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BACKGROUND AND PURPOSE
Mistletoe lectin-I (ML-I), the main anti-cancer component of mistletoe extracts, was originally thought to act exclusively on
28S rRNA. Here, we investigate the down-regulating effect and mechanism of CM-1, an ML-I isolated from Chinese mistletoe,
on some miRNAs.

EXPERIMENTAL APPROACH
The anti-cancer effects of CM-1 were assessed in vitro and in vivo in colorectal cancer cells. The miRNAs down-regulated by
CM-1 were identified by miRNA microarray assay and validated by qRT-PCR analysis. The suppression of host gene
transcription or by degradation of precursors was determined by qRT-PCR and enzyme activity assays respectively. The
qRT-PCR, Western blot and immunohistochemistry were used to examine the expression of their target gene and related
downstream effector. Cell proliferation was assayed in stably transfected HEK-293 cells with different levels of these miRNAs.

KEY RESULTS
CM-1 showed prominent anti-neoplastic activity towards CLY and HT-29 cells both in vitro and in vivo. The miR-135a&b were
the miRNAs most down-regulated by CM-1. Their host gene transcription was largely up-regulated, while their precursors
were degraded directly by CM-1. The expression of their target gene adenomatous polyposis coli and the phosphorylation of
related effector b-catenin were both significantly up-regulated. The IC50 values of CM-1 on derivative HEK-293 cells with high
miR-135a&b levels were 2–4 times lower than that of control cells.

CONCLUSIONS AND IMPLICATIONS
CM-1 down-regulated some miRNAs by degrading their precursors, which contributes to its prominent anti-cancer activity.

LINKED ARTICLE
This article is commented on by Rushworth, pp. 346–348 of this issue. To view this commentary visit http://dx.doi.org/
10.1111/j.1476-5381.2010.01075.x

Abbreviations
APC,adenomatous polyposis coli; CRC,colorectal cancer; ML-I,mistletoe lectin-I; pre-miRNA,precursor microRNA;
pri-miRNA,primary microRNA; RIPs,ribosome inactivating proteins; RISC,RNA-induced silencing complex

Introduction

The mistletoe (Viscum album) is a semi-parasitic
plant widely spread over Europe and parts of Asia.

Aqueous mistletoe extracts have been used as a
complementary cancer drug for almost a century
(Li, 2002). The main biological activity of the
extracts has now been attributed to the mistletoe
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lectin-I (ML-I) (Hajto et al., 1989). ML-I consists of
two subunits (A and B) and belongs to the family of
ribosome inactivating proteins (RIPs), type II
(Barbieri et al., 1993). Subunit A exhibits RNA
N-glycosidase activity and selectively cleaves the
N-glycosidic bond of the adenine-4324 residue in
the conserved GAGA hairpin loop of 28S rRNA
(Endo et al., 1987). This effect leads to a catalytical
inactivation of ribosomes, thereby inhibiting trans-
lation and protein synthesis (Endo and Tsurugi,
1988). The B subunit binds to galactose-containing
cell surface receptors of glycoproteins and glycolip-
ids, thereby facilitating penetration of the toxic
A-chain to the cytosol and promoting subsequent
ribosome inactivation (Lord et al., 1994). RIPs were
originally thought to act exclusively on ribosomes
or rRNA. Recently, evidence is accumulating that
RIPs are also capable of inactivating many non-
ribosomal nucleic acid substrates. DNA, tRNA and
even a synthetic 35-residue oligoribonucleotide that
mimics the single-stranded GAGA loop, can also
serve as the substrates for RIP activity (Endo et al.,
1991; Barbieri et al., 1997; Hudak et al., 2000).
Therefore, it is reasonable to hypothesize that other
important RNAs, such as micro-RNA (miRNA), may
also be substrates for RIPs.

miRNAs are a class of small non-coding RNAs
that negatively regulate gene expression (Ambros,
2003). The genes encoding miRNAs are typically
transcribed by RNA polymerase II or III as primary
miRNAs (pri-miRNAs), which range from a few
hundred to thousand of nucleotides (nt) in length
(Esquela-Kerscher and Slack, 2006; Zhao and Srivas-
tava, 2007). The pri-miRNA of each miRNA has a
characteristic stem-loop structure that can be recog-
nized and cleaved by ribonuclease Drosha within
the nucleus (Esquela-Kerscher and Slack, 2006; Zhao
and Srivastava, 2007). The cleavage product, a
~70-nt precursor miRNA (pre-miRNA) hairpin, is
exported from the nucleus and further processed by
the ribonuclease Dicer into its mature miRNA
(~21 nt) in the cytoplasm (Esquela-Kerscher and
Slack, 2006; Zhao and Srivastava, 2007). The mature
single-strand miRNA is incorporated into the RNA-
induced silencing complex (RISC), where it guides
RISC to silence target mRNAs through mRNA cleav-
age, translational repression or deadenylation
(Esquela-Kerscher and Slack, 2006; Zhao and Srivas-
tava, 2007). In view of the ability of RIPs to remove
an adenine in a conserved loop in the 28S rRNA
(Endo et al., 1987), we hypothesized that some pri-
miRNAs or pre-miRNAs could also be the substrates
for RIPs (such as ML-I) owing to their characteristic
stem-loop structures, and their corresponding
mature miRNAs levels would be down-regulated
eventually due to the destruction of the precursors.

Many investigators have reported the significant
anti-cancer activity of ML-I on various tumours,
including colorectal cancers (CRCs) (Valentiner
et al., 2002; Khil et al., 2007). CRC is the third most
common cancer worldwide (Parkin et al., 2005).
Molecular studies have pinpointed activating muta-
tions of the Wnt signalling pathway as the cause of
approximately 90% of CRC (Paul and Dey, 2008).
Wnt signalling regulates gene expression by control-
ling b-catenin levels (Behrens and Lustig, 2004; Paul
and Dey, 2008). In the absence of Wnt signalling,
cytoplasmic b-catenin is phosphorylated at specific
serine and threonine residues by the destruction
complex and then undergoes ubiquitination-
mediated degradation (Behrens and Lustig, 2004;
Paul and Dey, 2008). As a result, no b-catenin travels
to the nucleus to regulate the expression of the Wnt
target genes (Behrens and Lustig, 2004; Paul and
Dey, 2008). In contrast, if Wnt factors are present in
the extracellular matrix, stimulation of the Wnt
receptors causes loss of activity of the destruction
complex (Behrens and Lustig, 2004; Paul and Dey,
2008). Consequently, unphosphorylated b-catenin
accumulates and travels to the nucleus and induces
the expression of the Wnt target genes (Behrens and
Lustig, 2004; Paul and Dey, 2008). Of note,
adenomatous polyposis coli (APC), an important
tumour suppressor for CRC, is a key component of
the destruction complex mentioned previously
(Behrens and Lustig, 2004; Paul and Dey, 2008). The
role of APC, as a scaffold in the formation of a
Wnt-regulated destruction complex that mediates
the phosphorylation and therefore degradation of
b-catenin, is well established (Fodde, 2002). Loss of
APC leads to inappropriate stabilization of b-catenin
protein, thus contributing to b-catenin nuclear
translocation and constitutive activation of Wnt
target genes (Phelps et al., 2009). In addition to
mutation and hypermethylation in the APC gene
(Rubinfeld et al., 1997; Arnold et al., 2004), miRNA-
mediated suppression is also responsible for the low
levels of APC in CRC (Nagel et al., 2008). Nagel et al.
(2008) have reported that miR-135a&b decrease the
translation of the APC transcript by targeting its
3′-untranslated region. Because of the prominent
anti-cancer effects of ML-I on CRC cells both in vitro
and in vivo (Valentiner et al., 2002; Khil et al., 2007),
we are interested to determine whether ML-I would
regulate the expression of some important genes
(such as Wnt components) in CRC cells through
miRNA-mediated suppression.

