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The human noncoding RNA gene RGM249 has been shown to regulate the degree of cancer cell differentiation.
In this study, we investigated the effects of 3 microRNA-like molecules digested from RGM249 on the loss of
malignant properties in cancer cells in immunodeficient KSN/Slc mice. We utilized small interfering RNAs
(siRNAs) alone or in combination with a cationized drug delivery system (DDS) consisting of atelocollagen or
gelatin hydrogel microspheres. The results demonstrated growth inhibition and apoptosis and the inhibition of
both neovascularization and metastasis, indicating that the DDSs effectively infiltrated the majority of tumor
cells in vivo. Systemic administration of the 3 siRNAs inhibited the metastatic ability of malignant cells. Co-
transfection of these siRNAs exerted a regulatory effect upon the genes involved in differentiation, pluripotency,
and proliferation in cancer cells. These results suggest that RGM249-derived oligonucleotides may be involved in
the regulation of metastasis, proliferation, and differentiation in vivo, and that the tested siRNAs may therefore
represent a new anticancer therapeutic approach.

Introduction

Novel mechanisms underlying gene regulation have
been identified since the initial discovery of microRNAs

(miRNAs) (Lau et al., 2001). miRNAs are endogeneous, small,
noncoding RNA (ncRNA) molecules 18–25 nucleotides in
length that are transcribed by RNA polymerase 2 and function
as post-transcriptional gene regulators (Lagos-Quintana et al.,
2001; Meltzer, 2005). Mammalian miRNAs are involved in
mediating cellular differentiation and reprogramming, and
are considered to play a crucial role in the initiation and
progression of human cancer (Chen et al., 2004; Thum et al.,
2007; Viswanathan et al., 2008). The alteration of miRNA ex-
pression levels influences tumor growth by modulating the
functional expression of the targeted genes involved in the
regulation of tumor cell apoptosis or proliferation (Meltzer,
2005). miRNAs can act as oncogenes (oncomiR) and/or tumor
suppressor genes during tumorigenesis. For example, the Bcl2
oncogene (B-cell CLL/lymphoma 2) is targeted by miR-15a
and miR-16; the PTEN (phosphatase and tensin homolog)
tumor suppressor by miR-21; HOXD10 (homeobox D10) by
miR-10b; Pak [p21 protein (Cdc42/Rac)-activated kinase] by
miR-7; MYOD1 (myogenic differentiation 1); estrogen recep-
tor genes by miR-206; and HER2 (ERBB2 gene) by miR-125a
(Cimmino et al., 2005). OncomiRs have been investigated in

different tumor types, including melanomas, hepatomas,
brain tumors, and breast tumors (Chan et al., 2005; Ma et al.,
2007; Meng et al., 2007; Satzger et al., 2010).

We previously identified an RNA gene (RGM249) that may
indirectly regulate hTERT (human telomerase reverse tran-
scriptase) expression via the induction of double-stranded
(ds), small interfering (si), and short hairpin (sh) RNAs. The
regulation of this gene may be involved in cell development
and differentiation, anti-inflammatory effects that maintain
telomere length prior to DNA damage, and cell growth in
undifferentiated cancers. RGM249 is strongly expressed in
poorly differentiated or undifferentiated malignant tumor cell
lines and may play a role in carcinogenesis or the mainte-
nance of low differentiation levels (www.ncbi.nlm.nih.gov/
nuccore/EF433558) (Miura et al., 2009). We have previously
used siRNAs to study the roles of 3 small RNAs derived from
the ncRNA in vivo and investigated whether the prevention of
RGM249-derived small RNA binding to the 3¢ untranslated
regions of their target genes affected their metastatic or pro-
liferative abilities during in vivo tumor growth (Doench et al.,
2003; Doench and Sharp, 2004; Liu et al., 2005). We have also
investigated the safety, efficacy, and specificity of drug de-
livery systems (DDSs) by utilizing gelatin hydrogel micro-
spheres or atelocollagen for subcutaneous (s.c.) injection and
spermine-pullulan or atelocollagen for intravenous (i.v.)
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administration ( Jo et al., 2006; Kushibiki et al., 2006; Mu et al.,
2009; Kimura and Tabata, 2010; Takeshita et al., 2010).

Since 2004, when the first human clinical trials were con-
ducted using a direct intraocular injection of synthetic siRNAs
on patients with blinding choroidal neovascularization, other
clinical trials have been initiated (Castanotto and Rossi, 2009),
and early clinical data have been reported (DeVincenzo et al.,
2008; Leachman et al., 2010). However, previous animal
studies supported the hypothesis that siRNA functions via a
mechanism involving RNA interference (RNAi) (Alvarez
et al., 2009). We therefore aimed to begin to elucidate the
physiological functions of miRNA-like molecules generated
from RGM249 and their roles in carcinogenesis, differentia-
tion, and pluripotency and investigate their potential utility
for antitumor therapy or regenerative medicine in vivo.

Materials and Methods

Identification of oligonucleotides digested
by Dicer and RNase 3

RGM249 was ligated into the pRNAT-U6.1/neo vector
(GenScript USA Inc.). RGM249 mRNA generated by T7 RNA
polymerase was digested using the Dicer enzyme (Genlantis)
and/or RNase3 (NEB). miRNA was fractionated using the
mirVANA miRNA isolation kit (Ambion Japan) and purified
with the miRNA isolation kit with or without human anti-
Ago2 beads (WAKO). Digested small RNAs were cloned us-
ing the miRCAT-microRNA cloning kit (Integrated DNA
Technologies) and sequenced using the TOPO vector (In-
vitrogen). Secondary structures were predicted (http://rna
.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), and the sequence
homologies of the small RNAs were investigated using miR-
Base (www.mirbase.org).

