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Abstract. tRNase ZL-utilizing efficacious gene silencing 
(TRUE gene silencing) is an RNA-mediated gene expression 
control technology with therapeutic potential. Recently, our 
group demonstrated that a heptamer, mh1 (Bcl-2), targeting 
human Bcl-2 mRNA, can be taken up by cells without the use 
of any transfection reagents and can induce the apoptosis of 
leukemia cells. However, little is known regarding the mecha-
nism of naked small guide (sg)RNA uptake by cultured cells. 
Therefore, in the present study the effects of various inhibi-
tors on the induction of apoptosis by naked sgRNA treatment 
were investigated in order to identify the uptake pathway 
required for sgRNA function in cultured cells. Addition 
of the endocytosis inhibitors chlorpromazine, nystatin or 
methyl-β-cyclodextrin together with naked effective sgRNA 
was unable to diminish the apoptosis-inducing effects of 
naked sgRNA or the reduction in target mRNA, suggesting 
that functional uptake of sgRNA by cells is clathrin-, cave-
olae- and raft-independent. Next, chloroquine, an inhibitor 
of lysosome acidification, and brefeldin A, an inhibitor that 
blocks protein transport from the Golgi apparatus to the endo-
plasmic reticulum were administered. In the presence of these 
compounds, the apoptosis-inducing effects of naked sgRNA 
were reduced. These results suggest that a vesicular transport 
process is involved in sgRNA-mediated TRUE gene silencing. 
A greater understanding of how naked sgRNAs enter cells and 
how they reach their target RNAs may aid in the design of 
more specifically‑targeted and potent sgRNA drugs.

Introduction

tRNase ZL‑utilizing efficacious gene silencing (TRUE gene 
silencing) is an RNA-mediated gene expression control tech-
nology with therapeutic potential (1-6). This technology is based 
on a unique enzymatic property of mammalian tRNase ZL, 
which is that it can cleave any target RNA at a desired site by 
recognizing a pre-tRNA-like or micro-pre-tRNA-like complex 
formed between the target RNA and an artificial small guide 
RNA (sgRNA).

The efficacy of TRUE gene silencing has been demon-
strated by using it to introduce various artificially‑designed 
sgRNAs into living cells either by their expression plasmids 
or by 2'-O-methyl RNAs (2,7). sgRNA is divided into four 
groups: 5'-half-tRNA, RNA heptamer, hook RNA and ~14-nt 
linear RNA (1,2,8,9). Linear-type sgRNAs can downregulate 
the expression of the human genes Bcl-2 and GSK-3β (7). 
Luciferase gene expression in mouse liver can be inhibited by 
a heptamer‑type sgRNA (7). In addition, the efficacy of TRUE 
gene silencing can be compared with that of RNA interference 
technology (6-8). sgRNA can be easily taken up by cultured 
cells without any transfection reagents, and naked sgRNAs 
targeting Bcl-2 or WT1 mRNA can reduce the levels of mRNA 
and protein, as well as inducing the apoptosis of leukemia 
cells (9,10). However, little is known regarding the mechanism 
of naked sgRNA uptake into cultured cells. The 'gymnotic' 
mechanism (11-13) and/or the adaptor protein AP2M1 (14) are 
reported to be involved in the cellular uptake of naked oligo-
nucleotides by cultured cells. In the present study, the effects of 
various inhibitors of apoptotic induction were investigated using 
naked sgRNA treatment in order to elucidate uptake pathways 
and mechanisms for sgRNA in cultured cells.

