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ARTICLE INFO ABSTRACT

Keywords: As cancers with a high incidence rate, colorectal cancers are a main cause of cancer-related death. MicroRNAs
miR-944 are often deregulated in cancers. The primate-specific miR-944, located in a p63 intron, is known to be highly
pS53 expressed in patients exhibiting low colorectal cancer recurrence rates. However, the biological functions of

Tumor suppressor
Primate specific miRNA
Colorectal cancer

miR-944 in colorectal cancers remain unclear. In this study, we found that miR-944 was downregulated in
colorectal cancer tissues, and inhibited cancer cell growth in a xenograft mouse model. The overexpression of

miR-944 caused G1 phase arrest and increased p53 expression in cancer cells. p53 stability was enhanced by
miR-944s targeting E3 ligases COP1 and MDM2. Overexpression of COP1 and MDM2 restored cell growth in-
hibition caused by miR-944. Taken together, our results suggest that miR-944 acts as a potential tumor sup-
pressor in colorectal cancers through the ubiquitin-proteasome system.

1. Introduction

Colorectal cancers are one of the most common cancers in the
world. Although regular screening and development of diagnostic
method improved early detection and treatment of cancers, colorectal
cancers are known to display high recurrence rates after surgery and
remain the third leading cause of cancer-related mortality [1]. The
development of colorectal cancers occurs because of oncogene and
tumor suppressor gene deregulation leading to the sequential progres-
sion from adenoma to carcinomas [2].

MicroRNAs (miRNAs) are small non-coding RNA regulating gene
expression, and play roles in various biological events. Since dereg-
ulation of genes related to the processes of cell cycle, apoptosis, and
senescence causes the development of cancers, miRNAs are implicated
in carcinogenesis as gene regulators [3]. Additionally, over 50% of
miRNA genes are located in cancer-associated genomic regions or in
fragile sites. Many onco-miRNAs and tumor suppressor miRNAs have
been found to be epigenetically altered in cancer [4]. In colorectal
cancers, miRNAs are involved in tumor development from neoplasia to
metastasis and angiogenesis. During colorectal cancer progression, in-
hibition of p53 function is the key step in the transition from adenoma
to carcinoma. Since many genes are involved complicatedly in the p53
pathway, the miRNAs participating in p53 activation are not fully
characterized.

Nearly 30% of miRNAs are conserved only in primates; primate-
specific miRNAs are implicated in development, neuronal function and
carcinogenesis. The primate-specific miRNAs, miR-637 and miR-4423,
are downregulated in hepatocellular carcinoma and lung cancers re-
spectively, and inhibit tumorigenesis as tumor suppressors [5,6]. Mi-
croRNA-944 (miR-944) is another primate-specific miRNA, only ex-
pressed in great apes and the rhesus monkey. It is an intronic miRNA
located within the p63 gene locus. The expression of miR-944 in cancer
cells has been reported in several cancer miRNA-profiling studies. In
colorectal cancer, miR-944 expression is epigenetically silenced [7]. In
many cancers, including colorectal cancer, high expression of miR-944
is a good prognostic marker for both survival and relapse, and is as-
sociated with increased drug sensitivity [8-10]. The effect of miR-944
on malignant progression is poorly understood despite the availability
of some related screening data in several cancer studies. According to
our recent study, miR-944 increases p53 expression during the differ-
entiation of skin keratinocytes [11]. Since the regulation of p53 ex-
pression is closely related to tumors, we have focused on the me-
chanism of the miR-944-mediated p53 activation in tumor cells. Herein,
we demonstrate that miR-944 targets MDM2 and COP1, increasing p53
stability.
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2. Materials and methods
2.1. Cell culture and stable cell line construction

Colorectal cancer cell lines (HCT116, HCT116 P>~/ LoVo, RKO,
HCT15, HT29, SW480, and SW620) and COS7 cells were incubated at
37°C in a humidified chamber at 5% CO,. HCT116 P>~/ cell was
donated from HyunSook. Lee, Seoul National University, Republic of
Korea. HCT116, HCT116 P>~/ and HT-29cells were cultured in
McCoy's 5a medium; RKO in MEM; LoVo in F12K medium, HCT-15,
SW480 and SW620 in RPMI 1640 medium, and COS7 cells in DMEM.
All media were supplemented with 10% FBS and 1% penicillin-strep-
tomycin. Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) was
used for RNA-oligonucleotide transfection, whereas plasmid and RNA-
oligonucleotide co-transfections were performed using Lipofectamine
2000 (Invitrogen), according to the manufacturer's instructions. All
oligonucleotides, including microRNA mimics, microRNA inhibitors
and siRNAs were purchased from GenePharma (Shanghai, China). For
establishment of a stable miR-944 expressing cell line, HCT116 cells
were transfected with precursor miRNA expression constructs con-
taining a puromycin resistance gene (Genecopoeia, Rockville, MD,
USA) using Lipofectamine 2000 (Invitrogen). Cells were selected by
incubation in medium containing 1 ug/mL puromycin (Sigma-Aldrich)
for 48 h post-transfection. Following selection, cell clones were vali-
dated using RT-qPCR. The constructed stable cell lines were maintained
in McCoy's 5a medium containing 0.1 pg/mL puromycin.

