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Abstract: An engineered RNase P-based ribozyme variant, which was generated using the
in vitro selection procedure, was used to target the overlapping mRNA region of two proteins
essential for human cytomegalovirus (HCMV) replication: capsid assembly protein (AP)
and protease (PR). In vitro studies showed that the generated variant, V718-A, cleaved the
target AP mRNA sequence efficiently and its activity was about 60-fold higher than that of
wild type ribozyme M1-A. Furthermore, we observed a reduction of 98%–99% in AP/PR
expression and an inhibition of 50,000 fold in viral growth in cells with V718-A, while a
75% reduction in AP/PR expression and a 500-fold inhibition in viral growth was found
in cells with M1-A. Examination of the antiviral effects of the generated ribozyme on the
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HCMV replication cycle suggested that viral DNA encapsidation was inhibited and as a
consequence, viral capsid assembly was blocked when the expression of AP and PR was
inhibited by the ribozyme. Thus, our study indicates that the generated ribozyme variant
is highly effective in inhibiting HCMV gene expression and blocking viral replication, and
suggests that engineered RNase P ribozyme can be potentially developed as a promising
gene-targeting agent for anti-HCMV therapy.

Keywords: gene therapy; ribozyme; RNase P; cytomegalovirus; gene targeting

1. Introduction

Human cytomegalovirus (HCMV) belongs to the herpesvirus family and is a significant pathogen
causing severe illness in newborns and immunocompromised populations, such as HIV-infected
patients [1]. HCMV is also one of the most common viral pathogens causing birth defects including
deafness and mental retardation [2]. However, no vaccine is currently available for preventing HCMV
infection and few effective drugs are currently available for anti-HCMV therapy. It is important for
researchers to develop novel therapeutic approaches to treat and prevent infections by HCMV.

RNase P is a ribonucleoprotein complex involving in tRNA processing in cells [3]. In previous
studies, researchers have shown that RNase P of Escherichia coli contains a catalytically active RNA
(M1 RNA) which hydrolyzes different substrates by recognizing tertiary structure (e.g., a stem structure
resembling the acceptor stem and T stem regions of a tRNA) rather than primary sequence (Figure 1) [4].
Thus, any mRNA substrate can be potentially cleaved by a custom-designed RNase P-based ribozyme,
M1GS, which is generated by covalently linking an external guide sequence (designated as EGS) to the
3′ terminus of M1 RNA (Figure 1) [5–8].
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Figure 1. Substrates for RNase P and M1 ribozyme. (A) pre-tRNA (ptRNA); (B) complex 

of EGS and target mRNA; (C) M1GS RNA binding to its mRNA substrate. Arrowhead 

indicates the cleavage sites. 

Figure 1. Substrates for RNase P and M1 ribozyme. (A) pre-tRNA (ptRNA); (B) complex
of EGS and target mRNA; (C) M1GS RNA binding to its mRNA substrate. Arrowhead
indicates the cleavage sites.

Gene silencing technologies that target specific RNA sequences of choice, such as antisense
oligonucleotide, RNAi, aptamer, microRNA, and ribozyme, represent promising therapeutic
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strategies [9–12]. Compared to RNAi and some other gene-targeting approaches, ribozymes have several
unique advantages. Unlike the RNAi approach which induces several cellular factors (Exportin V,
Drosha, or Dicer) and may affect normal cellular functions [11,13,14], RNase P ribozymes, considered
exogenous agents, can be expressed in a wide range of living organisms and can be induced to cleave
targeted RNAs [15,16]. Moreover, the catalytic activity and specificity of ribozymes can be easily
improved by in vitro studies [17,18]. Therefore, ribozyme-based approaches can be developed as
powerful tools for both basic research and clinical applications.

Improving RNase P ribozyme catalytic efficiency is one of the most important steps to develop
ribozyme-based technology for practical uses. In previous studies, our group has constructed ribozyme
variants which are more active in targeting by using an in vitro selection procedure [19,20]. In this report,
we designed and generated a ribozyme variant, V718-A, to target the overlapping region of HCMV
protease (PR) and capsid assembly protein (AP) mRNAs. Both AP and PR, which are encoded by viral
UL80.5 and UL80 open reading frames (ORFs) respectively, may be considered ideal antiviral targets
since they are highly conserved and are necessary for capsid assembly and viral growth [1,21,22]. We
also studied the activity of the generated ribozymes in vitro and their efficacy in reducing the expression
levels of target genes and viral replication in cultured cells. Results showed that the generated ribozyme
variant (V718-A) was more active than wild type ribozyme (M1-A) in inhibiting AP/PR expression and
blocking HCMV growth.

