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Epithelial-to-mesenchymal transition (EMT) has been closely
linked with therapy resistance and cancer stem cells (CSCs).
However, EMT pathways have proven challenging to therapeu-
tically target. MicroRNA 145 (miR-145) targets multiple stem
cell transcription factors and its expression is inversely corre-
lated with EMT. Therefore, we hypothesized that miR-145 rep-
resents a therapeutic target to reverse snail family transcrip-
tional repressor 1 (SNAI1)-mediated stemness and radiation
resistance (RT). Stable expression of SNAI1 in DLD1 and
HCT116 cells (DLD1-SNAI1; HCT116-SNAI1) increased
expression of Nanog and decreased miR-145 expression
compared to control cells. Using a miR-145 luciferase reporter
assay, we determined that ectopic SNAI1 expression signifi-
cantly repressed the miR-145 promoter. DLD1-SNAI1 and
HCT116-SNAI1 cells demonstrated decreased RT sensitivity
and, conversely, miR-145 replacement significantly enhanced
RT sensitivity. Of the five parental colon cancer cell lines,
SW620 cells demonstrated relatively high endogenous SNAI1
and low miR-145 levels. In the SW620 cells, miR-145 replace-
ment decreased CSC-related transcription factor expression,
spheroid formation, and radiation resistance. In rectal
cancer patient-derived xenografts, CSC identified by EpCAM+/
aldehyde dehydrogenase (ALDH)+ demonstrated high expres-
sion of SNAI1, c-Myc, and Nanog compared with non-
CSCs (EpCAM+/ALDH�). Conversely, patient-derived CSCs
demonstrated low miR-145 expression levels relative to non-
CSCs. These results suggest that the SNAI1:miR-145 pathway
represents a novel therapeutic target in colorectal cancer to
overcome RT resistance.
Received 28 August 2017; accepted 24 December 2017;
https://doi.org/10.1016/j.ymthe.2017.12.023.

Correspondence: Yun Zhu, PhD, Postdoctoral Fellow, Department of Surgery,
Medical University of South Carolina, Charleston, SC 29425, USA.
E-mail: zhuyun@musc.edu
Correspondence: E. Ramsay Camp, MD, Associate Professor, Department of
Surgery, Medical University of South Carolina, 25 Courtenay Drive, Room 7018,
MSC 295, Charleston, SC 29425, USA.
E-mail: campe@musc.edu
INTRODUCTION
Colorectal cancer is the third most prevalent cancer and the second
highest cause of cancer-related deaths in the United States.1 Rectal
cancer, a subset of colorectal cancer, is located in the pelvis within
12 cm from the anus. Patients with rectal cancer with either a mus-
cle-invasive primary tumor (American Joint Committee on Cancer
[AJCC] stage 2) or involved lymph nodes (AJCC stage 3) are partic-
ularly challenging, with high rates of disease recurrence. Nearly
13 years ago, the landmark randomized German Rectal Cancer Trial
(CAO/ARO/AIO-94) showed that rectal cancer patients treated with
neoadjuvant 5-fluorouracil (5FU) chemoradiation (5FU/RT) had
744 Molecular Therapy Vol. 26 No 3 March 2018 ª 2018 The American
fewer treatment-associated complications and less local disease recur-
rence compared with patients receiving surgery followed by 5-FU/
RT.2 This regimen remains the current standard of care today.
Although additional agents have shown promise in colorectal cancer
cell lines in vitro and in vivo, therapies combining these agents with
5FU/RT have significantly increased toxicity in patients, without
improvement in clinical response.3–6 The lack of recent advances in
rectal cancer therapy highlights the critical need for precision medi-
cine strategies and novel therapy targets to improve outcomes.

Studies in a variety of cancer types have shown that cancer stem cells
(CSCs) are enriched following both chemotherapy and radiation, sup-
porting the concept that CSCs are resistant to conventional therapies,
including radiotherapy.7–9 The existence of CSCs offers a potential
explanation for cancer treatment failure and suggests that CSCs
should be targeted to enhance conventional therapies. In epithelial
tumors such as colorectal cancer, CSC phenotype and epithelial-
mesenchymal transition (EMT) program cooperate to impact tumor
progression, metastasis, and therapeutic resistance. Growing evidence
supports that cancer cells enter the EMT process and gain CSC
pluripotency simultaneously. The enriched CSC population
induced by EMT events leads to a therapeutic resistant pheno-
type.10–12 The zinc finger molecule snail family transcriptional
repressor 1 (SNAI1, alternatively referred as Snail) is a transcriptional
factor that plays a critical role in driving the EMT program.11 How-
ever, the impact of EMT and CSC-related molecular alteration on
radiotherapy sensitivity in colorectal cancer is largely unexplored.