In an earlier study, an ML-I named CM-1 was
purified from Chinese mistletoe and CM-1 showed
more than 90% of identity to European ML-I
(EML-I) at primary structure level (Kong et al.,
2005). The first aim of this study was to analyse the
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anti-cancer effects of purified CM-1 on CRC cell
growth. The second aim was to identify the poten-
tial substrate miRNAs for CM-1 and analyse the
mechanisms responsible for their down-regulation.
The third aim was to investigate the down-
regulating effects of the substrate miRNAs on their
target genes and downstream signalling pathways.
Furthermore, the correlation between the substrate
miRNA levels and CM-1 cytotoxic sensitivity has
also been investigated in this study.

Methods

Isolation of CM-1
CM-1 was isolated from leaves of the Chinese
mistletoe [Viscum coloratum (Komar.) Nakai] har-
vested from poplar and purified using affinity chro-
matography and cation exchange chromatography
as described previously (Kong et al., 2005). Briefly,
mistletoe leaves harvested from poplar trees were
powdered, blended and extracted in 0.15 mol·L-1

NaCl–10 mmol·L-1 phosphate-buffered saline (PBS,
pH 7.2) overnight at 4°C. After centrifugation, the
supernatant was adjusted to be saturated with 70%
ammonium sulfate and left for 2–3 h at 4°C. The
precipitate was dissolved in PBS, dialyzed several
times against the same buffer and then applied to an
acid-treated Sepharose column. After washing the
column with PBS to remove unbound protein, the
bound proteins (CM-1) were eluted with 0.1 mol·L-1

galactose in PBS. The fractions were pooled and dia-
lyzed against PBS. The purification process was per-
formed using cation exchange chromatography
under acidic conditions (0.01 mol·L-1 sodium
acetate, pH 5.0). Fractions were analysed by sodium
dodecyl sulphate (SDS)-polyacrylamide gel electro-
phoresis (PAGE), and fractions containing 55 kDa
protein were pooled, dialyzed against water and
freeze dried.

Cell lines and cell culture
The human CRC cell line CLY was established from
liver metastases of a CRC patient and characterized
with a hyperactive Wnt pathway (Li et al., 2007).
The human CRC cell line HT-29 and the human
embryonic kidney cell line HEK293 were obtained
from the American Type Culture Collection (Manas-
sas, VA, USA). HT-29 was established from the
primary tumour of a Caucasian woman with colon
adenocarcinoma. All cell lines were cultured in Dul-
becco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mmol·L-1 L-
glutamine, 100 U·mL-1 penicillin and 100 mg·mL-1

streptomycin (Gibco, Paisley, Scotland, UK) in a
humidified atmosphere with 5% CO2 at 37°C.

miRNA microarray assay
After incubation with 1.0 ng·mL-1 CM-1 for 72 h,
total RNAs from CM-1-treated HT-29 and CLY cells,
as well as untreated HT-29 and CLY cells, were iso-
lated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Two mg of total RNA from each sample
were labelled using the miRCURY™ Hy3™/Hy5™
labelling kit and hybridized on the miRCURY™ LNA
Array version 10.0 (Exiqon, Vedbaek, Denmark)
using a Tecan HS4800 hybridization station (Tecan
Systems, San Jose, CA, USA). The microarray slides
were scanned using the Genepix 4000B (Axon
Instruments, Sunnyvale, CA, USA) and the data
were analysed in Genepix Pro 6.0 (Axon Instru-
ments). The quantified signals were normalized
using intensity-dependent global locally weighted
scatterplot smoothing regression algorithm (Yang
et al., 2002). Differentially expressed miRNAs were
identified using one-way analysis of variance
(ANOVA). Changes in expression, either twofold
greater or less, were considered to be differentially
expressed.

Cell proliferation assay
Cells were seeded in 96-well plates at a density of
3000 cells per well. After 24 h culture in the normal
growth medium, the cells were exposed to graded
concentrations of CM-1 or blank medium (control)
for 96 h. After treatment, the viability of the cells
was determined by MTT assay. Briefly, MTT
(5 mg·mL-1) was added and cells were incubated for
4 h at 37°C. After removing the supernatant, the
produced formazan crystals were dissolved in DMSO
(Fluka, Buchs, Switzerland) and the absorbance at
570 nm was determined by a microplate reader
(Thermo Labsystems, Helsinki, Finland). Absor-
bance of the untreated control cells was taken as
100% and absorbance of CM-1-treated cells was
taken as percentage survival. The 50% inhibitory
concentration (IC50) was determined by non-linear
regression analysis of the dose-response curves
(Microcal Origin 7.0 software, Microcal Software,
Inc., Northampton, MA, USA).

