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Abstract

Objective Although DNA-mismatch-repair-deficient (IMMR) status and aberrant expression of miRNAs are both critically
implicated in the pathogenesis of resistance to 5-fluorouracil (5-FU) in colorectal cancer (CRC), whether these two factors
regulate tumor response to 5-FU in a coordinated manner remains unknown. This study is designed to elucidate whether
changes in miR-552 expression levels correlate to 5-FU-based chemoresistance in CRC, and to further identify the putative
targets of miR-552 using multiple approaches.

Methods miR-552 expression was assessed in 5-FU-resistant CRC tissues and cells using real-time PCR. Effects of miR-552
dysregulation on 5-FU resistance in CRC cells were determined by measuring cell viability, apoptosis and in vivo oncogenic
capacity. Finally, we studied the posttranscriptional regulation of SMAD?2 by miR-552 using multiple approaches including
luciferase reporter assay, site-directed mutagenesis and transient/stable transfection, at molecular and functional levels.
Results Expression of miR-552 was significantly downregulated in 5-FU-resistant CRC tissues and cells, and this down-
regulation, regulated by dMMR, was associated with poor postchemotherapy prognosis. Functionally, forced expression of
miR-552 exhibited a proapoptotic effect and attenuated 5-FU resistance, whereas inhibition of miR-552 expression potenti-
ated 5-FU resistance in CRC cells. Mechanically, miR-552 directly targeted the 3'-UTR of SMAD?2, and stable ablation of
SMAD?2 neutralized the promoting effects of miR-552 deficiency-induced 5-FU resistance.

Conclusions Overall, our findings have revealed a critical role of miR-552/SMAD2 cascade in modulating cellular response
to 5-FU chemotherapy. miR-552 may act as an efficient mechanistic link synchronizing dMMR and 5-FU resistance in CRC.
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Introduction

Worldwide, the incidence of colorectal cancer (CRC) is
increasing rapidly in both developed and developing coun-
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the major obstacle for the successful treatment [3]. 5-FU
is well known to cause DNA damage during S phase due
to the misincorporation of FAUTP into DNA. Because the
DNA mismatch repair (MMR) system is responsible for the
recognition of certain DNA adducts caused by alkylation
damage and for the subsequent repair of interstrand nucleo-
tide mismatches and slippage mistakes at microsatellite
sequences [4], cells with deficient mismatch repair (AIMMR)
are expected to be highly resistant to 5-FU-elicited apop-
tosis. CRC with deficient MMR (dMMR) is such a strik-
ing example, and it displays widespread instability at DNA
microsatellite sequences (MSI). dMMR is present in 15%
of sporadic CRC, but the response in CRC with dMMR to
5-FU-based chemotherapy remains extremely low [5]. There
is an unequivocal need to elucidate the molecular mecha-
nisms of 5-FU-based chemoresistance in patients with
dMMR CRC.

MicroRNAs (miRNAs), a cluster of small non-protein-
coding RNAs, negatively regulate gene expression via trans-
lational repression or induction of mRNA decay by partially
binding to the three prime untranslated region (3'-UTR) of
target genes. Compelling evidence confirms that miRNAs
are essentially involved in the initiation, progression, migra-
tion, and chemoresistance of cancer [6]. Because DNA MSI
occurs at coding repeats, DNA repeats contained in human
miRNA genes are preserved from mutations due to MSI in
dMMR cancer cells. In this regard, differentially expressed
miRNA signatures have been shown to constitute new targets
for AMMR CRC [7]. Surprisingly, there is scant informa-
tion vis-a-vis the functional roles of these miRNAs in the
progression of AMMR CRC thereof.

Recent advance in this field has shown that dysregulated
expression of miRNAs plays a crucial role in the drug resist-
ance of CRC. For example, miR-34a regulates multidrug
resistance via activation of OAZ?2 signaling in CRC [8]. The
expression of miR-140 is upregulated in 5-FU-resistant CRC
cells, and blocking endogenous miR-140 sensitizes resistant
colon cancer stem-like cells to 5-FU treatment [9]. Similarly,
miR-139-5p [10], miR-22 [11] and miR-1260b [12] are all
found to be essential for the pathogenesis of 5-FU-based
chemoresistance in CRC.

