A) Insert illustrates the co-culture system of DLD1 and HCT116 colorectal cancer (CRC) cells
with Normal fibroblasts (NF) and CAFs. Cell viability assay showed increased 5-fluorouracil (5-FU)
resistance in CAF-educated DLD1 and HCT116 cells, compared to their naive counterparts. Flow
cytometric analysis of DLD1 and HCT116 cells co-cultured with CAFs. Increased CD44* cell
population (B) and side population (C) in both DLD1 and HCT116 cells, 48 h post CAF culture.
Enhanced colony-forming (D), migratory (E), and tumor sphere-generating (F) abilities in both CRC
cell lines post CAF co-culture. ** p <0.01, *** p < 0.001.

2.2. MSI-N1014 Treatment Suppressed CRC Tumorigenesis

Next, we evaluated the potential therapeutic effects of MSI-N1014 in wvitro. First, we
demonstrated that the addition of MSI-N1014 (15 uM, 48 h) overcame 5-FU resistance in CAF-
educated DLD1 and HCT116 cells (insert, Figure 2A). The presence of MSI-N1014 significantly
reduced the migratory (Figure 2B), colony-forming (Figure 2C), and tumor-sphere forming abilities
(Figure 2D). These phenomena were accompanied by marked reductions in expressions of
oncogenic/stemness markers such as LGR5, B-catenin, EGFR, and mTOR, as well as the IL-6
inflammatory marker (Figure 2E). More importantly, we found that MSI-N1014 and 5-FU
synergistically (CI < 1) reduced the viability of DLD1 and HCT116 cells (Figure 2F).
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Figure 2. MSI-N1014 exerted anti-colorectal cancer (CRC) properties. (A) The insert depicts the
experimental design where MSI-N1014 effect on cancer-associated fibroblast (CAF) CRC-cells were
analyzed. MSI-N1014 dose-dependently reduced the cell viability of CAF-educated DLD1 and
HCT116 cells. Reduced migratory (B), colony-forming (C), and tumor sphere-formation abilities (D)
in both DLD1 and HCT116 cells post MSI-N1014 treatment. (E) Western blot analysis revealed
reduced levels of mammalian target of rapamycin (mTOR), epidermal growth factor receptor (EGFR),
interleukin (IL)-6, leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), and p-catenin
in MSI-1014-treated cells compared to their control counterparts. (F) Isobologram analysis showing
the synergistic effects of MSN-1014 and 5-fluorouracil (5-FU) were achieved in different concentration
combinations in both DLD1 and HCT116 cells. Numbers in red indicate the relative expression ratio.
**p <0.01, ** p <0.001.

2.3. MSI-N1014 Treatments Lowered CRC’s Ability to Generate CAFs

CAFs represent one of the major culprits within the TME that facilitates the progression of colon
cancer [13]. Herein, we examined whether MSI-N1014 treatment could prevent CAF transformation.
We showed that MSI-N1014 treatment of DLD1 and HCT116 cells resulted in a significantly lower
ability to transform normal fibroblasts into CAFs, compared to the untreated counterparts (Figure
3A). The resultant CAFs from the MSI-N1014 group showed markedly reduced expression of a-SMA.
In addition, MSI-N1014 treatment resulted in significantly reduced release of IL-6 and VEGF by CAFs
(Figure 3B). More importantly, MSI-N1014-treated CRCs cells also showed a significantly lower
wound-healing ability, i.e., less migration (time-lapsed video of wound healing captured shown in
Supplementary Video 1) (Figure 3C) and significantly lower ability to generate tumor-spheres (Figure
3D) as compared to their control counterparts. Protein analysis by Western blotting supported these
observations as there were increased expressions of the oncogenic markers, EGFR and mTOR, and
stemness markers, LGR5 and B-catenin, as well as increased expressions of ABCG2 and the IL-6
inflammatory cytokine on CRC cells. However, after MSI-N1014 treatment, it reduces the expression
of the markers, as mentioned earlier (Figure 3E), suggesting that MSI-N1014 effectively targets CRC
cells and tumor-spheres.
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Figure 3. MSI-N1014 treatment prevented cancer-associated fibroblast (CAF) transformation. (A)
Representative immunofluorescence images of CAFs transformed by MSI-1014-treated DLD1 and
HCT116 cells. Reduced expression of alpha-smooth muscle actin (x-SMA) was observed. (B) ELISAs
showed reductions in interleukin (IL)-6, and vascular endothelial growth factor (VEGF) released by
CAFs generated by co-culturing with MSI-N1014-treated DLD1 and HCT116 cells. MSN-N1014-
treated CRC cells showed reduced migratory (C) and tumor sphere-generating abilities (D). (E)
Western blot analysis showing that there were increased expressions of epidermal growth factor
receptor (EGFR), mammalian target of rapamycin (mTOR) (oncogenic markers), leucine-rich repeat-
containing G-protein coupled receptor 5 (LGR5), and {-catenin (stemness markers), and increased
ATP-binding cassette super-family G member 2 (ABCG2) expressions and IL-6 (an inflammatory
marker) in CRC and tumor-sphere cells. However, after MSI-N1014 treatment, these markers were
significantly suppressed. Numbers in red indicate the relative expression ratio. * p < 0.05, ** p < 0.01,
*** p <0.001.