In vivo anti-cancer effect assay
All animal care and experimental procedures con-
formed to the Guide for the Care and Use of Labo-
ratory Animals as adopted and promulgated by
Beijing Medical Experimental Animal Care Commis-
sion. Six-week-old female athymic nude mice
(Balb/c nu/nu) were obtained from Vital River
(Beijing, China), housed in controlled specific-
pathogen-free conditions (25 � 1°C constant tem-
perature, 40–60% relative humidity, 12 h lighting
cycle) and allowed free access to food (standard
rodent chow) and water during the study period.
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CRC cells (2 ¥ 106) were injected subcutaneously
into the right abdominal flanks of the nude mice
(n = 30). Tumour growth was measured with a slide
caliper and the volumes were estimated according to
the following formula: Tumour volume (mm3) = L ¥
W2/2, where L is length and W is width. When the
tumour volume reached about 100 mm3, the mice
were separated into two treatment groups and one
control group with almost equal mean tumour sizes.
The mice in the two CM-1 treatment groups were
given CM-1 i.v. at doses of 20 mg·kg-1 every 10 days
or 10 mg·kg-1 every 3 days respectively. Control mice
were treated the same way, receiving vehicle solu-
tion (PBS) only. The experiment was stopped when
the tumour volumes of the control mice reached
about 1500 mm3. At the end of the treatment, the
mice were killed for autopsy and the tumours were
recovered and weighed. The tumour growth inhibi-
tory rate was calculated as follows: Inhibitory rate
(%) = [1 - (mean tumour weight of treated group)/
(mean tumour weight of control group)] ¥ 100.

miRNA and mRNA expression assay
miRNAs from cultured cells or xenograft tissues
were extracted using PureLink™ miRNA Isolation
Kit (Invitrogen). The extracted miRNAs were poly-
adenylated and reverse-transcribed to cDNA using
the NCode™ miRNA First-Strand cDNA Synthesis
kit (Invitrogen). Real-time qPCR was performed
using SYBR Green qPCR SuperMix kit (Invitrogen),
with the universal qPCR primer and the miRNA-
specific forward primers provided by the manufac-
turer in ABI PRISM 7900 Real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The
miRNA-specific primer sequences were as follows:
miR-135a, 5′- TATGGCTTTTTATTCCTATGTGA-3′;
miR-135b, 5′-TATGGCTTTTCATTCCTATGTGA-3′;
miR-200c 5′-TAATACTGCCGGGTAATGATGGA-3′;
5s rRNA 5′-GTCTACGGCCATACCACCCTGAAC-3′.
The expression levels of miRNAs were normalized
to 5s rRNA. Each sample was run in triplicate for
analysis.

Total RNAs from cultured cells or xeno-
graft tissues were extracted using Trizol reagent
(Invitrogen). Extracted RNA samples were reverse-
transcribed to cDNA using the SuperScript III first-
strand synthesis system (Invitrogen). mRNA levels
were analysed by SYBR Green qPCR SuperMix kit
(Invitrogen) and ABI PRISM 7900 Real-time PCR
system (Applied Biosystems). The primers used in
this experiment are indicated in Table S1. The
average of three independent analyses for each
gene and sample was calculated and was nor-
malized to the endogenous reference control gene
b-actin.

Analysis of CM-1 enzyme activity on
pre-miRNA mimics
CM-1 was resuspended in 10 mmol·L-1 HEPES (pH
7.0) and the protein concentration was determined
using a protein assay kit (Bio-Rad, Richmond, CA,
USA). The single-stranded RNA-oligonucleotides
mimicking the stem-loop structures of pre-miRNAs
were purchased from Guangzhou RiboBio (Guang-
zhou, China). The sequences of these RNA-
oligonucleotides were as follows: pre-miR135a1,
5′-AUUCCUAUGUGAUUCUACUGCUCACUCAUA
UAGGGAU-3′; pre-miR135a2, 5′-AUUCCUAUGU
GAUAGUAAUAAAGUCUCAUGUAGGGAU-3′; pre-
miR135b, 5′-UCCUAUGUGAUUGCUGUCCCAAA
CUCAUGUAGGG-3′; pre-miR200c, 5′-GCAGUGUU
UGGGUGCGGUUGGGAGUCUCUAAUACUGC-3′.
To form the stem-loop structure, the annealing
reaction was performed by diluting the RNA-
oligonucleotides with 5¥ annealing buffer
(50 mmol·L-1 Tris, pH 8.0, 100 mmol·L-1 NaCl), incu-
bating them at 95°C for 2 min and cooling slowly to
room temperature. The enzyme activity analysis was
performed by mixing the annealed RNA-
oligonucleotides and CM-1 in the reaction buffer
(10 mmol·L-1 HEPES, pH 7.0, 2 mmol·L-1 ZnCl2, 2%
b-mercaptoethanol) as described previously
(Nicolas et al., 2000). The concentration of RNA-
oligonucleotides was 10 mmol·L-1 and CM-1 concen-
trations varied from 2 to 0.2 mmol·L-1 as indicated in
Figure 4. To exclude the effect of RNase contamina-
tion, 5 U RNase If (NEB, Beverly, MA, USA), as a
positive control, was used to treat the same amount
of RNA-oligonucleotides. After incubation at 37°C
for 30 min, the samples were post-treated with a
reducing agent (100 mmol·L-1 NaBH4, 15 min on
ice). Assays were terminated by the addition of for-
mamide loading dye. The distribution of substrate
and product(s) was resolved by gel electrophoresis in
a 15% polyacrylamide-urea gel and visualized using
rapid silver stain kit (Tiandz, Beijing, China).

Western blot analysis
Cultured cells and xenograft tissues were homog-
enized in RIPA lysis buffer containing 50 mmol·L-1

Tris-HCl (pH 8.0), 150 mmol·L-1 NaCl, 0.02% NaF,
1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate
and protease inhibitor cocktail (Roche, Mannheim,
Germany). The lysate proteins were resolved by SDS-
PAGE, transferred to the Immobilon-P membranes
(Millipore, Billerica, MA, USA), blocked with 5%
dried skim milk powder in Tris-buffered saline (TBS),
and immunoblotted with the antibodies against
b-actin, b-catenin, APC (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) and phospho-b-catenin
(Cell Signaling Technology, Beverly, MA, USA). The
antibodies were detected by enhanced chemilumi-
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nescent staining using horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz).

Immunohistochemical staining
The tumour tissues were formalin fixed, paraffin
embedded and sectioned into 4 mm slices. The
tissue sections were deparaffinized, rehydrated and
blocked with 3% H2O2 to quench the endogenous
peroxidase activity. Antigen retrieval was perfor-
med by boiling slides in sodium citrate buffer
(10 mmol·L-1, pH 6.0). b-Catenin antibody and APC
antibody (Zymed, San Francisco, CA, USA) were
used as primary antibodies and detected with hor-
seradish peroxidase-conjugated secondaries and
diaminobenzidine (Santa Cruz). Negative controls
were treated the same way except replacing the
primary antibody by the isotype-matched IgG.

Plasmid vector construction
The plasmids pCDNA3 encoding miR-135a1 and
miR-135b were kindly provided by Dr Xiao-fei
Zheng (Beijing Institute of Radiation Medicine,
Beijing, China) and have been described elsewhere
(Cui et al., 2007). The pCDNA3-miR-135a2 and
pCDNA3-miR-200c were constructed by cloning the
flanking regions of the mature miRNAs between
HindIII and XhoI restriction sites of the pCDNA3
vector as described previously (Cui et al., 2007). The
flanking regions of the mature miRNAs were ampli-
fied from genomic DNA using the following pri-
mers: mir-135a2, 5′-TAGAAGCTTAGCGTGAAATGA
TTGGTTAG-3′ (sense), 5′-TATCTCGAGACACAAGG
CAGGTAGCAGAG-3′ (antisense); mir-200c, 5′-TA
GAAGCTTAGCAGGGCTCACCAGGAAG-3′ (sense),
5′-TATCTCGAGCAGTCAACCAACAAGAACCAC-3′
(antisense).