MicroRNAs (miRNAs) are small non-coding RNAs, with a
distinct capacity to regulate multiple gene expressions simulta-
neously. For example, microRNA 145 (miR-145) has demonstrated
tumor suppressor properties in various cancers, including colorectal
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Table 1. EMT Transcription Factor Expression in Rectal Cancer Specimens

TF
Gaedcke
65 Patients

TCGA1

60 Patients
Kurashina
37 Patients

TCGA2

90 Patients

SNAI1 4.461 3.214 1.369 1.550

SNAI2 �1.005 �1.477 1.110 1.16

ZEB1 1.110 �1.340 1.045 �1.006

ZEB2 �1.082 �1.168 �1.007 1.011
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cancer.13–15 miR-145 represses mediators of EMT, such as insulin-
like growth factor 1 receptor (IGF1R), fascin-1, and paxillin, to sup-
press cell proliferation and metastasis in colorectal cancer.16–18

Importantly, miR-145 is also an essential component of the p53 reg-
ulatory network.19 p53 is a critical repressor of c-myc mediated
through miR-145 induction. Besides the role in cancer, miR-145 is
a master regulator of differentiation in human embryonic stem cells
as a central repressor of transcription factors OCT4, SOX2, and
KLF4, which critically maintain the stemness.20 Therefore, we hy-
pothesize that a reciprocal relationship exists between miR-145 and
EMT that influences the CSC phenotype and radiation response in
colorectal cancer. We further postulate that a SNAI1:miR-145
signaling axis facilitates the CSC phenotype mediated by stem cell
self-renewal mediators, such as Nanog and c-Myc.21–23

RESULTS
SNAI1 Level Is Consistently Elevated in Rectal Cancer Tissue

Samples

Oncomine databases were reviewed to determine SNAI1, SNAI2,
ZEB1, and ZEB2 mRNA expression levels in human rectal cancers.
Compared with SNAI2, ZEB1, and ZEB2 levels, SNAI1 was consis-
tently elevated in all cohorts evaluated, ranging from 1.3- to
4.5-fold greater than normal rectal tissue samples (Table 1). Similarly,
data mined from the TCGA using bioportal demonstrated SNAI1 has
the highest frequency of amplification and/or overexpression in
colorectal adenocarcinoma compared with SNAI2, ZEB1, and ZEB2
(Figure 1). Considering the clinical relevance of SNAI1 and the asso-
ciation with a CSC phenotype, we established SNAI1-overexpressing
DLD1 and HCT116 stable cell lines (DLD1-SNAI1; HCT116-SNAI1)
to further explore the therapeutic significance of SNAI1 as a mediator
of radiation resistance. Expression of SNAI1 mRNA and protein was
confirmed in the two SNAI1-overexpressing cell lines (Figures S1A
and S1B).

Overexpression of SNAI1 Sustains Stemness Maintenance in

Colorectal Cancer Cell Lines

Initially, we examined the expression of stem cell transcription factors
in five established colorectal cancer cell lines and observed that Nanog
and SNAI1 were highly expressed in the metastatic SW620 cell line
when compared to the other four cell lines (Figure 2A). The SW620
cell line was derived from a metastatic lymph node from a Duke’s
C colon cancer patient with widely metastatic disease.24 To further
explore the role of SNAI1 in sustaining cellular stemness, we selected
the DLD1 and HCT116 colon cancer cell lines that demonstrated
relatively low expression of established CSC transcription factors,
such as c-Myc, Nanog, and Sox-2 (Figure 2A). Ectopic expression
of SNAI1 in DLD1-SNAI1 and HCT116-SNAI1 cells induced the
expression of Nanog compared with vector control cells (Figure 2B).
In addition, we observed overexpression of SNAI1 slightly decreased
E-cadherin in both the DLD1-SNAI1 and HCT116-SNAI1 cells
compared to the vector control cells (Figure S1B). Recent evidence
suggests that although human SNAI1 and SNAI2 share a 48% iden-
tical amino acid sequence,11 ectopic expression of SNAI1 and
SNAI2 exhibited opposing functions, especially on Nanog-driven
induced pluripotent stem cell (iPSC) programming.25 It is possible
that alternative transcriptional repressors play a dominant role in
regulating E-cadherin expression in our cell lines.

To evaluate the impact of SNAI1 on the cancer cell self-renewal abil-
ity, we performed an in vitro spheroid assay, with limited dilution of
DLD1-SNAI1 and HCT116-SNAI1 cells. Compared with the vector
control cells (DLD1-Vec; HCT116-Vec), both DLD1-SNAI1 and
HCT116-SNAI1 cells were able to generate significantly more spher-
oids than the empty vector controls (Figures 2C and 2D). Our data
indicated that colorectal cancer cells with high SNAI1 expression ac-
quired a CSC phenotype associated with high expression of critical
cancer stem cell transcription factors.