2.4. MSI-N1014’s anti-CRC Function was Associated with the Induction of miR-142-3p and Reductions of
its Oncogenic Targets

Non-coding RNA molecules have gained much traction recently in the field of oncology,
especially miRs [14]. In a small panel of miRs implicated in cancer biology, we found that the miR-
142-3p level was significantly induced after MSI-N1014 treatment in both DLD1 and HCT116 cells
(Figure 4A). A small database analysis [15] revealed that miR-142-3p was present in significantly
lower amounts in the plasma of patients with CRC (n = 61) compared to their normal counterparts (n
= 24) (Figure 4B). Subsequently, The Cancer Genome Atlas (TCGA) database search indicated that
elevated miR-142-3p in patients with CRC was correlated with a better survival ratio (Figure 4C). We
then searched for its targets and identified several key oncogenic markers including LGR5, 3-catenin,
ABCG2, and IL-6, as evidenced by their binding of 3’ untranslated region (UTR) sites to miR-142-3p
(Figure 4D). In addition, a lower survival ratio was strongly associated with a higher expression of
LRG5 in patients with metastatic colon cancer [16] and IL-6 in recurrent colon cancer [17].
Consistently, LGR5 and IL-6 were molecular targets of miR-142-3p, as demonstrated by Western blots
of HCT116 and DLD1 cells respectively transfected with miR-142-3p mimic and inhibitor molecules.
Exogenous miR-142-3p mimic molecules led to decreased expressions of the predicted targets,
namely, LGR5, B-catenin, IL-6, and mTOR in both DLD1 and HCT116 cells (Figure 4E); contrary
observations were made when cells were transfected with a miR-142-3p inhibitor (Figure 4E). We
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also performed an SP assay, where the addition of miR142-3p mimic molecules led to a markedly
reduced percentage of SP cells, while the reverse was true in the case of the miR-142-3p inhibitor
(Figure 4F). Notably, treatment with MSI-N1014 resulted in a similar SP-suppressive effect as that of
miR-142-3p mimic molecules (Figure 4F).
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Figure 4. MSI-N1014 treatment induced the tumor suppressor, miR-142-3p. (A) Small-scale
microRNA (miR) screening for MSI-N1014-treated colorectal cancer (CRC) cells. Among different
miRs tested, the miR-142-3p level had significantly increased in both HCT116 and DLD1 cells after
MSI-N1014 treatment. (B) Tabulated plasma miR profiles between CRC and normal samples [13]. A
significantly reduced level of miR-142-3p in plasma collected from patients with CRC (n = 61),
compared to normal subjects (n = 24) was identified. (C) Kaplan-Meier survival curve of a TCGA
cohort suggested that a higher miR-142 was positively correlated (p =0.22) with a higher survival ratio
in patients with CRC. (D) Table listing potential targets of miR-142-3p. Leucine-rich repeat-containing
G-protein coupled receptor 5 (LGR5) was predicted and experimentally validated as a strong target
for miR-142-3p, while CTNNBI1 (p3-catenin), interleukin (IL)-6, and ATP-binding cassette super-family
G member 2 (ABCG2) were also predicated targets for miR-142-3p. (E) Western blot analysis
validating targets of miR-142-3p. Both DLD1 and HCT116 cells were transfected with miR-142-3p-
mimic and inhibitor molecules. Mimic transfected samples showed markedly reduced expressions of
LGRS5, (-catenin, ABCG2, mammalian target of rapamycin (mTOR), and IL-6, while the opposite
occurred in inhibitor-transfected samples. (F) Side-population (SP) flow cytometric assay. Percentages
of SP cells were prominently reduced in miR-142-3p-transfected DLD1 and HCT116 cells, while they
were increased in the inhibitor-transfected counterparts. Numbers in red indicate the relative
expression ratio. ** p <0.01, ** p <0.001.

2.5. MSI-N1014 Treatment Increased 5-FU Efficacy In Vivo

After establishing MSI-N1014 anti-CRC functions in vitro, we then evaluated its effects using a
xenograft mouse CAF-educated DLD1 tumor model. The tumor size over time clearly showed that
MSI-N1014 treatment alone resulted in significantly delayed tumorigenesis, while the vehicle and 5-
FU-alone groups showed no significant differences in tumor growth. Notably, MSN-1014 alone and
the combination of MSN-1014 and 5-FU led to the most significant delays in tumorigenesis (Figure
5A). The body weight (BW) over time curve also indicated that no treatment regimens caused
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obvious/acute systemic toxicity to the animals (Figure 5B). Using a Kaplan-Meier survival curve, we
verified that MSN-1014 alone or in combination with 5-FU conferred a significant survival advantage
in mice, compared to the 5-FU-alone or vehicle-treated groups (Figure 5C). Comparative Western
blots from tumor samples collected in all groups demonstrated reduced expressions of oncogenic
markers (EGFR and mTOR), stemness markers (LGR5 and (-catenin), and the ABCG2 transporter
and inflammatory cytokines (TGF-$1 and IL-6) (Figure 5D); while the qPCR analysis of plasma levels
of miR-142-3p showed the highest level in MSI-N1014+5-FU-treated pooled blood samples, followed
by MSI-N1014, 5-FU, and the vehicle control (Figure 5E).
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Figure 5. Efficacy evaluation of MSN-N1014 using a cancer-associated fibroblast (CAF)-educated
DLD1 xenograft mouse model. (A) Tumor size over time curve. The tumor growth delay was most
significant in the MSI-N1014+5-fluorouracil (5-FU) treatment group, followed by the MSI-N1014-only
group, while the 5-FU-only and vehicle control groups did not show a significant difference. The
insert shows representative photographs of tumor samples from each group. (B) Average body
weight over time curve. No significant differences were observed among the different groups. (C)
Kaplan-Meier survival curve. Mice receiving MSI-N1014 only and the combination MSI-N1014+5-FU
regimen showed the highest survival ratios, while 5-FU-only and vehicle mice showed the lowest
survival ratios. (D) Tumor sample Western blot analysis. Expressions of key molecules associated
with oncogenic (epidermal growth factor receptor (EGFR) and mammalian target of rapamycin
(mTOR)), stemness-associated (leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)
and B-catenin), drug resistance (ATP-binding cassette super-family G member 2 (ABCG2)), and
inflammatory cytokines (transforming growth factor (TGF)-1 and interleukin (IL)-6) were clearly
lower in samples from MSI-N1014+5-FU and MSI-N1014-treated tumors. (E) qPCR analyses of plasma
levels of miR-142-3p. Pooled blood samples from all four groups of mice were analyzed for miR-142-
3p plasma levels. The combination group showed the highest level followed by NSI-N1014 alone.
Numbers in red indicate the relative expression ratio. * p < 0.05; ** p <0.01; ** p < 0.001.

