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ABSTRACT

MicroRNAs are small noncoding RNAs that regulate many cellular processes in a post-transcriptional mode. MicroRNA
knockdown by antisense oligonucleotides is a useful strategy to explore microRNA functionality and as potential therapeutics.
MicroRNA-122 (miR-122) is a liver-specific microRNA, the main function of which has been linked with lipid metabolism and
liver homeostasis. Here, we show that lipofection of an antisense oligonucleotide based on a Locked Nucleic Acids (LNA)/29-O-
methyl mixmer or electroporation of a Peptide Nucleic Acid (PNA) oligomer is effective at blocking miR-122 activity in human
and rat liver cells. These oligonucleotide analogs, evaluated for the first time in microRNA inhibition, are more effective than
standard 29-O-methyl oligonucleotides in binding and inhibiting microRNA action. We also show that microRNA inhibition can
be achieved without the need for transfection or electroporation of the human or rat cell lines, by conjugation of an antisense
PNA to the cell-penetrating peptide R6-Penetratin, or merely by linkage to just four Lys residues, highlighting the potential of
PNA for future therapeutic applications as well as for studying microRNA function.
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INTRODUCTION

MicroRNAs are a novel class of small noncoding RNAs that
are implicated in post-transcriptional gene expression
regulation. Initially found to regulate diverse developmen-
tal events in Caenorhabditis elegans (Lee et al. 1993), they
are now known to be involved in many other important
processes, including cell metabolism (Xu et al. 2003; Esau
et al. 2006), inflammation (Moschos et al. 2007; O’Connell
et al. 2007), pathogen infection (Jopling et al. 2006; Triboulet
et al. 2007), and cancer (Cimmino et al. 2005; He et al.
2005; O’Donnell et al. 2005; Garzon et al. 2006; O’Connell
et al. 2007). It is thus not surprising that the development
of sequence-specific microRNA antagonists is so appealing
(Weiler et al. 2006; Ebert et al. 2007). The importance of
such reagents is twofold. First, use of microRNA inhibitors
is a rapid and inexpensive way to assign and characterize
microRNA function, in contrast to the time-consuming

and more difficult strategy of creating gene knockouts.
Secondly, microRNA targeting represents a novel and
still undeveloped approach toward potential therapeutic
applications.

Oligonucleotide (ON) analogs inhibit microRNA func-
tion essentially by a steric block, RNase H-independent and
RISC-independent, antisense mechanism through comple-
mentary binding of the ON to the microRNA sequence.
The cellular outcome of such binding is still unclear, with
reports arguing either in favor of a mechanism based on
simple sequestration by stoichiometric complex formation
between the mature microRNA and the ON inhibitor
(Chan et al. 2005), or in favor of a yet unknown
mechanism by which complex formation leads to degrada-
tion of the target microRNA (Krutzfeldt et al. 2005, 2007;
Esau et al. 2006). A number of ON analog types have been
proposed that provide both metabolic stability as well as
good RNA binding, two fundamental requirements for
microRNA inhibition. Early literature reports showed that
well established 29-O-methyl (OMe) ONs were in principle
capable of sequence-specific microRNA inhibition (Meister
et al. 2004), and these have become the standard choice for
studies involving microRNA function (Chang et al. 2004;
Cheng et al. 2005; Jopling et al. 2005; O’Donnell et al. 2005;
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Bhattacharyya et al. 2006a; Saetrom et al. 2007). Although
somewhat resistant against nuclease degradation, such
OMe inhibitors show only moderately strong RNA binding
power, especially when combined with phosphorothioate
(PS) linkages. More recently, other types of materials with
improved properties have been described, for example,
29-O-methoxyethyl (MOE), 29-fluoro, their mixmer com-
binations with DNA, and those with PS backbones (Esau
et al. 2004, 2006; Jopling et al. 2005; Davis et al. 2006).

ONs based on locked nucleic acids (LNAs) have been
shown to have extremely strong RNA binding ability
(Koshkin et al. 1998), which has led recently to the appli-
cation to microRNA inhibition of LNA/DNA mixmers,
which have higher sequence specificity than all LNA
ONs (Naguibneva et al. 2006; Ørom et al. 2006), and
such reagents are now available commercially. In order
to facilitate tissue and cell uptake and produce long-
lasting effects in vivo, Krutzfeldt and colleagues developed
‘‘antagomirs,’’ a particular type of microRNA ON inhibitor
containing a cholesterol moiety conjugated to the 39-end of
an OMe oligonucleotide that contains partial PS linkage
modifications at the termini (Krutzfeldt et al. 2005, 2007).
Although the cholesterol-modified ON was far superior to
the unconjugated construct, it does not seem to be strictly
necessary for in vivo use, since Esau and colleagues showed
in a similar model that unconjugated MOE PS ONs were
also very effective at microRNA target knockdown in mice
(Esau et al. 2006).

In earlier work, we showed that steric block antisense
ONs composed of LNA/OMe mixmers directed to the
trans-activation-responsive RNA TAR were very effective
at blocking HIV-1 Tat-dependent trans-activation in a
HeLa cell-based luciferase reporter model system when
delivered by lipofection, and also showed antiviral activity
(Arzumanov et al. 2001; Turner et al. 2005a; Brown et al.
2006). These ON mixmers were designed to combine the
very high binding affinity and biostability provided by LNA
units together with the greater nuclease resistance and RNA
binding strength of OMe nucleotides as compared with
DNA.