Cell lines and immunodeficient mice

A human malignant melanoma cell line (HMV-1) and poorly
differentiated hepatoma cells (HLF) with strong RGM249
mRNA expressions were obtained from Tohoku University
and ATCC, respectively. A total of 1 · 107 cells were harvested
and inoculated into mice either subcutaneously or intrave-
nously. Six-week-old immunodeficient mice (CAnN Cg-Foxn1
BALB/c-nu) were inoculated for in vivo study by RGM249
transfection. Immunodeficient KSN/Slc mice were used to
examine the anti-metastatic effects of the 3 small RNAs.
Athymic mice were anesthetized by an intraperitoneal injection
of 100 mg/kg Nembutal. All animals were housed and fed at
the Japanese Association for Accreditation for Laboratory An-
imal Care–approved facilities, and animal research and han-
dling were performed in strict conformance with federal
Institutional Animal Care and Use Committee guidelines.

siRNA preparation and gene expression constructs

A total of 50 nM of synthesized siRNAs (corresponding to
small RNA-47, RNA-101, and RNA-197) were transfected into
HMV-1 cells, and the effects were assessed using the FuGENE
HD transfection reagent (Roche Diagnostics). For the RGM249
shRNA-generating construct, a specific target sequence (small
RNA-47) against RGM249 was chosen using the Stealth RNAi
designer, and the shRNA-generating vector was created using
BLOCK-it Inducible H1 RNAi Entry Vector (Invitrogen). A
vector with 2 base deletions (mtRGM249 shRNA: m1 vector)

was generated as a sequence control, and Lac shRNA was
used as a mock control. The RGM249 shRNA sequence was as
follows: 5¢-caccgcagaataaggctagacaaagcgaactttgtctagccttattc
tgc-3¢. The nucleotides deleted in the m1 sequence are un-
derlined. The sequences corresponding with the 3 siRNAs are
shown in Fig. 1b. (47 siRNA-sense: 5¢-cucacccggugaugaga-
guuugauu-3¢; 101 siRNA-sense: 5¢-aacaugaccaaagccaugu
guu-3¢; and 197 siRNA-sense: 5¢-guacuucacgaggauguguu-3¢).
Scrambled sequences as a negative control of RNAi were
as follows: 5¢-guugugauuaaugugcgcgaacucc-3¢ for small
RNA-47, 5¢-guacaacgagucuaacacga-3¢ for -101, 5¢-aggugcg
uuauaugccga-3¢ for -197 (https://www.genscript.com/ssl-
bin/app/scramble). shRNA-generating constructs against
the small RNAs derived from RGM249 mRNA were pro-
duced using pRNATin-H1.4/Lenti. siRNAs were synthesized
using Invitrogen’s siRNA designer. To obtain RGM249
mRNA, RGM249 was ligated into the pRNAT-U6.1/neo
vector, and RGM249 mRNA was digested with Dicer. Di-
gested small RNAs were cloned using the miRCAT-micro-
RNA cloning kit. The sequence homologies of small RNAs
were investigated using miRBase. A total of 50 nM of syn-
thesized siRNAs (small RNA-47, RNA-101, and RNA-197)
were transfected into HMV-1 cells, and their effects were as-
sessed using the FuGENE HD transfection reagent. The sec-
ondary structures and sequences of the small RNAs are
shown in Fig. 1a, b. Sufficient siRNAs were generated to
achieve an inhibitory effect on miRNA processing (Fig. 1c).

Gene transfer procedures in vitro and in vivo

To determine the anti-cancer effects of RGM249-silencing
molecules, 50 nM siRNA corresponding with each small RNA
or a mixture of all 3 was transfected into HMV-1 cells.
Transfectants were collected 24 hours after transfection. RNA
was extracted, and its suppressive effect on gene expression
levels was evaluated. The migration-inhibition effect (Sup-
plementary Fig. S1; Supplementary Data are available online
at www.liebertpub.com/nat) of transfection with siRNA for
small RNA-197 was confirmed using exCELLigence (Roche)
(Meng et al., 2007). We then examined its effects on HLF and
HMV-1 cells in vivo. Gelatin hydrogel microspheres were used
as carriers for the RGM249 shRNA plasmid, and HLF cells
were s.c. inoculated into the right flank of the mice. Spermine-
pullulan was used as a liver-targeting DDS for injection into
the tail vein. Both DDSs were provided by Prof. Yasuhiko
Tabata of Kyoto University (Kushibiki et al., 2006; Kimura
and Tabata, 2010). Inoculation into 6-week-old immunodefi-
cient mice (CAnN Cg-Foxn1 BALB/c-nu) was performed
every 5 days for 40 days. The animals were sacrificed after 56
days and examined for gross tumor formation and metastasis.
Spermine-pullulan was cationized by carbonyldiimidazole
activation, and mice subsequently received an i.v. injection
every week starting 1 week after the first injection of HLF
cells. The injection volume was 200 mL and comprised 1 · 107

cells. Animals were sacrificed after 28 days and examined for
intrahepatic tumors and intraperitoneal dissemination. To
determine the anticancer effects of a mixture of siRNAs on the
same cell lines, siRNAs against all 3 small RNAs were trans-
fected using atelocollagen (AteloGene�) ( Jo et al., 2006; Ta-
keshita et al., 2010), gelatin hydrogel microspheres via s.c.
inoculation (n = 5), and spermine-pullulan via i.v. injection in
immunodeficient KSN/Slc mice (n = 5).