3. Discussion

TMESs have recently garnered increased attention in the development and progression of tumor
cells [18]. The presence of CAFs was identified in many cancer types, including colon cancer, and
they were indicated to contribute to the development of malignant properties such as distant
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metastasis and drug resistance [19,20]. Thus, it is no longer sufficient to target cancer cells when it
comes to developing therapeutics. Drugs that have the ability to suppress both tumor-promoting
signaling and CAF generation will definitely provide superior therapeutic effects compared to
traditional targeted therapeutic compounds.

The present study first provides strong evidence that CAFs promote colon tumorigenic
properties when co-cultured, establishing a drug screening platform. It was clear that CAF-educated
DLD1 and HCT116 cells were significantly more tumorigenic, as featured by the increased abilities
to resist 5-FU, form colonies, and tumor-spheres, and migrate; these increased tumorigenic properties
were associated with increased expressions of LGR5, 3-catenin, and mTOR signaling. In support,
previous studies indicated that increased LGR5 expression was identified in drug-resistant colon
cancer cells and was a key player in generating/maintaining colon cancer stem cells [21,22]. More
importantly, LGR5 was shown to potentiate Wnt/p-catenin, while TGF-p1 facilitates LGR5
expression, creating a cascading loop to initiate and amplify carcinogenesis [23-26]. Collectively, MSI-
N1014 ability to suppress multiple markers, including LGR5, $-catenin, mTOR, and IL-6, could be a
major factor in overcoming 5-FU resistance.

One of the major signaling routes involved in generating CAFs within the TME is TGF-31
secreted by tumor cells [20]. As demonstrated in our normal fibroblast (NF) and colon cancer cell co-
culture experiments, the addition of MSI-N1014 significantly reduced the ability of colon cancer cells
to transform NFs into CAFs in part by reducing TGF-1 and IL-6 expressions, both of which were
shown to facilitate CAF transformation [27]. Equally important, CAFs transformed under MSI-N1014
treatment resulted in a lower ability to promote tumor-sphere formation and 5-FU resistance, in part
by reducing their secretion of IL-6 and VEGF. It is well established that CAFs play a key role in
promoting metastasis via secreting a spectrum of proangiogenic and protumorigenic cytokines,
including IL-6 and VEGF [28-30]. Our observation that MSI-N1014 treatment led to reduced CAF
transformation and secretion of IL-6 and VEGF further provides support for the potential TME-
modulating and therapeutic functions of MSI-N1014.

We further examined the potential mechanistic explanations for MSI-N1014’s anti-CRC
functions. Through bioinformatics and in vitro validation, we found that one of the major tumor
suppressors, miR-142-3p, had significantly increased after MSI-N1014 treatment in both DLD1 and
HCT116 cells. Previous evidence showed that miR-142-3p functions to suppress both tumorigenesis
and the generation of cancer stem cells in triple-negative breast cancer [31,32], where overexpression
of miR-142-3p was shown to reduce breast cancer stem cell characteristics and was associated with
decreased expressions of CD44, CD133, ALDHI1, Bodl, and BRCA2, and lower mammosphere
formation while increasing sensitivity to radiation [31]. Another study showed that miR-142-3p
represented a key therapeutic target for uveal melanoma[33]. Clinically, it was reported that the
plasma level of miR-142-3p increased in patients with colon cancer after curative resection [34]. Our
findings in this study corroborated the tumor-suppressive roles of miR-142-3p, in that transfection of
CRC cells with miR-142-3p mimic molecules resulted in decreased expressions of LGR5, 3-catenin,
mTOR, and IL-6 as well as reduced SPs, as a surrogate of reduced ABCG2 expression. The reduction
in the SP could function in concert with decreased expressions of LGR5 and f3-catenin to re-sensitize
5-FU resistance in CRC cells.

Finally, using a CAF-educated DLD1 xenograft mouse model, we provide preclinical evidence
for MSI-N1014 as a potential therapeutic agent for colon cancer. MSI-N1014-only treatment
significantly delayed tumor growth compared to the vehicle and 5-FU-only groups. The combination
of MSI-N1014 and 5-FU provided the highest suppressive effect on tumor growth, echoing the
synergy demonstrated by our in vitro assays. The analysis of treatment-associated changes in body
weights (BWs) of mice showed that there was no apparent difference in the median BWs of mice
treated with MSI-N1014 alone or in combination with 5-FU during the entire duration of the
experiment. The decreased LGRS5, -catenin, mTOR, and IL-6 levels, and increased miR-142-3p level
in tumor samples collected from mice that received MSI-N1014, support our proposed anti-CRC
mechanism of action. Finally, we showed that a higher level of miR-142-3p was present in pooled
plasma samples from mice, which received MSI-N1014+5-FU and MSI-N1014-only treatments,
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compared to those of samples from the vehicle control and 5-FU-only groups. This observation is
consistent with a previous report in which the miR-142 plasma level was higher in patients who
received curative resection compared to their counterparts [34]. This provides support for the
therapeutic/prognostic roles of miR-142-3p in colon cancer. Additional miRs are being investigated
in our laboratory for their roles in colon tumorigenesis and response to post-MSI-N1014 treatment.