Materials and methods

RNA/DNA synthesis. The following 5'- and/or 3'-phosphorylated 
sgRNAs with full 2'‑O‑methyl modifications were chemically 
synthesized by Nippon Bioservice (Asaka, Saitama, Japan): 
mh1 (Bcl-2), 5'-pGGGCCAGp-3'; Luc-hep2, 5'-pGAUCGAG-3'; 
mh3 (EGFP), 5-pUUGCCGUp-3; Hep5 (HSP90AA1) 
5'-pAGAUCCUp-3'; mh2 (FGFR3), 5'-pCCAGCACp-3' (2,9,10). 
The DNA primers for polymerase chain reaction (PCR) were 
obtained from Hokkaido System Science (Sapporo, Japan).
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Cell cultures. HL-60 or HEK-293 human cells were obtained 
from RIKEN BioResource Center (Tsukuba, Japan) and were 
cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, 
USA) or α-minima essential medium (MEM; Sigma-Aldrich) 
containing 100 µg/ml kanamycin (Meiji Seika Pharma 
International Ltd., Tokyo, Japan) and 10% fetal bovine serum 
(FBS; SAFC Biosciences, Inc. Lenexa, KS, USA) at 37˚C in 
culture flasks or 100‑mm culture dishes (Corning, Corning, 
NY, USA) in a humidified atmosphere of 5% CO2. The cells 
were incubated with medium containing chlorpromazine 
(CPZ), nystatin (Nys), methyl-β-cyclodextrin (MbCD), heparan 
sulfate, 10 K dextran sulfate, chloroquine, brefeldin A or none 
(vehicle group). The cells were cultured either with 1 µM naked 
2'-O-methyl RNA or without naked 2'-O-methyl RNA (control 
cultures).

Compounds and reagents. CPZ, Nys, MbCD, heparan sulfate, 
10 K dextran sulfate, chloroquine and brefeldin A were 
purchased from Sigma-Aldrich.

Quantitation of living cell numbers. HL-60 cells were seeded 
at a density of 1x103 cells/well in a 96-well plate in RPMI-1640 
medium and were incubated for 30 min with medium containing 
CPZ, Nys, MbCD, heparan sulfate, 10 K dextran sulfate, chlo-
roquine or brefeldin A, as appropriate, at the concentrations 
shown. The cells were cultured with 1 µM of naked 2'-O-methyl 
RNA; appropriate vehicle buffer was added to control cultures. 
After 3 days, to quantitate the number of living cells by the 
tetrazolium-based colorimetric MTT assay, 20 µl TetraColor 
ONE (Seikagaku Biobusiness Corp., Tokyo, Japan) was added to 
each well. After 2‑4 h of incubation at 37˚C, the optical density 
was measured at a wavelength of 450 nm using a microplate 
reader (iMark; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Reverse transcription‑PCR (RT‑PCR). PCR was used to 
analyze the transcript levels of hsp90AA1. Total RNA was 
extracted from the cells at the indicated time points using Isogen 
(Nippongene, Toyama, Japan) and treated with RNase-free 

DNase (Qiagen, Hilden, Germany) to remove any contami-
nating genomic DNA. RT-PCR was performed as previously 
described (15). The primer sequences for each gene were as 
follows: hsp90AA1, 5'-TGCACCTTGGCTCTGTCTGAA-3' 
(for wa rd),  5 '- CACCTGT TA ACTG GTACCA AG -3' 
(reverse); glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), 5'-TCCACCACCCTGTTGCTGTA-3' (forward), 
5'-ACCACAGTCCATGCCATCAC-3' (reverse). To account 
for any difference in the quantity of RNA, GAPDH was 
selected as the endogenous control and amplified using the 
primers described above. The amplification products were 
electrophoresed on 2% agarose gels.

Quantitation of gene expression using reverse transcrip‑
tion‑quantitative polymerase chain reaction (RT‑qPCR). 
RT-qPCR was performed using assay-on-demand TaqMan 
probes (Applied Biosystems, Foster City, CA, USA) and the 
StepOne® real time PCR system as previously described (16). 
The relative level of gene expression was quantified using 
the comparative Ct method with GAPDH as the endogenous 
control.

Statistical analysis. All experiments were repeated at least 
three times and representative results are shown. In the 
RT-qPCR analysis and the cell viability assay, differences 
between control and experimental groups are reported as the 
mean ± standard deviation, and were analyzed by Student's 
t-test, in which values of P<0.05 were considered to indicate a 
statistically significant difference.

Results and Discussion

To investigate the properties of heptamer-type sgRNA, our 
group designed a heptamer, mh1 (Bcl-2), targeting the human 
Bcl-2 mRNA (9). mh1 (Bcl-2) has the potential to bind Bcl-2 
mRNA at four sites, each of which has an immediate upstream 
sequence that can form a hairpin structure resembling a T-arm 
of tRNA. As a result, a micro-pre-tRNA-like complex can 

