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(Background: MicroRNAs are small non-protein-coding RNAs that inhibit target gene expression.
Results: p53 suppresses miR-520g expression, and miR-520g mediates drug resistance through down-regulation of p21

Conclusion: The p53/miR-520g/p21 signaling axis plays an important role in the response of colorectal cancer to

Significance: Our study identifies miR-520g as a potential target against drug resistance in colorectal cancer, especially in
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Development of drug resistance is one of the major causes of
colorectal cancer recurrence, yet mechanistic understanding
and therapeutic options remain limited. Here, we show that
expression of microRNA (miR)-520g is correlated with drug
resistance of colon cancer cells. Ectopic expression of miR-520g
conferred resistance to 5-fluorouracil (5-FU)- or oxaliplatin-in-
duced apoptosis in vitro and reduced the effectiveness of 5-FU in
the inhibition of tumor growth in a mouse xenograft model in
vivo. Further studies indicated that miR-520g mediated drug
resistance through down-regulation of p21 expression. More-
over, p53 suppressed miR-520g expression, and deletion of p53
up-regulated miR-520g expression. Inhibition of miR-520g in
p537/~ cells increased their sensitivity to 5-FU treatment.
Importantly, studies of patient samples indicated that expres-
sion of miR-520g correlated with chemoresistance in colorectal
cancer. These findings indicate that the p53/miR-520g/p21 sig-
naling axis plays an important role in the response of colorectal
cancer to chemotherapy. A major implication of our studies is
that inhibition of miR-520g or restoration of p21 expression
may have considerable therapeutic potential to overcome drug
resistance in colorectal cancer patients, especially in those with
mutant p53.

Colorectal cancer is currently the third most common cancer
diagnosed in the United States and the second leading cause of
cancer-related deaths in both men and women. 5-Fluorouracil
(5-FU)? is one of the most commonly used drugs in colorectal
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cancer therapy. It acts principally as a thymidylate synthase
inhibitor (1). Interrupting the action of this enzyme blocks syn-
thesis of the pyrimidine thymidine, which is a nucleoside
required for DNA replication. As a result, 5-FU is able to induce
cell cycle arrest and/or apoptosis in cancer cells. Although adju-
vant 5-FU treatment has a good success rate, recurrence of
colorectal cancer is still frequent due to the development of
drug resistance. Many mechanisms have been proposed to be
responsible for drug resistance, including limitation of accumu-
lation of drugs within cells by reducing uptake, enhancing
efflux, or affecting membrane lipids; activation of detoxifica-
tion; inhibition of apoptosis; and alterations in cell cycle and
checkpoints (1-4). However, no significant advance has been
made to identify targets against drug resistance (5). Therefore,
it is important to better understand the mechanisms of drug
resistance and uncover new targets to improve efficacy of che-
motherapeutic treatment.

MicroRNAs (miRNAs) are a group of small non-protein-
coding RNAs. They are evolutionarily conserved in the
genomes of animals, plants, fungi, and viruses (6). miRNAs
promote mRNA degradation or inhibit translation of many dif-
ferent target genes through sequence-specific interaction with
their 3'-UTRs (7). It is estimated that miRNAs regulate more
than one-third of human genes and the majority of genetic
pathways (8, 9). Alterations in miRNA expression are associ-
ated with many human cancers (10). Therefore, miRNA profil-
ing or signature in cancers has been proposed to be used to
classify tumor subtypes, diagnose cancer, determine treatment
plan, and predict patient outcome (11-13). In addition,
miRNAs function as oncogenes or tumor suppressors depend-
ing on their target genes (10, 14). Much effort has been taken to
understand the roles of miRNAs in cancer and the potential of
manipulating miRNAs for cancer therapy. The pleiotropic
nature of gene regulation by miRNAs suggests that some miR-
NAs may function as crucial mediators of drug resistance.