2.2. Plasmids

To generate 3’-UTR reporter constructs, fragments of the COP1 and
MDM2 3’-UTR containing the putative miR-944 binding site were am-
plified from human genomic DNA by PCR. Each amplified fragment was
cloned into pGL3-control vectors (Promega, Madison, WI, USA). Seed
match sites were changed by site-directed mutagenesis using the
Stratagene QuickChange kit (Agilent, Santa Clara, CA, USA) in ac-
cordance with the manufacturer's instructions. All plasmids were tested
by restriction digestion and clone constructs were verified by sequen-
cing. The corresponding primers are listed in Supplemental Table 1.

2.3. Cell viability and BrdU analysis

Cell viability was measured by the Dojindo Cell Counting Kit-8
(CCK-8) (Kumamoto, Japan) according to the manufacturer's instruc-
tions. In brief, cells were seeded on 96-well plates. After attachment,
cells were treated according to each study's protocol. Next, diluted CCK-
8 reagent was added to each well and incubated for 1h. Absorbance
was measured at a wavelength of 450 nm using a Vmax microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). For ana-
lysis of cell proliferation, the Cell Proliferation ELISA BrdU Colorimetric
Assay Kit (Roche, Basel, Switzerland) was used following the manu-
facturer's instructions. In brief, HCT116 cells (1000 cells per well) were
seeded on 96-well plates. Next days, cells were transfected with
microRNA mimics. Forty-eight hours after transfection, cells were in-
cubated with BrdU for 2hat 37 °C, fixed, and denaturated. Next, cells
were incubated with anti-BrdU-POD solution for 90 min and then wa-
shed with PBS. Substrate solution was added to each well, and absor-
bance was measured at a wavelength of 370 nm using a Synergy MX
microplate reader (BioTek Instruments, Winooski, VT, USA). The wa-
velength of 492 nm was used as a reference.

2.4. Colony formation assay

About 1000 stably transfected cells were seeded per well onto 6-well
plates and incubated for 10 days. Culture media were replenished every
3 days. The colonies were fixed using 3.7% formaldehyde for 10 min,
stained with 0.1% (w/v) crystal violet in 10% ethanol for 10 min, and
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washed with distilled water. Colonies that contained more than
100 cells were counted. Each assay was performed in triplicate.

2.5. Total RNA extraction and real-time gPCR analysis

Total RNA was isolated using the TRIzol reagent (Invitrogen).
Quantitative RT-PCR was used for determining the mRNA levels of each
gene. First, cDNA was synthesized using the MMLV-reverse tran-
scriptase (Takara Bio, Shiga, Japan) and oligo-dT primers (Invitrogen).
The reverse transcription reaction mixture was incubated with the iQ
SYBR Green supermix (BioRad, Hercules, CA, USA), followed by real-
time amplification and quantitation in Rotor Gene Q thermocycler
(Qiagen, Courtaboeuf, France) according to the manufacturer's pro-
tocol. The fluorescence threshold value was calculated using the Rotor
Gene Q software (Qiagen). Data were processed with the comparative
cycle threshold method and expressed as fold increase relative to the
basal transcription level. The amount of target mRNA was normalized
using the GAPDH mRNA levels as a reference. The corresponding pri-
mers are listed in Supplemental Table 2. For microRNA quantitative RT-
PCR, total RNA was extracted from colorectal cancer cell lines and
xenograft tumor tissues using TRIzol (Invitrogen). Total RNA derived
from normal human colon tissues was purchased from Clontech La-
boratories (Mountain View, CA, USA). Primers and probes for hsa-miR-
944 (Assay ID: 002189) and U6 snRNA (used as an internal control;
Assay ID: 001973) were purchased from Applied Biosystems (Thermo
Fisher Scientific, Waltham, MA, USA). The Applied Biosystems TaqgMan
MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific) was
used to synthesize cDNA for the individual microRNAs. After reverse
transcription (42 °C, 30 min) and an initial denaturation step (85 °C,
5min), the cDNA was amplified for 40 cycles (denaturation: 95 °C for
15 s; annealing-extension: 60 °C for 60 s). The Rotor Gene Q system was
used for both amplification and detection. Expression of miR-944 was
calculated with the 2 ~*Ct method, using U6 snRNA for normalization.