In the current study, miR-552 was selected and subjected
to further investigation based on three criteria: (1) up to now
most tumor biology studies regarding miR-552 are focused
on its roles in CRC [13-16], indicating that this unique
miRNA may play a conserved role in CRC. (2) The expres-
sion profile of miR-552 can help to distinguish CRC metas-
tasis in lung, indicative of its critical involvement in CRC
progression [17]. (3) Recent high-throughput analysis has
shown that aberrant miR-552 expression is crucially impli-
cated in the undifferentiated proliferative states of dAMMR
[18]. Moreover, miR-552 is able to promote the cancer-
ous progression in hepatocellular carcinoma by regulating
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epithelial-mesenchymal transition (EMT) [19]. Given both
dMMR [20] and EMT [21] are responsible for the patho-
genesis of drug resistance, we hypothesize that miR-552
may function as an oncomiR to modulate chemosensitiv-
ity in CRC. In this context, we sought to elucidate whether
changes in the expression levels of miR-552 correlate to
5-FU-based chemoresistance in CRC and to further iden-
tify the putative targets of miR-552 using in vitro cell-based
systems and in vivo animal models.

Materials and methods
Human CRC samples

A total of 97 patients with CRC, who had previously
received radical surgical resection and postoperative chem-
otherapy, were recruited from the Second Affiliated Hos-
pital of Xian Jiaotong University from February 2012 to
October 2017 (Supplementary Table 1). The cancer stag-
ing, performed by two pathologists, was determined based
on pathological findings according to the American Joint
Committee on Cancer (AJCC) criteria [22]. Among these
97 patients, 10 pairs of CRC samples that were defined as
“5-FU responsive” (n=10) and “5-FU resistant” (n=10),
based on MRI examination [8], were chosen to study the
expression levels of miR-552. The MMR status was deter-
mined by assessing expression levels of MLH1, MSH6 and
PMS2, and patients with lack of expression of one or more
of these genes were considered as “dMMR” [5]. Upon col-
lection from primary tumors resection, CRC samples were
snap frozen using liquid nitrogen and stored at — 80 °C until
further analysis. Patient consent was waived for all sam-
ples, and the human study strictly conformed to the ethical
guidelines of Declaration of Helsinki, was approved by the
institutional review board of our hospital.

Cell treatment

The human CRC cell lines SW-480, SW-620 and HT-116,
along with a normal colon epithelial cell line CCD-18Co,
were obtained from ATCC (Rockville, MD, USA). SW-480
and SW-620 are pMMR cell lines, while HT-116 is a dAMMR
cell line [23]. However, the baseline sensitivity of SW-480
and SW-620 cells to 5-FU is quite similar [24, 25]. Cells
were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum and 2 mM L-glutamine (All rea-
gents from Thermo Scientific, Shanghai, China) in 5%
CO, at 37 °C. 5-FU-resistant sublines (designated as SW-
480/5-FU, SW-620/5-FU or HCT-116/5-FU), were estab-
lished by exposure to gradually elevating concentrations of
5-FU (Sigma-Aldrich, Shanghai, China), at an initial con-
centration of 1 pM and an ending concentration of 50 pM.
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The 5-FU-resistant sublines were finally maintained in
culture medium containing 1 pM of 5-FU [5]. To manipu-
late the expression of miR-552, CRC cells were transiently
transfected with miR-552 mimics or inhibitors, along with
their corresponding negative controls (NC, Thermo Scien-
tific) for 48 h, using GenMute™ Reagent (SignaGen, Gaith-
ersburg, MD, USA). miRNA mimics are small, chemically
modified double-stranded RNAs that mimic endogenous
miRNAs and enable miRNA functional analysis by up-
regulation of miRNA activity, whereas miRNA inhibitors
are small, chemically modified single-stranded RNA mole-
cules designed to specifically bind to and inhibit endogenous
miRNA molecules and enable miRNA functional analysis
by down-regulation of miRNA activity. The mirVana™
miRNA Mimics or Inhibitors obtain from Thermo Scien-
tific have been shown by many studies to be able to alter
the expression levels of target miRNAs at both in vitro and
in vivo levels very effectively [26-28]. SW-620 cells stably
deprived of SMAD2 expression (designated as SW-620/
SMAD2 shRNA) was established by transfection with
SMAD?2 shRNA or scramble shRNA (Sigma-Aldrich) using
GenMute™ Reagent, followed by selection with 400 pg/
ml of G418 (Thermo Scientific). The somatic cell hybrid
GM11686 containing human chromosome 3 was obtained
from NIGMS Human Genetic Cell Repository (Camden, NJ,
USA) and maintained in DMEM containing 400 ng/ml of
G418. The HCT-116 containing transferred chromosome 3
from GM11686 was developed according to the published
protocol [29] and maintained as HCT-116+ ch3.