2. Materials and Methods

2.1. Viruses, Cells and Antibodies

HCMV (strain AD169) was propagated in human glioblastoma U251 cells and human foreskin
fibroblasts (HFF) which were maintained in DMEM with 10% (v/v) FBS [17,20,23,24]. The monoclonal
antibodies UL44 (ICP36) and UL83 were purchased from Virusys (Taneytown, MD, USA). The
anti-rabbit polyclonal antibodies against HCMV protease (UL80) and capsid assembly protein (UL80.5)
were kindly provided by Annette Meyer, Pfizer, Inc. (Ann Arbor, MI, USA), and John Wu of
Promab, Inc. (Albany, CA, USA). Other antibodies used in this study were described in previous
studies [17,20,23,24].

2.2. Mapping of the AP mRNA Accessible Regions in Cells

We carried out an in vivo mapping approach to study the accessible regions of AP mRNA following
protocols described previously [17,25,26]. First, HCMV-infected cells were treated with dimethyl
sulfate (DMS) for 5–10 min, then total RNAs were isolated and used for primer extension assays
with radiolabeled oligonucleotides. Finally, primer extension products were separated and analyzed
in denaturing gels (8%). The sites modified by DMS represent accessible regions potentially for
ribozyme binding.
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2.3. In Vitro Ribozyme Studies

The DNA template of substrate ap11, which contains the 37 nucleotide long AP mRNA
sequence, was amplified by PCR using pGEM3zf (+) as a template with forward primer AF25
(5′-GGAATTCTAATACGACTCACTATAG-3′) and reverse primer AP11 (5′-CGGGATCCGTCCGA
GGACGACGACGACGCCGCCGCCCTATAGTGAGTCGTATTA-3′) which contains a T7 promoter
and the AP coding sequence. Plasmids pFL117, pV718, pV718-C and pC102, which were described
in previous studies [19,27], were used as templates to generate ribozymes M1-A, V718-A, V718-C
and M1-C, respectively. The forward primer was AF25 while the reverse primer was M1AP11
(5′-CCCGCTCGAGAAAAAATGGTGTCGTCGTCGTCCTCGGATGTGGAATTGTG-3′) with the
positions corresponding to the guide sequence underlined. Ribozymes M1-C and V718-C contained
the same mutations found in C102 which is a non-functional M1 RNA mutant with point mutations
(A347C348 → C347U348, C353C354C355G356 → G353G354A355U356). A T7 in vitro transcription kit
(Promega) was used for synthesizing RNA substrate ap11 and ribozyme RNAs [28]. Kinetic
analyses and gel-shift binding assays were carried out following experimental procedures as
described [19,20,29].

2.4. Construction of Ribozyme-Expressing Cell Lines

Cell lines expressing ribozymes were constructed as described previously [20,30,31]. Briefly, the
M1GS coding sequences were subcloned into retroviral vector LXSN, then the constructed LXSN-M1GS
vectors were transfected into PA317 cells. Culture supernatants were harvested at 48 h post-transfection,
and used to infect U251 cells. At 48–72 h post-infection, cells were grown in culture medium containing
neomycin (600 µg/mL), and neomycin-resistant cells were selected and cloned [20,30,31].

2.5. Studies of Viral Gene Expression and Growth in M1GS-Expressing Cells

M1GS-expressing cells were either mock-treated or infected with HCMV at a multiplicity of infection
(MOI) of 1. Total RNA and protein samples were prepared at different time points post-infection and
studied by Northern and Western blot analyses [31–33]. To detect IE2 mRNA and protein expression,
samples were harvested at 8 and 24 h post-infection, respectively. To detect the expression of US2 and
AP/PR mRNAs, samples were harvested at 48 h post-infection [31–33]. To detect the protein expression
of UL44, UL83, AP, and PR, samples were harvested at 72 h post-infection. In control experiments, to
detection the 5kb RNA expression, samples were harvested at 8 and 48 h post-infection. To detection the
actin protein expression, samples were harvested at 24 and 72 h post-infection [31–33]. For Northern
blot analyses, the prepared RNA samples (30 µg) were separated in denaturing agarose gels (1%) that
contained formaldehyde. The separated RNAs were transferred to membranes and hybridized with the
[32P]-radiolabeled probes complementary to HCMV sequences. For Western analyses, the prepared
protein samples (50 µg) were separated on SDS-PAGE gels (7.5%), then transferred to membranes and
reacted with the antibodies against human β-actin and HCMV proteins and stained with the aid of an
ECL Western blot detection kit (GE Healthcare) [31,32].

To determine the ribozyme-directed reduction of HCMV growth, U251 cells (n = 1× 105) expressing
M1GSs were infected with HCMV (MOI = 1). The medium and cells were collected at1-day intervals
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throughout the 7 days post-infection to prepare viral stocks, and then plaque assays were carried out to
study the viral titers of the prepared stocks [31,32].