2.6. Western blot analysis

Cells were washed with cold PBS and lysed in ice-cold lysis buffer
(50 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 0.1% SDS, protease in-
hibitor cocktail, 50 mM NaF, and 0.2 M Na3VO,). Protein extracts were
separated by SDS polyacrylamide gel electrophoresis and blotted onto a
nitrocellulose membrane. Blocking was performed at room temperature
for 1h in TBS-Tween 20 (TBS-T) with 5% nonfat milk, followed by
incubation with the primary antibodies diluted in TBS-T. After washing
with TBS-T, the membrane was incubated with horseradish peroxidase-
conjugated secondary antibodies. The protein bands were visualized
using an enhanced chemiluminescence kit (Santa Cruz Biotechnology,
Dallas, TX, USA). Primary antibodies against the following proteins
were used: CCND, CCNE, CCNA, CCNB, CDK4, CDK2, p53, and MDM2
(Santa Cruz); p27, p21, and Rb (Merck Millipore, Billerica, MA, USA),
and phospho-Rb (Ser 807/811); COP1 (Proteintech group, Rosemont,
IL, USA), Pirh2 (Genetex, Irvine, CA, USA); [3-Actin (Sigma-Aldrich).
The intensity of protein bands was determined using Image J.

2.7. In vitro ubiquitination assay

RKO cells were co-transfected with 1pug HA-Ubiquitin expression
plasmid, 1 ug pCMV-p53, and 50 nM microRNA mimics (negative con-
trol or miR-944) for 48 h. Cells were treated with 10 uM MG132 for 6 h.
The lysates were centrifuged for 10 min. Protein extracts were in-
cubated with mouse anti-p53 antibody (Proteintech group) at 4°C
under constant agitation, and then immunoprecipitated with protein G
agarose (Merck Millipore) at 4 °C for 2h. Polyubiquitinated p53 was
detected by western blotting using anti-HA antibody (MBL, Ottawa, IL,
USA).
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Fig. 1. miR-944 is down-regulated in publicly available GEO data set and cancer cell lines. (A) Kaplan-Meier survival curves display the overall survival rates of
patients (data retrieved from TCGA) categorized by miR-944 expression levels. The Wilcoxon matched pair test was used to determine P values. (B) Analysis of miR-
944 expression in colorectal cancer tissues. The miRNA array data for 31 colorectal cancer specimens were downloaded from the GEO database (GSE48267). The
histogram display the expression values (expressed as long10 fold changes) of miR-944 in tumor tissues and paired adjacent normal tissues. *P < 0.05. (C) RT-qPCR
analysis of miR-944 expression levels in colorectal cancer cells and normal colon tissue. The expression value of miR-944 in normal tissue was arbitrarily set to 1. All

data represent means + SD. **P < 0.01, ***P < 0.001.

2.8. Flow cytometry analysis

Cells were transfected with a miR-944 mimic and a negative
scrambled control (GenePharma). At the indicated time points, cells
were harvested, and fixed in 70% ethanol overnight. DNA staining was
performed with a solution of 20 ug/mL propidium iodide containing
10 ug/mL RNase A. Approximately 2 X 10* cells were analyzed by flow
cytometry using a Cytomics FC500 flow cytometer running on CXP
software (Beckman Coulter, Mississauga, ON, Canada).

2.9. MicroRNA pull down assays

MicroRNA pull down assasy were performed using a modified ver-
sion of methods described by Orom et al. and Hayashida et al. [12,13].
Briefly, HCT116 cells were transfected with biotinylated (944-bio) or
non-biotinylated (944-ss) miR-944 mimics. After 8 h, cells were har-
vested and cell lysates were incubated with streptavidin-agarose beads
for 4hat 4°C. The beads were pre-blocked with RNase-free bovine
serum albumin and yeast tRNA. After sedimentation by centrifugation,
RNA was extracted with TRIzol (Invitrogen). For enrichment analysis of

pulled down target genes, RNA was used to synthesize cDNA that was
quantitated by RT-qPCR performed as described above. Values were
normalized to input (cellular RNA not incubated with beads). The se-
quences of primers used in enrichment RT-PCR are provided in
Supplementary Table 2.

2.10. Luciferase reporter assay

COP1 and MDM2 3’ UTR reporter plasmids and miR-944 mimics
were co-transfected into COS7 cells using Lipofectamine 2000
(Invitrogen). Forty-eight hours post-transfection, luciferase activities
were measured; Renilla luciferase was used for normalization. All lu-
ciferase measurements were performed with the Dual Luciferase Assay
kit (Promega) using a GloMax 20/20 luminometer (Turner Biosystems,
Sunnyvale, CA, USA).