diphenyltetrazolium bromide; qPCR, quantitative PCR; XIAP, X-linked
inhibitor of apoptosis.
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The p53 tumor suppressor is a transcriptional factor that can
be activated by various stresses, including exposure to chemo-
therapeutic agents (15). Activation of p53 results in cell cycle
arrest or apoptosis, mediated through enhanced expression of
cell cycle-regulating proteins such as p21, an inhibitor of cyclin-
dependent kinases, or of a number of pro-apoptotic proteins
such as Bax (16). Although the role of p53 in the response of
tumors to therapy is controversial (16 —20), investigation of the
mechanisms by which p53 mediates this response is important
given that mutations inactivating p53 function are present in
>50% of all human cancers. In this study, we discovered a novel
p53/miR-520g/p21 signaling axis that mediates the response of
colon cancer cells to 5-FU treatment. We show that p53 sup-
presses miR-520g expression and that deletion of p53 up-regu-
lates miR-520g expression. Inhibition of miR-520g in p53~ '~
cells increased their sensitivity to 5-FU treatment. miR-520g
conferred resistance to 5-FU-induced apoptosis through the
inhibition of p21 expression, which is a direct target of miR-
520g. Rescued expression of p21 in miR-520g-expressing colon
cancer cells sensitized them to 5-FU-induced apoptosis. Impor-
tantly, experiments in tumor xenograft mouse models demon-
strate that miR-520g reduced the effectiveness of 5-FU in the
inhibition of tumor growth in vivo. Moreover, studies of colo-
rectal cancer specimens indicate a positive correlation between
miR-520g expression and chemoresistance. Our studies have
identified miR-520g as a potential target for drug resistance in
colorectal cancer.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—The human colon carcinoma RKO,
HCT116, FET, and GEO cell lines were cultured in McCoy’s 5A
serum-free medium (Sigma) supplemented with 10 ng/ml epi-
dermal growth factor, 20 ug/mlinsulin, and 4 pug/ml transferrin
(21). The HCT116 p53 ™~/ cell line was cultured in McCoy’s 5A
serum-free medium supplemented with 10% fetal bovine serum
(Life Technologies). Cells were maintained at 37 °C in a humid-
ified incubator with 5% CO,. 5-FU and oxaliplatin were pur-
chased from Sigma. Anti-hsa-miR-520g-3p miScript miRNA
inhibitor was purchased from Qiagen (Valencia, CA). Antibod-
ies for Western blot analyses were purchased as indicated: anti-
cleaved poly(ADP-ribose) polymerase (PARP), Cell Signaling
Technology (Beverly, MA); anti-p21 and anti-p53, Santa Cruz
Biotechnology (Santa Cruz, CA); and anti-actin, Sigma.

Cell Viability and Apoptosis Assays—Colon cancer cells were
plated in 96-well plates and treated with 5-FU or oxaliplatin for
the indicated times. Cells were stained for 2 h with thiazolyl
blue tetrazolium bromide (MTT; Sigma). The absorbance at
570 nm was read on an ELx808 absorbance microplate reader
(BioTek, Winooski, VT) after the purple precipitates were dis-
solved with MTT detergent reagent. Cell viability was calcu-
lated as the ratio of the absorbance values of drug-treated sam-
ples to those of controls. Apoptosis was detected using a DNA
fragmentation ELISA kit (Roche Applied Science).

Western Blot Analysis and Real-time Quantitative PCR
(qPCR)—Whole cell lysates were prepared in radioimmune
precipitation assay buffer (1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 150 mm NaCl, 10 mm Tris-HCI (pH 7.5), 5
mM EDTA, and protease inhibitor mixture (Sigma)). Equivalent
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amounts of protein were separated by SDS-PAGE and trans-
ferred to a PVDF membrane (Millipore, Billerica, MA). Proteins
were detected using an enhanced chemiluminescence system
(Amersham Biosciences).

Expression of miR-520g-3p was determined by miScript
primer assays with an miScript SYBR Green PCR kit (Qiagen).
RNUG6-2 was used as an endogenous reference gene.

Luciferase Assays—The reverse complementary sequence of
miR-520g-3p was synthesized and cloned into a Promega
psiCHECK?2 vector downstream of the Renilla reporter gene to
generate psiCHECK2-520g. The 3’-UTR of p21 containing
miR-520g-binding sites was amplified and cloned into the same
vector to generate psiCHECK2-p21. The psiCHECK2 vector
contains a second reporter gene (firefly luciferase) and is
designed for end point lytic assays. The reporter was trans-
fected into cells using Lipofectamine LTX (Life Technologies).
Luciferase activity was measured 48 h later using the Dual-
Luciferase reporter assay (Promega). Values were normalized
with firefly luciferase activity.