THE EFFECT OF RGM249-DERIVED SMALL RNAs IN CANCER 333



Evaluation of gene transfer in vitro and in vivo

MicroRNA expression in tumors was evaluated after cate-
gorizing the parts of the tumor as shown in Fig. 2a. RNA
quantification was confirmed by sequencing with high re-
producibility (Goodarzi et al., 2009). Cells and tissues were
subjected to miRNA extraction using a mirVana miRNA
Isolation kit, and miRNA expression was examined using a
Mir-X� miRNA qRT-PCR (quantitative reverse transcription-
polymerase chain reaction) SYBR� kit to confirm suppression
by siRNA and evaluate changes in miRNA expression using
the 2–DDCt method according to the manufacturer’s recom-
mendations (Supplementary Fig. S2) (see Supplementary
Methods). The genes were chosen from those with altered
expressions in response to RGM249 overexpression and si-
lencing (data not shown). The primer sequences used for
mRNA or miRNA quantification are shown in Fig. 1b and
Supplementary Fig. S3. Western blot analyses were per-
formed using the i-Blot gel transfer system (Supplementary
Methods). The antibodies (anti-hTERT, -p53, -c-Myc, -Oct4,
-AID, -DICER, and -PROM1) were diluted 1:500, and the
control anti-b-actin antibody was diluted 1:1,000 (Supple-
mentary Methods). Chemiluminescent signals were detected
within 1 minute using LAS-1000 (Supplementary Methods).
Palpable tumors were confirmed on day 7 following inocu-
lation, and 10 mice were randomized into 2 groups to receive

mixed siRNAs against small RNA-47, RNA-101, and RNA-
197 (100 mM) (n = 5) or an equivalent volume of vehicle (n = 5).
Mixed transfected cells only suppressed cell growth in vitro.
Animals were sacrificed after 5 weeks for tumor analysis. Vo-
lume estimations were determined using the following formula:
volume = (p/6 · width · length · height). Furthermore, HMV-1
cells (1 · 107) were injected into the caudal vein of athymic mice
1 week before treatment with siRNAs (400mM) or vehicle. siR-
NAs or siRNA mixtures were administered every week, and
tumor volume and metastasis were assessed after 5 weeks. Le-
vels of gene transcription and translation were examined in vivo
in same manner as in the in vitro study (see Supplementary
Methods). This study was approved by the ethics committee of
Tottori University (#10-Y-36). The effects of small-RNA-targeted
siRNAs and the overexpression of miRNAs in normal human
(293FT) cells were examined in transfectants within 24–48 hours
following transfection, and changes in gene expression levels
and phenotype were investigated.

Effect of siRNA for three small RNAs derived
from RGM249 in normal human cells

To investigate the effects of 3 small RNAs-targeting siRNAs
and the miRNAs upregulated by RGM249 shRNA, 293FT cells
were transfected with siRNAs for small RNA-47, RNA-101,
and RNA-197. The inductive effects of the small RNA-

FIG. 1. RGM249, RGM249-derived small RNA, RGM249 shRNA, and siRNAs corresponding with the 3 small RNAs and the
schematic of the strategy used in this study. (a) Secondary structure of the RNA gene RGM249 and the 3 internal sites (bold
bars) at which the small RNAs were generated. (b) Sequences of the 3 small RNAs generated from RGM249. (c) Schematic of
the small-RNA-silencing method used in this study. Short hairpin RNA (shRNA) with functional sequences against RGM249
and siRNAs against the 3 small RNAs derived from RGM249 led to similar translational upregulation. Small interfering
RNAs (siRNAs) corresponding with the small RNAs were expected to function in 2 manners during microRNA (miRNA)
processing. Arrows indicate expressive reduction.
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targeted siRNAs were evaluated at the transcriptional and
translational levels. Immunohistochemical examination was
performed using the pluripotent markers Oct4 and Nanog.

Statistical analysis

Comparisons between 2 groups were analyzed using the
Mann-Whitney test with 1 observed variable; p < 0.05 was
considered to indicate a significant result.

Results

The mature form (secondary structure) of RGM249 and the
sequences of the small RNAs are shown in Fig. 1a, b. The

sequences were determined following digestion by Dicer
and/or RNase 3, and identical sequences were produced us-
ing either enzyme. Approximately 50% of the 3 products (Fig.
1a, b) corresponding to RGM249 small RNA-47 were bound to
Ago2 and purified using anti-Ago2 beads. However, we were
unable to identify any proteins bound to small RNA-101 or 197
(data not shown) (also see miRNA expression in tumor tissues
from the animal model experiments). Mice subjected to an s.c.
injection of RGM249 shRNA-generating plasmid + cationized
DDS (gelatin hydrogel) inhibited the proliferation of HLF
hepatoma cells compared with the mice injected with LacZ
shRNA-generating plasmid + DDS or RGM249 with 2 base
deletions (RGM249-m1) in the shRNA-generating plasmid. The