Measurement of cell viability and apoptosis

Cells were seeded in a 96-well plate at the concentration of
1.0 x 10* cells/well and cultured overnight. Cells were then
treated for 48 h with various doses of 5-FU as indicated, fol-
lowed by measurement of cell viability using Cell Counting
Kit-8 (Engreen, Beijing, China).

Apoptotic cell death in cells and xenografts was evalu-
ated using ApoStrand™ ELISA Apoptosis Detection Kit
(ENZO, Farmingdale, NY, USA) according to the manufac-
turer’s instructions. Final spectrophotometry was developed
in triplicate at 405 nm.

Southern blot

Genomic DNA was isolated from CRC cells using a com-
mercial kit from Sigma-Aldrich. After digestion, digested
DNA was separated by electrophoresis in 1% agarose gel and
transferred to nitrocellulose filters in alkaline conditions. A
digoxin-labelled Chromosome 3 probe was obtained from
Roche Diagnostics (Shanghai, China), and the hybridization
was performed as described elsewhere [29].

In vivo chemosensitivity

In vivo chemosensitivity was determined using xenograft
model. Briefly, oligonucleotides-transfected CRC cells
(1x10° cells/10 ul PBS) were injected subcutaneously into
each flank of the 8-week-old male BALB/c nude mice. Two
or three weeks later, mice received the intraperitoneal (i.p.)
injection of either 5-FU (50 mg/kg, once a week) or saline
(Control) for consecutive 28 days. In another experimental
setting, 14 days after cell inoculation, LY2109761 (a specific
TPRI/TPRII inhibitor, Sigma-Aldrich) was dissolved in oral
vehicle (1% sodium carboxymethylcellulose, 0.5% sodium
lauryl sulfate and 0.05% antifoam), and mice received
cotreatment with LY2109761 administration by oral gav-
age (100 mg/kg/day) [30] and intraperitoneal injection of
5-FU (50 mg/kg, once a week) [31] for 28 consecutive days.
Five mice of each experimental group were sacrificed at the
time-points as indicated after 5-FU treatment and tumor
volume was recorded and calculated using the formula: V
(mm?) = width? (mm?) X length (mm)/2.

Real-time polymerase chain reaction (real-time PCR)

Total RNA was isolated and purified using High Pure RNA
Isolation Kit (Roche Diagnostics) and first-strand cDNA was
synthesized using RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Quantification of miR-552
expression levels was carried out using TagMan MicroRNA
Assays (Thermo Fisher Scientific), as per the manufacturer’s
instructions. Quantitative analysis of expression levels of
other target genes was carried out using SYBR Green-based
real-time PCR (Roche Diagnostics). Relative expression lev-
els were assessed by the 2724 method [32, 33], with U6
small nuclear RNA (snRNA) and 18S serving as internal
controls. The primers used were listed in Supplementary
Table 2.

Western blot

Western blot analysis was performed according to previously
validated protocols [34]. The details of the primary antibod-
ies used in the current study were listed in Supplementary
Table 3.

Luciferase reporter assay

The putative binding site of miR-552 in the three prime
untranslated region (3'-UTR) of SMAD?2 gene, along with
its mutated derivative, was cloned into pGL3 Luciferase
Reporter Vector (Promega, Shanghai, China), with the
aid of CloneEZ® Kit (GenScript, HongKong, China) and
QuikChange II Site-Directed Mutagenesis Kit (Agilent, Bei-
jing China). Hela cells were cotransfected with 50 nM of
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miR-552 mimics or NC and 0.5 pg of pGL3-Luc-SMAD2
3'UTR/WT or pGL3-Luc-SMAD2 3'UTR/Mu using Gen-
Mute™ Reagent. 48 h later, cells were harvested and sub-
jected to the dual-luciferase reporter assay using a Promega
system.

