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MicroRNA-587 antagonizes 5-FU-induced apoptosis
and confers drug resistance by regulating PPP2R1B
expression in colorectal cancer

Y Zhang1,2, G Talmon3 and J Wang*,1,2,4

Drug resistance is one of the major hurdles for cancer treatment. However, the underlying mechanisms are still largely unknown
and therapeutic options remain limited. In this study, we show that microRNA (miR)-587 confers resistance to 5-fluorouracil (5-FU)-
induced apoptosis in vitro and reduces the potency of 5-FU in the inhibition of tumor growth in a mouse xenograft model in vivo.
Further studies indicate that miR-587 modulates drug resistance through downregulation of expression of PPP2R1B, a regulatory
subunit of the PP2A complex, which negatively regulates AKT activation. Knockdown of PPP2R1B expression increases AKT
phosphorylation, which leads to elevated XIAP expression and enhanced 5-FU resistance; whereas rescue of PPP2R1B expression
in miR-587-expressing cells decreases AKT phosphorylation/XIAP expression, re-sensitizing colon cancer cells to 5-FU-induced
apoptosis. Moreover, a specific and potent AKT inhibitor, MK2206, reverses miR-587-conferred 5-FU resistance. Importantly,
studies of colorectal cancer specimens indicate that the expression of miR-587 and PPP2R1B positively and inversely correlates
with chemoresistance, respectively, in colorectal cancer. These findings indicate that the miR-587/PPP2R1B/pAKT/XIAP signaling
axis has an important role in mediating response to chemotherapy in colorectal cancer. A major implication of our study is that
inhibition of miR-587 or restoration of PPP2R1B expression may have significant therapeutic potential to overcome drug
resistance in colorectal cancer patients and that the combined use of an AKT inhibitor with 5-FU may increase efficacy in colorectal
cancer treatment.
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Colorectal cancer is the third most common cancer and the
second leading cause of cancer-related mortality in the US.
5-Fluorouracil (5-FU) is one of the chemotherapeutic drugsmost
widely used alone or combined with other drugs in colorectal
cancer treatment.1 5-FU primarily interrupts synthesis of the
pyrimidine thymidine, a nucleoside required for DNA replica-
tion, by blocking the activity of thymidylate synthase.2

Consequently, 5-FU induces cell cycle arrest and/or apoptosis
in cancer cells. Although adjuvant 5-FU treatment has yielded
a good success rate, the failure of treatment in over 90% of
patients with metastatic cancer is due to drug resistance.3

Manymechanisms have been suggested to be responsible for
drug resistance, including blocking apoptosis.2,4–6 Although
resistance to chemotherapy is one of the biggest obstacles for
effective cancer therapy, no significant advance has been
made to identify targets overcoming drug resistance.7

MicroRNAs (miRNAs) are a class of small (about 22 bps)
non-coding regulatory RNA molecules, which regulate gene
expression primarily by binding to the 3′-UTRs of their target

mRNAs to initiate sequence-specific mRNA cleavage or to
inhibit translation.8 It is estimated that more than one-third of
human genes and the majority of genetic pathways are
regulated by miRNAs.9 MiRNAs have been virtually linked to
all known biological processes as well as various pathological
diseases including cancer.10 Alternations in miRNA expres-
sion have been associated with many human cancers.11,12

The pleiotropic nature of gene regulation by miRNAs implies
that some miRNAs may function as crucial mediators of drug
resistance. In fact, miRNA-based anticancer therapies are
being developed, either alone or in combination with targeted
therapies, with the goal to improve disease response and
increase patient survival.13

The protein kinase B (AKT/PKB) kinases, including AKT1,
AKT2 and AKT3, are essential regulators of various signaling
pathways and cellular processes.14 Hyper-activation of AKT
kinases have been frequently observed in human cancers.15

Activation of AKT requires both translocation to the plasma
membrane and phosphorylation at Thr308 and Ser473.16,17
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Further studies have demonstrated that Thr308 phosphoryla-
tion is necessary and sufficient for AKT activation18 and that
dephosphorylation at Thr308 alone leads to deactivation
of AKT.19,20 X-linked inhibitor of apoptosis protein (XIAP)
is a member of the inhibitor of apoptosis proteins (IAPs)
family and has a significant role in cell survival by modulating
death-signaling pathways at a post-mitochondrial level.21,22

Studies have shown that AKT activation can enhance the
protein stability of XIAP, therefore elevating XIAP
expression.23–25 Consequently, AKT has been shown to
promote cell survival through the XIAP-mediated anti-
apoptotic pathway.26

The serine/threonine protein phosphatase 2 A (PP2A)
holoenzyme is composed of a catalytic C subunit, a structural
A subunit and a regulatory B subunit. PPP2R1B or PP2A A
subunit beta isoform (PP2A-Aβ) is a constant regulatory
subunit of PP2A required to activate PP2A. PPP2R1B was
initially characterized as a tumor suppressor. It is located at a
chromosomal region (11q23) frequently deleted in human
cancers.27 Its mutations and alterations have been found in
colorectal and other cancers.28,29 Cancer-associated mutants
of PPP2R1B have been shown to be incompetent to bind the B
and/or C subunits in vitro, resulting in PP2A inactivation.30,31