Overexpression of SNAI1 Confers a Radiation-Resistant

Phenotype in Colorectal Cancer Cells

Based on the association of EMT with increased cellular survival, we
decided to investigate whether overexpression of SNAI1 resulted in ra-
diation resistance. At 10 days following radiation, the DLD1-SNAI1
cells demonstrated increased colony formation compared with
DLD1-Vec cells at 2, 4, and 6 Gy radiation (p < 0.05 at all doses) (Fig-
ure 3A). The maximal difference was observed at 4 Gy, with DLD1-
SNAI1 cells demonstrating a 3-fold greater colony formation than
DLD1-Vec cells. Short-term cell viability following radiation demon-
strated similar findings (Figure 3B). DLD1-SNAI1 cells displayed ra-
diation resistance at 96 hr, with a 1.5-fold increased cell viability
observed in DLD1-SNAI1 cells compared to DLD1-Vec cells at the
4-Gy dose. The differences in viability were consistent across all doses
tested (p < 0.05 at all doses). Similarly, SNAI1 overexpression also
induced radiation resistance in HCT116 cells comparing to vector
control cells (Figure S2). Oxaliplatin is a platinum-based chemo-
therapy drug for advanced colorectal cancer treatment and is being
tested as an agent to enhance current neoadjuvant chemoradiation
strategies for rectal cancer.26,27 Therefore, we also assessed the oxali-
platin therapeutic sensitivity on DLD1-SNAI1 and HCT116-SNAI1
cells based on cell viability at 72 hr after treatment. In addition to
radiation resistance, SNAI1 overexpression also decreased oxaliplatin
sensitivity in both DLD1 and HCT116 cells compared to vector con-
trol cells (p < 0.05 at all doses) (Figures S6A and S6B).

Expression of miR-145 Inversely Correlates with Stem-Cell-

Associated Biomarkers

Previous reports have demonstrated that miR-145 directly targets
critical stem cell transcription factors and EMT mediators.20,28,29
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Figure 1. Elevated SNAI1 Expression in Human Colorectal Cancer Datasets

Whole exome and RNA Seq data of colorectal adenocarcinoma from TCGA was mined for the frequency of SNAI1, SNAI2, ZEB1, and ZEB2 using bioportal.53
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Considering the ability of SNAI1 to mediate stem-like properties, we
decided to explore the relationship between SNAI1 and miR-145. We
determined the expression of miR145 in five colorectal cancer cell
lines and observed SW620 with high endogenous SNAI1 had the
lowest miR-145 expression (Figure 4A). In DLD1-SNAI1 cells, a
significant decrease (36%) in miR-145 expression was observed
compared with the control cells (Figure 4B). Similarly, miR-145
Figure 2. Ectopic Expression of SNAI1 Induces CSC Phenotype

(A) Western blot analysis for expression of critical EMTmediators and CSC transcription fa

quantitation of EMT biomarker and stem-cell-related transcription factors in ectopic-

Limited dilution spheroid assay comparing DLD1-SNAI1 (C) and HCT116-SNAI1 (D) c

* indicated p < 0.05).
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expression was even further reduced in the HCT116-SNAI1 cells
when compared with the vector control cells (Figure 4C).

SNAI1 Represses miR-145 Promoter Activity in Colorectal

Cancer Cells

Our data indicated that there is an inverse correlation between the
expression of miR-145 and SNAI1 in the parental colorectal cancer
ctors in parental colon cancer cell lines. (B)Western blot analysis and relative density

expressing SNAI1 cell lines compared with empty vector control cells. (C and D)

ells with empty vector (Vec) control cells (data are shown as mean ± SD; n = 12;



Figure 3. Ectopic Expression of SNAI1 Increases Resistance to Radiation Therapy

(A) Clonogenic assay on DLD1-SNAI1 cells and vector control cells treated with increasing doses of radiation. (B) Ectopic SNAI1 expression enhanced cancer cell viability

after radiation treatment (data are shown as mean ± SD; n = 3; * indicated as p < 0.05).
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panel of cell lines and SNAI1-overexpressing stable cell lines. These
results prompted us to investigate SNAI1-mediated negative regula-
tion of miR-145 as a potential mechanism associated with radiation
resistance. In the miR-145 promoter region, we identified the
SNAI1 consensus binding site core sequence CA(C/G)(C/G)TG
with the upstream CT rich region.30,31 To determine whether
SNAI1 represses the miR-145 promoter activity, we transfected the
ectopic SNAI1-overexpressing colorectal cancer cell lines with the
luciferase reporter plasmid containing the putative miR-145 pro-
moter sequence.32 In both the DLD1-SNAI1 and HCT116-SNAI1
cell lines, miR-145 promoter activity was suppressed by 95% and
97%, respectively, when compared with vector-transfected controls
(Figures 4D and 4E). Findings were similar to previous reports that
demonstrated ZEB2 binds to the E-box region of the miR-145
promoter.33

Introduction of miR-145 Can Sensitize SNAI1-Overexpressing

Cells to Radiation Therapy

In order to assess miR-145 as an effective therapeutic target, we intro-
duced miR-145 to DLD1-SNAI1 and SW620 cells to test if miR-145
delivery can overcome SNAI1-mediated radiation resistance. We em-
ployed the clonogenic assay to evaluate cancer cell survival post-
transfection of miR-145, followed by radiation therapy. miR-145 de-
livery increased the radiation sensitivity in DLD1-SNAI1 cells
compared with the scramble (scr) control (Figures 5A and 5B). Inter-
estingly, miR-145 did not increase radiation sensitivity in the control
cells, suggesting the effect was limited to cancer cells with high SNAI1
levels and a CSC phenotype. In SW620 parental cells that have high
endogenous levels of SNAI1, we observed a significant increase in ra-
diation sensitivity when miR-145 was delivered compared with scr
control (Figures 5C and S4B). miR-145 expression after transfection
was confirmed by real-time PCR (Figures S3A, S3B, and S4A). In
addition, the delivery of miR-145 also sensitized SW620 cells to oxa-
liplatin therapy (Figure S6C).