4. Materials and Methods

4.1. Cell Culture and Reagents

The DLD1 and HCT116 human colon cancer cell lines and normal fibroblasts (NFs, ATCC® PCS-
201-018) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and
were cultured according to the vendor’s recommended conditions. MSI-N1014 was synthesized as
described previously in a U.S. patent application [12] (H.S. Huang, D.S. Yu, T.C. Chen, Vol. US Patent
No. 8,927,717B1, US, Jan. 6, 2015). Fluorouracil (5-FU) was purchased from SelleckChem (Hsinchu,
Taiwan) (cat. no. S1209). Stock solutions of 5-FU and MSI-N1014 were dissolved in 10 mM dimethyl
sulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA) and kept at -20 °C. The stock solution was
further immediately diluted in the sterile medium at the required concentrations.

4.2. Colon Tumor Sphere-Formation Assay

The tumor sphere-formation assay was performed according to a previously described method
[35] with modifications. In short, colon cancer cells were seeded (2000 cells/well) in six-well ultra-low
attachment plates (Corning, Corning, NY, USA) in serum-free media consisting of Dulbecco's
modified Eagle medium (DMEM)/Ham’s F12 (1:1), human epidermal growth factor (hEGF, 20
ng/mL), basic fibroblast growth factor (bFGF; 10 ng/mL (PeproTech, Rocky Hill, NJ, USA), 2 pg/mL
0.2% heparin (Sigma, St. Louis, MO, USA), and 1% penicillin/streptomycin (P/S, 100 U/mL, Hyclone,
Logan, UT, USA). Cells were then allowed to aggregate and grow for at least 7 days. Cells
(diameter >50 um), characterized by compact, non-adherent spheroid-like masses, were considered a
tumor-sphere and counted with an inverted phase-contrast microscope.

4.3. Cell Viability Assay

The sulforhodamine B (SRB) assay established previously [36] was used to determine the efficacy
of MSI-N1014 and 5-FU. Briefly, colon cancer cells (8000 cells/well) were seeded in 96-well plates and
received different concentrations of MSI-N1014, 5-FU, or their combination for 48 h. Post-treatment,
cells were fixed with 10% trichloroacetic acid (TCA) for 1 h at 4 °C. Plates were then washed with
water and stained with 0.4% SRB (Sigma) in 1% acetic acid for 30 min at room temperature. Excess
stain was removed by washing with 1% acetic acid twice. Plates were then air-dried overnight at
room temperature, and the protein-bound stain was solubilized with a 20 mM Tris-base solution for
15 min on an orbital shaker. The absorbance was measured using a microplate reader at a wavelength
of 515 nm.

4.4. Co-culture and Enzyme-Linked Immunosorbent Assay (ELISA)

Human normal fibroblasts and colon cancer cells were co-cultured as follows. Colon cancer cells
(HCT116 and DLD-1) were seeded into the upper compartment of a Transwell insert (Corning) at a
density of 105 cells/mL, with Normal fibroblasts (NF) also at 10° cells/mL in the lower compartment.
The experiments were divided into control and MSI-N1014 treatment (4 pm, DLD-1; 3 pm HCT116),
and cells were cultured for 48 h. Subsequently, inserts containing cancer cells were removed.
Fibroblasts in the lower compartment were then washed (phosphate-buffered saline (PBS), three
times), and cultured in DMEM for an additional 24 h. The resultant fibroblasts (cancer-associated
fibroblasts, CAFs) were then subjected to further analyses. The culture medium was then collected
and measured using a VEGF ELISA Kit (R&D Systems, Minneapolis, MN, USA) and an IL-6 ELISA
Kit (R&D Systems). The assays were performed according to the vendors’ protocols. For examining
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CAF-induced tumorigenic properties in colon cancer cells, CAFs generated as described above and
parental DLD1 and HCT116 cells underwent similar co-culture conditions. After 48 h of co-culturing
with CAFs, CAF-educated HCT116 and DLD1 cells were harvested for further analyses (including
colony, tumor- sphere formation, migration, and drug resistance).

4.5. Immunofluorescence Imaging

In the immunofluorescence experiments, NFs and subsequently transformed CAFs were plated
in six-well chamber slides (Nunc™, Thermo Fisher Scientific, Waltham, MA, USA) for 24 h. An
immunofluorescence experiment was carried out using a previously established protocol according
to vendor’s instructions. Primary antibodies were added and incubated at room temperature for 1 h.
The primary antibody used was a-SMA (1:100, cat no. 48938; Cell Signaling Technologies). Matched
secondary antibodies were anti-mouse immunoglobulin G (IgG) (H+L), F(ab’)2 fragment (1:800,
AlexaFluor 488 conjugate, cat no. 4408; Cell Signaling Technologies, Taipei, Taiwan) and anti-rabbit
IgG (1:600, AlexaFluor 555 conjugated, cat no. 4413). Stained cells were mounted using Vectashield
mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) to counterstain the DNA. Cells were
imaged with a Zeiss Axiophot (Carl Zeiss) fluorescence microscope. Microphotographs were
captured using an AxioCam MRc digital video camera and analyzed using AxioVision Zeiss software
(Carl Zeiss, Oberkochen, Germany).

4.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot Analysis

Total protein lysates from CRC cells (parental, tumor-spheres, and from co-culture experiments)
were extracted after treatment in different experiments and were separated by SDS-PAGE using the
Mini-Protean III system (Bio-Rad, Taiwan) and transferred onto polyvinylidene difluoride
membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were incubated with
the primary antibody to react overnight at 4 °C. Details of the primary antibody and dilutions used
for these studies are listed in Table 1. Then membranes were incubated with the horseradish
peroxidase-labeled secondary antibody. Proteins of interest were detected and visualized using
enhanced chemiluminescence (ECL) detection kits (ECL Kits; Amersham Life Science, NJ, USA).
Images were captured and analyzed using the UVP BioDoc-It system (Upland, CA, USA). The
original western blots can be found in Figure S1.