Plasmid Construction and Lentiviral Infection—cDNA
encoding human miR-520g precursor (~300 bp) was cloned
into the pCDH-CMV lentiviral vector (System Biosciences,
Mountain View, CA). shRNAs targeting p21 were constructed
by cloning annealed oligonucleotides into the FSIPPW lentivi-
ral vector. The targeting sequences of p21 shRNA are GTGGA-
CAGCGAGCAGCTGA and CTTCGACTTTGTCACCGAG.
293 packaging cells were cotransfected with pPPACKH1 pack-
aging plasmid mixture (System Biosciences) and the lentiviral
vectors using FUGENE HD (Promega). Viruses were harvested
48 h later and used to infect target cells.

In Vivo Xenograft Model—Experiments involving animals
were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee. HCT116 cells
(2 X 10°) expressing miR-520g or an empty vector were
injected into the flanks of male athymic nude mice (4 -5 weeks
old). One week after injection, 5-FU (40 mg/kg/day) or carrier
was administered by intraperitoneal injection for 5 consecutive
days/week for 2 weeks (22). Tumor volumes were measured at
the beginning of the treatment and every other day after that
until the mice were terminated. The estimated tumor volumes
(V) were calculated by the formula V= W? X L X 0.5, where W
represents the largest tumor diameter in centimeters, and L
represents the next largest tumor diameter. The relative tumor
volumes (RTV) were calculated by RTV = V,/V,, where V_ is
the volume in cubic millimeters at a given time, and V/, is the
volume at the beginning of the treatment (22). Tumors were
dissected out and weighed.

TUNEL and Ki67 Staining—Formalin-fixed paraffin-embed-
ded tissue blocks of tumors were stained for TUNEL and Ki67
using the procedure described previously (23). Three tumors
from each group were analyzed. Ten histologically similar fields
were randomly selected from each slide for analysis. Apoptosis
and proliferation of tumor cells were determined quantitatively
by counting the numbers and calculating the percentage of pos-
itively stained cells for TUNEL and Ki67 at X20 magnification,
respectively.
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FIGURE 1. Expression of miR-520g is correlated with resistance to 5-FU-induced apoptosis in colon cancer cells. A and B, RKO, HCT116, FET, and GEO cells
were treated with different concentrations of 5-FU for 72 h. MTT assays (A) and DNA fragmentation assays (B) showed different sensitivity of these cells to 5-FU
treatment. C, Western blot analysis showed that cleaved PARP (C-PARP) was higher in RKO and HCT116 cells than in FET and GEO cells after treatment with 10
ng/ml 5-FU for 72 h. Ctr, control. D, FET and GEO cells expressed much higher levels of miR-520g compared with RKO and HCT116 cells as determined by
real-time qPCR analysis. The data are presented as the mean = S.D. of triplicate experiments.

Determination of miR-520g Expression in Human Tissue
Samples—Formalin-fixed paraffin-embedded blocks of human
colorectal adenocarcinomas were obtained from files of the
Department of Pathology and Microbiology at the University of
Nebraska Medical Center. The ages of all patients (including
both men and women) were between 55 and 85 years. The can-
cer patients received neoadjuvant chemoradiotherapy prior to
surgical removal of the tumors. The study was performed with
the approval of the ethics committee of the Institutional Review
Board.

The formalin-fixed paraffin-embedded slides were deparaf-
finized using Histo-Clear and rehydrated following hematoxy-
lin staining to identify the tumor areas under a microscope. The
tumor areas were then scrapped with a fine scalpel and col-
lected in an Eppendorf tube. RNA was extracted using an
miRNeasy FFPE kit (Qiagen). Expression of miR-520g-3p was
determined by qPCR as described above.

Statistical Analysis—Statistical analyses were performed
using two-way analysis of variance or Student’s £ test.

