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ABSTRACT

Chemotherapy for patients with metastatic colorectal cancer (CRC) is the standard of care,
but ultimately nearly all patients develop drug resistance. Understanding the mechanisms
thatlead to resistance toindividual chemotherapeutic agents may help identify novel targets
and drugs that will, in turn, improve therapy. Oxaliplatin is a common component combina-
tion therapeutic regimen for use in patients with metastatic CRC, butis also used as a compo-
nent of adjuvant therapy for patients at risk for recurrent disease. In this study, unbiased
microRNA array screening revealed that the miR-203 microRNA is up-regulated in three of
three oxaliplatin-resistant CRC cell lines, and therefore we investigated the role of miR-203
in chemoresistance. Exogenous expression of miR-203 in chemo-naive CRC cells induced ox-
aliplatin resistance. Knockdown of miR-203 sensitized chemoresistant CRC cells to oxalipla-
tin. Insilico analysis identified ataxia telangiectasia mutated (ATM), a primary mediator of the
DNA damage response, as a potential target of miR-203. ATM mRNA and protein levels were
significantly down-regulated in CRC cells with acquired resistance to oxaliplatin. Using TCGA
database, we identified a significant reverse correlation of miR-203 and ATM expression in
CRC tissues. We validated ATM as a bona fide target of miR-203 in CRC cells. Mutation of
the putative miR-203 binding site in the 3’ untranslated region (3'UTR) of the ATM mRNA abol-
ished the inhibitory effect of miR-203 on ATM. Furthermore, stable knockdown of ATM
induced resistance to oxaliplatin in chemo-naive CRC cells. This is the first report of oxalipla-
tin resistance in CRC cells induced by miR-203-mediated suppression of ATM.
© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

treatment of colorectal cancer (CRC) (Meyerhardt and Mayer,
2005). Oxaliplatin’s use in combination with 5-fluorouracil

Oxaliplatin, a third-generation platinum compound, is the plus leucovorin (FOLFOX) and biologics as first-line therapy
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median survival time approaching 2 years (Alberts et al., 2005;
Cassidy et al., 2008). FOLFOX has also been found to be effec-
tive in the adjuvant setting, leading to an increase in the num-
ber of patients who are disease free after surgical resection of
stage II/III CRCs in comparison with the use of 5-fluorouracil
plus leucovorin alone (Andre et al., 2004). This finding attests
to the clinical significance of oxaliplatin-containing regimens
in management of CRC. Despite this demonstrated efficacy,
virtually all metastatic CRCs eventually become resistant to
oxaliplatin; the median time to disease progression is ~8
months (Goldberg et al., 2004).

Oxaliplatin is known to induce formation of intra-strand
guanine—guanine and guanine—adenine DNA links, cell cycle
arrest, and death of proliferating cells (Wang and Lippard,
2005). Resistance to oxaliplatin is multifactorial. Hypothetical
drug resistance mechanisms include inefficient cellular drug
uptake and accumulation (Hector et al., 2001), activation of
the antioxidant glutathione system for detoxication
(Landriscina et al., 2009; Sau et al., 2010), enhancement of
DNA repair (Ahmad, 2010), and up-regulation of anti-
apoptosis pathways (Dai et al.,, 2004; Gourdier et al., 2002;
Huang and Hung, 2009; Yang et al., 2009). To understand the
molecular mechanisms of oxaliplatin resistance in CRC cells,
our laboratory established an in vitro chemoresistant CRC
cell line model by chronic exposure of human CRC cell lines
(HT29, HCT116, and RKO) to increasing doses of oxaliplatin.
The selected resistant cells are stably resistant to oxaliplatin
and show cross-resistance to other chemotherapeutic agents.
We have used these cell lines to study mechanisms of oxali-
platin resistance. Our previous studies showed that induction
of epithelial-mesenchymal transition increased insulin-like
growth factor signaling and that changes in cell metabolism
are involved in the development of resistance to oxaliplatin
in CRC cells (Bose et al., 2011; Dallas et al., 2009; Yang et al.,
2006; Zhou et al., 2012).