To further explore the potential mechanism of the miR-145 therapeu-
tic effect, we evaluated the ability of miR-145 to inhibit the stem cell
phenotype, including cancer cell self-renewal capacity and expression
of critical stem cell transcription factors. Using an in vitro spheroid
formation assay, we evaluated SW620 cells after miR-145 transfection
in a limiting dilution fashion. Our results showed that miR-145 signif-
icantly reduced spheroid formation in SW620 cells compared to scr
control after transfection (Figure 5D). We also determined the
expression of stem-cell-related transcription factors and EMT bio-
markers after miR-145 transfection in SW620 cells. Prior reports
have demonstrated that miR-145 directly targets c-Myc, OCT4, and
KLF4,20,32 but not SNAI1 and Nanog. In the SW620 cells, miR-145
significantly downregulated expression of multiple transcription fac-
tors, including c-Myc, KLF4, SNAI1, Oct4, and Nanog (Figure 5E).
We further confirmed both SNAI1 and Nanog do not contain the
7-mermiR-145 seed site in their 30 UTRs and transcript coding region
by the TargetScan-microRNA target prediction program.34 There-
fore, miR-145 may indirectly downregulate expression of SNAI1
and Nanog, possibly through c-Myc. In sum, miR-145 represents a
key molecular regulator of both the CSC phenotype and SNAI1-
mediated radiation resistance. miR-145 delivery may represent a
future molecular agent to specifically target the CSC in order to over-
come radiation resistance.

Detection of Functional SNAI1:miR145 Axis in EpCAM+/ALDH+

Enriched CSC Population in Colorectal Cancer PDX Tumors

Prior studies have confirmed aldehyde dehydrogenase (ALDH) as an
effective CSC marker in fresh human colorectal cancer samples.1,35

Therefore, to evaluate the clinical relevance of the SNAI1:miR-145
axis, we established multiple rectal cancer patient-derived xenografts
(PDXs) and isolated CSCs using EpCAM and ALDH biomarkers. In
three PDX models evaluated (referred to as MRC02, MRC07, and
MRC13),we found thepercentage of theEpCAM+/ALDH+double pos-
itive population in tumor tissue ranges from 0.26% to 3.47% (Table 2).
Representative flow cytometry analysis data are provided in Figure S5.
We used in vitro and in vivo approaches to assess the self-renewal ability
of EpCAM+/ALDH+ cells as a functional assessment of the CSC. We
observed that the EpCAM+/ALDH+ cell subpopulation could generate
tumor spheroids, but the EpCAM+/ALDH� subpopulation did not
Molecular Therapy Vol. 26 No 3 March 2018 747
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Figure 4. SNAI1 Represses miR-145 Promoter Activity and Expression in Colorectal Cancer Cells

(A) Relative miR-145 expression level assessed by real-time PCR in parental colorectal cancer cell lines: HCT116 cells versus other four colorectal cancer cell lines (data are

shown as mean ± SD; n = 3; * indicated p < 0.05). (B and C) Relative miR-145 expression level of (B) DLD1-SNAI1 cells and (C) HCT116-SNAI1 cells compared to vector

control cells (data are shown as mean ± SD; n = 3; * indicated p < 0.05). (D and E) Luciferase reporter activity of (D) DLD1-SNAI1 and (E) HCT116-SNAI1 cells compared to

vector control cells (data are shown as mean ± SD; n = 3; *p < 0.05).
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(Table 3). The in vivo tumorigenicity assay, in which EpCAM+/
ALDH+ and EpCAM+/ALDH� cells were injected subcutane-
ously in a limited dilution fashion into NSG mice, confirmed that
EpCAM+/ALDH+ cells displayed greater tumorigenicity than the
EpCAM+/ALDH� population (Table 4). These results indicate
that EpCAM+/ALDH+ cancer cells isolated from our rectal cancer
PDXs have an enhanced self-renewal ability consistent with CSCs.
To examine whether the SNAI:miR-145 axis is active in the patient-
derived CSCs, we employed a digital droplet PCR analysis in the
EPCAM+/ALDH+ and EpCAM+/ALDH� populations. Interestingly,
we observed that the EpCAM+/ALDH+ enriched CSC population
showed increased expressionof SNAI1, SNAI2,Nanog, and c-Myc (Fig-
ure 6A). Conversely, the expression levels of miR-145were significantly
decreased (Figure 6B). Of interest, IGF1R, an instrumentalmediator for
Nanog tomaintain theCSCself-renewal ability,36 also showed increased
expression in the EpCAM+/ALDH+ CSC population. Thus, colorectal
cancer CSCs isolated by ALDH activity demonstrate a phenotype with
an active SNAI1:miR-145 axis.