RESULTS

miR-520g Confers Resistance to 5-FU-induced Apoptosis in
Colon Cancer Cells in Vitro—5-FU is one of the most com-
monly used chemotherapeutic agents for colorectal cancer.
However, the lack of response due to drug resistance has been a
main problem that affects the outcome of cancer therapy. To
better understand the mechanisms of drug resistance, we
examined a panel of colon cancer cell lines for their response to
5-FU treatment. Among the cell lines tested, RKO and HCT116
cells were more sensitive to 5-FU treatment compared with
FET and GEO cells (Fig. 14). Their differential response to
5-FU was attributed mainly to different sensitivities to 5-FU-
induced apoptosis as reflected by DNA fragmentation assays
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(Fig. 1B) and PARP cleavage (Fig. 1C). To characterize the
molecular determinants of these differences, we investigated
the contribution of miRNAs. We identified potential
miRNAs whose expression conferred 5-FU resistance in a
functional screening of an miRNA library.> Among those
miRNAs identified, expression of miR-520g was positively
correlated with 5-FU resistance in colon cancer cell lines. As
shown in Fig. 1D, RKO and HCT116 cells expressed much
lower levels of miR-520g compared with FET and GEO cells,
suggesting that miR-520g may play a role in 5-FU resistance
in colon cancer cells.

To determine whether miR-520g confers resistance to 5-FU,
it was ectopically expressed in RKO and HCT116 cells. We used
luciferase reporter assays to determine the function of ectopi-
cally expressed miR-520g. The reporter plasmid psiCHECK2-
520g contains the miR-520g recognition element in the 3'-UTR
of the Renilla luciferase gene. In the absence of miR-520g, lucif-
erase will be expressed, whereas in the presence of miR-520g,
luciferase mRNA will be degraded (Fig. 24, left panel). Lucifer-
ase assays revealed that the luciferase activity of psiCHECK2-
520g was decreased significantly in miR-520g-expressing cells
compared with vector control cells, whereas there was little
change in the luciferase activity of the control plasmid
psiCHECK?2 (Fig. 24, middle and right panels). This indicated
that ectopically expressed miR-520g was functional in RKO and
HCT116 cells.

After exposure to 5-FU at different concentrations, miR-
520g-expressing cells displayed increased cell viability (Fig. 2B)
and significantly reduced apoptosis (Fig. 2C) compared with

3Y. Zhang and J. Wang, unpublished data.
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FIGURE 2. miR-520g induces resistance to 5-FU treatment in colon cancer cells in vitro. A, the left panel shows a diagram elucidating how the luciferase
reporter assays work. The reporter plasmid psiCHECK2-520g contains the miR-520g recognition element in the 3’-UTR of the Renilla luciferase gene. In the
absence of miR-520g, luciferase will be expressed, whereas in the presence of miR-520g, luciferase mRNA will be degraded. The middle and right panels show
the Dual-Luciferase assays performed in RKO and HCT116 cells, in which Renilla luciferase activity was determined and normalized to firefly luciferase activity.
The luciferase activity of psiCHECK2-520g was reduced in miR-520g-expressing cells compared with vector control cells, whereas there was little change in the
luciferase activity of the control plasmid psiCHECK2. Band C, miR-520g- and vector-expressing cells were treated with different concentrations of 5-FU for 72 h.
MTT assays (B) and DNA fragmentation assays (C) showed increased resistance to 5-FU-induced apoptosis in miR-520g-expressing cells compared with the
control cells. D, Western blot analysis showed that cleaved PARP (C-PARP) was lower in miR-520g-expressing cells (520g) than in vector control cells (Vec) after
treatment with 10 ug/ml 5-FU for 72 h. Ctr, control. E and F, miR-520g- and vector-expressing cells were treated with different concentrations of oxaliplatin for
72 h.MTT assays (E) and DNA fragmentation assays (F) showed increased resistance to oxaliplatin-induced apoptosis in miR-520g-expressing cells. The data are
presented as the mean = S.D. of triplicate experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

vector control cells. Consistent with DNA fragmentation assays
in Fig. 2C, induction of PARP cleavage by 5-FU was smaller in
miR-520g-expressing cells than in vector control cells (Fig. 2D).
These results indicated that miR-520g protected RKO and
HCT116 cells from 5-FU-induced apoptosis.