Transfections
Stable transfection of miRNAs. For miRNA overex-
pression studies, HEK293 cells were seeded in
24-well plates and transfected with expression plas-
mids using Lipofectamine™ 2000 (Invitrogen). The
cells were then exposed to a selective concentration
(as determined by ‘a killing curve’) of 600 mg·mL-1

geneticin (G418-sulfate; Invitrogen) to isolate stably
transfected cells. The mature miRNA expression in
the selected clones was assessed by qRT-PCR as
described previously.

Transient transfection of miRNA inhibitors. For
miRNA inhibition assays, CLY, HT-29, HEK293
and HEK293 derivative cells were seeded in 6-well
plates and transfected with specific antagomirs or
scrambled negative control (Shanghai GenePharam,
Shanghai, China) using Lipofectamine™ 2000. Cells
were harvested 48 h after transfection and assayed

for miRNA, mRNA and protein expression. The
sequences of antagomirs and negative control were
as follows: antagomir-135a, 5′-UCACAUAGGAAU
AAAAAGCCAUA-3′; antagomir-135b, 5′-UCACA
UAGGAAUGAAAAGCAUA-3′; antagomir-200c (con-
trol), 5′-UCCAUCAUUACCCGGCAGUAUUA-3′;
scrambled negative control, 5′-CAGUACUUUUGU
GUAGUACAA-3′.

Statistical analysis
Data were expressed as mean � SD of at least three
independent experiments. One-way ANOVA test fol-
lowed by Tukey’s comparison was performed to
ascertain statistical differences between the different
treatment groups. Differences were considered sta-
tistically significant at P < 0.05.

Results

Anti-cancer activity of CM-1 on CRC cell
lines in vitro and in vivo
To determine the cytotoxic effects of CM-1 on CRC
cells, CLY and HT-29 cells were treated with CM-1
for 72 h and cell viability was examined by MTT
assay. As shown in Figure 1A, CM-1 inhibited the
growth of the two cell lines in a concentration-
dependent manner. The IC50 values of CM-1 in CLY
and HT-29 cells were 0.68 � 0.07 and 1.62 �
0.16 ng·mL-1 respectively.

To determine whether CM-1 showed anti-cancer
activity in vivo, nude mouse xenograft models of CLY
and HT-29 were established and treated with CM-1,
as described under Methods. Tumours of control
groups grew rapidly, increasing in average volume by
approximately 15-fold (Figure 1B,C). A statistically
significant decrease in the rate of tumour growth
compared with the controls was observed in CM-1
groups, with tumours increasing in volume by three
to sevenfold during treatment (Figure 1B,C). It was
noteworthy that the average CLY tumour growth in
animals treated with 20 mg·kg-1 CM-1 was completely
inhibited, and in fact these tumours shrank in
volume, resulting in a twofold decrease in tumour
volume during treatment (Figure 1B). At the end of
the treatment, the tumours were recovered and
weighed. For CLY xenografts, the average tumour
weights of 10 mg·kg-1 group and 20 mg·kg-1 group
were 0.47 � 0.21 and 0.06 � 0.05 g, respectively,
which were much less than that of control group
(1.50 � 0.32 g), and the tumour growth inhibitory
rates were 68.5 and 95.8% respectively. Similarly,
CM-1 significantly inhibited the growth of HT-29
xenografts. The tumour weights of control group,
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10 mg·kg-1 group and 20 mg·kg-1 group were 1.49 �
0.39, 0.74 � 0.29 and 0.33 � 0.15 g respectively. The
tumour growth inhibitory rates of 10 mg·kg-1 group
and 20 mg·kg-1 group amounted to 50.5 and 78.1%
respectively.

Identification of miRNAs down-regulated
by CM-1
To identify the miRNAs in CRC cell lines affected
by CM-1 treatment, we used miRCURY™ LNA

microRNA Arrays to profile miRNA expression in
control and CM-1-treated CRC cells. The spotted
LNA oligonucleotide arrays contain capture probes
for all annotated human miRNAs in the miRNA
database miRBase Release 10.0 (http://www.mirbase.
org). Among the 428 human mature miRNAs analy-
sed, 22 miRNAs were found to be down-regulated
by more than twofold as compared with controls
in CM-1-treated CLY cells, and 18 in CM-1-treated
HT-29 cells (Table S2). It was worth noting that 12
miRNAs were down-regulated synchronously in the
two CM-1-treated CRC cell lines, and miR-135a was
the most down-regulated (Table S2). However, only
1 and 3 miRNAs were significantly up-regulated in
CM-1-treated CLY and HT-29 cells, respectively
(Table S2).

Nagel et al. (2008) have described the elevation
of miR-135a&b as a commonly occurring event in
CRC pathogenesis. According to the miRNA
microarray profiling described previously, miR-135a
was the most down-regulated miRNA following
CM-1 treatment in both CLY and HT-29 cells, which
suggested a potential correlation between miR-135a
expression and the anti-cancer mechanism of CM-1.
Next, we focused on miR-135a&b and confirmed the
down-regulation by CM-1, using qRT-PCR analysis.
In vitro, CLY and HT-29 cells were treated with 1.0 or
2.0 ng·mL-1 CM-1 for 72 h and then the miR-135a
and miR-135b expression levels of these cells were
evaluated. At the same time, miR-200c (showing
no significant changes following CM-1 treatment
according to microarray profiling) expression level
was tested as a negative control of miR-135a&b.
As further controls, the effects of antagomir-135a,
antagomir-135b (positive controls of CM-1) and
antagomir-200c (negative control of CM-1) on CLY
and HT-29 cells were analysed. As shown in
Figure 2A and B, miR-135a and miR-135b expression
levels largely decreased upon CM-1 treatments in
both CLY and HT-29 cells. Antagomir-135a and
antagomir-135b also induced the degradation of
miR-135a and miR-135b (Figure 2A,B). Levels of
miR-200c were not changed following the different
treatments, with the exception of the transfection of
antagomir-200c (Figure 2A,B). In vivo, nude mice
with CLY and HT-29 tumour xenografts were treated
with 10 or 20 mg·kg-1 CM-1. Three weeks later, the
tumours were recovered and miRNAs extracted from
these tumour tissues were evaluated. Compared
with control group (treated with PBS only), the miR-
135a and miR-135b expression levels of CM-1
groups were substantially decreased in both CLY and
HT-29 xenografts (Figure 2D,E). However, CM-1
treatment did affect miR-200c levels (Figure 2D,E).
Taken together, our results suggested that CM-1 was
able to induce the down-regulation of miR-135a&b.