DISCUSSION
In 2004, the German Rectal Cancer Trial (CAO/ARO/AIO-94) es-
tablished neoadjuvant 5FU/RT as the current gold standard option
for the majority of rectal cancer patients.2 Unfortunately, mecha-
nisms of radiation resistance in colorectal cancer are still poorly un-
derstood and we continue to lack therapeutic strategies to enhance
748 Molecular Therapy Vol. 26 No 3 March 2018
clinical outcomes. A growing body of work implicates the closely
aligned EMT pathways and CSCs in chemotherapy and RT resis-
tance, although therapeutically targeting these pathways has re-
mained challenging.10–12 The existence of CSCs offers a potential
explanation for cancer treatment failure and suggests that CSCs
should be targeted to enhance conventional therapy, such as radia-
tion. Thus, the primary objectives of this investigation were to
define molecular mechanisms by which CSC promotes radiation
resistance and to use this information to explore specific CSC-
directed therapeutic strategies.

In this study, our group is the first to report that SNAI1 represses
miR-145 promoter activity and subsequently its expression. We also
demonstrated that highly expressing SNAI1 cells are able to induce
the expression of the CSC-related transcription factor Nanog, and
further confer colorectal cancer cells a radiation-resistant pheno-
type. In addition, our findings suggest that the SNAI1:miR-145
axis is clinically relevant because patient-derived rectal cancer
stem cells demonstrate a similar genotype. These novel findings
implicate the SNAI1:miR-145 axis as a mediator of radiation resis-
tance and highlights a promising molecular pathway to target the
CSC for clinical therapy. We theorize that delivery of miR-145 to
target the SNAI1:miR-145 axis will enhance treatment efficacy
because miRNAs have a distinct capacity to regulate multiple
gene expressions simultaneously.



Figure 5. miR-145 Sensitizes SNAI1-Overexpressing

Colorectal Cancer Cells to Radiation Therapy

(A and B) Clonogenic assay (A) and quantitation (B)

following radiation of DLD1-SNAI1 cells after transfection of

miR-145 compared with scr vector (data are shown as

mean ± SD; n = 3; * indicated p < 0.05, DLD1-SNAI1/scr

versus DLD1-Vec/scr; ** indicated p < 0.05, DLD1-SNAI1/

miR-145 versus DLD1-SNAI1/scr). (C) Clonogenic assay

following radiation of SW620 cells after transfection of miR-

145 compared with scr control for 48 hr (data are shown as

mean ± SD; n = 3; * indicated p < 0.05). (D) Limited dilution

in vitro spheroid assay of SW620 cells after transfection

of miR-145 compared with scr control for 48 hr (data

are shown as mean ± SD; n = 6; * indicated p < 0.05).

(E) Western blot analysis of EMT mediators and miR-145

targets in SW620 cells after transfection with miR-145 and

scr control for 48 hr.
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After delivering miR-145 to radiation-resistant SNAI1-expressing
colon cancer cells, we observed downregulation of established miR-
145 targets, including c-Myc and KLF4, along with repression of
the non-miR-145 targets SNAI1 and Nanog.20 There are two canon-
ical Myc-binding sites located in the human SNAI1 promoter; there-
fore, one possible mechanism for miR-145 repression of SNAI1 is via
c-Myc.37,38 It has been reported that SNAI1-induced Nanog expres-
sion in non-small-cell lung cancer (NSCLC) and SNAI1-activated
Nanog driving induced pluripotent stem cells.25,39 Similarly, in our
SNAI1-overexpressing DLD1 and HCT116 cells, SNAI1 consistently
induced Nanog expression compared to the vector control cells.
Further investigation is needed to demonstrate if the SNAI1:miR-
M

145-axis-mediated radiation resistance is Nanog
dependent and verify Nanog as an indispensable
partner of SNAI1 to activate the SNAI:miR-145
axis or just one of the components among
SNAI1 effectors.

Therapy-resistant CSCs have gained interest as a
novel therapeutic target to overcome resistance
to traditional cancer therapy, such as radia-
tion.7–9 Dissecting molecular pathways driving
the CSC phenotype holds potential to identify
future novel therapy targets. Our findings
confirm the strong relationship among EMT
pathways, the CSC phenotype, and cellular sur-
vival.25,40–42 Prior reports implicate that EMT
mediators, such as the SNAIL family of tran-
scriptional repressors, can drive the CSC pheno-
type and mediate chemotherapy resistance,
highlighting novel candidate pathways to target
in order to improve chemotherapy sensitivity.40

However, less is understood regarding molecular
mechanisms leading to resistance to radiation
in colorectal cancer. Thus, our work implicated
CSC in mediating colorectal cancer radiation
resistance and identified a critical molecular pathway underlying
the mechanisms of resistance. Importantly, the SNAI1:miR-145
axis was identified in patient-derived rectal cancer stem cells that
were highly tumorigenic, supporting the significance in the context
of rectal cancer neoadjuvant chemoradiation.