Statistical analysis

Data were presented as mean + SEM and were analyzed
for statistical difference using Student’s ¢ test or one-way
analysis of variance (ANOVA) as appropriate. Survival rates
were determined using the Kaplan—Meier method, and the
difference between groups was calculated by log-rank tests.
The correlation between miR-552 expression and SMAD?2
transcripts level was assessed using Pearson’s Chi-square
test. A P value of below 0.05 was considered as statistically
significant.

Results

Downregulation of miR-552 expression in CRC
correlates with poor prognosis after 5-FU treatment

Previous miRNA profiling data show that miR-552 rep-
resents one of the most differentially expressed miRNAs
in CRC [35, 36]. To validate this, we quantified the rela-
tive expression levels of miR-552 using real-time PCR
in a cohort of CRC tissue samples (n=10/group). We
observed a robust miR-552 expression in 5-FU-responsive
tissues compared to that in adjacent normal and in 5-FU-
resistant tissues, with the lowest values being detected in

the 5-FU-resistant CRC samples (Fig. 1a). Furthermore,
Kaplan—Meier analyses in a cohort of 97 CRC patients dem-
onstrated that down-regulation of miR-552 expression nega-
tively correlated to the overall survival (P <0.001, Fig. 1b)
and disease-free survival (P <0.001, Fig. 1¢) in patients with
Stages II-1IT CRC who had previously received 5-FU-based
chemotherapy after radical colectomy.

Determination of miR-552 expression by dMMR
status in CRC

To verify the aforementioned observation at the in vitro
level, we generated three 5-FU resistant sublines accord-
ing to a previously validated protocol (Fig. 2a—c) [5]. Sub-
sequent real-time PCR analysis revealed that miR-552
expression was significantly decreased in the 5-FU resistant
sublines compared to that in their parental cells, with the
exception of HCT-116 and HCT-116/5-FU cells that both
exhibited unanimous low levels of miR-552 expression
(Fig. 2d). Importantly, the analysis of the clinicopathologi-
cal characteristics reflected that reduced miR-552 expression
correlated to dJMMR status (Supplementary Table 1). To
further confirm this, we transfected HCT-116 cells, which is
known to have dMMR due to a homozygous mutation in the
mismatch repair gene AMLHI on human chromosome 3, with
isolated human chromosome 3 from a human monochromo-
somal hybrid cell line GM11686 [29]. The reintroduction of
foreign human chromosome 3 in HCT-116 cells was vali-
dated by Southern blot (Fig. 2e). Subsequent real-time PCR
analysis confirmed the restoration of miR-552 expression in
HCT-116 cells to levels ~92.8 to 131.4% of normal colon
epithelial cell levels (Fig. 2f).
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Fig.1 Downregulation of miR-552 expression correlates with poor
prognosis in 97 patients with Stage II-III colorectal cancer (CRC)
who had received 5-FU-based chemotherapy. a Real-time PCR analy-
sis of miR-552 expression in human 5-FU-responsive, 5-FU-resistant
and adjacent normal colorectal tissues. U6 small nuclear RNA served
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as the internal control. b, ¢ The patients were classified into two
groups according to low or high miR-552 expression levels. Kaplan—
Meier survival curves and log-rank tests were then employed to ana-
lyze the correlation between miR-552expression and overall survival/
disease-free survival rate
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Fig.2 Regulation of miR-552 expression by DNA-mismatch-repair-
deficient (AIMMR) status. a—¢ The 5-FU-resistant SW-480/5-FU,
HCT-116/5-FU and SW-620/5-FU cell lines were established as
described in “Materials and methods”. CRC cells were then treated
for 48 h with various doses of 5-FU as indicated, followed by meas-
urement of cell viability using Cell Counting Kit-8 (*P<0.05 and
**P<0.01 when compared to the parental CRC cells). d Relative