2.11. Tumor xenograft experiments

Four-week-old male BALB/c nude mice were purchased from Orient
(Seongnam, Korea). The animals were maintained under specific
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Fig. 2. Ectopic expression of miR-944 reduces the tumorigenic capacity of colorectal cancer cells. (A) HCT116 and LoVo cells were transfected with negative control
oligonucleotide (NC) or a miR-944 mimic. Cell viability was determined using CCK8 assays at the indicated time points. Data are presented as means * SD from
three independent experiments. *P < 0.05, **P < 0.01. (B) Stably transfected miR-944 expressing cells were established and verified by RT-qPCR analysis. Mock
indicates non-transfected cells and NC represents cells transfected with negative control oligonucleotides. (C) Colony formation assays were performed using NC or
stably-transfected miR-944 expressing HCT116 cells. Relative colony numbers are displayed in the histogram at the left panel, whereas representative pictures are
shown at the right panel. ***P < 0.001. (D) The effect of miR-944 on tumor formation in a nude mouse xenograft model. Stable HCT 116 cells overexpressing miR-
944 or negative control miRNA (NC) were subcutaneously injected into the posterior right flank regions of nude mice (n = 5). The tumor size was measured every

three days until day 28 post-injection. ***P < 0.001. (E) The expression of miR-944 from subcutaneous tumors in xenograft mice was analyzed by RT-qPCR.
**P < 0.01. (F) Xenograft tumors were removed at day 28 after tumor cell injection and weighed. ***P < 0.001. The photograph depicts removed tumors.

pathogen-free conditions at the Biomedical Research Institute of the
Seoul National University Hospital. Stable HCT116 cells overexpressing
miR-944 or control miRNA were subcutaneously injected (1 x 10° cells
per injection) into the posterior flank of 6-week-old male BALB/c mice

(five mice per group). Every 3 days until 28 days had passed, tumor
volume was calculated as 0.5 X W2 x L, where L was the length (the
largest diameter) and W was the width (the smallest diameter) of the
tumor, both measured using a caliper. Animal experiments were
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Fig. 3. miR-944 impedes cell cycle progression. (A)
HCT116 cells were transfected with miR-944 mimic or
negative control (NC) and harvested at the indicated time
points. The cell cycle distributions were analyzed using
propidium iodide staining and flow cytometry. Data were
derived from at least three independent experiments and
are presented as means = SD. (B) Western blot analysis of
the levels of endogenous cell-cycle regulator proteins in
cells transfected with a miR-944 mimic or negative con-
trol. Representative data are shown. (C) The effect of miR-
944 on cell proliferation. HCT116 cells were transfected
with either a miR-944 mimic or a NC mimic and incubated
for 24, 48 and 72 h. BrdU incorporation assay was then
performed in each culture. *P < 0.05, **P < 0.01.
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Fig. 4. miR-944 enhances p53 stability by inhibiting the ubiquitin/proteasome pathway. (A) Cell lysates were prepared from HCT116 cells stably expressing miR-
944, as well as HCT116, RKO, and LoVo cells transfected with either a miR-944 mimic or a negative control (NC) mimic. Protein extracts were separated by SDS-
PAGE and subjected to western blotting using an anti-p53 antibody. (B) The levels of p53 mRNA in the miR-944 transfected HCT116 cells were determined by RT-
qPCR. (C) Cells were transfected with either miR-944 mimics or a NC mimic. At the indicated time points after cycloheximide (CHX) treatment, p53 protein levels
were analyzed by western blotting. (D) Cells were co-transfected with a HA-tagged ubiquitin expression vector (HA-Ub), a p53 expression vector (p53), or microRNA
mimics (miR-944 or NC) for 42 h. Cells were then treated with 10 uM MG132 or DMSO. Cell lysates either directly underwent SDS-PAGE and western blotting, or
were first immunoprecipitated with anti-p53 antibody. The levels of p53 protein in input lysates are shown in the bottom panel. (E) HCT-116 (p53 wt), HCT116
(p53~/7), HCT15, and HT29 cells were transfected with either miR-944 mimics or NC. The levels of p21, Bax, and PAI1 mRNAs were analyzed by RT-qPCR. Values
were normalized to those of the NC group. ***P < 0.001. (F) HCT116 (p53 /"), HCT15 and HT29 cells were transfected with either miR-944 mimic or NC. Cell
viability was measured at the indicated time points. Data were normalized to time zero values. (G) HCT116 cells were cotransfected with microRNA mimics (miR-944
or NC), and siRNA against p53 (si-p53) or negative control siRNA (si-NC). Cell viability was assessed. **P < 0.01.

approved by the Institutional Animal Care and Use Committee (IACUC)
of Seoul National University Hospital (IACUC approval No. 15-0194-
S1A0) and performed according to its guidelines. Tumor weight was
measured at the end of the experiment.

2.12. Data analysis

To analyze the expression of miR-944 in colon cancer patients, the
Agilent Human miRNA Microarray data set GSE48267 was downloaded
from NCBI GEO [14] and processed with the R statistical software.
Differences in miR-944 levels between paired samples were evaluated
with the Wilcoxon matched pairs test. Gene expression data from col-
orectal cancer were obtained from the GEO NCBI repository (GSE8671)
[15]. Targetscan v5.2 and miRANDA were used to identify putative
miRNA gene targets. Both clinical and microRNA sequencing data of
Colon Adenocarcinoma (COAD) were downloaded from The Cancer
Genome Atlas (TCGA) database. We queried the data for all COAD
samples with level 3 microRNA expression data as well as with the
accompanying clinical data. A total of 265 patients were selected for
determination of the expression profiles of miR-944 and survival ana-
lysis.