Our work identified SNAI1-mediated stemness as an attractive mo-
lecular pathway to improve radiation therapy. However, transcrip-
tional factors are notoriously difficult to therapeutically target. Strong
evidence exists that miR-145 is a potent tumor suppressor and is
inversely related to EMT.15,43–46 Further, miR-145 delivery repre-
sents a viable therapeutic strategy and has been complexed with
olecular Therapy Vol. 26 No 3 March 2018 749
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Table 2. CSC Population in PDX Tumor

PDX Model Gen2 EpCAM+/ALDH+ (%)

MRC02 0.26

MRC07 3.47

MRC13 1.47

Table 3. In Vitro Spheroid Formation from EpCAM/ALDH-Sorted Patient-

Derived Cancer Cells

Spheroid Formation Significance

EpCAM+/ALDH� EpCAM+/ALDH+

MRC02 0 26 ± 6 p < 0.05

MRC07 0 34 ± 9 p < 0.05

MRC13 0 45 ± 4 p < 0.05
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polyethylenimine as a vehicle to target cancer xenografts.47–50 In this
report, we identified an inverse relationship between miR-145 and
SNAI1. We also demonstrated that miR-145 delivery inhibits both
SNAI1-mediated stemness and expression of SNAI1-driven expres-
sion of critical CSC transcription factors. miR-145 effectively in-
hibited multiple mediators downstream of SNAI1 to disrupt the
CSC phenotype. In addition, miR-145 enhanced radiation sensitivity
specifically in the stem-like SNAI1-overexpressing cells, suggesting
that miR-145 may represent an effective CSC-targeted therapeutic
agent.

In summary, the SNAI1:miR-145 axis (Figure 7) significantly influ-
ences colorectal cancer radiation sensitivity. The crosstalk between
SNAI1 and miR-145 regulates expression of central CSC transcrip-
tional factors to modulate the response to radiation. Therapeutic tar-
geting of SNAI1-mediated stemness by miR-145 delivery represents
a promising strategy to improve neoadjuvant therapy and overcome
radiation resistance in rectal cancer.

MATERIALS AND METHODS
Data Mining

To determine the expression levels of EMT transcription factors in
human rectal cancer, whole exome and RNA Seq data from the cancer
genome atlas database of colorectal adenocarcinoma was mined for
the frequency of SNAI1, SNAI2, ZEB1, and ZEB2 genetic alteration
using bioportal.51–53 SNAI1, SNAI2, ZEB1, and ZEB2 expression
values were also extracted from the public datasets specifically for
rectal cancer from Oncomine 4.4 Research Edition (Compendia
Bioscience, Ann Arbor, MI). To find the resulting dataset, the
following filters were used: Gene: SNAI1, SNAI2, ZEB1, and ZEB2;
Analysis Type: Cancer versus Normal; and Cancer Type: Rectal can-
cer. The datasets were ordered by overexpression; p values and the
datasets selected for analysis and visualization were the largest avail-
able datasets with complete data.

Cell Lines and Culture Conditions

Human colorectal cancer cell lines (DLD1, HCT116, HT29, SW480,
and SW620) were obtained fromATCC (Manassas, VA) and cultured
according to ATCC recommendations. DLD1 and HCT116 were
transfected with empty vector pCMV-3Tag-1 and pCMV-SNAI1
construct using Lipofectamine 3000 according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA) to make overexpressing SNAI1
stable cell lines, i.e., DLD1-SNAI1 and HCT116-SNAI1. Transfected
cells were selected in medium containing G418 at a final concentra-
tion of 400 mg/mL (Invitrogen, Carlsbad, CA). The expression of
SNAI1 was confirmed by western blot analysis.
750 Molecular Therapy Vol. 26 No 3 March 2018
Clonogenic Assay

DLD1-SNAI1 and HCT116-SNAI1 cells were plated in a 6-well plate
and compared with empty vector control cells. Plates were radiated
at 0, 2, 4, and 6 Gy X-ray delivered by Precision X-Ray (Model
X-RAD 320, North Branford, CT). In a second experiment,
DLD1-SNAI1 and HCT116-SNAI1 cells were transfected with either
2.5 mg miR-145 expression construct or pEZX vector with scr (Gen-
ecopoeia, Rockville, MD) by Lipofectamine 3000 (Invitrogen, Carls-
bad, CA). Following radiation, cells were re-plated at a cell density
of 400, 800, 1,000, and 1,200 per well in 6-well plates in triplicates
to determine the survival fraction. After 10 days of incubation, the
colonies were washed with 1x PBS three times, fixed with 70%
ethanol, and stained with 0.5% Crystal Violet. After staining, the
number of colonies was counted and recorded.