MicroRNAs (miRNAs) have been reported to play important
roles in tumorigenesis, tumor growth, metastasis, angiogen-
esis, and drug resistance in both hematopoietic and solid tu-
mors (Calin et al., 2004; Fish et al., 2008; Spizzo et al., 2009;
Tokarz and Blasiak, 2012; Volinia et al., 2006; Zhai et al., 2012).
The functions of individual miRNAs are highly dependent on
tissue and cell context. Aberrant miRNA expression has been
reported for several types of malignancies, including CRC
(Gottardo et al., 2007; Iorio et al., 2007; Liu et al., 2008; Mathe
et al,, 2009; Zhai and Ju, 2011). However, the mechanisms of
miRNA involvement in the development of acquired drugresis-
tance in CRC cells are largely unknown. It is likely that miRNAs,
in response to genotoxic stress, regulate key DNA damage
response pathways that mediate survival and escape of cancer
cells from drug-induced apoptosis, thereby making the cells
chemoresistant. We hypothesized that deregulation of miRNAs
under chemotoxic stress plays a role in oxaliplatin resistance in
CRC cells. In this study, using unbiased genome-wide miRNA
array profiling, we identified a single miRNA, miR-203, that
was significantly overexpressed in all three oxaliplatin-
resistant cell lines compared with its expression levels in the
chemo-naive parental cells. In silico miR-203 target analysis
identified a number of regulators of the DNA damage response
pathway. Ataxia telangiectasia mutated kinase (ATM), a central
regulator of the DNA damage response pathway, was down-

regulated in the oxaliplatin-resistant cells. We further investi-
gated the roles of miR-203 and ATM in inducing an acquired
chemoresistant phenotype in CRC cells.

2. Materials and methods
2.1. Cell lines and in vitro chemoresistance model

Human CRC cell lines HT29, RKO, and HCT116 were obtained
from the American Type Culture Collection (ATCC, Manassas,
VA). Oxaliplatin-resistant cell lines HT29-OxR, RKO-OxR, and
HCT116-OxR were developed in our laboratory as previously
described (Yang et al., 2006). Oxaliplatin-resistant cells were
continuously cultured in 2 pM oxaliplatin unless otherwise
indicated. In vitro experiments were carried out in triplicate
at 70% cell confluence. All cell lines were authenticated by
short-tandem-repeat sequencing and matched with 100% ac-
curacy to the ATCC database.

2.2. RNA isolation and miRNA microarray profiling

RNAs from parental and resistant CRC cells were extracted us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA). miRNA microar-
ray profiling was performed as previously described (Liu et al.,
2008) with modifications. Briefly, 5 ug of total RNA was labeled
and hybridized to each miRNA microarray (Sequencing and
Microarray Facility, The University of Texas MD Anderson Can-
cer Center, Houston TX) containing quadruplicates of ~1000
human miRNA probes. Parental and resistant CRC cell RNAs
were profiled simultaneously. Slides were scanned with a Perki-
nElmer ScanArray LX5K scanner (PerkinElmer, Waltham, MA).

2.3. miRNA microarray analysis

miRNA array analyses were conducted as previously
described (Schetter et al., 2008). Data were preprocessed by
the statistical software R 2.5.0 (R Foundation for Statistical
Computing, Vienna, Austria) to remove probes with higher
background intensities than foreground and probes with
inconsistent measurements across the quadruplicates. The
data were normalized by locally weighted scatterplot smooth-
ing and imported into Biometric Research Branch (BRB) array
tools 3.5.0 (http://linus.nci.nih.gov/BRB-ArrayTools.html). Af-
ter probes with values missing from more than 20% of the ar-
rays were removed from the analysis, 230 probes were left.
This filtering method was chosen a priori to eliminate probes
whose miRNA expression levels were thought to be unreliable.
Class comparison analysis using paired t tests identified miR-
NAs that were differentially expressed in tumors (P < 0.001).
Class prediction algorithms in BRB array tools were used to
determine whether miRNA microarray expression patterns
could accurately differentiate between resistant and parental
CRC cells.

2.4. miR-mRNA target prediction and pathway analysis
Several algorithms for predicting miRNAs targets and binding

sites were developed and are publically available: http:/
www.microrna.org  for miRanda  algorithm,  http:/
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www.targetscan.org for TargetScan algorithm, http:/genie.-
weizmann.ac.il/pubs/mir07 for PITA algorithm, https://cm.jef-
ferson.edu/rna22v1.0/for RNA22 algorithm, http://
diana.cslab.ece.ntua.gr/microT for microT algorithm, and
http://dorina.mdc-berlin.de/rbp_browser/dorina.html for Pic-
Tar algorithm. Common mRNAs predicted by at least four out
of all the above algorithms to be targeted by miR-203 in the
3'UTR were further analyzed. Integrated function and pathway
analysis were performed using DAVID bioinformatics resources
(http://david.abce.nciferf.gov/) and significant features of pre-
dicted miRNA targets were clustered.