Figure 1
Anti-cancer effect of CM-1 on colorectal cancer cell lines. (A) Anti-
cancer effect of CM-1 in vitro. CLY and HT-29 cells were treated with
graded concentrations of CM-1 for 72 h, and then cell growth was
determined by MTT assay. Experiments were performed in triplicate
and IC50 values were determined by non-linear regression with dose-
response curve fitting. Anti-tumour effect of CM-1 on CLY (B) and
HT-29 (C) xenografts. Nude mouse xenograft models of CLY and
HT-29 were established and treated with CM-1. Tumour volume was
measured and compared every 2 or 3 days. The initial days showing
significant differences between mice treated with 20 mg·kg-1 CM-1,
those given 10 mg·kg-1 and the control untreated group are indi-
cated as (*) and (#), respectively (one-way analysis of variance with
Tukey’s post hoc test, P < 0.05).
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CM-1 down-regulated miR-135a&b not by
suppressing transcription
The down-regulation of specific miRNAs induced by
CM-1 could be caused by degrading their precursors
through deadenylation or by suppressing the
expression of their primary transcripts. To under-
stand the exact mechanism, first we used qRT-PCR
analysis to determine whether the transcription of
pri-miR-135a&b was suppressed. In vitro, the expres-
sion levels of pri-miR-135a1, pri-miR-135a2 and pri-
miR-135b were not decreased but largely increased
upon CM-1 treatments in both CLY and HT-29 cells
(Figure 3A,B), which was contrary to the effects of
antagomir-135a and antagomir-135b treatment.
However, pri-miR-200c levels showed no significant
changes following the different treatments, with the
exception of the transfection of antagomir-200c

(Figure 3A,B). In vivo, CM-1 treatment also signifi-
cantly enhanced the transcription of pri-miR-135a1,
pri-miR-135a2 and pri-miR-135b in both CLY and
HT-29 tumour xenografts (Figure 3D,E). But the
up-regulation was not observed in pri-miR-200c
levels (Figure 3D,E). Overall, CM-1 treatment did
not suppress but actually enhanced the transcrip-
tion of pri-miR-135a&b.

CM-1 down-regulated miR-135a&b by
degrading their precursors
Next, we were interested to determine whether
CM-1 could directly induce degradation of miR-
135a&b precursors. According to miRBase database
(http://www.mirbase.org), we designed some single-
stranded RNA-oligonucleotides mimicking the
stem-loop structures of pre-miR-135a1, pre-miR-

Figure 2
Down-regulation by CM-1 of miR-135a&b. qRT-PCR analysis of miR-135a, miR-135b and miR-200c (as a negative control) in CLY (A) and HT-29
(B) cells treated with PBS, CM-1, antagomir-135a, antagomir-135b, or antagomir-200c. qRT-PCR analysis of miR-135a, miR-135b and miR-200c
(as a negative control) in CLY (D) and HT-29 (E) tumour xenografts from nude mice treated with PBS or CM-1. In panels A, B, D and E, data shown
are means from three independent experiments after normalization to the internal control 5s rRNA. *P < 0.05, significantly different from the
respective controls; one-way analysis of variance with Tukey’s post hoc test. (C and F) Electrophoresis of the PCR products was performed to check
PCR specificity.
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135a2, pre-miR-135b and pre-miR-200c respectively.
Following the annealing reaction, 10 mmol·L-1 RNA-
oligonucleotides with stem-loop structures were
incubated with varying concentrations of CM-1 at
37°C for 30 min. The ratios of CM-1/RNA-
oligonucleotides were 0.02, 0.1 and 0.2 respectively.
Thereafter, the distribution of substrates and pos-
sible products were resolved by polyacrylamide-urea
gel electrophoresis and visualized by silver stain. As
Figure 4A–C showed, untreated controls (lane 1)
exhibited sharp and strong bands between 40 and
30 bp, which represented un-degraded pre-miRNA
mimics and were identified as the substrate bands.
With the increasing concentration of CM-1, the
weakening of the substrate bands and the enhance-
ment of faster migrating product bands (~20 bp)
were observed in pre-miR-135a1, pre-miR-135a2

and pre-miR-135b mimics (Figure 4A–C, lanes 2–4).
However, there were no significant changes in
banding patterns of CM-1 treated pre-miR-200c
mimics (Figure 1D). To further exclude the effect of
RNase contamination, 5 U RNase If, as a positive
control, was used to treat the same amount of RNA-
oligonucleotides. As a result, no perceptible bands
were observed in all RNase If treated pre-miRNA
mimics (Figure 4, lane 5), which indicated the com-
plete degradation of these RNA oligonucleotides.

CM-1 up-regulated APC expression and
b-catenin phosphorylation
Nagel et al. (2008) have reported miR-135a&b target
the 3′ untranslated region of APC and suppress its
expression. APC, as it is well known, is a scaffold
protein for the b-catenin-destruction complex and

Figure 3
CM-1 down-regulated miR-135a&b without suppressing transcription. qRT-PCR analysis of pri-miR-135a1, pri-miR-135a2, pri-miR-135b and
pri-miR-200c (as a negative control) in CLY (A) and HT-29 (B) cells treated with PBS, CM-1, antagomir-135a, antagomir-135b, or antagomir-200c.
qRT-PCR analysis of pri-miR-135a1, pri-miR-135a2, pri-miR-135b, and pri-miR-200c (as a negative control) in CLY (D) and HT-29 (E) tumour
xenografts from nude mice treated with PBS or CM-1. In panels A, B, D and E, data shown are means from three independent experiments after
normalization to the internal control b-actin. *P < 0.05, significantly different from the respective controls; one-way analysis of variance with
Tukey’s post hoc test. (C and F) Electrophoresis of the PCR products was performed to check PCR specificity.
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can facilitate phosphorylation of b-catenin, thereby
targeting it for ubiquitination and proteasomal deg-
radation (Fodde, 2002). So we determined whether
the down-regulation of miR-135a&b induced by
CM-1 could improve APC expression and further
affect the stabilization of b-catenin correspondingly.
In vitro, CM-1 treatment was associated with a
marked increase in APC mRNA levels, which was
similar to the effects of antagomir-135a and
antagomir-135b treatments (Figure 5A). In contrast,