Synthetic ONs with electrically neutral backbones have
also shown great promise as steric block antisense agents.
For example, phosphorodiamidate morpholino oligonu-
cleotides (PMOs) or their conjugates with a cell-penetrat-
ing peptide (CPP) have been applied very effectively for
inhibition of RNA function by blocking mRNA translation
(Ahn et al. 2002), redirection of splicing (Suwanmanee
et al. 2002), and more recently as microRNA antagonists
(Kloosterman et al. 2007), and they are being taken toward
clinical applications such as Duchenne Muscular Dystrophy
(Fletcher et al. 2007). Peptide nucleic acids (PNAs) are ON
analogs where the negatively charged deoxyribose phos-
phate backbone is replaced by an electroneutral peptide-
like backbone consisting of N-(2-aminoethyl)glycine units
directly linked to the DNA bases (Nielsen et al. 1994). We

and others have shown that PNAs, especially as conjugates
of CPPs, have high efficiency in many RNA targeting
applications, for example in inhibition of bacterial mRNA
translation (Xue-Wen et al. 2007), inhibition of HIV-1
Tat-dependent trans-activation (Turner et al. 2005b) and
RNA reverse transcription (Koppelhus et al. 1997), and
as splicing redirection agents (Turner et al. 2005b; Abes
et al. 2007).

miR-122 is a liver-specific microRNA, initially discov-
ered in cloning studies of small RNAs of mouse origin
(Lagos-Quintana et al. 2002). This microRNA is of partic-
ular therapeutic interest, since it has been shown not only
to facilitate Hepatitis C RNA replication (Jopling et al.
2005), but also to be up-regulated in HIV-1 infected cells
(Triboulet et al. 2007). Here, we show that an LNA/OMe
mixmer delivered by lipofection and a PNA delivered by
electroporation are efficient microRNA blocking agents in
human and rat liver cells, with superior activity compared
with standard OMe oligonucleotides. miR-122 inhibition
was evaluated by Northern blot and by the up-regulation
effect upon various negatively regulated messenger RNAs
(mRNAs). We also show that substantial microRNA block-
ing activity is obtained in the absence of transfection agents
or electroporation for a disulfide conjugate of anti-miR-122
PNA with the CPP R6-Penetratin or for PNA containing
just four additional Lys residues.

RESULTS

Genes regulated by miR-122

In order to evaluate the efficiency of microRNA blocking
agents, we first set out to validate possible mRNA targets
that are subject to miR-122 negative regulation in liver
cells. Thus, we decided to transfect human hepatocellular
carcinoma cells, Huh7, and primary rat hepatocytes with
the corresponding synthetic double-stranded miR-122
mimic. A previous study showed the direct reduction in
mRNA levels upon binding of miR-122 to the mRNAs of
GYS1, SLC7A1 (CAT-1), Aldolase A, CCNG1, and P4HA1
in mouse AML12 cells (Esau et al. 2006). Here, we trans-
fected the human or rat cells with the miR-122 mimic by
lipofection at different concentrations, followed by 24 h of
incubation, lysis, and Trizol RNA extraction. A number
of predicted (TargetScan) (Griffith-Jones et al. 2006) or
mouse pre-validated mRNA targets were quantified for
each species by real-time RT-PCR. Figure 1A shows that
enhancement of endogenous miR-122 activity by external
addition of the synthetic microRNA mimic leads to mRNA
knockdown in a sequence-specific and concentration-
dependent manner in human Huh7 cells. Our results
show that all three predicted regulated genes in humans
(and pre-validated in mouse [Esau et al. 2006]), Aldolase
A, CAT-1, and GYS1, are targets for miR-122 negative
regulation.

MicroRNA targeting with synthetic oligomers

www.rnajournal.org 337



Similar experiments in primary rat hepatocytes showed
that the rat miR-122 mimic regulates the corresponding rat
mRNAs of CAT-1 and Aldolase A, also by direct reduction
in mRNA levels (Fig. 1B). A novel predicted target for miR-
122 regulation, GTF2b (transcription initiation factor IIB),
was also found to be down-regulated in miR-122-supple-
mented rat hepatocytes (Fig. 1B). These results validate the
use of these target mRNAs, respectively, within human
Huh7 cells and primary rat hepatocytes for evaluation of
miR-122 inhibitors.

miR-122 inhibition by complementary LNA/OMe
mixmer ONs

In order to evaluate the potential as inhibitors of micro-
RNA action of LNA/OMe mixmers in comparison with
standard OMe oligonucleotides, we transfected Huh7 cells
with either miR-122-complementary or scrambled (scr) 23-
mer LNA/OMe ONs. Northern blot analysis of total RNA
from transfected cells is shown in Figure 2. Samples treated
with 50 nM or 100 nM standard 31-mer OMe ON showed
dose-dependent reductions in levels of endogenous miR-
122 compared with a nontransfected control, but the miR-
122 decrease was significant only at 100 nM (Fig. 2A, lanes
2–4). By contrast, Huh7 transfection with 50 nM LNA/
OMe ON reduced the miR-122 RNA signal to undetectable

levels (Fig. 2A, lane 6). Scrambled OMe and LNA/OMe ON
controls did not affect miR-122 levels at the concentrations
tested (Fig. 2A, lanes 5,7). Similar results were also seen
with transfection of 50 nM LNA/OMe ON into primary rat
hepatocytes, where the treatment also led to a complete loss
of miR-122 signal (Fig. 2B, lane 3), but not for scrambled
control (Fig. 2B, lane 4). By contrast, neither OMe nor
LNA/OMe ONs were able to affect pre-miR-122 levels in
Huh7 cells or primary rat hepatocytes (data not shown).