PP2A regulates numerous signaling pathways. Specifically,
PP2A has an important role in regulating AKT activity by
dephosphorylating AKTat Thr308 and Ser473, leading to AKT
inactivation.19,32–34

In this study, we have discovered a novel miR-587/
PPP2R1B (PP2A)/pAKT/XIAP signaling axis that mediates
the response of colon cancer cells to 5-FU treatment. Our
results show that miR-587 expression is suppressed by 5-FU
treatment in the sensitive but not resistant colon cancer cells.
MiR-587 confers resistance to 5-FU-induced apoptosis
through the inhibition of PPP2R1B expression, which is a
direct target of miR-587. Knockdown of PPP2R1B by siRNAs
confers 5-FU resistance in colon cancer cells, mimicking
miR-587 effect. Inhibition of miR-587 expression or rescue of
PPP2R1B expression in colon cancer cells increases their
sensitivity to 5-FU treatment. Additionally, an AKT inhibitor,
MK-2206, re-sensitizes miR-587-expressing cells to 5-FU
treatment. Moreover, experiments in tumor xenograft
mouse models reveal that miR-587 significantly reduces
the effectiveness of 5-FU in the inhibition of tumor growth
in vivo. Importantly, studies of colorectal cancer specimens
indicate a positive correlation between miR-587 expression
and chemoresistance and an inverse correlation between
PPP2R1B expression and drug resistance. Our studies have
identified miR-587 as a potential target for drug resistance
in colorectal cancer and suggested that modulating the
PPP2R1B (PP2A)/pAKT/XIAP axis may have benefits
against drug resistance.

Results

MiR-587 mediates resistance to 5-FU-induced apoptosis
in colon cancer cells in vitro. 5-FU is one of the most
important chemotherapeutic agents for colorectal cancer
treatment. However, intrinsic or acquired drug resistance of
cancer cells has been a major obstacle. To understand the

mechanisms of drug resistance, we determined 5-FU effect in
a panel of colon cancer cell lines, in which 5-FU decreased
cell viability in a dose-dependent manner (Figure 1a). 5-FU
effect was much more pronounced in RKO and HCT116 cells
than in FET and GEO cells. Similarly, RKO and HCT116
cells displayed much higher sensitivity to 5-FU-induced
apoptosis than FET and GEO cells as demonstrated by
DNA fragmentation assays (Figure 1b) and PARP cleavage
(Figure 1c). To identify the molecular determinants of
differential 5-FU responses, we evaluated the contribution
of miRNAs. Through a functional screening of an miRNA
library, we have identified potential miRNAs whose expres-
sion conferred 5-FU resistance in colon cancer cells (Zhang
et al., unpublished data). Among those identified miRNAs, the
expression of miR-587 was significantly suppressed by 5-FU
in highly sensitive RKO and HCT116 cells, but not in relatively
resistant FET and GEO cells (Figure 1d). Although the basal
level of miR-587 expression was higher in RKO and HCT116
cells than in FETand GEO cells in the absence of 5-FU, 5-FU
treatment reduced the level in RKO and HCT116 cells to
lower than that in both control and treated FETand GEO cells
(Figure 1d, *Po0.05). In addition, the expression of both
pri-miR-587 and pre-miR-587 were inhibited by 5-FU in
HCT116 cells (Figure 1e), suggesting that 5-FU might
regulate miR-587 expression at the transcriptional level.
Given that FET cells bear mutated p53,35 whereas HCT116

and RKO cells express wild-type p53,35,36 these results
suggested that p53 may have a role in 5-FU-mediated
suppression of miR-587 expression. Treatment of p53 wild-
type and p53− /− HCT116 cells with 5-FU resulted in the
inhibition of miR-587 expression in p53 wild-type but not p53− /−

HCT116 cells (Figure 1f), indicating that 5-FU-mediated
inhibition of miR-587 expression is p53-dependent.
To determine whether miR-587 contributes to 5-FU resis-

tance, it was ectopically expressed in HCT116 and GEO cells,
resulting in 16- and 20-fold increase of miR-587 expression,
respectively (Figure 2a). Consequently, miR-587-expressing
cells showed increased cell viability (Figure 2b and
Supplementary Figure S1A) and decreased apoptosis
(Figure 2c) in response to 5-FU compared with vector control
cells with a more pronounced effect in HCT116 cells than in
GEO cells. Although GEO cells were relatively resistant to the
5-FU effect, increased expression of miR-587 further
enhanced their 5-FU resistance. Consistently, induction of
PARP cleavage by 5-FU was reduced in miR-587-expressing
cells as compared with vector control cells (Figure 2d). These
results indicate that miR-587 protected HCT116 and GEO
cells from 5-FU-induced apoptosis.
Complementarily, an anti-hsa-miR-587 miScript miRNA