To determine whether miR-520g plays a protective role in
the resistance to other chemotherapeutic drugs, HCT116 cells
were treated with oxaliplatin, an alkylating agent commonly
used in combination with 5-FU for treating advanced colon
cancer (24, 25). miR-520g-expressing cells were also more
resistant to oxaliplatin treatment than vector control cells as
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reflected by increased cell viability (Fig. 2E) and reduced apo-
ptosis (Fig. 2F). Although 5-FU and oxaliplatin function
through different targets, they may share a similar mechanism
for drug resistance. Therefore, these data suggest that increased
miR-520g expression may be a common mechanism for drug
resistance of different chemotherapeutic agents in colon cancer
cells.

miR-520g Reduces the Effectiveness of 5-FU in Tumor Growth
Inhibition in a Colon Cancer Xenograft Model in Vivo—To test
whether miR-520g-mediated resistance to 5-FU-induced apo-
ptosis in vitro translates to drug resistance in vivo, we estab-
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are shown in the upper panels. The images are representative of multiple fields of tumor sections from each group. The percentage of positive TUNEL (D) and
Ki67 (E) staining cells was determined as described under “Experimental Procedures” (lower panels). The data are presented as the mean = S.E. *, p < 0.05; ***,

p < 0.001.

lished a colon tumor xenograft model by subcutaneously inoc-
ulating athymic nude mice with 2 million HCT116 cells
expressing vector or miR-520g. After 7 days, mice were ran-
domly divided into two groups. One group was treated with
5-FU (40 mg/kg/day) administered by intraperitoneal injection,
and the other was treated with the carrier. The treatment was
for 5 consecutive days/week for 2 weeks (22). Tumor growth
and therapeutic sensitivity were monitored during the course of
5-FU treatment.

Xenograft tumor growth curves showed that tumors grew
at similar rates independent of miR-520g expression. How-
ever, there was a marked difference in the response of
tumors to 5-FU treatment. Tumors with vector-expressing
cells (designated as vector tumors) did not grow during drug
treatment, whereas tumors with miR-520g-expressing cells
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(designated as miR-520g tumors) continued to grow at a
steady rate (Fig. 34). In addition, miR-520g tumors showed
significantly smaller reduction of tumor size (Fig. 3B) and
tumor weight (Fig. 3C) after 5-FU treatment compared with
vector tumors. These results indicated that 5-FU treatment
was less effective in inhibiting the growth of miR-520g
tumors than that of vector tumors. To determine whether
miR-520g-mediated resistance to apoptosis in vitro is asso-
ciated with reduced 5-FU effect in vivo, TUNEL assays were
performed to determine the apoptotic index of tumors.
TUNEL staining showed that, although the percentage of
apoptotic cells was similar in miR-520g and vector tumors,
the increase in apoptotic cells induced by 5-FU treatment
was significantly lower in miR-520g tumors than in vector
tumors (2.5-fold versus 6.2-fold) (Fig. 3D). In addition, Ki67
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** p <0.01;*** p <0.001.

staining showed that 5-FU treatment decreased the percent-
age of proliferative cells in miR-520g tumors by 31% and in
vector tumors by 77% (Fig. 3E). These studies indicated that
the effect of miR-520g on drug resistance was a combined
result of its resistance to 5-FU-induced apoptosis and inhi-
bition of proliferation. Taken together, these in vitro and in
vivo results demonstrate an important role of miR-520g in
drug resistance of colon cancer cells.