2.6. Determination of the HCMV DNA Level

Total (no DNase I-treated) and encapsidated (DNase I- treated) DNA samples were
prepared from cells at 96 h post-infection following the protocols described previously [34,35].
Using the PCR amplified products of actin sequence (610 bp) as the control, the amount
of viral DNA was determined by PCR amplification of the HCMV IE1 sequence (481 bp)
in which primers CMV3 (5′-CCAAGCGGCCTCTGATAACCAAGCC-3′) and CMV4
(5′-CAGCACCATCCTCCTCTTCCTCTGG-3′) and experimental procedures have previously been
described in detail [24,35]. PCR reactions were performed with α-[32P]-dCTP, and then the radiolabeled
PCR products were separated and analyzed in polyacrylamide gels [24,35].

2.7. Statistical Analysis

Experiments were carried out in triplicate, and repeated three times. Statistical analyses of the
data were performed using the analysis of variance (ANOVA). Values of p ≤ 0.05 were considered
statistically significant.

3. Results

3.1. Ribozyme-Mediated Cleavage of the AP mRNA Sequence in Vitro

Most intracellular mRNAs are folded in complex structures in cells, so it is critical to choose an
accessible region for ribozyme binding to achieve highly efficient cleavage [8,35]. In this study, an
in vivo mapping approach was used to study the accessible AP mRNA regions in HCMV-infected cells.
The position 548 nucleotides downstream of the AP translation start site [36,37] appeared to be extremely
permissive for DMS modifying (data not shown). Hence, this region was chosen as the target site for the
guide sequence. Moreover, its flanking sequence contains elements that are known to be important for
efficient M1GS-mediated cleavage [29,38].

In previous studies, we generated ribozyme variants that are more efficient than wild type ribozyme in
targeting the HSV-1 thymidine kinase (TK) mRNA sequence [19,39]. However, whether these generated
variants are also highly active in cleaving HCMV mRNA to inhibit viral growth has not been extensively
investigated. In this report, we chose to characterize the activity of variant 718 (designated as V718),
which has been generated by in vitro selection procedure and has not been studied before [19]. This
variant has two point mutations (i.e., A81 → C81 and G194 → A194) and is efficient in cleaving AP
mRNA sequences in vitro (Table 1).
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Table 1. Kinetic parameters [(kcat/Km)s and Kd] of different ribozymes-mediated cleavage
with substrate ap11.

Enzyme (kcat/Km)s (µM−1·min−1) Kd (nM)

M1-A 0.22 ± 0.05 0.31 ± 0.05

V718-A 13.5 ± 2.5 0.35 ± 0.06

M1-C <5 × 10−6 0.32 ± 0.06

V718-C <5 × 10−6 0.34 ± 0.05

M1-TK <5 × 10−6 ND

Values are means of triplicate determinations. p < 0.02. “ND”, not detected.

Active ribozymes V718-A and M1-A were constructed from V718 and M1 RNA, respectively.
Control ribozymes M1-C and V718-C, which were generated from an inactive ribozyme mutant C102
in a similar way, were expected to be inactive due to mutations in the catalytic domain [27,33]. These
four ribozymes all contained the same guide sequence complementary to the target AP mRNA sequence.
We carried out in vitro kinetic analyses to study the catalytic activity (kcat/Km)s of different ribozymes
in cleaving substrate ap11, which contained the 37 nucleotide long AP mRNA sequence. Our results
indicated that V718-A activity was about 60-fold higher than that of M1-A in targeting substrate ap11
(p < 0.02). In contrast, V718-C and M1-C were 104-fold less effective than M1-A in targeting substrate
ap11 (p < 0.02) (Table 1). To study whether the differential cleavage efficiencies of these ribozymes
were possibly caused by different binding affinities, the binding affinities of ribozymes to the substrate
ap11, measured as the dissociation constant (Kd), were studied by gel-shift assays. The binding affinities
of V718-C and M1-C were similar to those of V718-A and M1-A (Table 1). Therefore, V718-C and
M1-C could be used as antisense effect controls since V718-C and M1-C are inactive ribozymes but
have similar binding affinity to ap11 as V718-A and M1-A.