inhibitor, chemically synthesized, single-stranded, modified
RNA, was used to inhibit miR-587 expression and function.
As shown in Figure 3a, the inhibitor decreased miR-587
expression effectively in both HCT116 and GEO cells. As a
result, the inhibitor sensitized HCT116 and GEO cells to 5-FU
treatment as reflected by reduced cell viability (Figure 3b and
Supplementary Figure S1B) and increased apoptosis
(Figure 3c and Supplementary Figure S1C). Taken together,
these results demonstrate that miR-587 confers resistance to
5-FU-induced apoptosis in colon cancer cells.
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MiR-587 reduces the efficiency of 5-FU-induced inhibition
of tumor growth in a colon cancer xenograft model
in vivo. To determine whether miR-587 conferred resistance
to 5-FU-induced apoptosis in vitro translates to drug
resistance in vivo, we used a colon tumor xenograft model
described previously37 for this study. Briefly, two million
HCT116 cells expressing the control vector or miR-587 were
subcutaneously inoculated into athymic nude mice. Mice
were randomly divided into two groups 7 days after
innoculation. One group was treated with 5-FU (40mg/kg
per day) administered by i.p. injection and the other with the
carrier. The mice were treated for five consecutive days per
week for 2 weeks.37,38 Tumor growth and therapeutic
response were monitored during the course of 5-FU
treatment.
Xenograft tumor growth curves showed that miR-587

conferred the tumors growth advantage as compared with
vector control (Figure 4a). More importantly, miR-587 induced
a marked difference in the response of tumors to 5-FU
treatment. Tumors with vector-expressing cells (designated as
vector tumors) were very sensitive to 5-FU treatment and
failed to grow during drug treatment, whereas tumors with
miR-587-expressing cells (designated as miR-587 tumors)

were relatively resistant to 5-FU treatment and continued to
grow at a steady rate (Figure 4a). In addition, compared with
vector tumors, miR-587 tumors showed considerably smaller
reduction of tumor size (Figure 4b) and tumor weight
(Figure 4c) after 5-FU treatment. These results indicated that
5-FU treatment was much less potent in the inhibition of tumor
growth of miR-587-expressing cells than that of vector control
cells. To determine whether miR-587-mediated resistance to
apoptosis in vitro was associated with decreased 5-FU effect
in vivo, TUNEL assays were performed to examine the
apoptotic index of tumors. TUNEL staining showed that the
percentage of apoptotic cells was similar in miR-587 and
vector tumors. However, the increase of apoptotic cells
triggered by 5-FU treatment was considerably lower in
miR-587 tumors than in vector tumors (2.1- versus 6.8-fold,
Figure 4d). Moreover, Ki67 staining showed that miR-587
tumors have slightly more proliferative cells than vector tumors
in the absence of 5-FU (Figure 4e), whichmay partially explain
the small increase of growth rate of miR-587 tumors
(Figure 4a). In addition, 5-FU treatment decreased the
percentage of proliferative cells in miR-587 tumors by 20%
and in vector tumors by 75% (Figure 4e), indicating that
miR-587 tumors were more resistant to 5-FU-mediated

Figure 1 Colon cancer cells show differential responses to 5-FU treatment. (a and b), RKO, HCT116, FETand GEO cells were treated with increasing concentrations of 5-FU
for 72 h. MTTassays (a) and DNA fragmentation assays (b) showed different sensitivity of those cells to 5-FU treatment. (c) Western blot analysis showed that cleaved PARP was
higher in RKO and HCT116 cells than in FETand GEO cells after 10 μg/ml of 5-FU treatment for 72 h. (d) Determined by real time Q-PCR analysis, miR-587 expression in RKO
and HCT116 cells, which are relatively sensitive to 5-FU-induced apoptosis, is significantly reduced after exposure to 8 μg/ml 5-FU for 72 h, whereas its expression remained
unchanged in relatively resistant FETand GEO cells. (e) RT-PCR analysis showed 5-FU inhibited the expression of pri-miR-587 and pre-miR-587. (f) Quantitative real-time PCR
analysis showed 5-FU inhibited miR-587 expression in wild-type (WT) p53 but not p53− /− HCT116 cells. The data are presented as the mean±S.D. of triplicate experiments.
*Po0.05, ***Po0.001
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Figure 3 Inhibition of miR-587 sensitized colon cancer cells to 5-FU-induced apoptosis. (a) An miR-587 inhibitor decreased miR-587 expression in HCT116 and GEO cells as
determined by quantitative real-time PCR. (b and c) The miR-587 inhibitor-treated or control cells were subjected to increasing concentrations of 5-FU for 72 h. MTTassays (b)
and DNA fragmentation assays (c) showed increased sensitivity to 5-FU-induced apoptosis in the inhibitor-treated cells as compared with the control cells. The data are
presented as the mean±S.D. of triplicate experiments. **Po0.01, ***Po0.001