2.5. gPCR

miR-203 and ATM gene expression levels in the parental and
resistant cells were analyzed by quantitative real-time PCR
(qPCR) using prevalidated TagMan primers (Applied Bio-
systems, Carlsbad, CA). U6 small non-coding RNA was used
as an internal control. Total RNA was extracted from tumor
cells grown at 60—70% confluence. Reverse transcription PCR
was performed with the First-Strand RT-PCR kit (Invitrogen).
gPCR was performed with the PCR Master Mix (Roche, Branch-
burg, NJ) on the ABI-7500 platform (Applied Biosystems).

2.6. Lipofectamine transfection of pre-miR-203 and a
miR-203 inhibitor

Precursor miR-203 (pre-miR-203) and anti-miR-203 oligonucle-
otides (for overexpression and down-regulation of miR-203,
respectively) and their negative controls (all purchased from
Exigon, Woburn, MA) were transfected at a final concentration
of 40 nM with Lipofectamine (Invitrogen) according to the
manufacturer’s protocol. Briefly, 120 pmol of an oligonucleo-
tide and 16 pl of Lipofectamine were mixed in 500 pl of Opti-
MEM medium (Life Technologies, Carlsbad, CA). After 20 min
of incubation, the mixture was added to cells at 70% conflu-
ence, and the sample was plated on a 6-well plate (2 ml final
volume). Fresh medium was added to cells after 6 h.
Twenty-four hours after transfection, cells were harvested
for RNA extraction. Treatment was continued in other cells
with oxaliplatin for an additional 48—72 h to assess protein
expression levels as described below and the growth-
inhibitory and/or cytotoxic effect of oxaliplatin (MTT assay).

2.7. Lentivirus transduction

Lentiviruses were produced from 293 cells transfected with
empty control vector or vector expressing ATM short hairpin
RNA (shRNA) (GeneCopoeia, Rockville, MD). Both vectors ex-
press green fluorescent protein (GFP) as a marker for positive
transduction. Concentrated virus particles and polybrene
(10 pl/ml) were added to cells at 50% confluence in 6-well
plates for 48 h. After cell expansion for one passage, GFP-
positive cells were subjected to fluorescence-activated cell
sorting to get pooled clones of cells stably expressing GFP.

2.8. MTT assay

Cell growth inhibition was determined by MTT assay in 96-
well plates. First, cells were seeded at 3000/well in 100 pl

medium and kept overnight to allow attachment. The next
day, 100 pl of a stock solution of oxaliplatin at a 2x final con-
centration was added to the cell suspension. After a 72-hr drug
incubation, 40 pl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; 3 mg/ml) was added to each
well, and incubated for 2—4 h. After the supernatant was
removed, the formazan precipitates in the cells were dis-
solved in 100 pl of dimethyl sulfoxide. Absorbance was
measured with a Multiskan plate reader (Thermo LabSystems,
Beverly, MA) at 570 nm. Fractional survival was plotted against
the logarithm of the drug dose, and 50% inhibitory concentra-
tions were calculated by Prism software (GraphPad Software,
La Jolla, CA).

2.9.  Site-directed mutagenesis and luciferase assays

The wild-type 3’ untranslated region (UTR) of ATM (3592 bp)
was amplified from a commercial vector (HmiT011736) pur-
chased from GeneCopoeia and cloned into the Xbal site of
the pRL vector (Promega, Fitchburg, WI). Based on the pRL-
ATM-3'UTR construct, mutant ATM 3'UTRs were generated
by deleting two regions of 6 nucleotides each (1935—1941 bp
and 2297—-2302 bp) that are recognized by miR-203 in silico.
Lentiviral miR-203 and miR-203 expression inhibitor
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Figure 1 — miR-203 is overexpressed in oxaliplatin-resistant (OXR)
CRC cells. A. The 10 common miRNAs differentially expressed in all
three OXR cell lines compared with their expression levels in the
parental (PAR) cell lines. miR-203 is up-regulated in all three OXR
cell lines. B. qPCR validation of miR-203 expression levels
significantly higher in oxaliplatin-resistant (OXR) cells. *P < 0.05.