Table 1. List of antibodies.

Target Dilution Company and Catalog No. Predicted MW (kDa)
GAPDH 1: 1000 Proteintech, IL6 Rabbit mAb, 10494-1-AP 36
[B-catenin 1:1000 Cell Signaling, f—Catenin (6B3) Rabbit mAb, #9582 92

mTOR 1:1000 Cell Signaling, mTOR (7C10) Rabbit mAb, #2983 289

LRG-5 1:1000 Epitomics , LRG5, Rabbit mAb, #2495-1 99.9

IL-6 1:500 Proteintech, IL6 Rabbit mAb, 21865-1-AP 24

EGFR 1:1000 Proteintech, EGFR Rabbit mAb, 18986-1-AP 165-145
ABCG2 1:2000 Proteintech, ABCG2 Rabbit mAb, 10051-1-AP 60-70
TGF-B1 1:1000 Proteintech, TGF-31 Rabbit mAb, 18978-1-AP 25

4.7. Transient microRNA (miRNA) Transfection

The miScript miR-142-3p mimic, inhibitor, and negative mimic were purchased from (Qiagen,
New Taipei City, Taiwan). DLD1 and HCT116 cells were seeded at 3x105 cells/well in six-well plates
and transfected using Invitrogen® Lipofectamine™ 2000 (cat. no. 11668019, Thermo Fisher Scientific.,
Carlsbad, CA, USA) according to the manufacturer’s protocol. After transfection, cells were harvested
and further analyzed.

4.8. Drug Combination Index (CI) Evaluation

A quantitative measure of drug combination effects (MSI-N1014 and 5-FU), Chou-Talalay’s CI,
was determined from experimental dose-response results [37]. Experimental data were processed
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and analyzed using CompuSyn, open-source software. Isobolograms for both DLD-1 and HCT-116
cells after treatment with different concentrations of 5-FU and MSI-N1014 were generated. CI < 1
indicates synergy; CI > 1 indicates antagonism, and CI =1 indicates additivity.

4.9. RNA Isolation and Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated and purified using TRIzol-based protocol (Life Technologies) according
to the protocol provided by the manufacturer. The RNA concentration and purity were determined
with a NanoDrop 1000 spectrophotometer (Nyxor Biotech, Paris, France). One microgram of total
RNA was reverse-transcribed using a Qiagen OneStep RT-PCR Kit (Qiagen), and the PCR was
performed using a Rotor-Gene SYBR Green PCR Kit (400, Qiagen, Taipei, Taiwan). Details of gPCR
primers used for this study are listed in Supplementary Table 1.

4.10. Wound-Healing Migration Assay

DLD1 and HCT 116 cells were resuspended in complete medium, plated in individual culture-
inserts (ibdi, Munich, Germany), appropriated for a 2D migration assay, and maintained at 37 °C in
a 5% CO: atmosphere until confluence. These culture inserts were composed of two chambers
separated by a biocompatible silicone material, which after removal allowed cells from each edge to
migrate towards the center of the gap. After the barrier was removed, confluent cancer cell
monolayers were washed with PBS to remove non-adherent cells, and treated with MSI-N1014.
Treated and untreated cells were maintained at 37 °C in a 5% CO2 atmosphere for 24 h. Cell migration
was evaluated every 2 h with the BioTek Lionheart FX automated cell imaging system to capture and
monitor wound closure with a phase-contrast microscope [38].

4.11. Colony-Formation Assay

The colony-forming assay was performed according to a protocol described by Franken et al.
[39]. Briefly, 300 colon cancer cells were seeded in six-well plates (Corning) and treated with MSI-
N1014 (at the equivalent of the ICw value 8-10 pM). After 7 days of incubation, the medium was
removed, and cell colonies were fixed and stained with a crystal violet solution (0.1% crystal violet,
1% methanol, and 1% formaldehyde). Stained cells were washed with water and air-dried at room
temperature. The number of colonies was quantified using a Cell3iMager neo scanner, and the
percentage of drug-treated colonies relative to control colonies was calculated.

4.12. Flow Cytometry

Colon cancer cells (DLD1 and HCT116) were used to analyze the expression of CD44*. Briefly,
10,000 live cells were incubated with an anti-CD44 antibody (cat no. ab6124; dilution, 1:100; Abcam)
at 37 °C for 30 min. After washing with PBS, cells were incubated with FITC-labeled goat anti-mouse
IgG (cat no. F0257; dilution, 1:100; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37 °C for
30 min. After washing three times with PBS, the fluorescence intensity was detected with a BD
Accuri™ C6 Flow Cytometer with BD Accuri C6 software vers. 1.0.264.21 (BD Bioscience, San Diego,
CA, USA). An SP analysis was performed according to a previously established method [40]. In short,
SPs of HCT116 and DLD-1 cells (with different treatments) were determined using a FACSAria™ III
sorter (BD Biosciences, Taipei, Taiwan). Verapamil (at a final concentration of 100 uM) and an ABCG2
blocker (which served as a control) were added to cell suspensions 15 min prior to incubation with
Hoechst. SP cells, which expressed the ATP-binding cassette, ABCG2, and Hoechst 33342 efflux
activity, were identified and determined to be SP cells.