Figure 2 MiR-587 confers resistance to 5-FU treatment in colon cancer cells in vitro. (a) miR-587 expression was increased 16–20-fold in HCT116 and GEO cells as
compared with vector control, and ectopically expressing miR-587 as determined by quantitative real-time PCR. (b and c) miR-587- and vector-expressing cells were treated with
increasing concentrations of 5-FU for 72 h. MTTassays (b) and DNA fragmentation assays (c) showed increased resistance to 5-FU-induced apoptosis in miR-587-expressing
cells compared with the control cells. (d) Western blot analysis showed that cleaved PARP was lower in miR-587-expressing cells than vector control cells after 5-FU treatment
(HCT116, 10 μg/ml; GEO, 20 μg/ml) for 72 h. The data are presented as the mean± S.D. of triplicate experiments. *Po0.05, **Po0.01, ***Po0.001

MicroRNA-587 confers drug resistance
Y Zhang et al

4

Cell Death and Disease



inhibition of cell proliferation than vector tumors. These studies
suggest that the effect of miR-587 on drug resistance was a
combined result of its resistance to 5-FU-induced apoptosis
and inhibition of cell proliferation. Taken together, these in vitro
and in vivo results reveal a critical role of miR-587 in drug
resistance of colon cancer cells.

MiR-587 mediates drug resistance by regulating the
expression of its target gene PPP2R1B. To identify target
genes of miR-587, we applied several algorithms that predict
the mRNA targets of miRNAs – TargetScan,39 PicTar40 and
miRanda-mirSVR.41 The candidate target genes were pre-
dicted based on the representation of miR-587 recognition
sites in their 3′-UTRs. Among those examined, PPP2R1B, a
regulatory subunit of PP2A, showed decreased expression in
HCT116 and GEO cells expressing miR-587 as compared
with vector cells (Figure 5a). On the other hand, the miR-587
inhibitor increased PPP2R1B expression in both cell types
(Figure 5b). To determine whether PPP2R1B is a direct target
of miR-587, oligos representing two predicted recognition
sites of miR-587 in the 3′-UTR of PPP2R1B were synthe-
sized and cloned into the luciferase reporter construct
psiCHECK2 (designated psiCHECK2-PR1 and -PR2),
whereas oligos with seed sequences of the recognition sites
mutated were also cloned into the same construct (desig-
nated psiCHECK2-MR1 and -MR2), which were used as
controls (Figure 5c, left panel). Luciferase assays showed
that the luciferase activity of psiCHECK2-PR1 and -PR2 was
decreased in miR-587-expressing cells as compared with
vector control cells, whereas that of the control plasmid,
psiCHECK2, and of the mutant constructs, psiCHECK2-MR1
and -MR2, remained unchanged (Figure 5c, right panel).

These results indicate that miR-587 represses the 3′-UTR of
PPP2R1B and that the expression of PPP2R1B is directly
regulated by miR-587.
PPP2R1B has been characterized as a tumor suppressor.28

As a constant regulatory subunit of the PP2A complex,
PPP2R1B is crucial to the function of PP2A, awell-established
phosphatase regulating numerous signaling pathways
involved in cell proliferation, signal transduction and
apoptosis.42 To determine whether PPP2R1B modulates
5-FU-induced apoptosis, its expression was knocked down
by two independent siRNAs, which demonstrated robust effect
in HCT116 and GEO cells, resulting in at least 90% reduction
of PPP2R1B expression (Figure 6a). Knockdown of PPP2R1B
expression enhanced the tolerance of HCT116 and GEO cells
to 5-FU-induced apoptosis as demonstrated by increased cell
viability (Figure 6b and Supplementary Figure S1D) and
reduced apoptosis (Figure 6c and Supplementary Figure S1E
and Figure 6d). These results indicated that PPP2R1B was
required for 5-FU-induced apoptosis, suggesting that miR-587
may increase 5-FU resistance through the inhibition of
PPP2R1B expression.
We next determined whether miR-587 mediated resistance

to 5-FU-induced apoptosis could be reversed by restoration of
PPP2R1B expression. PPP2R1B cDNA was introduced into
miR-587-expressing HCT116 cells. Ectopically expressed
PPP2R1B is resistant to downregulation mediated by miR-587
owing to the lack of 3′-UTR (Figure 6e). Restoration of PPP2R1B
expression almost completely restored the sensitivity of
HCT116 cells to 5-FU-induced apoptosis as reflected by cell
viability (Figure 6f and Supplementary Figure S1F) and
apoptosis (Figure 6g and Supplementary Figure S1G) assays.

Figure 4 MiR-587 decreases the effectiveness of 5-FU in the inhibition of tumor growth in vivo. Xenograft tumor growth curves (a), pictures of tumors taken on the same scale
(b) and tumor weights (c) are shown. (d and e) Images of TUNEL (d) and Ki67 (e) staining of tumors are shown in the left panels. The images are representative of multiple fields
of tumor sections from each group. Percentage of positive TUNEL (d) and Ki67 (e) staining cells were determined (right panels). The data are presented as the mean±S.E.
*Po0.05, ***Po0.001. Scale bars, 25 μm
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These results indicate that miR-587 enhances 5-FU resis-
tance through the downregulation of PPP2R1B expression.