3.2. Ribozyme Expression in the Cultured Cells

The DNA sequences coding for V718-A, M1-A, V718-C, and M1-C were subcloned into retroviral
vector LXSN which was used to express M1GS RNAs successfully in previous studies [8,33,40]. The
constructed LXSN-M1GS vector DNAs were transfected into PA317 cells to produce vector particles.
These vectors were then harvested and used to infect human U251 cells, and cell lines expressing
M1GSs were cloned. Another cell line expressing M1-TK ribozyme which was generated to cleave
the HSV-1 TK mRNA was also generated, and used as the control for the ribozyme with mismatched
guide sequences [19,20,39]. As shown in our results, ribozyme M1-TK had no catalytic activity with
substrate ap11 in vitro (data not shown, Table 1).

The expression levels of M1GS RNA in the cells were studied by Northern blot analyses (Figure 2,
lanes 1–4), using human H1 RNA as the internal control (Figure 2, lanes 5–8). Only cell clones
expressing ribozymes at similar levels were chosen and used for subsequent experiments.
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Figure 2. Expression levels of ribozymes in cultured cells. Northern blot analyses were
performed using RNA samples (30 µg) prepared from parental U251 cells (-, lanes 1 and 5)
and cells expressing M1-C (lanes 2 and 6), M1-A (lanes 3 and 7), and V718-A (lanes 4 and
8). Human H1 RNA control (lanes 5–8) (the RNA subunit of human RNase P and a nuclear
RNA) [31,41].

3.3. Ribozyme-Mediated Reduction of HCMV AP and PR Expression

Northern blot analyses were performed to study AP and PR mRNAs expression levels, using HCMV
immediate-early 5 kb RNA (5 kb RNA) as the internal and loading control (Figure 3, lanes 1–4). A
reduction of 98%–99% and 75%–78% (p < 0.04) in AP/PR mRNA expression was observed in the
cells expressing V718-A and M1-A, respectively (Figure 3, lanes 7 and 8). In contrast, cells expressing
control ribozyme M1-C and V718-C showed no significant reduction (<10%) (Figure 3, lanes 6, data not
shown) (Table 2). All of the results suggested that inhibition of AP/PR mRNA expression in the cells
with V718-A and M1-A was due to ribozyme-directed cleavage of AP/PR mRNAs.

Western blot analyses were performed to study the expression levels of AP and PR proteins, using
actin as the internal and loading control (Figure 4, lanes 1–4). A reduction of about 98%–99% and
72%–75% (p < 0.04) in the PR and AP protein expression levels was observed in cells with V718-A and
M1-A (Figure 4, lanes 7, 8, 11, and 12) (Table 2). In comparison, little reduction (<10%) was observed
in cells expressing M1-C, V718-C, or M1-TK (Figure 4, lanes 6 and 10, data not shown) (Table 2).
Thus, the decrease in the AP and PR protein expression correlated with the reduction of the AP and PR
mRNA expression.
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Figure 3. Northern blot analyses of the expression levels of HCMV mRNAs. RNA samples
(30 µg) were isolated from HCMV-infected parental U251 cells (-, lanes 1, 5, 9, and 13)
and cell lines expressing M1-C (lanes 2, 6, 10, and 14), M1-A (lanes 3, 7, 11, and 15), and
V718-A (lanes 4, 8, 12, and 16) at 8 h (C) and 48 h post-infection ((A), (B), and (D)). The
hybridized probes were used to detect the HCMV 5 kb RNA (lanes 1–4), AP/PR mRNA
(lanes 5–8), IE2 mRNA (lanes 9–12), and US2 mRNA (lanes 13–16).

Table 2. Inhibition Levels of HCMV mRNA and protein expression in the cells with M1GS,
as compared with parental U251 cells.

Viral Gene Class
Ribozymes

U251 M1-C V718-C M1-A V718-A M1-TK

IE2 mRNA α 0% 0% 0% 0% 0% 0%

US2 mRNA β 0% 0% 0% 0% 0% 0%

AP mRNA γ 0% 3% 6% 78% ± 8% 99% ± 7% 0%

PR mRNA γ 0% 3% 7% 75% ± 7% 98% ± 7% 0%

IE2 protein α 0% 0% 0% 0% 0% 0%

UL44 protein β, γ 0% 0% 0% 0% 0% 0%

UL83 protein γ 0% 0% 0% 0% 0% 0%

AP protein γ 0% 3% 6% 75% ± 7% 99% ± 8% 0%

PR protein γ 0% 3% 6% 72% ± 7% 98% ± 8% 0%

Experiments were carried out in triplicate, and repeated three times. Values are means from these experiments
and standard deviations less than 5% were not recorded. Samples were harvested at different time points
post-infection as specified in Materials and Methods.
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Figure 4. Western blot analyses of the expression levels of HCMV proteins. Protein
samples (50 µg) were prepared at 72 h post-infection and then separated in SDS-PAGE
gels, transferred to membranes and reacted with antibodies. The anti-AP antibody detected
both full-length AP and its processed form that is cleaved during HCMV capsid assembly [1]
(lanes 9–12). Actin control (lanes 1–4).