miR-520g Increases Drug Resistance by Reducing the
Expression of Its Target Gene p21—The ability of miR-520g
to confer resistance to 5-FU-induced apoptosis is attributed
to its ability to regulate expression of its target genes. To
identify target genes of miR-520g, we used several algo-
rithms that predict the mRNA targets of miRNAs: Target-
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Scan (26), PicTar (27), and miRanda-mirSVR (28). Based on
the representation of miR-520g recognition sites in their
3'-UTRs, candidate target genes were predicted. Among
those tested, p21 showed reduced expressionin HCT116 and
RKO cells expressing miR-520g compared with vector cells
(Fig. 4A). To determine whether p21 is a direct target of
miR-520g, the 3'-UTR of p21 containing the potential miR-
520g recognition element was cloned into the luciferase
reporter construct psiCHECK2-p21 (Fig. 24, left panel).
Luciferase assays showed that the luciferase activity of
psiCHECK2-p21 was decreased in miR-520g-expressing
cells compared with vector control cells, whereas that of the
control plasmid psiCHECK?2 remained unchanged (Fig. 4B).
These results indicated that miR-520g repressed the 3'-UTR
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FIGURE 5. A miR-520g inhibitor sensitizes FET and GEO cells to 5-FU-induced apoptosis. A chemically synthesized miR-520g inhibitor (Inhib) was trans-
fected into FET and GEO cells, resulting in reduced miR-520g expression as determined by real-time gPCR assays (A) and increased p21 expression as
determined by Western blot analysis (B). Ctr, control. The miR-520g inhibitor-transfected cells were treated with different concentrations of 5-FU for 72 h. MTT
assays (C) and DNA fragmentation assays (D) showed that the inhibitor sensitized FET and GEO cells to 5-FU-induced apoptosis. The data are presented as the

mean = S.D. of triplicate experiments. ***, p < 0.001.

of p21 and that expression of p21 was directly regulated by
miR-520g.

p21 has been reported to have both pro- and anti-apoptotic
effects (29 -34). To determine whether p21 plays arole in 5-FU-
induced apoptosis, its expression was knocked down by two
different shRNAs. shRNA-2 showed a better knockdown effect
than shRNA-1, resulting in >90% reduction of p21 expression
in HCT116 and RKO cells (Fig. 4C). Knockdown of p21 expres-
sion enhanced the resistance of HCT116 and RKO cells to
5-FU-induced apoptosis as reflected by increased cell viability
(Fig. 4D, upper panel) and reduced apoptosis (middle and lower
panels). These results indicated that p21 was required for 5-FU-
induced apoptosis. We next determined whether miR-520g-
mediated resistance to 5-FU-induced apoptosis could be
reversed by restoration of p21 expression. p21 cDNA was intro-
duced into miR-520g-expressing HCT116 cells. Ectopically
expressed p21 is resistant to down-regulation mediated by miR-
520g due to the lack of 3’-UTRs. Restoration of p21 expression
almost completely restored the sensitivity of HCT116 cells to
5-FU-induced apoptosis (Fig. 4E). These results indicated that
miR-520g promoted cell survival through the down-regulation
of p21 expression, which further confirmed that p21 was
required for 5-FU-induced apoptosis.

As a complementary approach, an anti-hsa-miR-520g
miScript miRNA inhibitor was used to inhibit miR-520g
expression and function. The miScript miRNA inhibitors from
Qiagen are chemically synthesized, single-stranded, modified
RNAs that specifically decrease endogenous miRNA levels and
suppress their function when transfected into cells. We chose
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FET and GEO cells, which express high levels of endogenous
miR-520g (Fig. 1D), for the inhibitor study. As shown in Fig. 54,
the inhibitor decreased miR-520g expression effectively in both
FET and GEO cells. As a result, p21 expression was increased
(Fig. 5B). The inhibitor sensitized FET and GEO cells to 5-FU-
induced apoptosis as reflected by reduced cell viability (Fig. 5C)
and increased apoptosis (Fig. 5D). Taken together, these results
demonstrated that miR-520g conferred drug resistance in
colon cancer cells and that it functioned through repressing p21
expression.