Results are representative of three experiments.
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constructs were obtained from GeneCopoeia. 293 cells were
transfected with either miR-203 or the miR-203 expression in-
hibitor construct, the pRL-ATM-3'UTR construct, and a control
Renilla luciferase construct by using the X-tremeGENE HP
transfection reagent (Roche). Cells were incubated for 24 hr,
and luciferase activity was measured with the Dual-
Luciferase System (Promega) according to the manufacturer’s
instructions.

2.10. Western blot and antibodies

The antibodies to cleaved PARP and cleaved caspase-3 were
purchased from Cell Signaling Technology (Danvers, MA).
ATM antibody was purchased from Bethyl Laboratories (Mont-
gomery, TX). B-Actin antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Whole-cell lysates were
collected from cells cultured at 70% confluence for standard
Western blotting.

2.11.  Cell viability quantification by trypan blue staining

Cells at the exponential growth stage were treated with oxali-
platin at 20 uM for 48 h. Cell viability was quantified by trypsi-
nizing the cells and staining them with trypan blue dye.
Floating cells in the culture medium were collected together

with attached cells for cell viability measurement by a Vi-
Cell XR analyzer (Beckman Coulter, Brea, CA).

2.12. Statistical analysis

We downloaded clinical data and mRNA, and miRNA expres-
sion data from TCGA (The Cancer Genome Atlas) available
through the associated files of the publication (Network,
2012). The Spearman’s rank-order correlation test was applied
to measure the strength of the association between miR-203
levels and mRNA levels of ATM. The analysis was performed
in R (version 2.14.2) (http://www.r-project.org/).

For all in vitro experiments, statistical analyses used Stu-
dent’s t test (Prism). All statistical tests were two-sided, and P
values <0.05 were considered significant. From MTT assay,
50% inhibitory concentrations of oxaliplatin on CRC cells were
calculated by Prism software (GraphPad Software, La Jolla, CA).

3. Results

3.1 miR-203 is overexpressed in oxaliplatin-resistant
CRC cells

We compared the miRNA expression profiles of the three
parental (chemo-naive) CRC cell lines HT29, HCT116, and
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Figure 2 — Pre-miR-203 induced oxaliplatin resistance in HT29 cells. A. miR-203 expression level was significantly increased after transient

transfection of pre-miR-203 in HT29 cells as measured by qPCR. B. Overexpression of miR-203 induced by pre-miR-203 transfection significantly
decreased the growth-inhibitory effect of oxaliplatin in HT29 cells, as measured by MTT assay. C. The apoptosis-inducing effect of oxaliplatin (Oxali)
at 48 h post treatment, as reflected by induction of cleaved PARP and caspase-3 (Casp3) by Western blotting. The effect was partially blocked by

overexpression of miR-203 through transient transfection of pre-miR-203 in HT29 cells. *P < 0.05. Results are representative of three experiments.
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RKO with those of their oxaliplatin-resistant derivative cells
by using miRNA microarray chip analysis with ~1200 pre-
miRNA and mature human miRNA probes (Suppl. Table
S1-S3). Figure 1A lists the 10 miRNAs expressed in
oxaliplatin-resistant cells at levels different from their
expression levels in parental cells. Of note, miR-203 was
expressed at elevated (~2—6 fold) levels in all three
oxaliplatin-resistant cell lines. Using different sets of biolog-
ical samples, we validated the increased expression levels
of miR-203 by gPCR in all three chemoresistant cell lines
compared with those in the parental cells (Figure 1B). Since
miR-203 was the only miRNA up-regulated in all three
oxaliplatin-resistant CRC cell lines, we hypothesized that
miR-203 plays a role in development of acquired resistance
to oxaliplatin in CRC cells.

3.2 miR-203 induces oxaliplatin resistance in CRC cells

To confirm the functional role of miR-203 in inducing che-
moresistance, we altered the levels of miR-203 in parental
HT29 and HT29-OxR cells by introducing pre-miR-203 oligo-
nucleotides and anti-miR-203 oligonucleotides, respectively.
Increased levels of miR-203 protected the chemo-naive
parental HT29 cells from oxaliplatin treatment, as evi-
denced by a right shift of the growth inhibition curve
(Figure 2A and B) and reduced levels of cleaved caspase-3
and PARP (Figure 2C). Conversely, inhibition of miR-203
resensitized HT29-OxR cells to oxaliplatin treatment, as

evidenced by a left shift of the growth inhibition curve
(Figure 3A and B) and increased cleavage of caspase-3 and
PARP (Figure 3C).