3.4. Inhibition of HCMV Replication Mediated by the Ribozymes

Plaque assays were performed to examine M1GS-mediated inhibition of HCMV replication. A 50,000
and 500-fold decrease in viral titers was found in cells with V718-A and M1-A, respectively (Figure 5).
Little reduction was observed in cell lines with control ribozymes V718-C, M1-C, or M1-TK (Figure 5).
The results suggested that the generated ribozymes inhibited viral PR and AP expression and blocked
HCMV replication.
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Figure 5. HCMV growth in U251 cells and M1GS-expressing cell lines. Experiments were
carried out in triplicate, and repeated three times. Values are means of these experiments and
the standard deviation is indicated by the error bars.
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3.5. The Antiviral Mechanism of Ribozyme-Mediated Cleavage of AP and PR mRNAs

HCMV assembly protein (AP) and protease (PR) play essential roles in DNA encapsidation during
capsid assembly and viral growth [1,21,22]. Therefore, we carried out two sets of experiments to
study the relationships between the ribozyme-mediated cleavage of the target genes and HCMV lytic
replication cycle.

First, we determined whether the generated ribozymes have effect on the expression levels of other
viral genes (except AP and PR) in the cells. Northern blot analyses were performed to examine the
expression of other viral genes, such as IE2 (an immediate-early (IE) or α gene) and US2 (an early or β
gene) mRNA in cells with M1GS (Figure 3, lanes 9–12 and 13–16). Furthermore, Western blot analyses
were also carried out to study the expression levels of viral proteins UL44 (an early/late or βγ gene)
and UL83 (a late or γ gene) (Figure 4, lanes 13–16, data not shown) (Table 2). No difference was found
in the expression levels of these genes in cells with different ribozymes (V718-A, M1-A, V718-C, and
M1-C) (Table 2). Thus, V718-A and M1-A specifically inhibited AP and PR expression, and had no
effect on overall viral gene expression.

Second, we examined whether the generated ribozymes have effect on HCMV DNA replication
or capsid maturation. DNA was prepared from samples treated either with or without DNase I since
uncapsidated DNA would be susceptible to DNase I treatment, and then the amounts of viral DNA were
determined. Results showed that the levels of total intracellular HCMV DNA (no DNase I-treatment)
were similar in the cells with different ribozymes (Figure 6, lanes 4–6). In contrast, the levels of
“encapsidated” DNA (DNase I-treated) were greatly decreased in the cells with V718-A (Figure 6,
lane 1). The results indicate that M1GS-mediated reduction of AP and PR expression has no effect
on HCMV genome replication but inhibits DNA encapsidation and capsid formation.

4. Discussion

In recent years, gene silencing technologies, such as antisense oligonucleotides, RNAi, aptamers,
and microRNAs, have been widely used for research studies [9–11]. However, each technology has
disadvantages such as specificity, activity, stability and cellular toxicity [13,18]. Compared to other
approaches, RNase P ribozyme may represent a promising and attractive approach with high activity
and specificity [3,41,42]. In this study, M1GS RNAs were generated to target the overlapping region
of HCMV PR (UL80) and AP (UL80.5) mRNAs. Further studies showed that the expression levels of
PR (UL80) and AP (UL80.5) were greatly decreased (98%–99%), and viral growth was also largely
reduced (50,000-fold) in the cells expressing V718-A. In comparison, little reduction (<10%) was found
in AP and PR expression and viral replication in the cells with control ribozymes (i.e., V718-C, M1-C,
or M1-TK). The results indicate that V718-A is highly active in reducing HCMV gene expression and
blocking viral growth.

Evidences presented in this study suggest that the antiviral effects of ribozyme are probably resulted
from ribozyme targeting of AP/PR mRNAs. First, the generated ribozymes (i.e., V718-A, M1-A) only
inhibited the expression of AP and PR; no decrease was found in the expression levels of viral α, β, or
γ genes examined (e.g., IE2, US2, UL44 and UL83) (Figures 3 and 4, Table 2, data not shown). Second,
viral genomic DNA replication was not affected by ribozyme expression (Figure 6). Third, blocking
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of capsid maturation and viral growth appeared to be induced by ribozyme-mediated cleavage of AP
and PR mRNAs, since encapsidated viral DNA levels as well as AP/PR expression levels were found
to be reduced in the cells with V718-A and M1-A but not in the cells with V718-C, M1-C, or M1-TK
(Figures 3–6 data not shown). All together, these resultssuggest that AP and PR play necessary roles in
viral capsid maturation and have no effect on HCMV gene expression or genome replication [1,22,43].
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Figure 6. The levels of HCMV encapsidated DNA and total intracellular DNA. DNase
I-treated DNA samples (lanes 1–3) or total DNA (lanes 4–6) were prepared from cells
without ribozyme (-, lanes 3 and 6) or with ribozyme V718-A (lanes 1 and 4) and V718-C
(lanes 2 and 5) at 96 h post-infection. Semi-quantitative PCR was performed to determine the
levels of viral IE1 sequence and human actin DNA sequence was used as the internal control.