p53 Suppresses Expression of miR-520g in Colon Cancer
Cells—Based on in vitro and in vivo studies described above,
miR-520g contributes to drug resistance of colon cancer
cells. Therefore, it is important to determine how its expres-
sion is regulated, which would provide valuable information
on the potential of inhibiting its expression to increase effi-
cacy of drug treatment. As shown in Fig. 1D, miR-520g
expression was high in FET cells with mutated p53 (35) and
low in HCT116 and RKO cells with WT p53 (35, 36). p53 has
been implicated to contribute to 5-FU- and other chemo-
therapeutic drug-induced apoptosis, which involves the
DNA damage response (18, 37). We therefore hypothesized
that p53 suppresses miR-520g expression in colon cancer
cells. To test this hypothesis, we compared miR-520g expres-
sionin HCT116 WT and p53-null (p53 /") cells. Expression
of miR-520g was 16.7-fold higher in p53~/~ cells than in WT
cells (Fig. 6A). As a result, p53~ /"~ cells were much more
resistant to 5-FU-induced apoptosis compared with WT
cells (Fig. 6B). Re-expression of p53 in p53~/ " cells reduced
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miR-520g expression significantly (Fig. 6C), indicating that Expression of miR-520g Correlates with Chemoresistance in
p53 inhibited miR-520g expression. Of note, expression of  Patient Samples—Although it has been shown that expression
p21 was increased in p53-re-expressing cells (Fig. 6C, left of miR-520g is increased in colorectal cancer compared with
panel). Consequently, restoration of p53 expression in normal controls (Gene Expression Omnibus (GEO) Database),
HCT116 p53 /" cells sensitized them to 5-FU treatment it is not clear whether this is relevant to patients’ responses to
(Fig. 6D). chemotherapy. To demonstrate the clinical relevance of miR-

To determine whether miR-520g is responsible for the resis-  520g expression in chemoresistance in cancer patients, we
tance of p53~/ " cells to 5-FU-induced apoptosis, the miR-520g  extended our analyses by assaying miR-520g expression in
inhibitor described above was transfected into p53~'~ cells. human colorectal adenocarcinoma specimens. RNA was iso-
The inhibitor reduced miR-520g expression significantly in lated from sections prepared from 20 patients who had received
p53~ /" cells as shown by real-time qPCR (Fig. 6, left panel), neoadjuvant chemoradiotherapy. Among them, 10 patients had
which led to up-regulation of p21 expression (right panel). Inhi- moderate responses, and 10 had no or poor responses. As
bition of miR-520g effectively increased sensitivity to 5-FU- shown in Fig. 7A, real-time qPCR assays demonstrated that
induced apoptosis in p53~/~ cells (Fig. 6F). These results expression of miR-520g in non- or poor responders was higher
indicated that one of the mechanisms by which p53 mediated than that in moderate responders (*, p < 0.05). Expression of
5-FU-induced apoptosis was through the suppression of miR- miR-520g in individual tissue samples is shown in Fig. 7B.
520g expression and that elevated miR-520g expression con- These results indicated that expression of miR-520g correlated
tributed to 5-FU resistance in p53 '~ cells. with chemoresistance in colorectal cancer patients. Taken

6222 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 290-NUMBER 10-MARCH 6, 2015



A B
3 < 10- *
5* g :
n 73
73 0
o 2 8-
g 34 g
3 8 =
o > 6
A 8
s 0 o
4 X 4
£ £
o 1 o .
2 £2 e
[+ [}
© © Y
[ 2

0- 0 T T
Moderate (n=10) Non/poor (n=10) Moderate (n=10) Non/poor (n=10)

FIGURE 7. Expression of miR-520g correlates with chemoresistance in
human colorectal cancer specimens. A, RNA samples prepared from 10
moderately responding and 10 non-responding or poorly responding colo-
rectal tumors were used to determine miR-520g expression as described
under “Experimental Procedures.” The data are presented as the mean =+ S.E.
B, expression of miR-520g in individual tumor samples is shown. Bars indicate
the mean values of each group of samples. *, p < 0.05.

together with in vitro and in vivo results, our studies demon-
strate that miR-520g plays an important role in drug resistance
of colorectal cancer.

DISCUSSION

We have identified in this study a novel p53/miR-520g/p21
signaling axis that regulates the response of colon cancer cells
to chemotherapeutic agents, including 5-FU and oxaliplatin
(Fig. 8). In WT p53 cells, expression of miR-520g is suppressed
and 5-FU treatment induces apoptosis whereas, in p53 =/~ cells,
expression of miR-520g is elevated, and cells become resistant
to 5-FU. A miR-520g inhibitor sensitizes p53 '~ cells to 5-FU-
induced apoptosis. Ectopic expression of miR-520g induces
resistance to 5-FU treatment i vitro and in tumor xenografts in
vivo. miR-520g confers drug resistance by inhibition of p21
expression, and p21 is required for 5-FU-induced apoptosis.
Because resistance to 5-FU treatment is one of the major causes
for chemotherapy failure in treating advanced colorectal cancer
(38, 39), the discovery of miR-520g as a contributing factor of
drug resistance and the identification of the regulatory p53/
miR-520g/p21 signaling axis would help design strategies to
increase the efficacy of chemotherapeutic treatment of colorec-
tal cancer.