AKT activation mediated by PPP2R1B contributes to
miR-587-conferred 5-FU resistance in colon cancer
cells. It has been shown that AKT is an anti-apoptotic factor
and that its activation is negatively regulated by the PP2A
complex through dephosphorylation of AKT.19,32–34 One of
the anti-apoptotic effectors regulated by AKT is XIAP.43–45 To
determine the underlying mechanisms of miR-587-mediated
5-FU resistance, we examined AKT/XIAP signaling and found
that miR-587 increased AKT phosphorylation at both Thr308
and Ser473 and upregulated XIAP expression in HCT116
and GEO cells (Figure 5a) and that the miR-587 inhibitor
suppressed AKT phosphorylation at both sites and reduced
XIAP expression (Figure 5b). In addition, the knockdown
of PPP2R1B expression significantly increased AKT phos-
phorylation and AKTactivation, as reflected by the phosphor-
ylation of GSK3β, a well-characterized AKT substrate,46

and enhanced XIAP expression (Figure 6a). In contrast,
re-expression of PPP2R1B inhibited AKT phosphorylation
and activation, and XIAP expression (Figure 6e). These
results support the possible involvement of AKT/XIAP in
miR-587-mediated 5-FU resistance.
To confirm that AKT contributes to miR-587-mediated

5-FU resistance, a specific and potent AKT inhibitor,
MK2206,47,48 was used to block AKT activation. Although
MK2206 had little effect on AKT phosphorylation in vector
control cells, it significantly repressed AKT phosphorylation at
both Thr308 and Ser473 and GSK3β phosphorylation in
miR-587-expressing cells (Figure 7a). In addition, MK2206

also reduced XIAP expression in both cell types, with more
obvious reduction in miR-587-expressing cells (Figure 7a).
As a result, it diminished miR-587-conferred 5-FU resistance
in both HCT116 and GEO cells, as demonstrated by cell
viability (Figure 7b and Supplementary Figure S1H) and
apoptosis (Figure 7c and Supplementary Figure S1I) assays.
Taken together, these results indicate that miR-587 mediates
resistance to 5-FU-induced apoptosis through regulating the
PPP2R1B (PP2A)/pAKT/XIAP axis.

Expression of miR-587 and PPP2R1B is positively and
inversely correlated with chemoresistance, respectively,
in colorectal cancer patients. To determine the clinical
relevance of miR-587 expression in chemoresistance of
colorectal cancer patients, we extended our analyses by
quantifying miR-587 expression in human colorectal adeno-
carcinoma specimens. RNA was isolated from sections
prepared from 19 patients who had received neoadjuvant
chemoradiotherapy. Among them, 9 patients had moderate
response and the other 10 had no or poor response. As
shown in Figure 8a, quantitative real-time PCR assays
showed that the expression of miR-587 in non-responders
or poor responders was more than two fold of that in
moderate responders (***Po0.001).
We further analyzed PPP2R1B expression in these

samples using immunohistochemistry (IHC) staining. The
specificity of an anti-PPP2R1B antibody was first verified
using a specific blocking peptide. As shown in Figure 8b, the
blocking peptide completely abolished the staining by the
antibody, indicating the specificity of the antibody. IHC staining
was then performed on paraffin sections prepared from 19

Figure 5 PPP2R1B is a direct target of miR-587. (a) PPP2R1B expression was decreased and AKT phosphorylation and XIAP expression were increased by miR-587
expression in HCT116 and GEO cells as determined by western blot analysis. (b) The miR-587 inhibitor increased PPP2R1B expression and suppressed AKT phosphorylation
and XIAP expression, determined by western blot analysis. (c) The miR-587 recognition sites, PR1 and PR2, along with their respective mutants, MR1 and MR2, are shown in the
left panel. Luciferase constructs, psiCHECK2-PR1 and psiCHECK2-PR2, their mutants, psiCHECK2-MR1 and psiCHECK2-MR2, and control plasmid psiCHECK2 (Ctr) were
transfected into miR-587-expressing or vector control HCT116 cells. Dual luciferase assays were performed and relative luciferase activity was determined (right panels). The
data are presented as the mean± S.D. of triplicate experiments. ***Po0.001
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patients described above. Samples from moderate response
and non-response or poor response groups showed different
PPP2R1B staining intensity (Figure 8c). Quantification of the
staining indicated that the intensity of PPP2R1B staining is
approximately 2.5-fold higher in moderate responders than in
non-responders or poor responders (Figure 8d, **Po0.01).
These results indicate that expression of miR-587 and
PPP2R1B positively and inversely correlates with chemo-
resistance, respectively, in colorectal cancer patients. Taken

together with in vitro and in vivo results, our studies
demonstrate that miR-587/PPP2R1B has an important role
in drug resistance of colorectal cancer.