Figure 1. Effects of endocytosis inhibitors on sgRNA-induced apoptosis in HL-60 cells. HL-60 cells were plated at 1x103 cells/well in a 96-well dish in 
medium (100 µl) containing 1 µM of naked mh1 (Bcl-2) or mh3 (EGFP) (control) with the indicated dose of CPZ, or MbCD. After the cells were cultured 
for a further 3 days, the numbers of living cells were counted. Each assay represents a separate experiment performed in triplicate. Data are presented as the 
mean ± standard deviation. CPZ, chlorpromazine; Nys, nystatin; MbCD, methyl-β-cyclodextrin.
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Figure 4. Effects of chloroquine or brefeldin A on small guide RNA-induced apoptosis in HL-60 cells. HL-60 cells were plated at 1x103 cells/well in a 96-well 
plate in medium (100 µl) containing 1 µM naked mh2 (FGFR3) or mh3 (EGFP) (control) with the indicated dose of (A) chloroquine or (B) brefeldin A. After 
the cells were cultured for a further 3 days, the numbers of living cells were quantified by the tetrazolium‑based colorimetric MTT assay. Each assay represents 
a separate experiment performed in triplicate. Data are presented as the mean ± standard deviation. *P<0.05 vs. control.

Figure 2. Effects of endocytosis inhibitors on the small guide RNA-induced reduction in hsp90AA1 mRNA in HEK-293 cells. HEK-293 cells were plated at 
1x103 cells/well in medium (100 µl) containing 1 µM naked Hep5 (HSP90AA1) with CPZ, Nys, MbCD or vehicle. After the cells were cultured for a further 
3 days, total RNA was extracted from the cells and the mRNA levels of hsp90AA1 were determined by (A) reverse transcription-PCR or (B) reverse tran-
scription-quantitative PCR. Each assay represents a separate experiment performed in triplicate. Data are presented as the mean ± standard deviation. Control, 
without Hep5 (HSP90AA1). *P<0.05 vs. control. CPZ, chlorpromazine; Nys, nystatin; MbCD, methyl-β-cyclodextrin; PCR, polymerase chain reaction.

  A   B

Figure 3. Effects of heparan sulfate or dextran sulfate on small guide RNA-induced apoptosis in HL-60 cells. HL-60 cells were plated at 1x103 cells/well in 
a 96-well plate in medium (100 µl) containing 1 µM naked mh2 (FGFR3) or Luc-hep2 (control) with the indicated dose of heparan sulfate or dextran sulfate. 
After the cells were cultured for a further 3 days, the numbers of living cells were quantified. Each assay represents a separate experiment performed in 
triplicate. Data are presented as the mean ± standard deviation.

  A   B
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be formed at each site, which acts as a substrate for tRNase 
ZL (2). It was identified that mh1 (Bcl-2) downregulated Bcl-2 
mRNA compared with mock or mh3 (EGFP) sgRNA which 
have no potential target sites on Bcl-2 mRNA. This suggested 
that naked mh1 (Bcl-2) directs Bcl-2 mRNA cleavage by 
cellular tRNase ZL (9). First, the effects of fully synthesized 
2'-O-methylated mh1 (Bcl-2) containing 5' and 3' phosphates 
were tested on living cell numbers by adding it to HL-60 cell 
culture medium without any transfection reagents. When 
1 µM of naked mh1 (Bcl-2) was added to the culture medium, 
the living cell number reduced in 3 days compared with 
cultures without sgRNA (9). By contrast, mh3 (EGFP), that 
has no potential target site on Bcl-2 mRNA, had no effect on 
the living cell number (9).

To elucidate the mechanism of naked sgRNA uptake using 
cultured cells, the effects of various endocytosis inhibitors 
on sgRNA-induced apoptosis were examined. CPZ disrupts 
clathrin-dependent endocytosis, while Nys selectively disrupts 
caveolae- and lipid raft-dependent endocytosis but has no 
effect on clathrin-dependent endocytosis. MbCD disrupts 
both lipid raft- and clathrin-dependent endocytosis (17). 
HL-60 cells were incubated for 30 min without (control) or 
with the different inhibitors, and then incubated with 1 µM 
of mh1 (Bcl-2) for 3 days. Addition of any concentration of 
the compounds in combination with naked effective sgRNA 
was unable to diminish its effect on apoptosis in HL-60 cells 
(Fig. 1), indicating that sgRNA-induced apoptosis does not 
depend upon caveolae-, lipid raft- or clathrin-dependent endo-
cytic mechanisms in these cells.