4.13. In Vivo Evaluation of MSI-N1014

Immune-compromised NOD/SCID mice (6 weeks of age, females) were purchased from
BioLASCO (Taipei, Taiwan). Animal experiments were conducted in strict compliance with the
Institutional Animal Care and Use of Committee or Panel (IACUC/IACUP), Taipei Medical
University (approval no.: LAC-2017-0161) protocol. First, the CAF-educated DLD1 cells and tumor-
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spheres (generated under serum-deprived conditions, 10¢ cells/injection) were subcutaneously (s.c.)
injected into the right flank of a mouse. Treatment was commenced when the tumor became palpable.
Tumor-bearing mice were randomly divided into four different groups, 5 mice in each group: vehicle
control, MSI-N1014-only (MSI-N1014, 10 mg/kg, five times/week), 5-FU only (5-FU, 10 mg/kg, three
times a week), and the combination of MSI-N1014 (10 mg/kg, five times/week) and 5-FU (10 mg/kg
three times/week); both agents were given intraperitoneally (i.p.). Change in tumor size (fold change)
as indicated on the Y-axis = tumor size mm3 week x/ tumor size mm? week 1), where x denotes the number
of weeks post week one. Changes in body weight (BW) and survival were monitored on a weekly
basis. After the experiment, mice were humanely sacrificed by cervical dislocation, and tumor
samples were resected for further analyses.

4.14. Statistical Analysis

Three independent replicates were conducted in all experiments. Student's ¢-test was used to
evaluate the statistical significance. The Kaplan-Meier method was used for the survival analysis in
the animal experiment. A p-value of <0.05 was considered statistically significant.

5. Conclusion

In summary, we provide preclinical evidence to support the therapeutic functions of MSI-N1014.
MSI-N1014 was shown to function in suppressing the colon cancer stemness markers, LGR5, and f3-
catenin, while also preventing the transformation of CAFs. In part, MSI-N1014-mediated antitumor
effects acted through the induction of the miR-142-3p tumor suppressor. Further investigation is
warranted for developing MSN-N1014 as a therapeutic agent.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6694/12/6/1590/s1, Table
S1: Primer sequences of microRNA; and Supplementary video S1: Wound healing assay

Author contributions: Conceptualization, Y.H., H-S.H.,, ATH.W., and V.K.Y.; data curation, V.K.Y.; formal
analysis, Y.H., V.K.Y., and T.A.G.; funding acquisition, Y.H. and H-S.H.; investigation, V.K.Y.,, ATHW., and
Y.H.; methodology, C-L.H., Y.H., and V.K\Y.; project administration, A. T.H.W., T-H.C., and P.W_; resources, H-
S.H.; PW., and Y.H, supervision, ATHW., T-H.C.,, H-S.H., and P.W.; validation, A THW. and H-SH.;
visualization, V.K.Y., T.A.G., M.R.S,, C-L.H., and P.W.; writing-original draft, V.K.Y. and A.T.H.W.; writing—
review and editing, V.K.Y. and A.T.H.W. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was funded by the Ministry of Science and Technology [MOST108-2113-M-038-006] to Hsu-
Shan Huang and MOST 108-2314-B-038-013 to Yan-Jiun Huang.

Conflicts of Interest: The authors declare no conflicts of interest.

References

Boyle, P.; Langman, J.S. ABC of colorectal cancer: Epidemiology. Bm;j 2000, 321, 805-808.

2. Yamaguchi, H.; Sakai, R. Direct Interaction between Carcinoma Cells and Cancer Associated Fibroblasts
for the Regulation of Cancer Invasion. Cancers 2015, 7, 2054-2062.

3. Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582-598.

4. Huynh, P.T.; Beswick, E.J.; Coronado, Y.A.; Johnson, P.; O'Connell, M.R.; Watts, T.; Singh, P.; Qiu, S.;
Morris, K.; Powell, D.W.; Pinchuk, I.V. CD90(+) stromal cells are the major source of IL-6, which supports
cancer stem-like cells and inflammation in colorectal cancer. Int. ]. Cancer 2016, 138, 1971-1981.

5. Che, M.I; Huang, J.; Hung, J.S.; Lin, Y.C,; Huang, M.].; Lai, H.S.; Hsu, W.M,; Liang, ].T.; Huang, M.C. Betal,
4-N-acetylgalactosaminyltransferase III modulates cancer stemness through EGFR signaling pathway in
colon cancer cells. Oncotarget 2014, 5, 3673-3684.

6.  Chen, M,; Sharma, A,; Lin, Y.; Wu, Y.; He, Q.; Gu, Y.; Xu, Z.P.; Monteiro, M.; Gu, W. Insluin and epithelial
growth factor (EGF) promote programmed death ligand 1(PD-L1) production and transport in colon cancer
stem cells. BMC Cancer 2019, 19, 153.



Cancers 2020, 12, 1590 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kim, Y.H.; Kim, G.; Kwon, C.I; Kim, ] W,; Park, P.W.; Hahm, K.B. TWIST1 and SNAI1 as markers of poor
prognosis in human colorectal cancer are associated with the expression of ALDH1 and TGF-betal. Oncol.
Rep. 2014, 31, 1380-1388.

Lievre, A, Blons, H.; Laurent-Puig, P. Oncogenic mutations as predictive factors in colorectal cancer.
Oncogene 2010, 29, 3033-3043.

Botrel, T.E.A.; Clark, L.G.O.; Paladini, L.; Clark, O.A.C. Efficacy and safety of bevacizumab plus
chemotherapy compared to chemotherapy alone in previously untreated advanced or metastatic colorectal
cancer: A systematic review and meta-analysis. BMC Cancer 2016, 16, 677.

Hecht, J.R.; Mitchell, E.P.; Yoshino, T.; Welslau, M.; Lin, X.; Chow Maneval, E.; Paolini, J.; Lechuga, M.].;
Kretzschmar, A. 5-Fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) plus sunitinib or bevacizumab
as first-line treatment for metastatic colorectal cancer: A randomized Phase IIb study. Cancer Manag. Res.
2015, 7, 165-173.