3.3. Correlation of ATM and miR-203 levels in
oxaliplatin-resistant cells

Using six in silico prediction software and a functional
pathway analysis database (DAVID, http://david.abcc.ncifcrf.-
gov), we identified a number of potential miR-203 targets
(Suppl. Table S4). Among the predicted miR-203 targets, two
of which are in the 3'UTR region of Ataxia telangiectasia
mutated (ATM), a central regulator of the DNA damage
response pathway. The potential target sites for interaction
between miR-203 and ATM were retrieved from the data bases
and presented in Figure 4A. During the process of developing
chemoresistance to oxaliplatin, cancer cells are likely to ac-
quire an enhanced ability to repair damaged DNA or to sup-
press activation of the DNA damage response pathway and
thereby avoid apoptosis. This mechanistic link between the
DNA damage response pathway and chemoresistance promp-
ted us to examine whether ATM protein expression is corre-
lated with miR-203 levels in oxaliplatin-resistant cells. We
found that both the mRNA levels and the protein expression
levels of ATM are down-regulated in HT29-OxR and HCT116-
OxR cells compared with the levels in their parental, chemo-
naive cells (Figure 4B and C). Thus, ATM is inhibited at both
the transcriptional level and the translational level when
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Figure 3 — Anti-miR-203 reversed oxaliplatin resistance in HT29-OxR cells. A. miR-203 expression level was significantly decreased after
transient transfection of anti-miR-203 in HT29-OxR cells as measured by qPCR. B. Down-regulation of miR-203 induced by anti-miR-203
transfection significantly slowed down HT29-OxR cells growth under oxaliplatin treatment by MTT assay. C. Down-regulation of miR-203
induced by transient transfection of anti-miR-203 resensitized HT29-OxR cells to oxaliplatin (Oxali) at 48 h post treatment, as demonstrated by

induction of cleaved PARP and caspase-3 by Western blotting. *P < 0.05. Results are representative of three experiments.
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chemoresistance occurs. We also observed that miR-203 over-
expression inhibited the oxaliplatin-induced formation of y-
H2AX foci in HT-29 cells, similar to what was observed in
the cells treated with ATM inhibitor (Supplemental Figure).
To investigate the impact of miR-203-ATM interactions on
clinical outcome of colon cancer patients, we used the
Spearman Rank correlation test and identified an inverse rela-
tionship between miR-203 and ATM gene expression
(coefficient = — 0.21, p-value = 0.017) in tumor samples of
the patients included in the TCGA colon and rectum study
(Network, 2012). The list of tumor samples used for the corre-
lation analysis is provided in the Supplementary Table 5.

3.4. miR-203 regulates ATM protein expression by
binding to the ATM 3'UTR

To confirm that miR-203 regulates ATM protein expression by
directly binding to the ATM 3'UTR, we generated two

A
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Figure 4 — ATM expression is suppressed in oxaliplatin-resistant CRC
cells. A. Illustration of the two in silico predicted miR-203 targeting
sites in the ATM 3'UTR region. B. HT29-OxR and HCT116-OxR
cells express significantly decreased ATM mRNA levels compared with
the levels expressed by their chemo-naive parental cell lines as
measured by gPCR. C. HT29-OxR and HCT116-OxR cells express
decreased ATM protein levels compared from those expressed by their
chemo-naive parental (Par) cell lines by Western blotting. *P < 0.05.

Results are representative of three experiments.

luciferase reporter constructs containing a specific deletion
mutation at each putative miR-203 binding site (Figure 5A).
We first transiently transfected 293 cells with either the
mutant or the wild-type ATM 3'UTR-luciferase plasmid.
Next, we co-transfected these 293 cells with either pre-miR-
203 or anti-miR-203 oligonucleotides to test the functional
link between miR-203 and the ATM 3'UTR by the luciferase
assay. As shown in Figure 5B, when cells were transfected
with the wild-type ATM 3'UTR (isoform b), co-transfection of
pre-miR-203 inhibited luciferase activity and co-transfection
of anti-miR-203 enhanced it. In contrast, the effects of pre-
miR-203 and anti-miR203 were eliminated in cells transfected
with a mutant ATM 3'UTR (mutant 2). However, the ATM
3'UTR (isoform a) containing another putative miR-230 bind-
ing site (mutant 1) did not show similar luciferase activity af-
ter co-transfection with either the pre-miR-203 or the anti-
miR-203 oligonucleotide. These findings suggest that miR-
203 binds directly to one of the two putative ATM 3'UTR re-
gions (isoform b), as predicted by the in silico model. Transient
transfection of pre-miR-203 decreased ATM protein expres-
sion in HT29 cells, and transfection of anti-miR-203 restored
ATM protein expression in HT29-OxR cells.