The effects of various endocytosis inhibitors on 
sgRNA-directed mRNA reduction in HEK-293 cells were 
examined. Treatment with Hep5 (HSP90AA1) resulted in 
a reduction of hsp90AA1 mRNA levels in HEK-293 cells 
(Fig. 2). None of the endocytosis inhibitors CPZ, NYS or 
MbCD had any inhibitory effect on the action of sgRNA in 
reducing hsp90AA1 mRNA as compared with the vehicle 
(Fig. 2). These observations also suggested that functional 
uptake of sgRNA by cells is clathrin-, caveolae- and lipid 
raft-independent.

To determine the ability of polyanions to compete for 
functional cellular sgRNA uptake and sgRNA-induced apop-
tosis, heparan sulfate and dextran sulfate were used. Neither 
heparan sulfate nor dextran sulfate were able to attenuate the 
effect of mh2 (FGFR3) on apoptosis in HL-60 cells (Fig. 3). 
These results demonstrate that sgRNA activities do not only 
occur via interactions of polyanions with membrane proteins, 
but appear to be also due to recognition of both base and sugar.

Next, two pharmacological inhibitors of endocytic 
processes were used to further define the pathways through 
which sgRNA could induce apoptosis in the functional 
compartment of cells. Chloroquine, an inhibitor of lysosome 
acidification, and brefeldin A (BFA), a lactone antibiotic that 
blocks retrograde protein transport from the Golgi apparatus 
to the endoplasmic reticulum (18) were administered. In the 
presence of these compounds, the induction of apoptosis by 
naked effective mh2 (FGFR3) was reduced (Fig. 4). These 
results suggest that the uptake of functional sgRNA into cells 
involves a vesicular transport process.

Chemically modified single-stranded oligonucle-
otides, delivered systemically, rapidly disperse out of the 

plasma and are taken up by cells within tissues (19-21). 
Although transfection agents are required to produce 
effects of single-stranded oligonucleotides in the majority 
of cultured cells, several investigations have indicated that 
single-stranded oligonucleotides can be taken up and exert 
their effects without any transfection agent (11). It was also 
demonstrated that a heptamer, mh1 (Bcl-2), which targets 
human Bcl-2 mRNA, can be taken up by cells without any 
transfection reagents and that it can induce apoptosis of 
leukemia cells (9). However, it is not fully understood how 
polyanionic oligonucleotides gain access to the cytoplasmic 
and/or nuclear compartments of the cell where they can bind 
to the target RNA.

Endocytosis describes the de novo production of internal 
membranes from the plasma membrane lipid bilayer (22). 
In clathrin-mediated endocytosis, proteins involved in this 
process recruit cargo into developing clathrin-coated pits, 
and subsequently form clathrin-coated vesicles. By contrast, 
clathrin-independent endocytosis is hypothesized to occur 
by seemingly distinct pathways, based on the reliance of 
these pathways on certain proteins and lipids. In the present 
study, none of the endocytosis inhibitors CPZ, Nys or MbCD 
were able to diminish the effects of apoptosis induction or 
target mRNA reduction by sgRNA. These results indicate 
that functional uptake by cells in culture does not appear to 
be mediated by clathrin-, caveolae- or lipid raft-dependent 
pathways. Similarly to our studies, Koller et al (14) reported 
that functional uptake of a single-stranded phosphorothioate 
modified antisense oligonucleotide is not mediated by clathrin 
or caveolin.

Following cellular uptake, oligonucleotides are seques-
tered in intracellular compartments of unknown nature, from 
which they are hypothesized to escape by an undetermined 
and presumably inefficient mechanism. Based on relief by 
monensin of fluorescence quenching, fluoresceinated phos-
phorothioate oligonucleotides were reported to be identified 
in acidic compartments, compatible with lysosomes (23). The 
present study suggested that functional uptake of sgRNA is 
an intracellular vesicular uptake process, since it is blocked 
by choroquine and brefeldin A. Recently, it has been reported 
that inhibition of the adaptor protein AP2M1 with small 
interfering RNA attenuated the antisense effects in cultured 
hepatocytes (14,24). Additional studies are required to deter-
mine whether AP2M1 mediates the effects of naked sgRNAs 
and to fully identify methods of sgRNA uptake. A greater 
understanding of how naked sgRNAs enter cells and how 
they reach their target RNA may aid in the design of more 
specifically‑targeted and more potent sgRNA drugs.
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