Further analysis of Northern blot membranes with a
radiolabeled miR-122 probe for antisense inhibitor detec-
tion suggested that after Trizol purification only LNA/OMe
ONs, but not their OMe counterparts, were still present in
the RNA samples analyzed (Supplemental Fig. S1A). This
observation suggests that the superior stability of LNA/
OMe ONs toward cellular degradation and their higher
RNA binding strength compared with OMe ONs confers a
greater ability to maintain microRNA target binding over a
longer time period. To eliminate the possibility of the OMe
ON being removed during the RNA purification step, a
control in vitro experiment was carried out, showing that
although the OMe ON can potentially be lost during RNA
extraction (Supplemental Fig. S1B, lanes 2,3, top panel), it
is retained if both miR-122 and carrier RNA are present,

FIGURE 2. Northern blot of total RNA from Huh7 cells (A), or
primary rat hepatocytes (B), transfected by lipofection with miR-122
inhibitors and controls. U6 RNA was used as loading control. ([–]
Control) Nontransfected cells, (*) RNA ladder band corresponding to
100 nucleotides.

FIGURE 1. Transfection of a synthetic double-stranded miR-122
mimic leads to mRNA destabilization in both Huh7 (A) and primary
rat hepatocytes (B). ([–] Control) Nontransfected cells.
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conditions similar to those expected in extracts from cells
(Supplemental Fig. S1B, lanes 8,9, top panel).

miR-122 inhibition by antisense oligonucleotides
leads to mRNA accumulation
of miR-122-regulated genes

It is clear from Figure 1 that endogenous miR-122 neg-
atively regulates the mRNAs corresponding to CAT-1,
GYS1, and Aldolase A in human Huh7 cells, and those of
GTF2b, Aldolase A, and CAT-1 in primary rat hepatocytes.
Therefore, if inhibition of miR-122 is achieved by comple-
mentary ONs, this should lead to an intracellular accumu-
lation of the negatively regulated mRNAs. To confirm this
hypothesis, we transfected Huh7 cells and primary rat
hepatocytes with LNA/OMe mixmers at different concen-
trations and measured in each case the levels of one of the
down-regulated mRNAs (GYS1 and GTF2b, respectively).
The results (Fig. 3) show that in both cell lines there is a
dose-dependent increase in the intracellular concentration
of the regulated mRNA obtained as the amount of trans-
fected LNA/OMe ON is increased, but not for scrambled
LNA/OMe ON (Fig. 3A,B). Further, we found that lipo-
fection of the standard OMe ON in Huh7 cells did not

produce a significant increase in GYS1 mRNA levels, even
at higher doses (Fig. 3C), which correlates with the poor
binding observed to miR-122, seen by Northern blotting
(Fig. 2A).

Peptide nucleic acid (PNA) analogs and their peptide
conjugates for microRNA inhibition

In order to evaluate the potential of PNAs for microRNA
inhibition in cells, we synthesized the corresponding PNA 23-
mer antisense to the mature miR-122. These PNAs contained
one additional Lys residue at the N terminus and three Lys
residues at the C terminus to aid solubility, as has been our
common practice (Turner et al. 2005b; Abes et al. 2007).
Electroporation of the K-PNA-K3 ON into Huh7 or primary
rat hepatocytes led to a sequence-specific reduction in in-
tensities of the miR-122 band in Northern blots of total RNA,
but not for a scrambled K-PNA-K3 (Fig. 4A,B). Since our
Northern blot analysis suggested that electroporated K-PNA-
K3 may not be present in the RNA fraction isolated from the
cells (Supplemental Fig. S2), we quantified the levels of
mature miR-122 in the RNA fractions by real-time RT-
PCR. These data (Supplemental Fig. S3) support our above
finding, that RNA extracts from cells treated with K-PNA-K3

become highly depleted in mature miR-
122. As shown before for LNA/OMe
mixmer oligonucleotides, the K-PNA-
K3 ON binds to miR-122 and induces
an increase in the intracellular levels of a
regulated mRNA, Aldolase A (Fig. 4C).

In previous publications aimed
toward potential therapeutic applica-
tions, we have synthesized conjugates
of PNA with cell-penetrating peptides
(CPP) in attempts to improve their cell
uptake in the absence of transfection
agents or electroporation. For such
purposes, we developed a cell-penetrating
peptide, R6-Penetratin, which when con-
jugated to antisense PNA ONs showed a
remarkable ability to enter HeLa cells
in model systems and transfer into cell
nuclei. Such CPP–PNA conjugates were
shown to inhibit Tat-dependent trans-
activation at the TAR RNA target in a
luciferase reporter system with inte-
grated plasmids (Turner et al. 2005b)
or to redirect splicing in a luciferase up-
regulation system involving an aberrant
inserted b-globin intron (Abes et al.
2007). We therefore decided to syn-
thesize an N-terminal conjugate of K-
PNA-K3 to the C terminus of the CPP
R6-Penetratin through a disulfide link-
age afforded by added Cys residues, in a