3.5. Suppression of ATM expression induces oxaliplatin
resistance in chemo-naive CRC cells

To further confirm that ATM is one of the downstream effec-
tors of miR-203-mediated oxaliplatin resistance, we used
lentivirus transduction with HT29 cells and a construct
expressing human ATM shRNA to generate HT29-ATMsh-
GFP cells, in which ATM is stably knocked down. ATM protein
expression was significantly down-regulated in HT29-ATMsh-
GFP cells (Figure 6A), and these cells were less sensitive to
oxaliplatin-induced growth inhibition than HT29-GFP cells,
as reflected by a right shift of the growth inhibition curve
(Figure 6B). Suppression of ATM blocked oxaliplatin-induced
apoptosis in HT29-ATMsh-GFP cells, as evidenced by
decreased levels of cleaved PARP and caspase-3 (Figure 6C).
Cell survival assays showed significantly higher survival of
HT29-ATMsh-GFP cells than that of HT29-GFP cells after oxa-
liplatin treatment for 48 h. These results indicate that ATM
knockdown induced chemoresistance to oxaliplatin in
chemo-naive HT29 cells.

4. Discussion

Metastatic CRC leads to the death of ~50,000 patients a year in
the U.S. due to primary or acquired resistance to chemo-
therapy (Davies and Goldberg, 2008). It is critical to delineate
drug resistance mechanisms to commonly used therapeutic
agents such as oxaliplatin if we are to improve survival in pa-
tients with CRC. The mechanisms underlying the cytotoxic ef-
fects of oxaliplatin have not been completely elucidated. Our
study established a link between miR-203 and oxaliplatin
resistance. This link likely involves an ATM-mediated mecha-
nism. First, by miRNA microarray profiling, we showed that
only miR-203 is commonly overexpressed in three CRC cell
lines with acquired resistance to oxaliplatin. Second, we
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Figure 5 — miR-203 regulates ATM protein expression by directly binding to the ATM mRNA 3'UTR. A. Site-directed mutagenesis targeting two
potential miR-203 binding sites (mutants 1 and 2) on an ATM mRNA 3'UTR-luciferase construct. The ATM 3'UTR was studied in two forms (a
and b) to cover the full length of the 3’'UTR region. B. Luciferase activities of ATM mRNA 3'UTR-luciferase constructs containing either the wild
type or a deletion mutant for miR-203 binding sites after co-transfection of either pre-miR-203 or anti-miR-203 in 293 cells. miR-203 significantly
decreased the ATM 3'UTR (form b) luciferase activity, and miR-203 inhibitor significantly enhanced the ATM 3'UTR (form b) luciferase activity.
Both effects were blocked by mutant 1, but not by mutant 2. C. ATM protein expression levels are regulated directly by miR-203, as reflected by
decreased ATM expression in HT29 cells after transient transfection of pre-miR-203 and increased ATM expression in HT29-OxR cells after
miR-203 inhibitor transfection. *P < 0.05. Results are representative of three experiments.

showed that overexpression of miR-203 protects chemo-naive
CRC cells from cell death due to oxaliplatin and that suppres-
sion of miR-203 sensitizes resistant CRC cells to oxaliplatin.
Third, we demonstrated that miR-203 regulates the DNA dam-
age response mediator ATM by directly binding to the ATM
3'UTR site. Finally, we showed that ATM knockdown leads to
oxaliplatin resistance in chemo-naive CRC cells.