SRB Cytotoxicity Assay

Cells (3 � 103) were seeded in 96-well plates for next-day radiation.
96 hr post treatment, cells were fixed at 4�C with 1% trichloroacetic
acid (TCA), followed by staining at room temperature for 30 min
in 0.4% (w/v) sulforhodamine B (SRB) dissolved in 1% acetic acid. Af-
ter 4 washes with 1% acetic acid, the protein-bound dye was extracted
with 10 mM unbuffered Tris base.54 The plates were read at 560 nm.

Cell Viability Assay

Cell viability was evaluated by CellTiter-Glo Assay (Promega, Madi-
son, WI) according to the manufacturer’s protocol. 5,000 cells per
well were plated in 96-well plates. After 24-hr incubation, cells were
treated with DMSO and 0.1 mM, 1 mM, and 2 mM oxaliplatin in trip-
licates for 72 hr. After 72-hr treatment, 20 mL CellTiter-Blue reagent
was added to each well for 4-hr incubation at 37�C. The plates were
read at 570 nm, and cell viability was analyzed.

Reverse Transcription PCR

Total RNA from cultured cells was extracted using the RNeasy Plus
Mini kit (QIAGEN, Valencia, CA). Total RNA (0.8 mg) was reverse
transcribed in a 20-mL reaction using iScript (Bio-Rad, Hercules,
CA). Real-time PCR was performed with 5 mL of a 1/16 dilution
cDNA for cell line samples using the Universal Probe Library
(UPL) mono-color probes in the Roche LightCycler 480 machine
(Roche Diagnostics, Basel, Switzerland). The conditions for all genes
were pre-incubated at 95�C for 10 min, followed by 55 cycles of
denaturation at 95�C for 15 s and amplification/extension at 60�C
for 30 s; after cycle completion, cooling was held for 30 s at
40�C. Triplicate reactions were run for each cDNA sample. Data



Table 4. Limited Dilution In Vivo Tumorigenesis from EpCAM/ALDH-Sorted

Patient-Derived Cancer Cells

500 Cells 5,000 Cells

EpCAM+/
ALDH�

EpCAM+/
ALDH+

EpCAM+/
ALDH�

EpCAM+/
ALDH+

MRC07 0/6 3/6 0/6 5/6*

MRC13 0/6 1/6 0/6 6/6*

* indicated p < 0.05, EpCAM+/ALDH+ versus EpCAM+/ALDH�.

www.moleculartherapy.org
were normalized to GAPDH and confirmed with replicate samples.
Sequences for gene-specific primers and probe numbers can be
found elsewhere.43

Droplet Digital PCR

Complementary DNA was synthesized using the iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA). The ddPCR reaction mixture con-
sisted of 10 mL 2x ddPCR master mix (Bio-Rad, Hercules, CA), 2 mL
primer mix, and 5 mL sample nucleic acid solution in a final volume of
20 mL. The entire reaction mixture was loaded into a disposable
droplet generator cartridge, together with droplet generation oil,
and placed in the droplet generator (Bio-Rad, Hercules, CA). The
Figure 6. SNAI1 and miR-145 Expression in CSC and Non-CSC Population in P

(A) Droplet digital PCR analysis of genes involved in the SNAI1:miR-145 axis. (B) miR-

ALDH+; gray bars) cells from two patient-derived rectal cancer xenografts (* indicated
droplets generated from each sample were transferred to a 96-well
PCR plate. After PCR amplification, the plate was loaded on the
droplet reader (Bio-Rad) and the droplets from each well of the plate
were read automatically. ddPCR data were analyzed with QuantaSoft
analysis software (Bio-Rad, Hercules, CA), and the quantification of
the target molecule was presented as the number of copies per mL
of PCR mixture.
MicroRNA Analysis

Total RNA was extracted using the RNeasyPlus Mini Kit (QIAGEN,
Valencia, CA) following the manufacturer’s instructions. cDNA
was synthesized using miR-145- or RNU6B-specific primers and
the Applied Biosystems reverse transcription kit (Thermo Fisher
Scientific, Waltham, MA). Real-time PCR (qPCR) was performed
using Taqman Master Mix and 1 mL cDNA as a template on the
Roche LightCycler 480 machine (Roche, Nutley, NJ). miR-145 and
RNU6B Taqman primers were purchased from Applied Biosystems.
The relative expression of miR-145 was quantified on the basis of
Ct value measured against an internal standard curve for each spe-
cific set of primers using the software provided by the instrument
manufacturer (Roche, Nutley, NJ). RNU6B was used as the refer-
ence gene.
atient-Derived Rectal Cancer Xenografts

145 in FACS-sorted non-CSC (EpCAM+/ALDH�; black bars) and CSC (EpCAM+/

p < 0.05).
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Figure 7. Therapeutic Mechanism of miR-145 Delivery to Overcome SNAI1-

Mediated Colorectal Cancer Radiation Resistance

SNAI1 can activate Nanog and repress miR-145. Thus, SNAI1 mediates the CSC

program, resulting in a radiation-resistant colorectal cancer cell population. Delivery

of miR-145 to target multiple stemness genes, including Nanog, KLF4, and c-Myc,

can impair CSC self-renewal capacity and increase sensitivity of radiation therapy.