Further studies on improving the cleavage efficacy of M1GS RNAs are important to develop
ribozyme-based approaches [23,39,42]. However, no guidelines are currently available about how to
generate a highly active M1GS RNA [23,39,40]. In this study, functional ribozymes (e.g., V718-A)
were designed to target an accessible region of the overlapping region of AP and PR mRNAs. With this
design, we hypothesized that the M1GS cleavage efficacy in cells is determined by its catalytic efficiency
[(kcat/Km)s] in vitro. If this is the case, improving the catalytic activity of ribozymes [(kcat/Km)s] may
lead to more active ribozyme-directed cleavage in cells [23,39]. As shown in our studies, an M1GS
variant (i.e., V718-A) was about 60 times more active [(kcat/Km)s] in targeting AP and PR mRNAs
in vitro than the wild type ribozyme (i.e., M1-A). V718-A was also more effective than M1-A in
reducing AP and PR expression in cultured cells (e.g., 98%–99% vs. 72%–75%). In comparison, little
reduction (<10%) was observed in the expression levels of AP and PR and in viral replication in cells
with V718-C, M1-C, or M1-TK. All of these results support our hypothesis that improving the in vitro
catalytic efficiency [(kcat/Km)s] may lead to increased cleavage activity of ribozymes in cells. Therefore,
our work provides insights into developing guidelines for the generation of highly active ribozymes.
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Our previous studies have shown that ribozymes derived from M1 RNA variants could be constructed
to target the mRNAs coding for various cytomegalovirus (CMV) essential proteins including immediate
early protein 1 (IE1) and 2 (IE2), AP, and PR [20,28,29,33]. These ribozymes efficiently cleaved the
target mRNAs in vitro and effectively blocked HCMV gene expression and replication in cultured cells.
In our current study, we reported the anti-HCMV activity of ribozymes derived from a M1 RNA variant,
V718, which has been generated by an in vitro selection procedure and has not been characterized
before. V718-A appeared to cleave the AP/PR mRNAs more efficiently than M1-A in vitro (Table 1).
Furthermore, V718-A more effectively inhibited HCMV gene expression and growth than M1-A in
cultured cells. The extent of antiviral effects observed in V718-A expressing cells (i.e., the level of
inhibition of viral gene expression and growth) is at least 10 times higher than that observed in cells
expressing a ribozyme variant targeting HCMV IE2, which was recently reported by our laboratory [33].
Indeed, antiviral effects associated with V718-A are among the best effects observed in our studies using
different ribozyme variants that target different CMV targets including AP and PR [20,28,29,33]. The
ribozyme variant V718 has two point mutations: A81→ C81 and G194→ A194. How these two mutations
increase cleavage activity is not known. Further studies on the mutations found in V718 and other
variants will provide insight into the mRNA cleaving mechanism of the ribozymes.

HCMV is a human herpesvirus and causes significant mortality and morbidity in specific human
populations [1]. HCMV protease (UL80) and capsid assembly (UL80.5) proteins are necessary for
capsid assembly and viral growth, suggesting that these proteins could be used as ideal targets for
anti-HCMV development [17,24]. HCMV is known to infect and replicate in many types of cells and
tissues in vivo [1]. In this report, we showed that V718-A effectively inhibited AP/PR expression and
blocked HCMV growth in human astrocytoma U251 cells that were infected with HCMV at a modest
multiplicity of infection (MOI). It is important to determine if V718-A effectively inhibits HCMV gene
expression and replication in other cells and tissues known to be infected by HCMV in vivo and under
different MOIs. Additional studies on V718 and other ribozymes should provide insights into developing
active ribozymes for anti-HCMV therapeutic applications.

5. Conclusions

HCMV is an opportunistic pathogen that establishes a life-long infection in infected individuals.
Developing effective and novel drugs are important for controlling and treating HCMV infection. In
this report, we studied the antiviral effect of an engineered ribozyme variant, V718-A, in cultured
cells. As shown by our results, V718-A had about 60-fold higher cleavage activity than M1-A in vitro.
Furthermore, HCMV growth was reduced by 50,000 fold in the cells expressing V718-A. Our study
implies that the generated ribozyme variant, V718-A, is highly active in reducing HCMV AP/PR gene
expression and blocking viral replication, and suggests that the generated V718-A can be potentially
developed as a gene-targeting agent for anti-HCMV therapy.