Chakravarthy, A.B.; Zhao, F.; Meropol, N.J.; Flynn, P.].; Wagner, L.L; Sloan, ].; Diasio, R.B.; Mitchell, E.P.;
Catalano, P.; Giantonio, B.J.; Catalano, R.B.; Haller, D.G.; Awan, R.A ; et al. Intergroup Randomized Phase
III Study of Postoperative Oxaliplatin, 5-Fluorouracil, and Leucovorin Versus Oxaliplatin, 5-Fluorouracil,
Leucovorin, and Bevacizumab for Patients with Stage II or III Rectal Cancer Receiving Preoperative
Chemoradiation: A Trial of the ECOG-ACRIN Research Group (E5204). Oncologist 2020, 25, e798—-e807.
Chen, T.C.; Wu, C.L,; Lee, C.C.; Chen, C.L,; Yu, D.S.; Huang, H.S. Structure-based hybridization, synthesis
and biological evaluation of novel tetracyclic heterocyclic azathioxanthone analogues as potential
antitumor agents. Eur. |. Med. Chem. 2015, 103, 615-627.

Karagiannis, G.S.; Poutahidis, T.; Erdman, S.E.; Kirsch, R.; Riddell, R.H.; Diamandis, E.P. Cancer-associated
fibroblasts drive the progression of metastasis through both paracrine and mechanical pressure on cancer
tissue. Mol. Cancer Res. 2012, 10, 1403-1418.

Strubberg, A.M.; Madison, B.B. MicroRNAs in the etiology of colorectal cancer: Pathways and clinical
implications. Dis. Model. Mech. 2017, 10, 197-214.

Ghanbari, R.; Mosakhani, N.; Asadi, J.; Nouraee, N.; Mowla, S.J.; Yazdani, Y.; Mohamadkhani, A.; Poustchi,
H.; Knuutila, S.; Malekzadeh, R. Downregulation of Plasma MiR-142-3p and MiR-26a-5p in Patients With
Colorectal Carcinoma. Iran |. Cancer Prev. 2015, 8, €2329.

Smith, ].J.; Deane, N.G.; Wu, F.; Merchant, N.B.; Zhang, B.; Jiang, A.; Lu, P.; Johnson, J.C.; Schmidt, C.;
Bailey, C.E.; Eschrich, S.; Kis, C.; Levy, S.; et al. Experimentally derived metastasis gene expression profile
predicts recurrence and death in patients with colon cancer. Gastroenterology 2010, 138, 958-968.

Freeman, T.]J.; Smith, J.].; Chen, X.; Washington, M.K,; Roland, J.T.; Means, A.L.; Eschrich, S.A.; Yeatman,
T.J.; Deane, N.G.; Beauchamp, R.D. Smad4-mediated signaling inhibits intestinal neoplasia by inhibiting
expression of beta-catenin. Gastroenterology 2012, 142, 562-571.e2.

Koliaraki, V.; Pallangyo, C.K.; Greten, F.R.; Kollias, G. Mesenchymal Cells in Colon Cancer. Gastroenterology
2017, 152, 964-979.

Goncalves-Ribeiro, S.; Diaz-Maroto, N.G.; Berdiel-Acer, M.; Soriano, A.; Guardiola, ]., Martinez-
Villacampa, M.; Salazar, R.; Capella, G.; Villanueva, A.; Martinez-Balibrea, E.; Mollevi, D.G. Carcinoma-
associated fibroblasts affect sensitivity to oxaliplatin and 5FU in colorectal cancer cells. Oncotarget 2016, 7,
59766-59780.

Sandberg, T.P.; Stuart, M.; Oosting, J.; Tollenaar, R.; Sier, C.F.M.; Mesker, W.E. Increased expression of
cancer-associated fibroblast markers at the invasive front and its association with tumor-stroma ratio in
colorectal cancer. BMC Cancer 2019, 19, 284.

Osawa, H.; Takahashi, H.; Nishimura, J.; Ohta, K.; Haraguchi, N.; Hata, T.; Yamamoto, H.; Mizushima, T.;
Takemasa, I.; Doki, Y.; Mori, M. Full-length LGR5-positive cells have chemoresistant characteristics in
colorectal cancer. Br. J. Cancer 2016, 114, 1251-1260.

Qureshi-Baig, K.; Ullmann, P.; Rodriguez, F.; Frasquilho, S.; Nazarov, P.V.; Haan, S.; Letellier, E. What Do
We Learn from Spheroid Culture Systems? Insights from Tumorspheres Derived from Primary Colon
Cancer Tissue. PLoS ONE 2016, 11, e0146052.

Glinka, A.; Dolde, C.; Kirsch, N.; Huang, Y.L.; Kazanskaya, O.; Ingelfinger, D.; Boutros, M.; Cruciat, C.M.;
Niehrs, C. LGR4 and LGR5 are R-spondin receptors mediating Wnt/beta-catenin and Wnt/PCP signalling.
EMBO Rep. 2011, 12, 1055-1061.



Cancers 2020, 12, 1590 15 of 15

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

de Lau, W.; Barker, N.; Low, T.Y.; Koo, B.K,; Li, V.S,; Teunissen, H.; Kujala, P.; Haegebarth, A_; Peters, P.J.;
van de Wetering, M.; Stange, D.E.; van Es, J.E.; Guardavaccaro, D.; et al. Lgr5 homologues associate with
Wnt receptors and mediate R-spondin signalling. Nature 2011, 476, 293-297.

de Lau, W.; Peng, W.C,; Gros, P.; Clevers, H. The R-spondin/Lgr5/Rnf43 module: Regulator of Wnt signal
strength. Genes Dev. 2014, 28, 305-316.