Discussion

We have identified a novel miR-587/PPP2R1B(PP2A)/pAKT/
XIAP signaling axis that regulates the response of colon
cancer cells to 5-FU treatment. Ectopic expression of miR-587

Figure 6 PPP2R1B expression is required for 5-FU-induced apoptosis. (a) Expression of PPP2R1B was knocked down by siRNAs in HCT116 and GEO cells, resulting in the
upregulation of AKT phosphorylation, GSK3β phosphorylation and XIAP expression. (b, c and d) PPP2R1B knockdown and control cells were treated with increasing
concentrations of 5-FU for 72 h. MTTassays (b), DNA fragmentation assays (c) and western blot analysis of cleaved PARP (d) (5-FU treatment, HCT116, 10 μg/ml; GEO, 20 μg/ml)
were performed, all of which indicated that knockdown of PPP2R1B expression conferred resistance to 5-FU-induced apoptosis. (e) PPP2R1B was ectopically expressed in
HCT116 vector- and miR-587-expressing cells. Western blot analysis was performed to confirm the rescued expression of PPP2R1B. As a result, AKT phosphorylation and XIAP
expression were inhibited. (f and g) Cells were treated with increasing concentrations of 5-FU for 72 h. MTTassays (f) and DNA fragmentation assays (g) showed that restoration
of PPP2R1B expression re-sensitized miR-587-expressing cells to 5-FU treatment. The data are presented as the mean± S.D. of triplicate experiments. ***Po0.001
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enhances 5-FU resistance in vitro and in tumor xenografts
in vivo. An miR-587 inhibitor sensitizes colon cancer cells to
5-FU treatment. MiR-587 promotes drug resistance by the
inhibition of PPP2R1B expression, which leads to increased
AKT activation and XIAP expression, and PPP2R1B is
required for 5-FU-induced apoptosis. Importantly, miR-587
expression positively and PPP2R1B expression inversely
correlate with drug resistance in colorectal cancer patients.
Despite advances in chemotherapy, drug resistance is still one
of the biggest obstacles for treating advanced colorectal
cancer effectively.49 Therefore, the discovery of miR-587 as a
contributing factor of drug resistance and the identification of
the regulatory miR-587/PPP2R1B (PP2A)/pAKT/XIAP signal-
ing axis may facilitate to design strategies to increase the
overall efficacy of chemotherapy of colorectal cancer.

AKT is a major survival factor in colon cancer cells.50,51

Activated AKT mediates cell survival through different
mechanisms including blockage of the release of cytochrome
c from the mitochondria,52 and phosphorylation mediated
inactivation of the proapoptotic factors BAD, procaspase-953

and FOXO (forkhead box class O) transcription factors.54 In
addition, activated AKT also stabilizes XIAP.23–26 XIAP has
been shown to be a key determinant for chemoresistance in
different types of cancer.55–57 On the basis of the results of this
study, we report that the inhibition of AKT activation by
MK2206 results in reduced expression of XIAP and increased
sensitivity to 5-FU-induced apoptosis (Figure 7), implicating
AKTas a contributor to 5-FU resistance through upregulation
of XIAP expression. PP2A is a well-established phosphatase
and a critical negative regulator of AKT activity by

Figure 7 An AKT inhibitor, MK2206, sensitizes miR-587-expressing cells to 5-FU-induced apoptosis. (a) AKT phosphorylation, GSK3β phosphorylation and XIAP expression
were downregulated by MK2206 in miR-587-expressing cells as examined by western blot analysis. (b and c) HCT116 and GEO cells were treated with MK2206 (HCT116,
0.5 μM; GEO, 1.25 μM) together with 5-FU for 72 h. MTT assays (b) and DNA fragmentation assays (c) were performed, which showed that MK2206 re-sensitized miR-587-
expressing cells to 5-FU treatment. The data are presented as the mean± S.D. of triplicate experiments. **Po0.01, ***Po0.001
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dephosphorylating AKT at both Thr308 and Ser473.19,32–34

PPP2R1B is an essential constant regulatory subunit of PP2A,
serving as a scaffolding molecule to coordinate the assembly
of the PP2A holoenzyme. Our studies indicate that knockdown
of PPP2R1B expression increases phosphorylation of AKT at
both Thr308 and Ser473, which leads to increased resistance
to 5-FU treatment (Figure 6). Taken together, these results
suggest that miR-587 disrupts PP2A assembly and functions
through suppression of PPP2R1B expression, thereby leading
to increased AKT activation and elevated XIAP expression,
which enhances the downstream anti-apoptotic pathway.
Therefore, the combination of an AKT inhibitor with 5-FU
may potentially increase efficacy of 5-FU treatment in color-
ectal cancer patients.
PPP2R1B has been identified as a tumor suppressor in

colorectal and lung cancer.28 Mutation or deletion of the
PPP2R1B gene has been shown to occur in 15% of
primary colon tumors, generating a truncated protein that is
unable to bind to the catalytic subunit to assemble the PP2A
holoenzyme.28 It has been reported that PPP2R1B expres-
sion is regulated by multiple transcriptional factors including
Ets-1, SP1/SP3 and RXRα/β.58 Our current findings that