Acknowledgments

We thank Yuan-Chuan Chen and Marco Paliza-Carre for technical assistance. M.R. and J.S. were
partially supported by a Block Grant Predoctoral Fellowship (UC-Berkeley). M.R. is a recipient of
a Hellman Graduate Fellowship. This research has been supported by grants from National Basic



Viruses 2015, 7 3357

Research Program of China (973 Program; No. 2011CB504800 and 2012CB518900), National Natural
Science Foundation of China (No. 31100128, 81030031, 31230005, and 812111146), the National
Mega Project on Major Infectious Disease Prevention (2012ZX10002006-003 and 2012ZX10004-207),
National Mega Project on Major Drug Development (2009ZX09103-678, 2012ZX09102301-004,
2012ZX09103301-20, and 2013ZX09102-031), National Small Business Innovation and Research
(SBIR) Program of China, the Technology R&D Program of Jiangsu Province, China (BG2007035 and
BG2008662), Open Research Fund Program of the State Key Laboratory of Virology of China (2013001,
2013005, and 2015KF011), and NIH (RO1-AI041927, RO1-AI091536, and RO1-DE023935).

Author Contributions

Z.Y., M.R., J.Y., P.T., L.Z., J.S. Y.W., K.Z., J.W., and F.L. designed the study, Z.Y., M.R. J.Y., P.T.,
J.S., and Y.W. conducted experiments. Z.Y., M.R., J.Y., P.T., L.Z., K.Z., J.W., and F.L. analyzed the
results and wrote the paper. All authors have read and approved the final manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Mocarski, E.S.; Shenk, T.; Pass, R.F. Cytomegalovirus. In Fields Virology; Knipe, D.M.,
Howley, P.M., Griffin, D.E., Martin, M.A., Lamb, R.A., Roizman, B., Straus, S.E., Eds.;
Lippincott-William & Wilkins: Philadelphia, PA, USA, 2007; pp. 2701–2772.

2. Boppana, S.B.; Ross, S.A.; Fowler, K.B. Congenital cytomegalovirus infection: Clinical outcome.
Clin. Infect. Dis. 2013, 57 (Suppl. 4), S178–S181. [CrossRef] [PubMed]

3. Gopalan, V.; Altman, S. RNase P: Structure and catalysis. In The RNA World; Gesteland, R.,
Cech, T., Atkins, J., Eds.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA,
2006; Volume 277.

4. Guerrier-Takada, C.; Gardiner, K.; Marsh, T.; Pace, N.; Altman, S. The RNA moiety of ribonuclease
P is the catalytic subunit of the enzyme. Cell 1983, 35, 849–857. [CrossRef]

5. Gopalan, V.; Vioque, A.; Altman, S. RNase P: Variations and uses. J. Biol. Chem. 2002, 277,
6759–6762. [CrossRef] [PubMed]

6. Forster, A.C.; Altman, S. External guide sequences for an RNA enzyme. Science 1990, 249,
783–786. [CrossRef] [PubMed]

7. Frank, D.N.; Harris, M.; Pace, N.R. Rational design of self-cleaving pre-tRNA-ribonuclease P RNA
conjugates. Biochemistry 1994, 33, 10800–10808. [CrossRef] [PubMed]

8. Liu, F.; Altman, S. Inhibition of viral gene expression by the catalytic RNA subunit of RNase P
from Escherichia coli. Genes Dev. 1995, 9, 471–480. [CrossRef] [PubMed]

9. Weiss, B.; Davidkova, G.; Zhou, L.W. Antisense RNA gene therapy for studying and modulating
biological processes. Cell. Mol. Life Sci. 1999, 55, 334–358. [CrossRef] [PubMed]

10. Van der Ree, M.H.; van der Meer, A.J.; de Bruijne, J.; Maan, R.; van Vliet, A.; Welzel, T.M.;
Zeuzem, S.; Lawitz, E.J.; Rodriguez-Torres, M.; Kupcova, V.; et al. Long-term safety and efficacy
of microRNA-targeted therapy in chronic hepatitis C patients. Antiviral Res. 2014, 111, 53–59.

http://dx.doi.org/10.1093/cid/cit629
http://www.ncbi.nlm.nih.gov/pubmed/24257422
http://dx.doi.org/10.1016/0092-8674(83)90117-4
http://dx.doi.org/10.1074/jbc.R100067200
http://www.ncbi.nlm.nih.gov/pubmed/11741968
http://dx.doi.org/10.1126/science.1697102
http://www.ncbi.nlm.nih.gov/pubmed/1697102
http://dx.doi.org/10.1021/bi00201a030
http://www.ncbi.nlm.nih.gov/pubmed/8075082
http://dx.doi.org/10.1101/gad.9.4.471
http://www.ncbi.nlm.nih.gov/pubmed/7533740
http://dx.doi.org/10.1007/s000180050296
http://www.ncbi.nlm.nih.gov/pubmed/10228554