FIG. 2. Evaluation of gene expression in tumors treated with siRNAs. (a) Tumor classified into 3 parts to examine the delivery
by drug delivery system (DDS) + siRNAs: 1, external; 2, internal; and 3, central. The divisions were occasionally approximate
because the tumors were fragile. (b) The suppressive effects of a mixture of siRNAs on the respective small RNAs were examined.
Data were analyzed using the Kruskal-Wallis test (n = 5). * indicates a significant difference in small RNA expression levels
compared with levels in tumors treated with DDS alone or a scramble ( p < 0.01). (c) Microscopic findings [hematoxylin and eosin
(HE) stain; 400 · ] in the control (top) and siRNA-treated tumors (bottom). There was a marked decrease in human malignant
melanoma cell line (HMV-I) cells in siRNA-treated tumors, and tumor necrosis was followed by fibrosis. (d) Relative expression
levels of tumor-, differentiation-, or pluripotency-related genes were examined at the transcriptional level; this indicated that Oct4,
Klf4, p53, hTERT, and PROM1 may be involved in pluripotency, oncogenesis, and cancer stemness. Messenger RNA (mRNA)
expression levels were compared with b-actin mRNA expression using the 2–DDCt method. Cntl, control (DDS alone); scramble;
3M, DDS + mixture of small RNA-47, RNA-101, and RNA-197. *p < 0.05, **p < 0.01. (e) RGM249 mRNA levels were evaluated
quantitatively in siRNAs-treated (n = 4) and DDS-treated tumors (n = 8). The copy number is shown, and significant upregulation
was induced in both the external and internal parts of the tumor, which is similar to the in vitro results. *p < 0.05; **p < 0.01.
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tumor suppressive effect was observed 3 weeks after the first
injection (Fig. 3a, b). Four weeks after the first injection, the
RGM249 shRNA-generating plasmid + DDS group exhibited a
significant suppression of proliferation compared with the
RGM249-m1 shRNA-generating and LacZ shRNA-generating
plasmid + DDS groups ( p = 0.034 and p = 0.021, respectively).
The RGM249-m1 shRNA-generating plasmid + DDS group
demonstrated tumor suppression of less than 50% of the tumor
volume. Intratumoral expression levels of RGM249 and hTERT
mRNA in the RGM249 shRNA-generating plasmid + DDS

group were significantly suppressed compared with those of
control groups ( p = 0.036 and p = 0.025 for RGM249 mRNA and
hTERT mRNA, respectively). RGM249 mRNA in liver tissue
was not significantly suppressed in the RGM249-m1 shRNA
group; however, hTERT mRNA was significantly suppressed
( p = 0.028) (Fig. 3c, d).

Macroscopic cancer nodules and microscopic metastatic
foci were observed in the livers or lungs of all control mice
injected with HLF cells alone and those in the LacZ shRNA-
generating plasmid group, and metastasis occurred in the left

FIG. 3. Effect of RGM249 shRNA on the suppression of RGM249-derived small RNAs. (a) Tumor-suppressive effects of
RGM249 shRNA in hepatoma (HLF) cells in athymic mice. A significant suppressive effect of RGM249 shRNA was detected
at 21 days post-injection. Tumor volume [mean – stadard error (SE)] is depicted, and the data (n = 5) were analyzed using the
Mann-Whitney test. *p < 0.01. (b) Representative photographs showing the macroscopic findings regarding tumor volume in
each group. RGM249 shRNA-generating plasmids had an 80% suppressive effect on tumor proliferation after subcutaneous
(s.c.) injection on average. These photographs were taken a month after shRNA injection. (c) Suppressive effects of RGM249
shRNA-generating plasmids on gene expression in tumors. Plasmids were induced into inoculated athymic mice by s.c.
injection. Closed and open squares show RGM249 and hTERT (human telomerase reverse transcriptase) mRNA expression,
respectively. There were significant differences between RGM249-m1 shRNA and RGM249 shRNA and between LacZ
shRNA and RGM249 shRNA in terms of both RGM249 and hTERT mRNA levels. The data were analyzed using the Mann-
Whitney test. *p < 0.05. (d) The preventive effects of the RGM249 shRNA-generating plasmid were evaluated by examining
gene expression in metastatic liver nodules after intravenous (i.v.) injection using spermine-pullulan as a liver-targeting DDS.
Closed and open squares show RGM249 and hTERT mRNA expression, respectively. There were significant differences
between RGM249-m1 shRNA and RGM249 shRNA and between LacZ shRNA and RGM249 shRNA in terms of both
RGM249 and hTERT mRNA levels. The data were analyzed using the Mann-Whitney test. *p < 0.05. (e) Macroscopic ob-
servations of representative intra- and extra-hepatic nodules showing the tumor-preventive effects of RGM249 shRNA-
generating plasmids (n = 5: mean – SE). Nodule formation was suppressed in the RGM249 shRNA group compared with the
other groups. *p < 0.01 by Mann-Whitney test.
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kidney of 1 mouse. However, only 1 mouse in the group that
received the RGM249 shRNA-generating plasmid + DDS ex-
hibited a nodule in the liver, while another mouse exhibited a
nodule in the kidney, indicating that RGM249 shRNA sup-
pressed tumorigenicity and metastasis compared with the
control groups (Fig. 3e). These findings indicate that RGM249
liver-targeting spermine-pullulan suppressed intraperitoneal
carcinogenesis when administered via i.v. injection. Because
this precursor gene is specific to humans, we examined
the expression levels of RGM249 and hTERT in mouse livers.
The expression levels of RGM249 and hTERT mRNAs in the
RGM249 shRNA-generating group were both significantly
suppressed compared with the LacZ shRNA-generating
group ( p = 0.049 and p = 0.046, respectively).