Requirement of endogenous miR-552 for the 5-FU
chemosensitivity in CRC cells

To provide the direct evidence that miR-552 inhibits 5-FU
resistance, we transfected SW-480/5-FU and SW-620/5-FU
cells with miR-552 mimics or mimics-NC (Fig. 3a). miR-
552 overexpression resulted in decreased viability of SW-
480/5-FU and SW-620/5-FU cells upon 5-FU exposure,
when compared to that in parental naive and mimics NC-
transfected cells (Fig. 3b). Consistently, cell apoptosis of
mimics-miR-552 cells in response to 5-FU was increased
compared to that of mimics NC-Ctrl cells (Fig. 3c). To bet-
ter evaluate the biologic function of miR-552 in vivo, we
employed a xenograft model using SW-480/5-FU and SW-
620/5-FU cells expressing miR-552 mimics or mimics-NC.

levels of miR-552 expression in different CRC cells were evaluated
by real-time PCR analysis (*P <0.05 and **P <0.01 when compared
to the CCD-18Co cells). e Presence of transferred chromosome 3
in recipient HCT-116 cells was revealed by Southern blot analy-
sis. Arrows denote the transferred chromosome 3. f Real-time PCR
analysis of miR-552 expression in HCT-116 and HCT-116+ch3 cells
(*P <0.05 when compared to the CCD-18Co cells)

21 days after cell inoculation, 5-FU (50 mg/kg, once a week)
or saline (control) was intraperitoneally injected into nude
mice for 28 consecutive days. Intriguingly, the tumor volume
of the tumors expressing the miR-552 mimics was notably
smaller than that of tumors expressing mimics-NC during
the late phase of treatment (Fig. 3d). To verify the nega-
tive association between miR-552 and 5-FU resistance, we
knocked down the expression of endogenous miR-552 by
transfecting SW-480 and SW-620 cells with miR-552 inhibi-
tors or inhibitors-NC (Fig. 3e). As expected, cell viability
of inhibitors-miR-552 cells was higher than that of inhibi-
tors NC-Ctrl cells in response to 5-FU treatment (Fig. 3f),
whereas cell apoptosis of inhibitors-miR-552 cells upon
5-FU treatment was decreased compared to that of inhibi-
tors NC-Ctrl cells (Fig. 3g). Moreover, the application of
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«Fig. 3 Effects of manipulation of miR-552 expression on 5-FU che-
mosensitivity. a 5-FU-resistant CRC cells were transfected with miR-
552 mimics or negative controls (NC) for 48 h, followed by real-time
PCR analysis (*P<0.05 and **P<0.01 when compared to NC).
b CRC cells were then treated for 48 h with various doses of 5-FU
as indicated, followed by measurement of cell viability using Cell
Counting Kit-8 (¥*P <0.05 and **P <0.01 when compared to NC). ¢
CRC cells were then treated for 48 h with various doses of 5-FU as
indicated, followed by measurement of cell apoptosis using spectro-
photometry at 405 nm (*P<0.05 and **P <0.01 when compared to
NCO). d Effects of miR-552 overexpression on in vivo 5-FU sensitiv-
ity were evaluated using xenografts model, as described in “Materials
and methods” (*P <0.05 and **P<0.01 when compared to Mimis-
NC+5-FU). e 5-FU-sensitive CRC cells were transfected with miR-
552 inhibitors or negative controls (NC) for 48 h, followed by real-
time PCR analysis (*P <0.05 and **P <0.01 when compared to NC).
f CRC cells were then treated for 48 h with various doses of 5-FU
as indicated, followed by measurement of cell viability using Cell
Counting Kit-8 (¥*P<0.05 and **P <0.01 when compared to NC).
g CRC cells were then treated for 48 h with various doses of 5-FU
as indicated, followed by measurement of cell apoptosis using spec-
trophotometry at 405 nm (¥*P <0.05 and **P <0.01 when compared
to NC). h Effects of miR-552 knockdown on in vivo 5-FU sensitiv-
ity were evaluated using xenografts model, as described in “Materials
and methods” (*P<0.05 and **P<0.01 when compared to Inhibi-
tors-NC + 5-FU)

miR-552 inhibitors promoted the most significant induction
of tumor growth in 5-FU-treated nude mice (Fig. 3h). Thus,
miR-552 may function as a potent tumor suppressor in 5-FU
chemotherapy.