FIGURE 3. miR-122 inhibition by antisense oligonucleotides leads to intracellular accumu-
lation of negatively regulated mRNAs. (A) GYS1 mRNA levels in Huh7 cells. (B) GTF2b
mRNA levels in primary rat hepatocytes. (C) GYS1 mRNA levels in Huh7 cells transfected by
lipofection with increasing amounts of OMe ON. ([–] Control) Nontransfected cells.
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similar way to that previously described (Turner et al.
2005b, 2006; Abes et al. 2007). Incubation of the resultant
R6Pen-K-PNA-K3 with Huh7 cells in the absence of any
transfection agent led to only a low level detected of
endogenous miR-122, compared with scrambled control,
as observed by Northern blot (Fig. 5A, lanes 6,7). Surpris-
ingly, transfection of the unconjugated K-PNA-K3, also in
the absence of any transfection agent, led to a complete
disappearance of the miR-122 signal, but not for scrambled
K-PNA-K3 (Fig. 5A, lanes 3,4).

We wondered whether the additional four Lys residues
included in the PNA oligomer might be partially respon-
sible for the observed activity. We have previously observed
that Lys residues added to PNA ONs enabled them to be
taken up in HeLa cells where they become trapped in
endosomal compartments (Turner et al. 2005b; Abes et al.
2006), the uptake presumably driven by electrostatic
interactions of the Lys residues with cell-surface proteo-
glycans (Richard et al. 2005). Although such additional
charges were not sufficient to obtain biological activity in
either of two model systems that require nuclear delivery
(Turner et al. 2005b; Abes et al. 2007), perhaps there is a
sufficient ‘‘proton sponge’’ effect of the primary amine
groups of the Lys residues to afford some endosomal
leakage, at least sufficient for microRNA inhibition. Thus,

to test whether the presence of the additional four Lys
residues in the PNA ON is responsible for uptake and
subsequent activity, we synthesized an electrically neutral
PNA, K-PNA-E, where the 39-(Lys)3 was substituted by a
39-glutamic acid residue. Figure 5B (lanes 5,6) shows that
the electroneutral PNA was not able to reduce miR-122
levels in Huh7 cells. As a comparison, we also incubated
the corresponding 39-cholesterol OMe/PS antagomir ON,
which has been developed for in vivo delivery (Krutzfeldt
et al. 2005), with Huh7 cells in the absence of transfection
agent and found that this ON was not active under these
conditions (Fig. 5B, lanes 7,8). As shown above for the
LNA/OMe mixmer (Fig. 3), addition of R6Pen-K-PNA-K3
(Fig. 5C) induced an increase in the abundances of
negatively regulated mRNA in both Huh7 and primary
rat hepatocytes in the absence of a transfection agent.
The parent K-PNA-K3 also showed a similar effect on a neg-
atively regulated gene when incubated with primary rat
hepatocytes (Fig. 5D).

MicroRNA fate after binding to antisense
ON inhibitor

An important issue regarding microRNA inhibition by
synthetic ONs is the final fate of the targeted microRNA.
We addressed this question by carrying out Northern blot
analysis. We first asked if the stringent denaturing con-
ditions used in the PAGE gels (samples incubated 5 min at
95°C and immediately loaded onto a 14% polyacrylamide/
20% formamide/8 M urea gel) are sufficient to dissociate
the potential complexes formed between miR-122 and
the corresponding inhibitor. We therefore tested this in
an in vitro experiment (Fig. 6). Not surprisingly, we found
that the LNA/OMe ON formed a complex with high
thermal stability, which was not dissociated completely
under the denaturing conditions used for gel separation, as
shown by the lower intensity and retarded mobility of the
detected miR-122 (Fig. 6A, cf. lane 2 of both panels).
Similarly, PNA formed stable complexes with miR-122,
which are seen in this case as broad bands of high molec-
ular mass (Fig. 6A, lane 4, both panels). In the case of
addition of the OMe ON, strong single bands seen at very
similar positions for both the inhibitor and miR-122
probe (Fig. 6A, lane 3, both panels) make it difficult to
prove unequivocally the presence/absence of a complex,
but such a complex would be expected to be significantly
weaker than for the other inhibitors.

Northern blots of RNA cell extracts shown in Figures 2,
4, and 5 were negative for complex detection for each of the
ON types, which did not seem to correlate with the results
shown in Figure 6 for the in vitro experiments where
complexes were seen. Therefore, we carried out further
Northern blot experiments to determine if such complexes
can be found in the RNA fraction following Trizol puri-
fication. Figure 6B indeed shows that after Trizol RNA

FIGURE 4. MicroRNA inhibitors based on peptide nucleic acids
(PNAs). (A) Northern blots from total RNA for samples electro-
porated with K-PNA-K3 and K-SCRPNA-K3 in either Huh7 cells
(left) or primary rat hepatocytes (right). (B) Aldolase A mRNA levels
in primary rat hepatocytes electroporated with 2 mg of the indicated
ONs. ([–] Control) Nontransfected cells.
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purification, which involves denaturing conditions (phe-
nol, guanidine isothiocyanate, chloroform), for synthetic
miR-122 (wt) mixed with either OMe ON or K-PNA-K3,
there is a complete recovery of the microRNA signal,
supporting the notion that any microRNA present in
RNA cell extracts is likely to be released from either of
these two miR-122-ON complexes and recovered in the
RNA fraction. By contrast, the sample corresponding to
miR-122 complex with LNA/OMe ON did not show evi-
dence of miR-122 presence (Fig. 6B, lane 2).