We also investigated the expression levels in the other cell
lines that exhibited high RGM249 using the small RNAs

previously generated. HMV-1 cells, which express high levels
of RGM249, were transfected with siRNAs against 3 small
RNAs (-47, -101, and -197) generated from RGM249, and the
individual and synergistic effects of the 3 small RNAs were
investigated using the siRNA method (see Supplementary
Methods). Compared with DDS-treated cells, each siRNA
suppressed RGM249 mRNA, and a mixture of all 3 siRNAs
demonstrated a marked suppressive effect on cell growth. In
contrast, mixtures of only 2 siRNAs did not suppress the cell
number at all (Fig. 4a). Baseline expression levels of each small
RNA in HMV-1 cells were confirmed, and the expression
levels of each small RNA relative to the RGM249 expression
level were determined in HMV-1 cells using qRT-PCR (2–DDCt

method) (Fig. 4b, Supplementary Fig. S2). Transcriptional
expression profiling in transfectants was assessed according
to cancer-related (hTERT, c-Myc, p53), pluripotency-related

FIG. 4. Suppressive effect of siRNAs corresponding with the 3 small RNAs on tumor growth. Synergistic suppressive
effects of siRNAs against small RNA-47, -101, and -197 in HMV-I malignant melanoma cells in vitro were evaluated using a
DDS to determine their effects (a) against cell proliferation, and (b) relative to expression of each small RNA corresponding
with precursor gene (RGM249) expression. Differences between the expression levels of the 3 miRNAs were large, indicating
that differences in processing efficiency may be involved; even low levels of small RNA can effectively bind to the target
genes, depending on target type or function. (c) The relative expression levels of tumor-, differentiation-, and pluripotency-
related genes examined at the transcriptional level indicated that small RNA-197 may be involved in pluripotency and
oncogenesis but not in cancer stemness. hTERT may be regulated by small RNA-101 or RNA-197 because their siRNAs
strongly suppressed its expression, while small RNA-47 siRNA significantly upregulated hTERT expression. mRNA ex-
pression levels were compared with b-actin mRNA. RGM249 mRNA expression gradually recovered to original levels 1 week
after transfection. * denotes corresponding significant differences relative to b-actin based on the 2–DDCt method.

THE EFFECT OF RGM249-DERIVED SMALL RNAs IN CANCER 337



(Oct4, Sox2, Klf4), and stemness-related (PROM1; prominin 1,
CD133) genes. Representative results for induction by the
siRNA for small RNA-47 and a mixture of siRNAs for the 3
small RNAs are shown because the sequence of the siRNA for
small RNA-47 is the same as the sequence used in RGM249
shRNA, as shown in Fig. 1c. The siRNAs for small RNA-101
and RNA-197 did not upregulate the pluripotent marker
genes in HMV-1 cells more strongly than siRNA for small
RNA-47 or the 3 combined siRNAs (data not shown). Oct4,
Sox2, hTERT, and p53 were upregulated following treatment
with the 3 short siRNAs, whereas c-Myc and Klf4 were
downregulated (Fig. 4c). PROM1 was unaffected.

In animal model experiments, the s.c. injection of the 3
siRNAs + DDS (atelocollagen) inhibited the proliferation of
HMV-1 cells compared with control injections with DDS
alone. Representative photographs of a DDS-alone case (top)
or a 3-siRNAs case (bottom) are depicted ( p < 0.01 by Kruskal-
Wallis test, n = 5) (Fig. 5). Athymic mice co-injected with siR-
NAs were sacrificed, and their subcutaneous tumorigenicity
and metastasis were examined. Control mice developed
multiple nodules in the lungs (mean, 15.8 – 1.9 nodules) and
intraperitoneum (mean, 0.8 – 0.6 nodules). Several metastatic
foci were observed in the peritoneum and retroperitoneum,
and invasion was observed (Table 1).

Intratumor expression (see Fig. 2a) of RGM249 small RNAs
indicated that the DDS permitted the general invasion of the
tumor tissue, as shown in Fig. 2b, with increased small RNA
expression in tumors with siRNA compared with tumors with
DDS alone. Histological comparison of siRNA-induced sup-
pression of growth and proliferation demonstrated that
transfection with the mixture of 3 siRNAs had a necrotic effect

on the tumors, which led to fibrosis after apoptosis, compared
with the control group (Fig. 2c; hematoxylin and eosin-
stain · 200; top: DDS alone, bottom: combined injection by 3
siRNAs). A comparison of changes in gene expression be-
tween growth-suppressed and nonsuppressed tumors dem-
onstrated that siRNAs for RGM249 small RNAs induced the
upregulation of p53 mRNA and downregulation of Klf4,
which is in accordance with the in vitro results. Conversely,
hTERT, Oct4 (POU class 5 homeobox 1), and PROM1 were
downregulated compared with the in vitro results (Fig. 2d).
Although the 3 small RNA-like molecules targeted by the
mixture of siRNAs were suppressed in each tumor section
(Supplementary Fig. S4b), the RGM249 mRNA level in the
tumors was upregulated by the 3 siRNAs (Fig. 2e).