Molecular Therapy
Luciferase Promoter Assay

The luciferase reporter plasmid containing the putative 1.4-kb
miR-145 promoter in pGL3 basic vector (Promega, Madison, WI,
USA) was generously provided by Dr. Yin-Yuan Mo (University of
Mississippi).19 Luciferase assays were carried out in DLD1-SNAI1,
HCT116-SNAI1, and empty vector stably transfected cells. Cells
were transfected with miR-145 promoter and Renilla luciferase plas-
mids in 12-well plates. The cells were lysed for the luciferase assay
48 hr after transfection. Luciferase assays were performed using the
dual luciferase assay kit (Promega, Madison, WI) according to the
manufacturer’s protocol.

Western Blot Analysis

Cells were suspended in RIPA protein lysis buffer (Thermo Fisher
Scientific, Waltham, MA) with a protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO). Protein concentration was quantified
using BCA protein assay (Thermo Fisher Scientific, Waltham,
MA). 50 mg total protein was resolved with SDS-PAGE (10% poly-
acrylamide gel) and transferred to a nitrocellulose membrane (GE
Healthcare, Marlborough, MA). Blots were probed with primary
antibodies E-Cadherin (BD Biosciences, San Diego, CA), SNAI1,
SNAI2, c-Myc, Nanog, Vimentin, KLF4, Sox2, Oct4, and Actin
(Cell Signaling Technology, Danvers, MA) and HRP-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA). Immunoblots were visualized with enhanced
chemiluminescence (GE Healthcare, Marlborough, MA) by
the LI-COR Odyssey Imaging System (LI-COR BioSciences,
Lincoln, NE).

Patient-Derived Rectal Cancer Xenograft Model

Based on the approved protocol by the Institutional Review Board
(IRB protocol number 30678) at Medical University of South Car-
olina, human tumor tissue was obtained from consenting stage 2
and 3 rectal cancer patients by biopsy. Tissue fragments were disso-
ciated in DMEM containing 0.26 U/mL Liberase DH (Roche, Nut-
ley, NJ) and cell suspension (5 � 105 cells) in 100 mL Matrigel
752 Molecular Therapy Vol. 26 No 3 March 2018
(Corning) was implanted subcutaneously in female NSG mice (Jack-
son Laboratories, Bar Harbor, ME). Initial tumor xenografts were
dissociated in a similar fashion and re-implanted into multiple
mice (up to 10) to obtain the first passaged cohort that was used
to obtain the CSC fraction. PDX tumors were inspected twice per
week and measured for tumor volume (V), as determined by the
formula V = LW2/2 (L is the length and W is the width of the
tumor).

Isolation of Cancer Stem Cells

Identification of aldehyde dehydrogenase positive (ALDH+) cells was
performed using the ALDEFLUOR kit (STEMCELL Technologies,
Cambridge, MA) according to the manufacturer’s instruction. Disso-
ciated cells from the patient-derived xenografts were resuspended in
ALDEFLUOR assay buffer (4� 105 cells per mL) and incubated with
1.5 mMALDH substrate BODIPY-aminoacetaldehyde. One aliquot of
this cell mixture was immediately transferred to the tube containing
the ALDH inhibitor diethylaminobenzaldehyde (DEAB) to serve as
the negative control. These samples were incubated for 45 min at
37�C to allow the generation of fluorescent product. Cells were
then incubated with anti-human EpCAM-PE (epithelial marker, Mil-
tenyi Biotec, Auburn, CA) for 30 min on ice to label EpCAM cells.
ALDH+ and EpCAM+ cells were sorted using FACS (BD Aria IIu
Cell Sorter) by comparing the fluorescence of test samples against
that of control samples that were treated with the ALDH inhibitor
DEAB.

Limited Dilution Spheroid Assay

The ability to form spheres in a 96-well ultra-low-attachment
plate was evaluated as described previously.40 The culture medium
consisted of DMEM/F12 supplemented with 1X B27, 20 ng/mL
epidermal growth factor, 20 ng/mL fibroblast growth factor basic,
0.5 mg/mL BSA, 4 mg/mL heparin, 55 mM 2-mercaptoethanol, and
1x penicillin/streptomycin (Invitrogen, Carlsbad, CA). After 7 days
of incubation, the total number of spheres greater than 50 mm in
diameter was quantified under light microscopy.

In Vivo Tumorigenicity

Tumorigenicity of EpCAM+/ALDH+ and EpCAM+/ALDH� sorted
cells was determined by subcutaneous injection in 6- to 8-week-old fe-
male NSG mice. Before injection, cells were suspended at a 1:1 ratio of
DMEM:Matrigel in a total volume of 100 mL. EpCAM+/ALDH+ and
EpCAM+/ALDH� sorted cells (500 and 5,000 cells) were injected in
the flanks of NSG mice. The tumors (>100 mm3) were quantified at
50 days after injection.

Statistical Analysis

Statistical analyses were performed using the Student’s t test for
paired data. p < 0.05 was considered significant. The patient data
were analyzed using GraphPad Prism Software.
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