2.13. Statistical analysis

All presented data were derived from at least three independent
experiments and are shown as the mean + S.D. The statistical sig-
nificance of differences between groups was assessed using the
Student's t-test. Kaplan-Meier analysis with log rank was applied for
analyzing the survival of patients. Values of P (two-tailed tests) lower
than 0.05 were considered statistically significant. Statistical calcula-
tions were performed using GraphPad Prism5 (GraphPad Sotfware, La
Jolla, CA, USA).

3. Results
3.1. Suppression of miR-944 in cancer cell lines

MicroRNA profiling studies have reported miR-944 as a positive
prognostic factor for survival and response to chemotherapy [7-10].
However, the specific role of miR-944 in colorectal cancers has not been
evaluated. To assess the effect of miR-944 expression on clinical out-
come, we determined the median values of miR-944 levels in colorectal
cancer patients using data from The Cancer Genome Atlas (TCGA)
portal. Kaplan-Meier analysis was performed, and the derived curves
were used to compare the 5-year survival rates. Significantly higher
mortality was observed in patients with low miR-944 expression (log-
rank test, P = 0.047) than in those with high miR-944 expression
(Fig. 1A). Next, we investigated the miR-944 expression pattern in
tumor tissues and adjacent normal colorectal tissues derived from 31
colon cancer patients, using data from the Gene Expression Omnibus
(GEO) database (GEO ID: GSE48267) [14]. The expression of miR-944
in tumor tissues was significantly lower than in adjacent normal tissues
(Fig. 1B). In addition, we found that miR-944 expression in colorectal
cancer cell lines was lower than that in normal colon tissues (Fig. 1C).

These results consist with recently publicly data showing the down-
regulated miR-944 expression in colorectal cancer [16]. Overall, miR-
944 could be a potentially good marker for cancer diagnosis.

3.2. Reduction of cell viability by miR-944 in cancer cells

To examine the effects of miR-944 on cancer cell growth, the via-
bility of HCT116 and LoVo colorectal cancer cells transfected with a
miR-944 mimic was analyzed by the cell counting kit-8 (CCK-8) assay.
Overexpression of miR-944 significantly attenuated cell growth in both
HCT116 and LoVo cells (Fig. 2A). We also examined the effects of anti-
miR-944 in cells expressing miR-944 mimic. Overexpression of miR-944
inhibitor increased cell viability in HCT116 cell expressing miR-944
mimic (Supplement Fig. 1). Since tumor cells are resistant to contact
inhibition, we first established a HCT116 stable clone expressing pre-
miR-944 to determine how miR-944 affects the colony forming ability
of cells (Fig. 2B). The colony production capacity of cells over-
expressing miR-944 was significantly reduced by 80% compared to
control cells (Fig. 2C). Next, we investigated the anti-tumorigenic effect
of miR-944 in vivo by using a xenograft mouse model. Stably transfected
miR-944 or NC-miRNA expressing cells were subcutaneously injected
into nude mouse and the mice were observed for 4 weeks. The first
tumor in mice injected with miR-944 expressing cells was detected on
the ninth day after cell injection. Mice injected with miR-944 expres-
sing cells had smaller tumors compared to those injected with the NC-
miRNA cells (Fig. 2D); the overexpression of miR-944 resulted in a
significant reduction of 36-49% in tumor growth rate compared to the
negative controls. The expression level of miR-944 in tumor tissues
derived from injected mice was examined by qRT-PCR. Results showed
that tumor xenografts from mice injected with miR-944 expressing cells
had high levels of this miRNA, indicating that the high levels of miR-
944 expression were retained during tumorigenesis (Fig. 2E). Four
weeks after injection, xenograft tumors were removed and weighed.
Tumors from mice that had been injected with miR-944 expressing
stably transfected cells weighted 65% less than the control group
(Fig. 2F). These results demonstrate that miR-944 suppresses tumor-
igenesis of colorectal cancer both in vitro and in vivo.