antagomir-200c, as a negative control inhibitor, did
not affect APC mRNA expression (Figure 5A). APC
protein levels also increased upon the treatments
with CM-1, antagomir-135a and antagomir-135b,
except antagomir-200c (Figure 5D). As for phospho-
b-catenin, a low endogenous level was detected in
control CLY and HT-29 cells, and a clear induc-
tion was found in both CLY and HT-29 cells treated
with CM-1, antagomir-135a or antagomir-135b
(Figure 5D), although no significant changes in
b-catenin mRNA and total protein levels were
observed (Figure 5B,D). However, antagomir-200c,
as a negative control inhibitor, had no effect on the
phosphorylation status of b-catenin (Figure 5D). In
vivo, CM-1 treatment also induced an apparent
increase in APC expression and b-catenin phospho-
rylation (Figure 5E,H). Furthermore, a marked
decrease in the total b-catenin protein levels was
observed in tumours treated with 20 mg·kg-1 CM-1
(Figure 5H). The results of immunohistochemistry
substantiated the effects of CM-1 on APC and
b-catenin expression. Following CM-1 treatment,
there was a significantly enhanced nuclear and cyto-
plasmic staining of APC in both CLY and HT-29
tumour tissues (Figure 5I). As for b-catenin, CLY and
HT-29 tumour tissues of control groups exhibited
nuclear and membranous staining, respectively, and
no significant changes were observed in tumour
tissues of mice treated with 10 mg·kg-1 CM-1
(Figure 5I). However, tumour tissues of the group
treated with 20 mg·kg-1 did not show any perceptible
b-catenin staining (Figure 5I). CM-1 treatment
increased APC expression, improved b-catenin
phosphorylation and further degradation.

Effects of miR-135a&b expression levels on
CM-1 cytotoxicity in HEK293 cells
Next, we determined whether the sensitivity
to CM-1 was dependent on the miR-135a&b exp-
ression levels. We chose the HEK293 cell line,
which expresses very low levels of miR-135a&b
(Nagel et al., 2008) and stably transfected it
with different expression plasmids (pCDNA3-miR-
135a1, pCDNA3-miR-135a2, pCDNA3-miR-135b or
pCDNA3-miR-200c). Following clonal selection,
derivative cell lines with high miR-135a, miR-135b
or miR-200c levels were generated and termed
HEK293-135a1, HEK293-135a2, HEK293-135b or
HEK293-200c respectively. These derivative cell
lines, as well as two negative controls (HEK293 cells
and HEK293 cells transfected only with pCDNA3),
were treated with different concentrations of CM-1
for 96 h and then cell viability was examined by
MTT assay. The proliferation assays revealed that the
derivative cell lines HEK293-135a1, HEK293-135a2
and HEK293-135b, with high miR-135a or miR-135b

Figure 4
(A–D) The degrading effects of CM-1 on pre-miRNA mimics. Left
panels show predicted stem-loop formation of pre-miRNA mimics
obtained from miRBase database (http://www.mirbase.org). Right
panels, following CM-1 or RNase If treatment, the distribution of
substrates (pre-miRNA mimics) and their degradation products were
resolved by polyacrylamide-urea gel electrophoresis and visualized
by silver staining. All data are representative of three independent
experiments.

BJPMistletoe lectin-I and miR-135a&b

British Journal of Pharmacology (2011) 162 349–364 357



BJP L-N Li et al.

358 British Journal of Pharmacology (2011) 162 349–364



levels, were more sensitive to CM-1 treatment
than control cells (HEK293 and HEK293-pCDNA3)
(Figure 6). However, the cell line with high miR-
200c level (HEK293-200c) was comparatively insen-
sitive to CM-1 treatment and displayed IC50 values
similar to those seen with HEK293 and HEK293-
pCDNA3 cells (Figure 6). Moreover, the IC50 values
of HEK293-135a1, HEK293-135a2 and HEK293-135b
cells were 2–4 times lower than that of control cells
(HEK293, HEK293-pCDNA3 and HEK293-200c cells)
(Figure 6C).

The sensitive cell line HEK293-135a1, compared
with control cells (HEK293 and HEK293-pCDNA3),
exhibited a marked increase in both miR-135a
and pri-miR-135a1 levels (Figure 7C,D). Following
CM-1 treatment, the miR-135a levels of HEK293-
135a1 cells decreased significantly, while the pri-
miR-135a1 levels showed an apparent increase
under the same conditions (Figure 7C,D). With
the down-regulation of miR-135a, its target gene
APC showed a corresponding increase in mRNA and
protein levels (Figure 7B,E), which was associated
with the increase in phospho-b-catenin protein
levels (Figure 7B). No significant changes in
b-catenin mRNA levels and total protein levels
were observed (Figure 7B,F). Similar changes in miR-
135a, APC and b-catenin expression were evident
following the positive control antagomir-135a treat-
ment (Figure 7B,C,E,F). However, antagomir-135a
treatment induced a reduction in pri-miR-135a1
levels (Figure 7D), which was opposite to the
effect of CM-1 treatment. As for the negative con-
trol antagomir-NC, no significant changes were
observed in miR-135a, pri-miR-135a1, APC and
b-catenin expression (Figure 7). Furthermore, all the
effects mentioned previously were also evident in
the sensitive cell lines HEK293-135a2 (Figure S1)
and HEK293-135b (Figure S2). In the insensitive cell
line HEK293-200c, miR-200c levels showed no sig-
nificant changes following the different treatments
with the exception of the transfection of antagomir-
200c (Figure S3). Similar changes in pri-miR-200c
levels were observed under the same conditions
(Figure S3). As for APC and b-catenin expression,

there were no appreciable differences between
the different treatments (Figure S3). In summary,
CM-1 treatment decreased miR-135a or miR-135b
levels of sensitive cell lines (HEK293-135a1,
HEK293-135a2 and HEK293-135b) characterized
with high miR-135a or miR-135b levels, increased
their APC expression, and improved their b-catenin
phosphorylation.

Discussion

Mistletoe extracts are widely used in complemen-
tary cancer therapy. The composition of mistletoe
extracts is very complex and some components
even show additional or opposing biological effects
on tumour cells (Melzer et al., 2009). Hence, the
anti-cancer activity of purified ML-I, the main thera-
peutic components of mistletoe extracts, is of con-
siderable clinical interest. In an earlier study, a
mistletoe lectin named CM-1 was isolated from
Chinese mistletoe (Kong et al., 2005) and CM-1
showed 91% of identity to EML-I at primary struc-
ture level and its key active site residues Tyr76, Tyr115,
Glu165, Arg168 and Trp199, essential for the RNA
N-glycosidase activity, were not mutated (Kong
et al., 2005).