We further confirmed the suppressive effect of the siRNAs
by systemic injection. The intravenous injection of the 3
siRNAs + atelocollagen significantly induced the anti-
metastatic ability of HMV-1 cells ( p < 0.05 for lung, liver, and
intraperitoneum) (Table 2); no liver or lung metastasis
was observed, and only 1 mouse developed intraperitoneal
metastasis.

Of the RGM249-derived oligonucleotides and several up-
regulated small RNAs,11 the siRNA-197 and siRNA-47/101/
197 mixture induced the conversion of 293FT cells (Fig. 6b;
unstained 0-hour photograph) to undifferentiated cells in
addition to the upregulation of Oct4, hTERT, and p53 (Figs.
2d, 6a). Immunocytochemical examination revealed strong
expression of Oct4 and Nanog in spherical cells (Fig. 6b). A
western blot analysis of p53, Oct4, and cytidine deaminase
(AID, also known as AICDA) over a 1-week period demon-
strated the transformation of 293FT cells into pluripotent cells

FIG. 5. HMV-I suppressive
effect of the 3 small RNAs
derived from RGM249 in
athymic mice. Representative
photographs (top and bottom)
show mice s.c. injected with
atelocollagen without nucle-
otides (mock), scramble, and
mice co-injected with the
same DDS plus a mixture of
siRNAs corresponding with
small RNA-47, RNA-101, and
RNA-197. DDS alone and
scramble failed to suppress
tumor growth, but the co-
injected mixture significantly
suppressed tumor growth.
The 2 groups are shown with
different start points on the
graph to avoid overlapping
dots and enable the differ-
ence between the 2 groups to
be visualized more easily.
Data were analyzed using the
Kruskal-Wallis test (n = 6). *
indicates a significant differ-
ence ( p < 0.01) between no
RNA and siRNA.
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(Fig. 6c). The predicted target of each siRNA is depicted in
Supplementary Figs. S5, S6. siRNA against small RNA-197
was the most effective for producing pluripotent cells (ap-
proximately 1,000 cells in a 10-cm dish). Although neither
Oct4 nor Nanog were direct targets according to this predic-
tion, we performed qualitative comparisons with human-
induced pluripotent stem cells (hiPSCs) because of the
upregulation of pluripotent markers. Representative tran-
scriptional (Fig. 7a), miRNA (Fig. 7b), and translational (Fig.
7c) expression levels in pluripotent cells generated from 293FT
cells are shown. Cells transfected with small RNA-197 dem-
onstrated similar expression levels to those in hiPSC at 2
weeks after transfection (Fig. 7a, bottom). The estimation of
the methylation-related genes suggested that the transcription
of AID and DNA (cytosine-5-)-methyltransferase was upre-
gulated and downregulated, respectively (Supplementary
Fig. S7). The cells expressing pluripotent markers exhibited
similar expression profiles to those observed to be previously
established in hiPSC cells (Okita et al., 2010). These findings
indicated a significant upregulation of p53 in our hiPSCs
( p < 0.05, Mann-Whitney test).

Discussion

MicroRNAs have been implicated in numerous biological
processes (Ghildiyal and Zamore, 2009). A single miRNA can
target and potentially silence more than 100 genes, and sev-
eral miRNAs can target a single gene, with a single miRNA
typically exerting only a modest effect on repression (Perse-
ngiev et al., 2004; Behlke, 2006). These short RNAs modulate
cellular gene expression and play a critical role in the devel-
opment of some diseases through partial or full com-

plementarities with their targets (Bernstein et al., 2003; Suh,
2004; Kanellopoulou et al., 2005). This effect is evident in
embryonic stem (ES) cells, which include miR-290-295 and
-302 clusters. The most abundant ES cell miRNAs are driven
by the pluripotency genes Oct4, Nanog, and Sox2 [SRY (sex
determining region Y)-box 2] and target these genes in feed-
forward loops (Gunaratne, 2009). Thus, miRNAs are co-
expressed and positively correlated with the targets they
repress, suggesting that one of their primary roles is to fine-
tune gene expression rather than act simply as an on/off
switch. They exert marked changes similar to those induced
by certain transcription factor genes (Persengiev, 2004).
However, it is possible that exogenous sequences integrated
into the human genome are expressed as short transcripts
and activate caspase 9/Sp1-p53 signaling.

Let-7 family members (tumor suppressors) have received
considerable attention as key molecules in lung cancer (Ta-
kamizawa et al., 2004). They exhibit low expression levels in
ES cells in a manner similar to a recently discovered paradigm
in which miRNAs regulate the self-renewal and differentia-
tion pathways in ES cells by forming an integral biological
network together with transcription factors (Iliopoulos et al.,
2009; Koh et al., 2010). Recently, Oct4/Sox2-regulated miR-
302 has been shown to belong to a handful of factors that are
necessary and sufficient for converting differentiated cells to
stemness (Iliopoulos et al., 2009; Nagata et al., 2009; Utikal
et al., 2009). In contrast, perturbations of miRNA-mRNA
networks in ES cells are usually considered to be characteristic
of cancer stem cells (Carette et al., 2010; Patru et al., 2010; Tabu
et al., 2010). We performed this study to investigate the po-
tential involvement of RGM249 or the possible derivative
molecules in stemness, carcinogenesis, pluripotency and/or
malignancy.