3.3. Suppression of cell cycle progress in miR-944 transfected cells

We analyzed the cell cycle distribution in cells transfected with a
miR-944 mimic. As shown in Fig. 3A, miR-944 overexpression caused
significant G1 phase-arrest in HCT116cells in a time-dependent
manner. To evaluate the cell cycle progress in cells expressing miR-944,
the expression levels of cyclins (CCND, CCNE, CCNA and CCNB), CDKs
(CDK4 and CDK2), and other cell cycle regulators (p53, p21, p27 and
Rb) were analyzed. The expression of the Gl cyclin, CCND, was
downregulated in cells transfected with miR-944 compared to the
control (Fig. 3B). The overexpression of miR-944 increased p53 and p21
expression, whereas it reduced the levels of phosphorylated Rb. In ad-
dition, the number of cells displaying bromodeoxyuridine (BrdU) in-
corporation was lower in miR-944 transfectants than control cells, in-
dicating a repression of DNA synthesis during the S phase in the miR-
944 transfected HCT116 cells (Fig. 3C).
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Fig. 5. COP1 and MDM2 are direct targets of miR-944. (A) Putative miR-944 target sites within the 3’-UTRs of p53-negative regulators as predicted by the TargetScan
and miRanda algorithms. (B) HCT116 cells were transfected with biotinylated miR-944 mimic (944-bio), biotinylated negative control (NC-bio), or non-biotinylated
single strand miR-944 mimic (944-ss). At 8 h post-transfection, RNA pull-down assays were performed by using streptavidin agarose beads, followed by RT-qPCR to
measure fold enrichment of target genes. **P < 0.01, ***P < 0.001. (C) COP1 or MDM2 3’-UTRs containing putative wild type (wt) or mutant type (mut) miR-944
binding sites were cloned into luciferase expression pGL3-control vectors. The mutated nucleotides are written in lower-case italics. COS-7 cells were co-transfected
with the indicated luciferase vectors (pGL3-con: pGL3-control; COP1 3'UTR: pGL3-containing wild-type COP1 3’-UTR; MDM2 3’UTR: pGL3-containing wild-type
MDM2 3’-UTR; COP1 mut: pGL3-containing mutant COP1 3’-UTR; MDM2 mut: pGL3-containing mutant MDM2 3’-UTR) together with miRNA mimics (miR-944 or
NQ). Luciferase activity was measured and normalized to that of the NC transfected cells. Each experiment was conducted at least three independent times. Data are
presented as means = SD. **P < 0.01, ***P < 0.001. (D) Cells were transfected with miR-944 mimic or NC. The levels of COP1, MDM2 and Pirh2 proteins were
analyzed by western blotting. (E) Levels of p53, COP1 and MDM2 in transplanted tumors. Proteins of xenograft tumors were obtained from three representative sets.

Expression levels of COP1, MDM2, and p53 were determined by western blot analysis.

3.4. Enhanced p53 stability in response to miR-944

Our previous study demonstrated that miR-944 upregulates p53
expression in keratinocytes [11]. This led us to hypothesize that miR-
944 suppresses colorectal cancer cell growth by regulating p53 sig-
naling. To test this hypothesis, we examined the effect of miR-944 on
p53 expression in colorectal cancer cells. As shown in Fig. 4A, p53
protein levels were increased in cells transfected with a miR-944 mimic
compared to those transfected with negative control oligonucleotides.
Next, we investigated whether miR-944 regulates p53 level at the level
of transcription. Contrary to protein levels, there was no significant
difference in the p53 mRNA levels between the miR-944 transfected
and the control cells (Fig. 4B), suggesting that the regulation of p53 by
miR-944 occurs at a post-transcriptional level. In order to examine
whether the stability of the p53 protein was altered by miR-944, we
analyzed the half-life of p53 after treating miR-944 transfected
HCT116 cells with the protein synthesis inhibitor, cycloheximide. As
shown in Fig. 4C, the levels of p53 in the negative control cells were
rapidly decreased, whereas its presence was substantially sustained in
the miR-944 overexpressing cells, indicating that miR-944 over-
expression increases p53 half-life. We also examined whether the miR-
944-induced increase in p53 stability is mediated through the regula-
tion of proteasome. We found that ubiquitinated p53 was accumulated
in the control cells after MG132 treatment, but this pattern attenuated
in miR-944 overexpressed cells (Fig. 4D). Taken together, our data in-
dicated that miR-944 enhanced the stability of p53 protein by in-
hibiting the ubiquitin proteasome system.

Meta-analysis of data derived from colorectal cancer studies re-
vealed that the transactivity of p53 protein is reduced; thus, the re-
covery of p53 transactivity in tumor cells is important for improving the
efficiency of chemotherapy [17]. In order to find out if miR-944 can
activate p53 signaling, we investigated the expression of p53-down-
stream genes. After overexpressing miR-944 in HCT116 cells, we ex-
amined the expression of the cell cycle-related p53 target gene p21, the
apoptosis-related gene Bax, and the senescence-related gene PAIL. Re-
sults showed that miR-944 increased the expression of p21, Bax, and
PAIl in p53-wild type HCT116 cells, whereas the expression of these
genes was not altered in p53-null HCT116 cells (HCT116 P>3>~/") and
p53-mutant colorectal cancer cell lines (HT-15 and HCT-29) (Fig. 4E),
signifying that miR-944 not only increases the expression levels of p53,
but also enhances transactivation in the p53 signaling pathway. In
addition, we examined the viability of p53-null and p53-mutant cells
overexpressing a miR-944 mimic; we observed that miR-944 did not
lead to growth inhibition in these cells (Fig. 4F). Similar results were
acquired from cells whose p53 expression had been knocked down
using p53-specific siRNA, i.e., the miR-944 mimic did not affect their
viability (Fig. 4G). Additionally, we examined the cell viability in
HCT116 p53 null cells transfected with control, p53 wild-type or p53
mutant (R249S) vectors, respectively. We observed that miR-944 at-
tenuate cell viability in the cells transfected with p53 wild-type vector,
but not with control or p53 mutant (R249S) vector (Supplement Fig. 2).
Taken together, these results indicate that miR-944 can stimulate p53-
mediated signaling by increasing p53 stability.