miR-552 directly targets the 3'-UTR of SMAD2

To understand the molecular basis of miR-552 function, we
performed in silico analysis using two different algorithms
(Targetscan and miRDB). 18 genes were found to be poten-
tial candidates by both programs (Fig. 4a). To narrow down
the targets range, we analyzed the expression profile of these
18 putative target genes using real-time PCR in 10 sets of
5-FU responsive and 5-FU resistant CRC tissue samples.
Only SMAD?2 expression was observed to be significantly
upregulated, correlated negatively to the miR-552 down-
regulation (Fig. 4b). Consistently, real-time PCR followed
by Pearson’s Chi-square test revealed a negative correlation
between miR-552 expression and SMAD?2 transcript levels
in a cohort of 97 CRC tissue samples (P <0.0001, Fig. 4c¢).
To confirm that miR-552 could regulate SMAD2, mRNA
and protein expression levels were analyzed after miR-552
overexpression. Transfection with miR-552 mimics in SW-
480/5-FU and SW-620/5-FU cells significantly suppressed
SMAD?2 expression, at both transcriptional and translational
levels (Fig. 4d). To ask directly whether SMAD2 acts as the
downstream target of miR-552, we performed the luciferase
reporter assay. Cotransfection with the pGL3-Luc-SMAD?2
3'UTR/WT reporter plasmid and miR-552 mimics resulted
in a ~63.2% reduction in the luciferase reporter activity,

and this inhibitory effect was totally abolished by transfec-
tion with pGL3-Luc-SMAD2 3'UTR/Mu reporter plasmid
(Fig. 41, g).

Stable ablation of SMAD2 neutralizes the promoting
effects of miR-552 deficiency on 5-FU resistance

To unequivocally elucidate the function of the miR-
552-SMAD?2 axis in 5-FU resistance, we established the
SW-620 cells that were stably deprived of endogenous
SMAD?2 (SW-620/SMAD2 shRNA, Fig. 5a). Cell Count-
ing Kit-8 assays confirmed that upon -5-FU insult, the cell
viability in inhibitors-miR-552 cells was markedly enhanced
compared to inhibitors NC-Ctrl cells. By contrast, after 5-FU
treatment, the cell viability in SW-620 cells simultaneously
transfected with miR-552 inhibitors and SMAD2 shRNA
was significantly decreased to the levels comparable to naive
SW-620 cells (Fig. 5b). In accordance with these results, sta-
ble deprivation of SMAD?2 neutralized the promoting effects
of miR-552 deficiency on 5-FU resistance and potentiated
the inhibitors-transfected SW-620 cells more sensitive to
5-FU-elicited apoptosis (Fig. 5¢).

Synergistic cooperation of TGF-B activation
and SMAD2 upregulation in the induction of 5-FU
resistance in miR-552-deficient CRC cells

Exhibition of tumor-promoting properties by the canoni-
cal SMAD pathway requires the TGF- receptors (TPpRI/
TPRII)-mediated phosphorylation of SMAD2, which has
been shown, by accumulated data, to be essentially involved
in the pathogenesis of drug resistance [37]. In this context,
we sought to determined whether SMAD?2 upregulation
alone can functionally explain for the impaired 5-FU che-
mosensitivity in miR-552-deficient SW-620 cells. 48 h after
transfection, inhibitors-SW-620 cells and inhibitors NC-SW-
620 cells were subcutaneously injected into immunodefi-
cient nude mice. After another 14-day of cell growth, mice
received cotreatment with LY2109761 administration by
oral gavage (100 mg/kg/day) and intraperitoneal injection of
5-FU (50 mg/kg/day) for 28 consecutive days (Fig. 6a). Real-
time PCR analysis in SW-620 allografts revealed that either
LY2109761 or 5-FU had no effects on miR-552 inhibition
by inhibitors, which was substantially repressed at the end of
42 days after cell inoculation (Fig. 6b). Western blot assays
showed that the expression levels of SMAD?2 and pSMAD2,
along with two markers for TGF-f activation (namely
E-cadherin and vimentin), were all markedly increased in
SW-620 allografts treated with inhibitors alone. By con-
trast, only SMAD?2 expression was significantly induced in
SW-620 allografts cotreated with inhibitors and LY2109761
(Fig. 6¢). Consequently, administration of LY2109761 suc-
cessfully abolished miR-552 deficiency-induced resistance
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Fig.4 Identification of the A
3'-UTR of SMAD?2 as the direct
target of miR-552. a Prediction
of putative target genes of miR-
552 by two different algorithms
(Targetscan and miRDB). b
Real-time PCR analysis of the
putative target genes in 5-FU-
responsive and 5-FU-resistant
CRC tissues (n=10/group,
*P<0.05 and **P <0.01 when
compared to 5-FU-responsive
tissues). ¢ Levels of miR-552
and SMAD2 mRNA expres-
sion in 97 CRC tissues were
assessed using real-time PCR
analysis, followed by Pearson’s
Chi-square test. SW-480/5-FU
and SW-620/5-FU cells were
transfected with miR-552 mim-
ics or NC for 48 h, followed by
real-time PCR (d) or western
blot analysis (e) (*P <0.05 and
**P <0.01 when compared