We therefore tested whether the miR-122:LNA/OMe ON
complex could be recovered from a cell extract. Thus, we
added to a Huh7 cell Trizol lysate an amount of ON
inhibitor equivalent to a standard transfection (50 nM for
OMe and LNA/OMe, 1 mM for K-PNA-K3) and carried
out Northern blots following total RNA extraction by the
standard procedure (Fig. 6C). Just as in the case of Figure
6B, the miR-122 signal is fully restored for both OMe and
K-PNA-K3 treated samples (Fig. 6C, lanes 5–8), but once
again the LNA/OMe-treated sample did not produce a
band corresponding to miR-122 (Fig. 6C, lanes 3,4). These
results confirm that the PNA and OMe complexes with
the targeted microRNA are disrupted during Trizol RNA

purification and thus allow visualization
of intact microRNA bands. Since in
Figures 2 and 5 ablation of the miR-
122 signal was seen by PNA or OMe ON
inhibitor treatment of cells, the effective
blocking of the microRNA seen in the
presence of complementary ONs here is
strong evidence for intracellular RNA
target degradation by a pathway still as
yet undiscovered. By contrast, in the
case of miR-122:LNA/OMe ON com-
plexes, the microRNA is not directed
into the RNA fraction during Trizol
purification. Hence, the up-regulation
of miR-122-regulated mRNAs must be
taken as the major evidence for inhib-
itor anti-microRNA activity. In this
particular case, the disappearance of
the miR-122 band in Northern blots
cannot be used as evidence of a micro-
RNA degradation pathway, even though
the complex formation with LNA/OMe
oligomer is clearly extremely strong
(Fig. 6).

DISCUSSION

The standard ON type used in many
microRNA inhibition studies is OMe
(Meister et al. 2004). For example,
Chang et al. (2004) used a 22-mer
OMe ON at high concentration (30

mM) for long time periods (3-d treatment) to inhibit
miR-122 in liver cells, and even then protein expression
of a miR-122-targeted gene could not be recovered com-
pletely. A second study used a lower concentration (50 nM)
of a 31-mer anti-miR-122 OMe ON for 48 h to study the
miR-122 requirements of HCV replication (Jopling et al.
2005). Although 29-O-methoxyethyl (MOE) ONs have
been shown to have improved miR-122 inhibition proper-
ties in mouse cells over OMe ONs (Davis et al. 2006; Esau
et al. 2006), such materials are not available commercially.
Current commercial suppliers of microRNA inhibitors
(e.g., Dharmacon, Exiqon) utilize a number of nucleotide
modifications. In the case of Exiqon, their microRNA
probes consist of LNA/DNA mixmers, based on an original
publication from this company (Válóczi et al. 2004), and
LNA/DNA mixmers have been used also for microRNA
function inhibition (Naguibneva et al. 2006; Ørom et al.
2006). We have used LNA/OMe oligomers extensively for
other steric block applications with excellent sequence
specificity (Arzumanov et al. 2001; Brown et al. 2005)
and here found that a transfected 23-mer LNA/OMe led to
complete removal of the miR-122 signal by Northern blot
in two model liver cell systems (Fig. 2) and up-regulated

FIGURE 5. Cell delivery of K-PNA-K3 and R6Pen-K-PNAK3 oligonucleotides into Huh7 cells
in the absence of transfecting agents. (A) Northern blot of total RNA from cells incubated with
1 mM ONs. (B) Northern blot of total RNA from cells incubated with 1 mM electroneutral
K-PNA-E, Antagomir-122, and controls. (C) mRNA levels of miR-122-regulated genes in
Huh7 cells and primary rat hepatocytes incubated with the R6-Penetratin conjugate.
(D) Aldolase A mRNA levels in primary rat hepatocytes incubated with K-PNA-K3 in the
absence of transfecting agent, at 1 mM. ([–] Control) Nontransfected cells.
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a corresponding miR-122-regulated mRNA, whereas a
standard 31-mer OMe ON [21] was ineffective (Fig. 3).
The mixmer LNA/OMe ON we designed had 10/23 LNA
approximately alternating with OMe residues. It was not
the purpose of this study to optimize the ratio of the two
analogs or their placement within mixmers, but we have
shown previously that z40% LNA distributed evenly
throughout an OMe oligomer showed best results in
another steric block application (Arzumanov et al. 2003).
Apart from their lower binding strength, OMe ONs are
degradable within cells (Baker et al. 1997), which might also
reflect their lower activity and explain why we have not
observed the OMe ON in a Northern blot when probing with
an anti-inhibitor ON, in contrast to a LNA/OMe-treated
sample, where it is clearly visible (Supplemental Fig. S1A).

Davis et al. (2006) showed a loose correlation between
the melting temperature of the hybrid between 22-mer ONs
and complementary RNA, but this was not absolute, since
the strongest binding ON type, consisting of LNA/MOE
units with all PS linkages, was not the best in target
microRNA knockdown (uniform MOE). However, LNA/
OMe or LNA/MOE with diester linkages were not reported.
Our results suggest that LNA/OMe are worthy of more
detailed investigation for microRNA target knockdown
both in cells and in vivo.