3.5. Ubiquitin ligases COP1 and MDM2 are targeted by miR-944

We were interested in determining the miR-944 target genes that
controlled p53 stability. In order to identify miR-944 target genes
participating in the p53 pathway, we performed in silico analyses using
TargetScan and miRANDA programs; we selected six candidate genes
(COP1, MDM2, Pirh2, RNF2, Wip1, and Mule) that encode p53 negative
regulators, and also have miR-944 seed regions in their 3’-UTRs
(Fig. 5A). To confirm the association of miR-944 with these putative
target genes, miRNA pull-down assays were conducted in HCT116 cells
transfected with a biotinylated miR-944 mimic. Among the six candi-
date genes, the E3 ligase-encoding MDM2 and COP1 were found to be
significantly associated with miR-944 in HCT116 cells (Fig. 5B). Luci-
ferase reporter assays were performed to verify whether COP1 and
MDM2 are directly regulated by miR-944. The overexpression of miR-
944 significantly reduced the luciferase activity of the COP1 and MDM2
3’-UTR reporter constructs, whereas it did not affect the luciferase ac-
tivity of COP1 and MDM2 3’-UTR mutant constructs (Fig. 5C). Fur-
thermore, miR-944 overexpression reduced the levels of the MDM2 and
COP1 proteins, but not Pirh2 (Fig. 5D). In tumors derived from the
xenograft mouse model for miR-944, we confirmed that the expression
of COP1 and MDM2 proteins was reduced compared to that in the
negative control group (Fig. 5E). Taken together, these results indicate
that COP1 and MDM2 are direct target genes of miR-944.

3.6. The anti-proliferative effect of miR-944 is mediated by COP1 and
MDM2

We performed knockdown and functional restoration experiments
to confirm that MDM2 and COP1 are functional targets of miR-944 in
colorectal cancer cells. MDM2 and COP1 in HCT116 cells were knocked
down using si-MDM2 and si-COP1, respectively (Fig. 6A). For si-MDM2,
three different siRNAs against MDM2 were designed (Supplementary
Table 3) and we found #3 si-MDM2 only work in the cells. So we used
further study with #3 primer of si-MDM2. Unlike the negative controls,
both the MDM2-and COP1-knocked down cells exhibited an inhibition
of proliferation reminiscent of the phenotype observed in the miR-944
overexpressing HCT116 cells (Fig. 6B). For the functional restoration
studies, HCT116 cells were transfected with a miR-944 mimic followed
by co-transfection with 3’-UTR lacking expression vectors of human
MDM2 or COP1. Western blot analysis was used to verify the restora-
tion of MDM2 and COP1 expression in the respective cells (Fig. 6C). As
shown in Fig. 6D, the restoration of the target gene expression abol-
ished the anti-proliferative effect of the miR-944 mimic. In addition, we
found that the colony formation ability, which had been inhibited by
miR-944, recovered in the miR-944 expressing stably transfected cells
after transfection with either a COP1 or a MDM2 expression vector
lacking their 3’-UTR (Fig. 6E). These results suggest that COP1 and
MDM2 are functional targets of miR-944 mediating its anti-proliferative
effect in colorectal cancers.

4. Discussion

In the present study, we demonstrated that miR-944 inhibits cell
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Fig. 6. COP1 and MDM2 are functional targets of miR-944 mediating its anti-proliferative effect. (A) Expression of COP1 and MDM2 was analyzed by western
blotting in cells transfected with si-COP1, si-MDM2, or si-negative control (si-NC). For si-MDM2 primer design, three difference regions of MDM2 were selected. (B)
Cells were transfected with si-COP1, si-MDM2, or si-NC. Cell viability was evaluated. ***P < 0.001. (C) Expression of COP1 or MDM2 was detected in cells by
western blotting. e.v: empty vector. (D) HCT116 cells were co-transfected with both miRNA mimics (miR-944 or NC) and either a COP1 or a MDM2 expression vector
lacking the respective 3’-UTR. Cell viability was evaluated. **P < 0.01, ***P < 0.001. (E) Stable cells expressing miR-944 were transfected with either a COP1 or a
MDM2 expression vector, and subjected to a colony formation assay. Colony numbers are displayed in the histogram at the bottom panel, whereas representative
pictures are shown at the top panel. Data are expressed as means + SD of triplicate experiments. **P < 0.01, ***P < 0.001.