miR-587 suppresses PPP2R1B expression indicate that
miRNA-mediated posttranscriptional regulation could be a
novel mechanism for suppressing PPP2R1B expression in
colorectal cancer. This is important because cancer cells often
develop multiple mechanisms to reduce the expression of or
inactivate tumor-suppressor genes. Understanding of the
mechanisms would help design strategies to restore the
expression or activity of tumor suppressors.
Our discovery of miR-587 as a mediator of drug response in

colorectal cancer provides a potential therapeutic target.
Inhibition of miR-587 expression or activity could increase
colorectal cancer chemosensitivity. Interestingly, we observed
that the basal level of miR-587 expression is higher in HCT116
and RKO cells than in FET and GEO cells in the absence of
5-FU (Figure 1d). In fact, miR-587-expressing cells displayed
a higher growth rate in vitro and in vivo than vector-expressing
cells without 5-FU treatment (Figure 4a, and data not shown),
and HCT116 cells with a relatively high basal level of
miR-587 expression are more resistant to growth factor
deprivation stress-induced apoptosis than FET cells with a
relatively low basal level of miR-587 expression (data not
shown). These results indicate that, in addition to 5-FU

Figure 8 Expression of miR-587 and PPP2R1B positively and inversely correlate with chemoresistance in human colorectal cancer specimens. (a) RNA samples prepared
from 9 moderately and 10 non-responding or poorly responding colorectal tumors were used to determine miR-587 expression. The data are presented as the mean±S.E.
***Po0.001. (b) IHC staining of a colorectal tumor with a PPP2R1B antibody in the absence (left) or presence (right) of a specific blocking peptide (BP) is shown, indicating the
specificity of the anti-PPP2R1B antibody. Scale bars, 50 μm. (c and d) IHC staining of PPP2R1B was performed in sections prepared from colorectal tumors described above.
(c) Representative images of IHC staining of PPP2R1B in each group are shown. Scale bars, 50 μm. (d) Quantification of staining intensity of PPP2R1B was performed. Error
bars indicate S.E.M. of the values in each group. **Po0.01
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treatment, miR-587 has a pro-proliferative and pro-
survival role under other stress conditions. However, 5-FU
decreases miR-587 expression in 5-FU-sensitive HCT116
and RKO cells but not in 5-FU-resistant FET and GEO cells
(Figures 1d and e), which leads to lower miR-587 expression
in HCT116 and RKO cells than in FET and GEO cells after
5-FU treatment (Figure 1d). This contributes to differential
5-FU response. Therefore, the sensitivity to 5-FU-induced
apoptosis is dependent upon the ability of 5-FU to suppress
miR-587 expression. 5-FU is often used to treat other types of
cancer. Future studies will determine whether the clinical
efficacy of 5-FU in treating other tumors is dependent upon its
ability to suppress miR-587 expression thereby decreasing
drug resistance.

Materials and methods
Cell lines and reagents. The human colon carcinoma RKO, HCT116, FET
and GEO cell lines were cultured in McCoy’s 5 A serum-free medium (Sigma, St
Louis, MO, USA) supplemented with 10 ng/ml epidermal growth factor, 20 μg/ml
insulin and 4 μg/ml transferrin.59 HCT-116 p53− /− cell line was cultured in McCoy’s
5 A serum-free medium supplemented with 10% of fetal bovine serum (Life
Technologies, Grand Island, NY, USA). Cells were maintained at 37 °C in a
humidified incubator with 5% CO2. 5-FU and MK2206 were purchased from Sigma
and Selleckchem (Houston, TX, USA), respectively. Anti-hsa-miR-587 miScript
miRNA inhibitor was purchased from Qiagen Inc. (Valencia, CA, USA). Antibodies
were purchased as indicated: anti-PPP2R1B (IHC), Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA); anti-PPP2R1B (western blot), Abcam (Cambridge, MA,
USA); anti-PARP, anti-cleaved PARP, anti-AKT, anti-pAKT(T308), anti-pAKT(S473),
anti-GSK3β, anti-pGSK3β(S9) anti-XIAP, Cell Signaling Technology (Beverly, MA,
USA); and anti-actin, Sigma.

Cell viability and apoptosis assays. Colon cancer cells were plated in
96-well plates and treated with 5-FU or MK-2206 for the indicated time. Cells were
stained for 2 h with thiazolyl blue tetrazolium bromide (MTT) (Sigma). The OD at
570 nm was read on a ELx808 Absorbance Microplate Reader (BioTek, Winooski,
VT, USA) after dissolving in DMSO (Sigma). Cell viability was calculated as a ratio
of OD values of drug-treated samples to those of controls. Apoptosis was detected
using a DNA fragmentation ELISA kit (Roche, Indianapolis, IN, USA).