We also showed that a 23-mer K-PNA-K3 complemen-
tary to miR-122 and electroporated into Huh7 cells or
rat primary hepatocytes reduced miR-122 expression and
up-regulated a miR-122-regulated mRNA (Fig. 4). This
is the first time that a non-negatively charged ON analog
has been shown to knock down microRNA function in a
cell line. Another type of well-known electroneutral analog,
PMO, has been injected into zebrafish embryos to modu-
late miR-375 activity to demonstrate its role in pancreatic
islet development (Kloosterman et al. 2007), but there have
been no previous reports of PMO or PNA targeting
microRNAs in cell lines.

An advantage of PNA is that it can be readily conjugated
with amino acids or peptides to modify its cell uptake
properties. We previously reported that a K-PNA-K3 ON
disulfide conjugated to an R6-Penetratin peptide was able
to enter HeLa cells and show substantial steric block RNA
targeting activity in two model systems that require nuclear
delivery (Turner et al. 2005b; Abes et al. 2007). Here, we
found that a similar R6-Penetratin disulfide conjugate to
K-PNA-K3 showed substantial and sequence-dependent
inhibition of miR-122 in Huh7 cells (Fig. 5A) or rat pri-
mary hepatocytes (data not shown) and corresponding
up-regulation of miR-122-regulated mRNA (Fig. 5C).
Remarkably, incubation of Huh7 cells with 1 mM of the
unconjugated K-PNA-K3 ON was also able to effect the
same miR-122 inhibition (Fig. 5A,B) and increase the
abundance of a miR-122-regulated mRNA (Fig. 5D). Since
this activity was not achieved by a PNA that maintained
overall electroneutrality (Fig. 5B), it seems likely that, at
least in hepatocytes, the four added Lys residues in K-PNA-
K3 are sufficient to allow both cell entry and to reach a
compartment where mature miR-122 is present. Although
mRNAs targeted by microRNAs reside, at least for a time,
in cytosolic RNA P-bodies (Liu et al. 2005; Bhattacharyya
et al. 2006b), it has been shown recently that antagomir to
miR-122 does not colocalize with P-bodies when hepato-
cytes taken from mouse liver were examined (Krutzfeldt
et al. 2007).

Our experiments do not address the issue of the sub-
cellular site of action of ON inhibitors of microRNAs,
but cationic PNAs, such as those containing multiple Lys
residues or conjugated to the HIV-1 Tat basic region, are
taken up in HeLa cells through an endocytotic mechanism
and are sequestered in endosomes (Richard et al. 2005;

FIGURE 6. Northern blots of wild-type miR-122 and of its equimolar
mixes with all ON inhibitors tested. (A) Fifty picomoles of the indicated
ONs were mixed, diluted in loading buffer containing 20% formamide/
8 M urea, and incubated 5 min at 95°C before loading gels. (B) ONs
were mixed as described above and extracted with 150 mL of Trizol prior
to PAGE and Northern blot analysis. (C) Inhibitor amounts corre-
sponding to 50 nM (or 1 mM for K-PNA-K3) transfections were spiked
into a Huh7 cell lysate (one lysate equals one well on a six-well plate)
before Trizol extraction (1 mL). Total RNA was subjected to PAGE and
Northern blot. ([–] Control) Total RNA not spiked with ONs.
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Abes et al. 2006). Whether such endosomes then release the
PNA into the cytosol, because of a ‘‘proton sponge’’ effect
of the Lys residues, in order to travel to another cytosolic
compartment, or whether there is a fusion of PNA-
containing endosomes with the microRNA-containing
cytosolic compartments must be the subject of further
experimentation. MicroRNA may be a more susceptible
cytosolic target than mRNA, since a PNA complementary
to human caveolin-1 mRNA conjugated to a Lys-rich signal
peptide was unable to reduce gene expression after 56 h
incubation in HeLa cells or primary endothelial cells
(Kaihatsu et al. 2004), and additional Lys residues were
shown also not to be sufficient to obtain nuclear activity for
PNA (Turner et al. 2005b; Abes et al. 2007).

Use of microRNA-targeted mRNAs levels as an impor-
tant measure of inhibitor effectiveness has been well
validated in mouse studies of miR-122 (Krutzfeldt et al.
2005, 2007; Esau et al. 2006), but few studies have described
mRNA targets of miR-122 in cell lines. We showed that
three mRNAs, CAT-1, GYS1, and Aldolase A, are targets
in Huh7 cells and three mRNAs, CAT-1, Aldolase A, and
GTF2b, are targets in rat hepatocytes (Fig. 1). The amino
acid transporter CAT-1 mRNA was shown by OMe ON
inhibitor transfection to be a miR-122 target in Huh7 cells
a few years ago (Chang et al. 2004), but another similar
study also in Huh7 cells did not observe significant up-
regulation of CAT-1 mRNA levels by Northern blot
analysis, but concluded instead that the mRNA was released
from cytoplasmic processing P-bodies and recruited into
polysomes (Bhattacharyya et al. 2006a,b). We did not see
significant up-regulation of miR-122-regulated mRNAs
GYS1 (Fig. 3C) or CAT-1 (data not shown) by 31-mer
OMe ON transfected into either Huh7 cells or rat hepa-
tocytes. By contrast, we did see significant up-regulation
of GYS1 in Huh7 cells using LNA/OMe ON transfection
(Fig. 3A), which agrees with data seen in mice for a MOE
ON (Esau et al. 2006). With CAT-1 mRNA, no significant
up-regulation was seen with the LNA/OMe ON in Huh7
cells, but we did observe an increase in CAT-1 mRNA in rat
hepatocytes (data not shown). Similarly, R6Pen-K-PNA-K3
also showed CAT-1 mRNA up-regulation when incubated
with either Huh7 cells or rat hepatocytes (Fig. 5). Thus,
overall LNA/OMe and PNA ONs appear more effective
than the corresponding OMe ON for studying microRNA
regulation of target mRNAs.