to NC). e Predicted miR-552
binding sites in the 3'-UTR F
of SMAD?2 gene. f Luciferase
reporter assay with co-trans-
fection of wild-type or mutant
SMAD?2 Luc reporter plasmids
and miR-552 mimics in HeLa
cells (*P <0.05 when compared
to NC)
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to cell apoptosis (Fig. 6d) and restored chemosensitivity in
5-FU-challenged SW-620 allografts (Fig. 6e), at both in vitro
and in vivo levels. Together, the available data suggest that
in CRC, the 5-FU chemoresistance caused by miR-552 defi-
ciency requires the synergistic action of TGF-f signaling

(Fig. 6f).

Discussion

miR-552 expression has been shown to be significantly
increased in primary CRC tissues compared to their adjacent
normal tissues [13, 15]. Consistently, our gPCR analysis in
a cohort of human samples (n = 10) also revealed a clear-cut
elevation of miR-552 expression in CRC tissues (Fig. 1a),
suggesting that miR-552 may serve as a potent oncomiR in
CRC. Surprisingly, when CRC tissues develop resistance to
5-FU treatment, miR-552 expression was reduced sharply.
Levels of miR-552 in 5-FU-less sensitive SW-620 [38] and
5-FU-resistant CRC cells were much lower than those in
5-FU-sensitive SW-480 and parental CRC cells, respec-
tively (Fig. 2), also lending strong support to the notion
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that miR-552 expression is substantially inhibited along the
pathogenesis of 5-FU chemoresistance. Given that acquisi-
tion of drug resistance is important for tumor progression,
the available data suggest that miR-552 can function as both
an oncogenic and a tumor suppressor miRNA in different
stages of CRC. A growing number of miRNAs have been
shown to be “double-faced” regulators of cancerous behav-
ior depending on the tissue and cellular context. miR-29b
negatively regulates proliferation and invasion in multiple
myeloma (MM) [39] and acute myeloid leukemia (AML)
[40], but potentiates cell growth in bladder cancer [41].
To this end, the current study indicates that miR-552 may
exhibit a dual function in response to different environmen-
tal stimuli. Considering that miR-552 down-regulation was
observed to be negatively correlated to the overall survival
and disease-free survival in patients receiving 5-FU-based
chemotherapy, as revealed by our Kaplan—Meier analysis in
a large cohort of human samples (Fig. 1b, c), we propose
the feasibility of using miR-552 as a sensitive biomarker for
predicting prognosis of postchemotherapy in CRC.
miR-552 expression appeared to be exquisitely modulated
by mismatch repair status in CRC cells. This conclusion is
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drawn from three observations. (1) Analysis of the clinico-
pathological data from 97 patients revealed that miR-552
downregulation was associated with dIMMR status (Sup-
plementary Table 1). (2) The HCT-116 cell line is known
to have homozygous mutations at the AMLHI locus and is
defective in mismatch repair [29]. When parental HCT-116
cells were experimentally induced to be resistant to 5-FU,
no significant change was found in the miR-552 expression
levels between HCT-116 and HCT-116/5-FU cells (Fig. 2d).
This line of evidence strongly suggests that IMMR, instead
of 5-FU resistance, regulates fundamentally the expression
levels of miR-552 in CRC cells. (3) The latter point become
more confirmative when reintroduction of a normal copy of
hMLHI gene from the human monochromosomal hybrid cell
GM11686 have restored miR-552 expression to the levels in
normal colon epithelial cells (Fig. 2e, f).