Western blot analysis, RT-PCR and real-time Q-PCR. Whole cell
lysates were prepared in RIPA buffer (1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 10 mM Tris–HCl (pH 7.5), 5 mM EDTA and a protease
inhibitor cocktail (Sigma)). Equivalent amounts of protein were separated by
SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA).
Proteins were detected using an enhanced chemiluminescence system (Amersham
Biosciences, Piscataway, NJ, USA).
For RT-PCR, 2 μg of RNA was reverse-transcribed with M-MLV reverse

transcriptase (Promega, Madison, WI, USA) using a random primer. cDNA (2 ul)
product was used to amplify human pri-miR-587, pre-miR-587 and actin. Primer
sequences for pri-miR-587 were 5′-CCAGGCAAGAGAGAGTTGCTG-3′ (forward)
and 5′-AGTCACAGGTGCAGACACATT-3′ (reverse), for pre-miR-587 were
5′-TATGCACCCTCTTTCCATAGGTG-3′ (forward) and 5′-ATGGGCTTTCCACTGG
TGATG-3′ (reverse), and for actin were 5′-TGACGGGGTCACCCACACTGTGC
CCAT-3′ (forward) and 5′-CTAGAAGCATTTGCGGTGGACGATGGAGG (reverse).
Expression of miR-587 was determined by miScript primer assays and miScript

SYBR Green PCR Kit from Qiagen Inc. RNU6-2 was used as an endogenous
reference gene.

Luciferase assays. Oligos with sequences of PPP2R1B 3′-UTR
containing predicted recognition sites of miR-587 were synthesized and cloned
into a Promega psiCHECK-2 vector downstream of Renilla reporter gene to
generate psiCHECK2-PR1 and psiCHECK2-PR2. The seed sequences of
miR-587 recognition sites were mutated to generate psiCHECK2-MR1 and
psiCHECK2-MR2 as negative controls. The psiCHECK2 vector contains a
second reporter gene, firefly luciferase, and is designed for endpoint lytic
assays. The reporters were transfected into cells using Lipofectamine LTX

(Life Technologies). Luciferase activity was measured 48 h later using Dual-
Luciferase Reporter Assay (Promega). Values were normalized with firefly
luciferase activity.

Plasmid construction and lentiviral infection. cDNA encoding human
miR-587 precursor (~300 bp) was cloned into pCDH-CMV lentiviral vector
purchased from System Biosciences (SBI, Mountain View, CA, USA). PPP2R1B
lentiviral expression vector was purchased from GeneCopoeia, Inc. (Rockville, MD,
USA). Packaging cells (293) were co-transfected with pPackH1 packaging plasmid
mix (SBI) and the lentiviral vectors using Fugene HD (Promega). Viruses were
harvested 48 h later to infect target cells.

Knockdown by siRNAs. SiRNAs used to knock down PPP2R1B expression
were purchased from GE Healthcare Dharmacon Inc. (Lafayette, CO, USA). The
target sequences for siRNAs are GGAATTAGACAGTGTGAAA (siRNA-1) and
GAACCTACTTAAAGACTGT (siRNA-2). The siRNAs were transfected into the cells
using Dharmaconfect-2 (GE Healthcare Dharmacon Inc.) following the manufac-
turer’s instruction.

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 × 106) expressing miR-587 or an empty vector were
injected into the flank of male athymic nude mice (4–5-weeks old). Drug
administration, data collection and analyses were performed as described
previously.37

TUNEL and Ki67 staining. Formalin-fixed paraffin-embedded tissue blocks
of tumors were stained for TUNEL and Ki67 using the procedure described
previously.60 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 was determined quantitatively by counting the numbers
and calculating the percentage of positively stained cells for TUNEL and Ki67 at
× 20 magnification, respectively.

Determination of miR-587 expression in human tissue samples.
Formalin-fixed paraffin-embedded blocks of human colorectal adenocarcinomas
were obtained from files of Department of Pathology and Microbiology at
University of Nebraska Medical Center. The ages of all patients (including both
men and women) were between 55 and 85 years. The cancer patients received
neoadjuvant chemoradiotherapy prior to surgical removal of the tumors. The
study was performed with the approval of the ethics committee (Institutional
Review Board).
RNA was extracted using the miRNeasy FFPE kit (Qiagen Inc.) from The formalin-

fixed paraffin-embedded slides as described previously.37 Expression of miR-587 was
determined by Q-PCR as described above.

IHC staining of PPP2R1B in human tissue samples. IHC staining
was performed to examine PPP2R1B expression in tumor samples following
ImmunoCruz goat ABC Staining System protocol (Santa Cruz). Briefly,
slides were blocked by goat serum after antigen retrieval, followed by
incubation with an anti-PPP2R1B antibody for overnight at 4 °C. Slides
were then incubated for 30 min with biotinylated secondary antibody, and
developed with DAB after incubation with AB enzyme reagent for 30 min.
Finally, the sections were counterstained with hematoxylin. For each slide,
10 randomly chosen fields were captured at × 40 magnification. The
staining intensity was quantified with Imagescope Software (Aperio: Leica
Biosystems Inc., Buffalo Grove, IL, USA).

Statistical analysis. Statistical analyses were performed using two-way
ANOVA or Student’s t-test.
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