The fate of microRNAs targeted by antisense ONs within
cells has been unclear to date. Our LNA/OMe inhibition
data do not allow us to draw conclusions on this aspect,
since the complex is not partitioned into the Trizol fraction
during RNA isolation from cells (Fig. 6). However, the loss
of miR-122 signals in Northern blots using K-PNA-K3
(Figs. 2, 4, 5) strongly suggests that miR-122 targeted by the
ON within cells is degraded in some way. These results are
consistent with conclusions from in vivo experiments where
microRNA degradation products were detected in mice

treated with OMe/PS-cholesterol antagomirs (Krutzfeldt
et al. 2005) and with Northern blot experiments of extracts
from HeLa cells treated with MOE/PS antisense ONs
(Davis et al. 2006). This degradation cannot be due to
RNase H, as proposed from experiments with LNA/DNA
ONs (Naguibneva et al. 2006), since PNA ONs do not
direct RNase H cleavage of RNA (Knudsen and Nielsen
1996), nor is it likely to be due to Ago2, the nuclease
component of the RISC complex implicated in siRNA
action (Krutzfeldt et al. 2007). Thus, the pathway of
degradation is yet to be established.

The 23-mer LNA/OMe and PNA ONs have been
designed to be complementary to the mature form of miR-
122 that is active in the cytosol. Recently, electroneutral
PMO ONs have been designed to target cytosolic pre-
miRNA-375 and nuclear pri-mRNA-375 precursors by micro-
injection into developing zebrafish embryos (Kloosterman
et al. 2007). Our results with K-PNA-K3 inhibition of miR-
122 suggests that it may be possible to design PNA probes
for cell studies to distinguish the cytoplasmic mature and/
or pre-microRNA forms (using a Lys-modified PNA probe)
from the nuclear pri-miRNA or blocking microRNA gene
expression at the transcription level (using a R6-Pen-
K-PNA-K3 probe). We are currently investigating also
whether our K-PNA-K3 microRNA inhibition results
obtained in human Huh7 cells and rat primary hepatocytes
can be extended to a range of other cell types.

We have shown that LNA/OMe and PNA ONs provide
powerful new types of microRNA inhibitory reagents. It
is already clear that different ON chemistries result in
somewhat different characteristics of microRNA inhibition,
and further experience will help establish where different
ON types may best find application. As far as we are aware,
LNA/OMe mixmers have not been evaluated in vivo for any
application hitherto, but steric block LNA/DNA mixmers
containing all phosphorothioate linkages gave efficient
splice redirection in mice (Roberts et al. 2006). By contrast,
PNA and its peptide conjugates have been evaluated in a
number of in vivo studies toward splicing redirection
(Sazani et al. 2002; Albertshofer et al. 2005) and cancer
(Boffa et al. 2005) and have been shown to have wide tis-
sue distribution. Our promising results in cell culture for
K-PNA-K3 suggest that relatively simple PNA constructs
would be worth evaluating in vivo for microRNA inhibi-
tion applications.

MATERIALS AND METHODS

Oligonucleotides, miRNA mimics, and PNA peptides

Human/rat miR-122 mimic duplex sequences were obtained from
the miRBase Sequence Database (Release 9.2) and were purchased
from Dharmacon; human/rat sense strand, 59-UGGAGUGUGA
CAAUGGUGUUUGU-39; human antisense strand, 59-AAACGCC
AUUAUCACACUAAAUA-39; rat antisense strand, 59-AAACGC
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CAUCAUCACACUAAACA-39. LNA/OMe ONs were synthesized
as previously described (Turner et al. 2006). Synthesized sequences
contained approximately alternating LNA and 29-OMe resi-
dues, with an LNA/OMe ratio of z0.4. These ON sequences
corresponded either to the full-complement of wild type, mature
miR-122, 59-aCaAaCaCcAuuGuCaCaCuCca-39 (LNA/OMe), or
to a scrambled sequence, 59-uCaGcCauAaCuAaCcCauAcCa-39.
PNA ONs were synthesized on an APEX 396 robotic peptide
synthesizer as described previously (Turner et al. 2006). PNA
sequences contained an N-terminal Cys for post-synthetic modifi-
cation and four Lys residues for improved solubility. K-PNA-K3:
Cys-K-59-ACAAACACCATTGTCACACTCCA-39-KKK, K-SCR
PNA-K3: Cys-K-59-TCAGCCATAACTAACCCATACCA-39-KKK.
An additional PNA ON was synthesized where the three Lys
residues at the 39-end were replaced by one glutamic acid residue,
K-PNA-E, Cys-K-59-ACAAACACCATTGTCACACTCCA-39-E.
Antagomir-122 was purchased from Dharmacon, 59-A*C*AA
ACACCAUUGUCACACU*C*C*A*-Chol-39 (uppercase, OMe; *,
PS linkage).