Besides the unique expression profile of miR-552 along
the development of 5-FU resistance, our combined analy-
sis allowed us to dissect the major molecular basis under-
pinning miR-552 action. miR-552 deficiency confers 5-FU
resistance by targeting SMAD?2 signaling. This is based

on the finding that miR-552 inhibited the SMAD2 expres-
sion at both transcriptional and translational levels and
repressed the activity of a luciferase reporter construct
containing the miR-552 binding site (Fig. 4). In good
agreement, stable ablation of SMAD2 neutralized the
promoting effects of miR-552 deficiency on 5-FU resist-
ance (Fig. 5). SMAD?2 is thus a relevant target of miR-552
implicated in these processes. TGF-f/SMADs pathway is
emerging as a critical mediator of drug resistance. Actu-
ally, the previous study has shown a specific activation of
the TGF-f pathway in consequence of 5-FU-based chemo-
therapeutic treatment in CRC [42]. TGF- activation stim-
ulates epithelial-to-mesenchymal transition (EMT) and
thereby confers acquired resistance in many tumor types
[37]. Interestingly, the expression levels of members in
TGF-p/SMADs pathway have been shown to be function-
ally regulated by miRNAs at the posttranscriptional level.
For instance, miR-181b regulates cisplatin chemosensitiv-
ity by targeting TGFBR1 in NSCLC [43]. miR-34a poten-
tiates oxaliplatin (OXA) sensitivity through inhibition of
macroautophagy activation by directly targeting SMAD4
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Fig.6 Synergistic cooperation of TGF-f activation and SMAD2
upregulation in the induction of 5-FU resistance. a Experimental
protocol used in our xenografts model. b Expression levels of miR-
552 in the SW-620 allografts derived from different mouse models
were assayed using real-time PCR analysis. ¢ Expression of SMAD2,
pSMAD?2, E-cadherin and Vimentin in the SW-620 allografts derived
from different mouse models were evaluated using Western blot
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in CRC [44]. In continuance to this understanding, we
have identified SMAD?2, a core cytoplasmic effector medi-
ating TGF-f activity, as the direct down-stream target of
miR-552. Apparently, most of the components of TGF-f/
SMADs pathway, such as TGFpR1 [43], SMAD?2 [45],
SMAD3 [46] and SMAD4 [44], are directly regulated at
different layers by miRNAs.

The importance of TGF-f signaling has initiated the
expected feasibility of targeting this pathway as an effective
antineoplastic strategy. However, the results of the applica-
tion of TGFBR inhibitors or ligand traps, both preclinically
and clinically, turn out to be frustrating [47, 48]. The rel-
evance of this observation is twofold. First, TGF-} possesses
a paradoxical activity by acting as a tumor suppressor dur-
ing early tumor development or as an oncogenic factor in
the advanced stages. Therefore, this complexity of TGF-f
action, along with the fact that most of the tumors are het-
erogeneous, is certain to weaken the therapeutic effects of
blockade of TGF-f [37]. On the hand, TGF-f may incorpo-
rate a synergistic action from other core mechanisms (e.g.
miRNAs) to fully exert their biological effects [49, 50].
In favor of this, we have shown that TGF-f inhibition by
LY2109761 administration successfully abolished miR-552
deficiency-induced resistance to cell apoptosis (Fig. 6d)
and restored chemosensitivity in 5-FU-challenged SW-620
allografts (Fig. 6e). On this basis, we propose that miR-552
replenishment and TGF-f inhibition combination therapy
may suppress 5-FU-resistant tumor growth to a greater
extent. Overall, our findings have revealed a critical role of
miR-552/SMAD?2 cascade in modulating cellular response
to 5-FU chemotherapy.
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