In this study, we employed a xenograft model to investi-
gate the potential of both shRNA against RGM249 and siR-
NAs against RGM249-derived small RNAs to suppress
malignant properties and regulate cell differentiation. We
used 2 different types of materials with high biocompat-
ibilities, and cancer cells in 2 types of athymic mice to deter-
mine the direct effects of local injection, the preventive effects
of systemic siRNA injection, and the changes in the expression
levels of pluripotent markers and cancer-related markers. An
in vivo study was performed because both the overexpression
and suppression of RGM249 limit tumor growth in vitro. Our
findings demonstrated that an s.c. injection of RGM249
shRNA in a xenograft model inhibited the differentiation of
poorly-differentiated HLF hepatoma cells. An intravenous
injection of RGM249 shRNA also suppressed hepatocarcino-
genesis in an orthotopic xenograft model. Although the
evaluation of miRNA function based on expression levels has
proven challenging (Pekarsky and Croce, 2010), we hypoth-
esized that the positive feedback towards RGM249 might
have been induced, as the expression of RGM249-derived
small RNAs was prevented by their respective siRNAs. Up-
regulation of target genes by RGM249-derived small RNAs
may presumably orchestrate upstream RGM249. Also,
RGM249 mRNA levels in HMV-1 cells were different from
those in tumors generated with the cells as shown in Fig. 2e
and Supplementary Fig. S4a. This difference may be caused
by the transfer efficiency of DDS carrying the molecules into
tumors. However, the mechanism including the feedback
towards RGM249 mRNA expression remains unknown.

Table 2. Metastasis-Suppressive Effect of Small

Interfering RNAs in Mice Following Systemic

Delivery of HMV-I Cells

Metastasis

No RNAs
mean – SE

(range)

Three siRNAs for
miRNAs (i.v.)

mean – SE (range) p

Lung 2.0 – 0.5 (0–3) 0 – 0 (0 for all) 0.018
Intraperitoneum 3.8 – 1.5 (0–8) 0.2 – 0.2 (0–1) 0.044
Liver 5.2 – 2.2 (0–13) 0 – 0 (0 for all) 0.005

i.v., intravenous.

Table 1. Metastasis-Suppressive Effect of Small

Interfering RNAs in Mice Inoculated with HMV-I
Human Malignant Melanoma Cells

Metastasis
Mock-transfection
mean – SE (range)

Transfection with
3 miRNAs

(s.c.) mean – SE
(range) p

Lung 15.8 – 1.9 (10–20) 2.0 – 0.4 (0–3) 0.008
Intraperitoneum 0.8 – 0.6 (0–5) 0 N.S.
Retroperitoneum 1.2 – 1.0 (0–1) 0 N.S.
Liver 0 0 N.S.
Subcutaneous

invasion
0.2 – 0.2 (1–3) 0 0.005

N.S., not significant; s.c., subcutaneous; SE, standard error.
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Our findings also suggested that these siRNAs were able to
prominently suppress the metastatic abilities of highly ma-
lignant cells. Using these antagomiR, we confirmed these re-
sults in another cell line (HMV-1) expressing RGM249 at a
high level. Our findings indicated that these siRNAs were able
to prominently suppress the metastatic abilities of highly
malignant cells. Furthermore, we confirmed that the bioma-
terial (atelocollagen) used in this study infiltrated into the
majority of tumor cells and induced necrotic changes as a
result of successful intra-tumoral gene regulation. The s.c.
injection of these antagomiRs strongly inhibited the prolifer-
ative ability of HMV-1 cells in a xenograft model. Similarly,
the systemic injection of 3 targeted siRNAs remarkably sup-
pressed the metastatic ability of HMV-1 cells. Cotransfection
with 3 siRNAs by either local or systemic administration ex-
hibited a regulatory effect on malignant properties by
changing the expression levels of genes involved in differen-
tiation, proliferation, and pluripotency.

Our in vivo experiments suggest that RGM249 may induce a
cancer stemness–like status via the transcriptional upregula-
tion of hTERT, PROM1, Oct4, and Klf4 and downregulation of
p53 (Gunaratne, 2009). The administration of 3 small RNAs-

targeting siRNAs might induce the translational upregulation
of the targeted genes, followed by the induction of antic-
ancerous alterations due to downregulated levels of hTERT,
PROM1, Oct4, and Klf4 and upregulated levels of p53. The
mechanism underlying cancer regulation found in this study
remains unclear. However, antagomiR of small RNA-197
showed a strong inductive effect on spheroid conversion of
293FT cells, suggesting that this molecule may also have a
crucial function in cancer regulation, although it remains
unclear whether this small RNA-197 is physiologically gen-
erated from RGM249. We predicted the target genes of the
siRNA corresponding with small RNA-197, as shown in
Supplementary Fig. S5, S6 (www.ebi.ac.uk/enright-srv/
microcosm; Hokkaido System Science) (Altuvia et al., 2005;
Landgraf et al., 2007). For example, Sp1 (CRSP7), which is
predicted to be targeted by miRNA-197, potentially induces
cancer cell apoptosis via p53 upregulation (Sp1-p53 hetero-
complex) ( Jeang, 2010). This indicates that small RNA-197
siRNA may potentially bind several key genes in an inde-
pendent manner.