In this study, we evaluated the anti-cancer
effect of CM-1 on CRC cells. Both in vitro and in vivo,
CM-1 significantly inhibited the growth of CLY and
HT-29 cells in a dose-dependent manner. However,
some investigators have reported that the anti-
proliferative and anti-metastatic effects of ML-I on
melanoma xenografts were only achieved at low
doses (30 ng·kg-1), but not at higher doses (150 and
500 ng·kg-1) (Thies et al., 2008). Following ML-I
administration at 30 ng·kg-1 daily for 19 days, the
maximum tumour growth inhibitory rate amounted
to 35%, which was attributed to immunomodula-
tory effects by the investigators (Thies et al., 2008).
At present, a pharmacologically oriented view indi-
cates that for immunomodulatory effects of mistle-
toe therapy, relatively low dose preparations have to
be used (Melzer et al., 2009). However, to achieve

Figure 5
CM-1 upregulated adenomatous polyposis coli (APC) expression and b-catenin phosphorylation. qRT-PCR analysis of APC and b-catenin mRNA
levels in CLY (A) and HT-29 (B) cells treated with PBS, CM-1, antagomir-135a, antagomir-135b, or antagomir-200c. qRT-PCR analysis of APC and
b-catenin mRNA levels in CLY (E) and HT-29 (F) tumour xenografts from nude mice treated with PBS or CM-1. In panels A, B, E and F, data shown
are means from three independent experiments after normalization to the internal control b-actin. *P < 0.05, significantly different from the
respective controls; one-way analysis of variance with Tukey’s post hoc test. (C and G) Electrophoresis of the PCR products was performed to check
PCR specificity. (D) Western blot analysis of APC, phospho-b-catenin and total b-catenin protein levels in CLY and HT-29 cells treated with PBS,
CM-1, antagomir-135a, antagomir-135b, or antagomir-200c. (H) Western blot analysis of APC, phospho-b-catenin and total b-catenin protein
levels in CLY and HT-29 tumour xenografts from nude mice treated with PBS or CM-1. In panels D and H, b-actin was used as the internal control
for normalization and data shown are representative of three independent experiments. (I) Immunohistochemical analysis of APC and b-catenin
in CLY and HT-29 tumour xenografts (original magnification, ¥220).
�
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anti-neoplastic (e.g. pro-apoptotic, cytotoxic)
effects, much higher doses may be required (Melzer
et al., 2009). In this study, we focused on the anti-
neoplastic effects of CM-1 and made efforts to
analyse the mechanisms responsible for the promi-
nent cytotoxic effects on CRC cells.

As is well known, ML-I is classified with the type
II RIPs that were originally thought to act exclu-
sively on the conserved GAGA hairpin loop of 28S
rRNA. In this study, we determined whether some
pre-miRNAs could be the substrate for RIPs due to
their characteristic stem-loop structures. At first, we
identified the down-regulated mature miRNAs
induced by CM-1 using miRNA microarray analysis.
In fact, the distribution of miRNAs in CRC and
normal colonic tissue has been studied by several
groups over the last few years and the overexpres-
sion of some miRNAs in CRC, including let-7g,
miR-21, miR-20a, miR-31, miR-135, miR-181b and
miR-200c, has been confirmed (Faber et al., 2009).
Except for miR-135, the expression levels of all the
other miRNAs mentioned previously showed no sig-
nificant changes following CM-1 treatment, accord-
ing to our miRNA microarray profiling. Actually,
miR-135a was the most down-regulated one and
chosen for further study here. The next qRT-PCR
analysis confirmed the significant down-regulation
by CM-1 of miR-135a&b both in vitro and in vivo.

To analyse the exact mechanism of the down-
regulation of miR-135a&b induced by CM-1, we first
used qRT-PCR analysis to determine whether the
transcription of their host genes was suppressed.
Both in vitro and in vivo, a remarkable increase was
observed in pri-miR-135a1, pri-miR-135a2 and pri-
miR-135b levels following CM-1 treatment, which
might be a negative feedback elicited by the down-
regulation of mature miR-135a&b. However,
antagomir-135a&b decreased the expression levels
of these primary transcripts, which was contrary to
the effects of CM-1 treatment and remains to be
further explored. As for pri-miR-200c levels, no sig-
nificant change was observed following the said
treatments, with the exception of the transfection of
antagomir-200c. So the enhancement of primary
miR-135a&b transcript by CM-1 was not a general,
but a specific, effect. Overall, down-regulation by
CM-1 of miR-135a&b was not induced by suppress-
ing the transcription of their host genes. Next, we
investigated the direct degrading effects of CM-1 on
some pre-miRNA mimics. After incubation with
CM-1 and electrophoresis under denaturing condi-
tions, we observed the disappearance of some sub-
strate pre-miRNA mimics (~37bp) and the
appearance of faster migrating products (~20bp),
which suggested that some cleavage of the pre-
miRNA mimics occurred during the reaction and
that the cleavage sites might be present in the
single-stranded loop region. Thus, the pre-miRNA
degradation induced by CM-1 could hinder miRNA
processing step and reduce mature miRNA forma-
tion. Thus, the down-regulation of specific miRNAs
induced by CM-1 was not due to the suppression of

Figure 6
Effects of miR-135a&b expression levels on CM-1 cytotoxicity in
HEK293 cells. (A) By stable transfection of expression plasmid DNA
(pCDNA3, pCDNA3-miR-135a1, pCDNA3-miR-135a2, pCDNA3-
miR-135b or pCDNA3-miR-200c) and clonal selection, HEK293 cell
lines with high levels of miR-135a, miR-135b or miR-200c expression
were generated and analysed by qRT-PCR analysis. Data shown are
means from three independent experiments after normalization to
the internal control 5s rRNA. *P < 0.05, significantly different from
the respective controls; one-way analysis of variance with Tukey’s
post hoc test. (B and C) These derivative cell lines, as well as control
HEK293 cells, were treated with graded concentrations of CM-1 for
96 h and then cell viability was examined by MTT assay. Experiments
performed in triplicate IC50 values were determined by non-linear
regression with dose-response curve fitting. *P < 0.05, significantly
different from the values for HEK293 cells; one-way analysis of
variance with Tukey’s post hoc test.
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their host gene transcription, but rather to the direct
degradation of their precursors. However, whether
the degradation was initiated by site-specific dead-
enylation remains to be further investigated
through more accurate methods, such as high-
performance liquid chromatography fluorescence-
based methods (Barbieri et al., 1997). Of note, not
all pre-miRNA mimics tested here were degraded by
CM-1 treatment. No significant changes were
observed in the banding patterns of CM-1 treated
pre-miR-200c mimics. For most RIPs, the specific
action site is usually present in a conserved GAGA
loop (Endo et al., 1987). However, no significant
similarities can be concluded now between the
GAGA loop and stem-loop structures of pre-miR-
135a1, pre-miR-135a2 and pre-miR-135b mimics. So
the marked substrate specificity of CM-1 towards
different pre-miRNAs may be more complicated
than we understand at present and needs further

investigation. Actually, it is now generally accepted
that all RIPs have multiple enzymic activities in
addition to their classical RNA N-glycosidase and
these presumed novel enzymic activities, especially
those related to diverse nuclease activities, play an
important role in various biological activities of RIPs
(Douglas et al., 2004). Compared with the total deg-
radation by RNase If of all types of RNA, CM-1
showed relatively weak enzyme activity on specific
RNA structures. So, next, we investigated the bio-
logical activities induced by CM-1 through the
down-regulation of specific miRNAs.