miR-203 promotes epidermal differentiation by restricting
proliferative potential (Yi et al., 2008). Its expression is regu-
lated by ZEB1, similar to the miR-200 family, which is known
to play an important role in regulation of epithe-
lial-mesenchymal transition (EMT) by suppression of several
key regulators of EMT such as ZEB1 and SP1 (Gregory et al,,
2008, 2011). miR-203 has a physiological role in skin cell

differentiation by promoting the cell cycle exit and suppres-
sion of self-renewal of the skin progenitor cells. In vivo targets
of miR-203 are highly enriched in regulation of cell cycle and
cell division, as well as in response to DNA damage (Jackson
et al., 2013; Viticchie et al., 2012). Previous studies showed
that miR-203 expression is negatively associated with survival
in tumors arising from the oral cavity, esophagus, pancreas,
colon, and ovary (Greither et al.,, 2010; Iorio et al., 2007;
Mathe et al., 2009), suggesting that miR-203 is involved in tu-
mor growth and metastasis. The role of miR-203 is disease
and tissue-type specific; it has anti-oncogenic effect in pros-
tate cancer (Boll et al., 2013; Viticchie et al., 2011) and mela-
noma (Noguchi et al, 2012). Our findings in this study
indicate that miR-203 induces drug resistance through an
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representative of three experiments.

ATM-mediated mechanism that has not been previously
reported.

The DNA damage response plays critical roles in tumori-
genesis and drug resistance (Bartkova et al., 2005; Gilbert
and Hemann, 2010; Gorgoulis et al., 2005). Oxaliplatin causes
genotoxic stress and apoptosis by inducing DNA damages pri-
marily in the form of single-strand and double-strand DNA
breaks. Once the DNA damage response occurs, one of the ma-
jor mediators, ATM, could be activated to induce cell cycle ar-
rest for cell fate determination: to repair the DNA damage or
induce apoptosis. Recent studies showed that miRNAs
contribute to the DNA damage response by regulating their
target gene expression. For example, miR-24 inhibits the
expression of the histone variant H2AX, which plays a key
role in the repair of double-strand breaks (Lal et al., 2009). In
addition, DNA damage can also regulate miRNA expression
at the transcriptional and posttranscriptional levels (Wan
et al., 2013; Zhang et al,, 2011). Our data showed that miR-
203 negatively regulates ATM by binding to a conserved site
of the ATM 3'UTR. The deregulation of the miR-203/ATM
pathway in CRC cells is mechanistically involved in the resis-
tance to oxaliplatin.

Given the complexity of miRNA regulation on gene
expression and biological function in physiological and path-
ological conditions, drug resistance mechanisms are unlikely
to be caused by deregulation of a single miRNA. In our study,
we identified multiple microRNA deregulations in
oxaliplatin-resistant CRC cells (Figure 1A). miR-203 is the
most significant one among this group of genes. Other

candidate miRNAs may also play roles in oxaliplatin resis-
tance in an independent or collaborative manner. For
example, it is reported that overexpression of miR-421 in-
duces resistance to apoptosis in nasopharyngeal carcinoma
(Chen et al.,, 2013). We observed miR-421 is up-regulated
~2-fold in two of the three oxaliplatin-resistant CRC cells
suggesting a possible role of this miRNA in chemoresistance
(Figure 1A). Another example is that there is a reverse corre-
lation of miR-20a and miR-203 in two of the three oxaliplatin
resistant cancer cell lines, which is consistent with a report
on the inverse correlation of these two miRNAs in cervical
cancer (Zhao et al., 2013). Interestingly, miR-203 was reported
to play a role in reversing drug resistance to paclitaxel
through an AKT-mediated mechanism in chemo-naive
HT29 cells (Li et al., 2011). Paclitaxel is a cell cycle-specific
chemotherapeutic drug that primarily induces M-phase asso-
ciated apoptosis (Jordan and Wilson, 2004). miR-203 is known
to induce cell growth delay and senescence, thus may func-
tion as a chemosensitization factor to cell cycle-specific
drugs such as paclitaxel. Our study used a different model
and focused on a DNA-damaging agent that is more clinically
relevant, as nearly all patients with metastatic CRC will
receive oxaliplatin. We previously observed a significantly
slower cell proliferation in the oxaliplatin-resistant cells
compared with the chemo-naive cells (Zhou et al., 2012),
which is consistent with the role of miR-203 in inducing
cell-cycle arrest and senescence. In this study, we specifically
identified a mechanistic link of miR-203 to oxaliplatin resis-
tance through ATM-mediated mechanism.
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In summary, our study showed that miR-203 overexpres-
sion is a critical factor in the mechanism by which CRC cells
resist the cytotoxicity of oxaliplatin. Our findings have signif-
icant translational potential for identifying novel approaches
to overcoming drug resistance related to miRNA deregulation.
In addition, miR-203 has the potential as a predictive
biomarker for therapy in regimens utilizing oxaliplatin.
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