Liu, X.S.; Lin, X.K;; Mei, Y.; Ahmad, S.; Yan, C.X; Jin, H.L.; Yu, H.; Chen, C,; Lin, C.Z,; Yu, J.R. Regulatory
T Cells Promote Overexpression of Lgr5 on Gastric Cancer Cells via TGF-betal and Confer Poor Prognosis
in Gastric Cancer. Front. Immunol. 2019, 10, 1741.

Shi, J.; Feng, J.; Xie, J.; Mei, Z.; Shi, T.; Wang, S.; Du, Y.; Yang, G.; Wu, Y.; Cheng, X,; Li, S.; Zhu, L.; Yang,
C.S,; et al. Targeted blockade of TGF-beta and IL-6/JAK2/STAT3 pathways inhibits lung cancer growth
promoted by bone marrow-derived myofibroblasts. Sci. Rep. 2017, 7, 8660.

Bu, L.; Baba, H.; Yoshida, N.; Miyake, K.; Yasuda, T.; Uchihara, T.; Tan, P.; Ishimoto, T. Biological
heterogeneity and versatility of cancer-associated fibroblasts in the tumor microenvironment. Oncogene
2019, 38, 4887-4901.

Goulet, C.R.; Champagne, A.; Bernard, G.; Vandal, D.; Chabaud, S.; Pouliot, F.; Bolduc, S. Cancer-associated
fibroblasts induce epithelial-mesenchymal transition of bladder cancer cells through paracrine IL-6
signalling. BMC Cancer 2019, 19, 137.

Ando, N.; Hara, M,; Shiga, K.; Yanagita, T.; Takasu, K.; Nakai, N.; Maeda, Y.; Hirokawa, T.; Takahashi, H.;
Ishiguro, H.; Matsuo, Y.; Takiguchi, S. Eicosapentaenoic acid suppresses angiogenesis via reducing
secretion of IL6 and VEGF from colon cancerassociated fibroblasts. Oncol. Rep. 2019, 42, 339-349.

Troschel, F.M.; Bohly, N.; Borrmann, K,; Braun, T.; Schwickert, A.; Kiesel, L.; Eich, H.T.; Gotte, M.; Greve,
B. miR-142-3p attenuates breast cancer stem cell characteristics and decreases radioresistance in vitro.
Tumour. Biol. 2018, 40, 1010428318791887.

Xu, T.; He, B.S,; Pan, B.; Pan, Y.Q.; Sun, H.L.; Liu, X.X.; Xu, X.N.; Chen, X.X,; Zeng, K.X.; Xu, M.; Wang, S.K.
MiR-142-3p functions as a tumor suppressor by targeting RAC1/PAK1 pathway in breast cancer. |. Cell.
Physiol. 2020, 235, 4928-4940.

Peng, D.; Dong, J.; Zhao, Y.; Peng, X.; Tang, J.; Chen, X.; Wang, L.; Hu, D.N.; Reinach, P.S.; Qu, J.; Yan, D.
miR-142-3p suppresses uveal melanoma by targeting CDC25C, TGFBR1, GNAQ, WASL, and RAC1. Cancer
Manag. Res. 2019, 11, 4729-4742.

Gao, W.; Pang, D.; Yu, S. Serum level of miR-142-3p predicts prognostic outcome for colorectal cancer
following curative resection. J. Int. Med. Res. 2019, 47, 2116-2125.

Dotse, E.; Bian, Y. Isolation of colorectal cancer stem-like cells. Cytotechnology 2016, 68, 609-619.

Vichai, V.; Kirtikara, K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat. Protoc. 2006,
1,1112-1116.

Chou, T.-C. Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method.
Cancer Res. 2010, 70, 440-446.

Larson, L.R.a.B. Performance of a Label-Free Image-Based 2D Scratch Wound Healing Assay to monitor Cell
Migration and its  Inhibition. Availabe online: https://www.biotek.com/resources/application-
notes/performance-of-a-label-free-image-based-2d-scratch-wound-healing-assay-to-monitor-cell-
migration-and-its-inhibition/ (accessed on May 5, 2020).

Franken, N.A.; Rodermond, H.M; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat.
Protoc. 2006, 1, 2315-2319.

Yeh, C.T.; Wu, A.T.; Chang, P.M.; Chen, K.Y.; Yang, C.N.; Yang, S.C.; Ho, C.C; Chen, C.C.; Kuo, Y.L Lee,
P.Y,; et al. Trifluoperazine, an antipsychotic agent, inhibits cancer stem cell growth and overcomes drug
resistance of lung cancer. Am. J. Respir. Crit. Care Med. 2012, 186, 1180-1188.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Results
	2.1. CAFs Increased Oncogenic Properties of CRC Cells with Increased Association of EGFR
	2.2. MSI-N1014 Treatment Suppressed CRC Tumorigenesis
	2.3. MSI-N1014 Treatments Lowered CRC’s Ability to Generate CAFs
	2.4. MSI-N1014’s anti-CRC Function was Associated with the Induction of miR-142-3p and Reductions of its Oncogenic Targets
	2.5. MSI-N1014 Treatment Increased 5-FU Efficacy In Vivo

	3. Discussion
	4. Materials and Methods
	4.1. Cell Culture and Reagents
	4.2. Colon Tumor Sphere-Formation Assay
	4.3. Cell Viability Assay
	4.4. Co-culture and Enzyme-Linked Immunosorbent Assay (ELISA)
	4.5. Immunofluorescence Imaging
	4.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot Analysis
	4.7. Transient microRNA (miRNA) Transfection
	4.8. Drug Combination Index (CI) Evaluation
	4.9. RNA Isolation and Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
	4.10. Wound-Healing Migration Assay
	4.11. Colony-Formation Assay
	4.12. Flow Cytometry
	4.13. In Vivo Evaluation of MSI-N1014
	4.14. Statistical Analysis

	5. Conclusion
	References