Nagel et al. (2008) have reported that miR-
135a&b can target the 3′ untranslated region of
APC, suppress its expression, and induce down-
stream Wnt pathway activity independent of accu-
mulation of APC mutation or promoter methylation
status. In this study, CM-1 treatment was associated
with a marked increase in APC levels both in vitro

Figure 7
Effects of CM-1 on CM-1 sensitive cell line HEK293-135a1. (A) Cell treatments. miR-135 (C), pri-miR-135a1 (D), APC mRNA (E) and b-catenin
mRNA (F) levels were analysed in HEK293-135a1 cells by qRT-PCR analysis. Adenomatous polyposis coli (APC), phospho-b-catenin and total
b-catenin protein levels (B) were analysed in HEK293-135a1 cells by Western blot analysis. miRNA, mRNA and protein expression were normalized
against 5s rRNA, b-actin mRNA and b-actin protein levels respectively. Each experiment was performed in triplicate.
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and in vivo. In principle, an increased level of APC
can enhance the phosphorylation and thereafter
degradation of b-catenin. Actually, in vitro, a clear
induction of phosphorylated b-catenin was found in
the presence of CM-1, although no significant
changes in the total amount of b-catenin were
observed. Some data have indicated that phospho-
rylated b-catenin can accumulate in the cells and
result in reduced signalling activity (Peumans et al.,
2001). Therefore, the phosphorylation might have a
regulatory role in b-catenin signalling in addition to
its effect on protein stability. This notion is sup-
ported by a recent report demonstrating that phos-
phorylated b-catenin forms a transcriptionally
inactive complex with lymphoid enhancer-binding
factor-1, although it can accumulate in the nucleus
(Sadot et al., 2002). Of note, a marked decrease in
the total b-catenin protein levels was observed in
tumour tissues treated with 20 mg·kg-1 CM-1, which
may partly reflect the induction of ubiquitination-
mediated degradation, and depend much more on
the inhibition of protein synthesis caused by cata-
lyzing an irreversible damage to ribosomes. Due to
the absence of its main effector b-catenin, the down-
stream activity of the Wnt pathway should be
largely repressed. From our data, CM-1 treatment
increased APC expression, improved b-catenin
phosphorylation and its further degradation, which
may ultimately attenuate the downstream Wnt
pathway activity but this remains to be confirmed.

To further analyse the role of miR-135a&b
expression in the cellular sensitivity towards CM-1,
we established several stably transfected cell lines
with different miR-135a&b levels and tested the
cytotoxicity of CM-1 on these cells. The derivative
cell lines with high miR-135a or miR-135b levels
were more sensitive to CM-1 treatment, which indi-
cated a direct correlation between miR-135a&b
levels and cellular sensitivity towards CM-1. Further
studies indicated that. in the sensitive cell lines,
such as HEK293-135a1, CM-1 treatment down-
regulated the high miR-135a level without inhibit-
ing the expression of its primary transcript, which
further substantiated that the down-regulating
effect of CM-1 on miR-135a was not induced by
suppressing its host gene transcription. Moreover,
CM-1 treatment increased APC expression and
b-catenin phosphorylation, which validated the
inhibitory effect of CM-1 on downstream Wnt
pathway activity. All these data substantiated the
direct correlation between miR-135a&b levels and
cytotoxic sensitivity towards CM-1.

In conclusion, CM-1 showed remarkable anti-
neoplastic activity towards CRC cells both in vitro
and in vivo, which was partly due to its ability to
down-regulate miR-135a&b expression, subse-

quently up-regulate their target gene APC expres-
sion, and eventually attenuate downstream Wnt
pathway activity by increasing the phosphorylation
of the major effector, b-catenin. Of note, the down-
regulation of miR-135a&b induced by CM-1 was not
due to the suppression of their host gene transcrip-
tion, but rather to the direct degradation of their
precursors. Furthermore, there was a direct correla-
tion between miR-135a&b levels and cellular sensi-
tivity towards CM-1. Beyond its relevance for cancer
research, these results are also of interest for basic
cell biology.
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Supporting information

Additional Supporting Information may be found in
the online version of this article:

Figure S1 Effects of CM-1 on CM-1 sensitive cell
line HEK293-135a2. (A) Cell treatments. miR-135
(C), pri-miR-135a2 (D), APC mRNA (E) and
b-catenin mRNA (F) levels were analysed in HEK293-
135a2 cells by qRT-PCR analysis. APC, phospho-b-
catenin and total b-catenin protein levels (B) were
analysed in HEK293-135a2 cells by western blot
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analysis. miRNA, mRNA and protein expression
were normalized against 5s rRNA, b-actin mRNA
and b-actin protein levels respectively. Each experi-
ment was performed in triplicate.
Figure S2 Effects of CM-1 on CM-1 sensitive cell
line HEK293-135b. (A) Cell treatments. miR-135b
(C), pri-miR-135b (D), APC mRNA (E) and b-catenin
mRNA (F) levels were analysed in HEK293-135b cells
by qRT-PCR analysis. APC, phospho-b-catenin and
total b-catenin protein levels (B) were analysed in
HEK293-135b cells by western blot analysis. miRNA,
mRNA and protein expression were normalized
against 5s rRNA, b-actin mRNA and b-actin protein
levels respectively. Each experiment was performed
in triplicate.
Figure S3 Effects of CM-1 on CM-1 insensitive cell
line HEK293-200c. (A) Cell treatments. miR-200 (C),
pri-miR-200c (D), APC mRNA (E) and b-catenin

mRNA (F) levels were analysed in HEK293-200c cells
by qRT-PCR analysis. APC, phospho-b-catenin and
total b-catenin protein levels (B) were analysed in
HEK293-200c cells by western blot analysis. miRNA,
mRNA and protein expression were normalized
against 5s rRNA, b-actin mRNA and b-actin protein
levels respectively. Each experiment was performed
in triplicate.
Table S1 Sequences of the primers for the investi-
gated genes by qRT-PCR analysis
Table S2 miRNAs differentially expressed following
CM-1 treatment
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