AntagomiRs for RGM249-derived small RNAs exhibited
antimetastatic effects on tumors with both local and systemic

FIG. 6. siRNAs induce the expression of pluripotent markers in normal human (293FT) cells. (a) Middle: siRNA-treated
293FT cells 3 days after transfection. (b) Microscopic and immunohistochemical findings in 293FT cells transfected with
siRNA for small RNA-197. Top: microscopic findings (magnification: 40 · ) in 293FT cells without transfection (0 hours) (left
panel, unstained; center panel, rhodamine staining with anti-Oct4 antibody; right panel, rhodamine staining with anti-
Nanog antibody). Middle: undifferentiated status 12 hours after transfection with siRNA against small RNA-197. Micro-
scopic (left panel) and immunocytochemical findings showed strong Oct4 expression (center panel) (magnification: 100 · ).
Bottom: microscopic (left) and immunocytochemical findings showed strong Nanog (right) expression (magnification:
100 · ). The 0-hour time point indicates the background of staining, and the 12-hour time point shows a formed spherical
cell with many nuclei expressing Oct4 or Nanog. Further, 293FT cells maintained their undifferentiated status for up to 7
days in culture medium. (c) Western blot showing translational changes induced by transfection of siRNA-197 in 293FT
cells. P53 and Oct4 were downregulated and upregulated, respectively. The activation of Dicer indicates the induction of
miRNA biogenesis, causing pluripotency. Cytidine deaminase (AID) was weakly upregulated at 4 weeks. The down-
regulation of p53 to human-induced pluripotent stem cells (iPSC) levels occurred 1 week after transfection in embryonic
stem cell (ES) culture medium.
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administrations in mice. However, we examined the effects of
these siRNAs, not in cancer cells, but in human mesangial
cells (293FT), and undifferentiated cells with high levels of
Oct4 expression were induced and grew more rapidly than
those with low Oct4 expression. In particular, siRNA against
small RNA-197 effectively induced an undifferentiated state
in transfectants. The Oct4 and Nanog gene expressions in-
duced by activation-induced AID are known to be upregu-
lated to a greater extent in transfectants compared with 293FT
cells ( p = 0.05 by Mann-Whitney test; Supplementary Fig. S7)
(Bhutani et al., 2010), indicating that demethylation and
methylation in these cells might be activated and suppressed,
respectively, to maintain the reprogramming level. We pre-
viously demonstrated that siRNA against RGM249 mRNA
upregulated the expression of several small RNAs (Meng
et al., 2007). Furthermore, we found that some cancer cells
with miR-520d overexpression converted into iPS-like cells

with Oct4 and Nanog positivity (data not shown) (Nakashima
et al., 2004; Miyoshi et al., 2010). Specially, the siRNA corre-
sponding with small RNA-197 appears to be implicated in
both metastatic and pluripotent statuses (Liao et al., 2008; Ren
et al., 2009). A possible interpretation of these results is the
occurrence of an event triggered by small RNA-197 silencing;
the expression levels of the targeted molecule in induced cells
was nearly identical to that in hiPSCs. Thus, silencing of
RGM249 mRNA temporally induces a benign or hiPSC-like
status in cancer and normal cells, indicating that small RNA-
197 might function upstream of pluripotent markers to play a
crucial role in cell differentiation or development and be a key
molecule in understanding how these si/shRNAs function
(on RGM249 or the derived small RNAs, as well as which
target proteins’ expressions are regulated by si/shRNAs),
although further work is needed to draw any definitive con-
clusions.

FIG. 7. A comparison of gene expression between induced 293FT cells and hiPSCs. (a) Relative levels of transcriptional of
each gene in 293FT cells transfected with siRNA for small RNA-197 (si-small RNA-197) were evaluated and compared with
expression levels in hiPSCs using 1-step real-time qRT-PCR. Top: 48 hours after transfection. Bottom: cells were maintained in
ES medium for 2 weeks after transfection. Although RGM249 was expressed at high levels even 2 weeks after transfection in
293FT cells treated with si-small RNA-197; other genes were expressed at similar levels as in hiPSCs. (b) Relative small RNA-
197 expression levels were determined in hiPSC, small-RNA-197-targeted siRNA-induced, and 293FT cells by 2-step real-time
qRT-PCR (n = 5). The expression levels in transfectants were similar to those in hiPSCs. Effective small RNA-197 silencing was
confirmed in transfectants. (c) Translation of hTERT, p53, and Oct4 was examined in hiPSCs and si-small RNA-197-induced
293FT and 293FT 24 hours after transfection. p53 expression was upregulated in treated cells, and Oct4 was expressed at
similar levels in all cells, except for 293FT cells. hTERT was not regulated in cells with siRNA or small RNA in a fixed manner.
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Taken together, the sequences corresponding with small
RNAs may play complex, intricate, and regulatory roles in
cellular processes, such as in differentiation and oncogenesis.
The perturbation of their expression levels may thus lead to
anti-tumorigenesis (Ghildiyal and Zamore, 2009). The eluci-
dation of the mechanisms underlying the function of the
RGM249 gene and its 3 small RNAs, including information
regarding its genetic targets, could suggest new approaches to
targeted therapy, cell therapy, and regenerative medicine
(Davis et al., 2010).
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