Itis well known that p21 is a transcriptional target of p53. We
have shown here that p21 is also a direct target of miR-520g in
colon cancer cells. Because p53 suppresses miR-520g expres-
sion, p53 likely regulates p21 expression by two different mech-
anisms: regulating its promoter activity through transcriptional
factors and its 3'-UTR through miR-520g (Fig. 8). Given that
cancer cells often evade normal regulation of cell prolifera-
tion and survival, the multilevel regulation of p21 expression
by p53 ensures that p53 induces p21 expression under stress
conditions, including drug treatment, which would trigger
cell cycle arrest and/or apoptosis in cancer cells. Of note,
p53/p21 does not seem to affect cancer cell growth under
normal conditions.

Although re-expression of p21 almost completely restored
the sensitivity of miR-520g-expressing cells to 5-FU-induced
apoptosis, miR-520g may also function through other targets
and pathways. We found that expression of XIAP and survivin,
two prosurvival proteins, was increased by miR-520g in
HCT116 and RKO cells (data not shown). It has been shown
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FIGURE 8.Proposed p53/miR-520g/p21 signaling axis that regulates 5-FU
effect in colorectal cancer.

that XIAP and survivin promote cell survival under stress con-
ditions in colon cancer cells (40, 41) and that knockdown of
their expression increases chemosensitivity of pancreatic can-
cer cells to 5-FU and gemcitabine treatment (42). We do not
know the mechanisms by which miR-520g increases expression
of XIAP and survivin. However, it has been recently reported
that the TGFB/PKA signaling transduceome negatively regu-
lates expression of XIAP and survivin in colon cancer cells (40).
We are currently investigating whether miR-520g affects
TGFB/PKA signaling.

There are contradictory reports on the relationship of p53,
p21, and drug sensitivity in different cancer cells. Some studies
show that drug-induced apoptosis is independent of p53, and
others indicate that p53 is required (17-19, 43). In addition, p21
has been reported to have a dual role in apoptosis (29 —34). Our
studies show that both p53 and p21 are required for 5-FU-
induced apoptosis in colon cancer cells. The differing results
could be attributed to different cell context, experimental con-
ditions, or assay approaches used in the various studies. In addi-
tion, it is still not clear how p21 mediates 5-FU-induced apo-
ptosis in colon cancer cells. It has been shown that p21
promotes ceramide-induced apoptosis by enhancing Bax
expression in human hepatocarcinoma cells (44). However, our
results indicate that knockdown of p21 expression has little
effect on expression of Bax (data not shown).

Several miRNAs have been shown to mediate 5-FU response
by targeting different genes in colon cancer cells. For example,
miR-21 induces resistance to 5-FU by down-regulating expres-
sion of human MSH2 (22). miR-143 increases sensitivity to
5-FU by reducing expression of ERK5, NF-«B, and Bcl-2 (45).
Our discovery of miR-520g as a mediator of drug response in
colorectal cancer provides another potential therapeutic target.
Inhibition of miR-520g expression or activity could increase
chemosensitivity in colorectal cancer treatment. Clinical data
from the GEO Database show that expression of miR-520g is
increased in colorectal cancer compared with normal controls.
Because mutations inactivating p53 function occur frequently
in colorectal cancer (46), it is probably one of the mechanisms
responsible for up-regulated expression of miR-520g. p53 has
been shown to regulate transcription and processing of
miRNAs (47). The mechanism by which p53 suppresses miR-
520g expression remains to be determined. Our studies suggest
that miR-520g may be a promising target against drug resist-
ance in colorectal cancer treatment, especially in patients with
mutant p53.
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