growth and induces p53-dependent cell death. P53 is a tumor sup-
pressor that is regulated by miRNAs. Some oncogenic miRNAs directly
target p53, whereas certain tumor-suppressive miRNAs target negative
regulators of p53 such as the E3 ligase, MDM2. Several MDM2-targeting
miRNAs are known, such as miR-192/194, miR-215, miR-143/145,
miR-339-5p, and miR-661 [18-21]. MDM2 is just one of the E3 ligases
that affect p53 stability; thus, miRNAs targeting only MDM2 are not
sufficient to maintain p53 stability in cells. In our study, miR-944 was
found to regulate p53 stability by independently targeting two E3

177

ligases, MDM2 and COP1. Double knock-down of these genes results in
a synergistic increase in p53 stability [22]. Thus, miR-944 regulates p53
stability more efficiently than miRNAs targeting MDM2 alone.

Little is known about the regulatory mechanisms underlying COP1
expression, despite it being a critical regulator of p53 stability. DNA
damage leads to the suppression of COP1 expression, stabilizing p53
[22,23]. COP1 is phosphorylated at the s387 residue by a DNA damage
sensor kinase, ATM; this phosphorylation induces the self-degradation
of COP1 through interaction with CSN6 and 14-3-3 delta. However,
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ionizing radiation can also decrease COP1 expression in ATM-deficient
cells [23], which implies the existence of other factors regulating COP1
expression. Since the levels of COP1 mRNA are not affected by DNA
damage, post-transcriptional processes involving miRNAs must be cri-
tical for determining COP1 stability. However, a human COP1-targeting
miRNA has not been reported yet. In the present study, the induction of
miR-944 reduced the COP1 protein level. Thus, miR-944 is a regulator
of COP1 expression in cells.

Although in the present study miR-944 exhibited a tumor-suppres-
sive role in colorectal cancer cells, other studies have reported miR-944
as an oncogenic gene [24-26]. In cervical cancer, miR-944 does not
affect cell cycle and apoptosis, but stimulates migration and invasion
[24]. With respect to non-small cell lung cancer, the expression of miR-
944 is dependent on cell type, with expression being higher in squa-
mous carcinomas than in adenocarcinomas. Cells derived from squa-
mous carcinomas stimulate invasion by overexpressing miR-944 [25].
However, the cancer cells used in these studies harbor abnormal p53
genotypes, such as p53 inactivation (HeLa, CaSki), p53 null (Calu-1),
and p53 mutant (Sk-mes-1). One of the findings from the present study
was that transfection of p53-mutant and p53-null colon cancer cells
with a miR-944 mimic did not result in cell-growth suppression or cell
cycle arrest. Therefore, the effect of miR-944 on cell growth suppression
may be dependent on p53 status.

As mentioned above, miR-944 in humans resides in an intron of p63
gene. Intronic microRNAs are generally transcribed together with their
host genes [27]. For example, miR-106b, miR-93, and miR-25 reside in
the intronic region of the MCM7 gene, which is involved in tumor
progression in prostate cancer. The host gene (MCM?7) and its intronic
miRNAs are transcribed together after activation by the transcription
factor c-myc. The intronic miRNA cluster targets the PTEN gene that
suppresses MCM7 expression; as a result, the MCM7 function is main-
tained [28]. Another intronic microRNA, miR-301, has Ska2 as its host;
miR-301 targets the 3-UTR of MEOX2, resulting in an increase in
transcription of Ska2, because MEOX2 is a negative regulator of Ska2
[29]. Unlike miR-301, miR-944 does not play a role in the transcrip-
tional regulation of its host gene, p63, whereas the p63 protein acti-
vates the transcription of miR-944. Additionally, miR-944 has a pro-
moter independent from the promoter of the host gene [11]. Although
most intronic miRNAs share the promoter of their host genes [30], one
third of them have their own promoters and transcription start sites
[30]. In terms of evolution, younger miRNAs have mainly host-in-
dependent own promoter and transcription start site [31]. Therefore, it
is not surprising that primate-specific miRNAs, including miR-944, have
retained their own promoters and transcription start sites, as the phy-
logenetic group of primates is rather young in evolutionary terms.

In summary, in this study, we demonstrated that the miR-944, a
primate-specific miRNA, is down-regulated in colorectal cancer cells
and inhibits cell growth through cell cycle arrest. It exerts its tumor-
suppressive function by targeting the ubiquitin ligases COP1 and
MDM2, augmenting the tumor suppressor p53 signaling. These results
suggest that miR-944 is an attractive drug target for cancer che-
motherapy.
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