The sequence of the peptide R6-Penetratin is RRRRRRRQI
KIWFQNRRMKWKKGGC, and this was synthesized and charac-
terized as previously described (Turner et al. 2005a). PNA
oligonucleotides were conjugated to R6-Pen(Cys) as described
previously (Turner et al. 2006). Briefly, 10 nmol of the corre-
sponding PNA (0.5–1 mM) were diluted in 6 mL of NH4Ac 1 M
and 30 mL of formamide. After addition of Pys-R6-Pen (3 eq,
10 mM stock), the solution was incubated for 1 h at room
temperature and purified by RP-HPLC (0.1% TFA-containing
buffers). Freeze-dried fractions were dissolved in water and
repurified through an ion-exchange column for counter-ion
replacement, from trifluoroacetate to acetate. Purified fractions
were freeze-dried three times against water/ethanol (80:20).

Cell culture and transfections

For Northern blot or real-time RT-PCR experiments, Huh7 cells
were plated in either a six- or 96-well plate format and maintained
in standard cell culture medium, z20 h before transfection. For
primary rat hepatocytes cultures (Dominion Pharmakyn), plates
were initially treated with 0.3 mg/mL fibronectin for 5 min and air
dried. Hepatocytes were then plated at z5 3 105 cells/mL (HCB
media, Cambrex) in a six-well plate format. Wells were carefully
washed after 1.5 h and further incubated for 14 h in fresh media.
For lipid-based transfections, ONs were mixed with Lipofect-
amine 2000 (Invitrogen) following the manufacturer’s instruc-
tions and incubated with cells in serum-free media for 4 h. Cells
were washed once with PBS and incubated for 20 h in full media
containing antibiotics, before RNA extraction. Total RNA was
purified using the TRI reagent (Sigma) following the manufac-
turer’s instructions. RNA was quantified using the Quant-iT
RiboGreen RNA assay kit (Invitrogen).

Polyacrylamide gel electrophoresis (PAGE)
and Northern blots

Fifteen to 20 mg of total RNA from each experimental condition
was loaded onto a 14% acrylamide (acrylamide:bis-acrylamide
19:1)/20% formamide/8 M urea gel and run at 10 W for 1.2 h at
room temperature. Gels were transferred onto a GeneScreen Plus
hybridization membrane (PerkinElmer) for 1 h at 400 mA at room

temperature in a semi-dry transfer unit (Hoefer Scientific Instru-
ments). Blotted membranes were cross-linked with a UV dose of
2400 3 100 mJoules (UV Stratalinker 1800, Stratagene) and baked
for 1 h at 80°C. Prehybridization was performed for 30 min in
ULTRA-hyb Oligo solution (Ambion) at 42°C. For microRNA
detection, a subsequent incubation with 250 pmol of a specific
[g-32P]ATP-labeled miRCURY LNA detection probe (Exiqon)
was carried out (or with a DNA probe for U6 RNA control,
59-TTGCGTGTCATCCTTGCGCAGG-39). Membranes were se-
quentially washed with 23 SSC/0.1% SDS (30 min), 13 SSC/
0.1% SDS (30 min), and 0.23 SSC/0.1% SDS (10 min) at 42°C.

Real-time RT-PCR

Messenger RNAs of regulated genes were quantified relative to
18S RNA, in a 7900 HT Fast Real-Time PCR System (Applied
Biosystems) using a one-step RT-PCR approach (QuantiTect Probe
RT-PCR, Qiagen). Briefly, the 25 mL reactions contained 25 ng of
total RNA, 0.25 mL of reverse transcriptase mix, 12.5 mL of master
mix, 1.25 mL of Taqman probe/primers (Taqman Gene Expression
Assays, Applied Biosystems), and 11 mL of water. The one-step
RT-PCR was performed for 30 min at 50°C, followed by an
inactivation/denaturation step (15 min, 95°C) and 40 amplification
cycles (15 sec at 94°C and 1 min at 60°C). MicroRNA-122 was
quantified relative to RNU6B by real-time PCR using a two-step
approach (Taqman MicroRNA Transcription kit, Applied Biosys-
tems). Initially, total RNA (25 ng) was reverse-transcribed using
specific primers for either miR-122 or RNU6B in a 15 mL reaction
volume (0.15 mL of dNTP mix [100 mM], 1 mL of MultiScribe RT
[50 U/mL], 0.19 mL of RNase inhibitor [20 U/mL], 1.5 mL of 103

RT buffer, 3 mL of 53 RT primer, 4.16 mL of H2O, and 5 mL of
RNA [25 ng]). Real-time PCR reactions were performed in 20 mL
reaction volumes, containing 10 mL of Taqman 23 PCR master
mix (No AmpErase UNG, Applied Biosystems), 1 mL of Taqman
assay 203, 9 mL of H2O, and 2 mL of cDNA. The RT step consisted
of two 30-min incubations at 16°C and 42°C, followed by 5 min
of inactivation at 85°C. The PCR step consisted of an initial
deactivation/denaturation step of 15 min at 95°C, followed by
40 amplification cycles (15 sec at 94°C and 1 min at 60°C).
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Supplemental Materials can be found at http://www2.mrc-lmb.ca-
m.ac.uk/groups/mg/papers.html.
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