Viruses 2015, 7 3358

11. Ditzler, M.A.; Bose, D.; Shkriabai, N.; Marchand, B.; Sarafianos, S.G.; Kvaratskhelia, M.;
Burke, D.H. Broad-spectrum aptamer inhibitors of HIV reverse transcriptase closely mimic natural
substrates. Nucleic Acids Res. 2011, 39, 8237–8247. [CrossRef] [PubMed]

12. Sarver, N.; Cantin, E.M.; Chang, P.S.; Zaia, J.A.; Ladne, P.A.; Stephens, D.A.; Rossi, J.J.
Ribozymes as potential anti-HIV-1 therapeutic agents. Science 1990, 247, 1222–1225. [CrossRef]
[PubMed]

13. Scherer, L.J.; Rossi, J.J. Approaches for the sequence-specific knockdown of mRNA.
Nat. Biotechnol. 2003, 21, 1457–1465. [CrossRef] [PubMed]

14. Zhou, J.; Rossi, J.J. Current progress in the development of RNAi-based therapeutics for HIV-1.
Gene Ther. 2011, 18, 1134–1138. [CrossRef] [PubMed]

15. Evans, D.; Marquez, S.M.; Pace, N.R. RNase P: Interface of the RNA and protein worlds.
Trends Biochem. Sci. 2006, 31, 333–341. [CrossRef] [PubMed]

16. Marvin, M.C.; Engelke, D.R. Broadening the mission of an RNA enzyme. J. Cell. Biochem. 2009,
108, 1244–1251. [CrossRef] [PubMed]

17. Jiang, X.; Bai, Y.; Rider, P.; Kim, K.; Zhang, C.; Lu, S.; Liu, F. Engineered external guide sequences
effectively block viral gene expression and replication in cultured cells. J. Biol. Chem. 2011, 286,
322–330. [CrossRef] [PubMed]

18. Kim, K.; Liu, F. Inhibition of gene expression in human cells using RNase P-derived ribozymes and
external guide sequences. Biochim. Biophys. Acta 2007, 1769, 603–612. [CrossRef] [PubMed]

19. Kilani, A.F.; Trang, P.; Jo, S.; Hsu, A.; Kim, J.; Nepomuceno, E.; Liou, K.; Liu, F. RNase P
ribozymes selected in vitro to cleave a viral mRNA effectively inhibit its expressionin cell culture.
J. Biol. Chem. 2000, 275, 10611–10622. [CrossRef] [PubMed]

20. Trang, P.; Lee, M.; Nepomuceno, E.; Kim, J.; Zhu, H.; Liu, F. Effective inhibition of human
cytomegalovirus gene expression and replication by a ribozyme derived from the catalytic RNA
subunit of RNase P from Escherichia coli. Proc. Natl. Acad. Sci. USA 2000, 97, 5812–5817.
[CrossRef] [PubMed]

21. Liu, F.Y.; Roizman, B. The promoter, transcriptional unit, and coding sequence of herpes simplex
virus 1 family 35 proteins are contained within and in frame with the UL26 open reading frame.
J. Virol. 1991, 65, 206–212. [PubMed]

22. Welch, A.R.; Woods, A.S.; McNally, L.M.; Cotter, R.J.; Gibson, W. A herpesvirus maturational
proteinase, assemblin: Identification of its gene, putative active site domain, and cleavage site.
Proc. Natl. Acad. Sci. USA 1991, 88, 10792–10796. [CrossRef] [PubMed]

23. Zou, H.; Lee, J.; Umamoto, S.; Kilani, A.F.; Kim, J.; Trang, P.; Zhou, T.; Liu, F. Engineered
RNase P ribozymes are efficient in cleaving a human cytomegalovirus mRNA in vitro and are
effective in inhibiting viral gene expression and growth in human cells. J. Biol. Chem. 2003, 278,
37265–37274. [CrossRef] [PubMed]

24. Kim, K.; Trang, P.; Umamoto, S.; Hai, R.; Liu, F. RNase P ribozyme inhibits cytomegalovirus
replication by blocking the expression of viral capsid proteins. Nucleic Acids Res. 2004, 32,
3427–3434. [CrossRef] [PubMed]

25. Zaug, A.J.; Cech, T.R. Analysis of the structure of Tetrahymena nuclear RNAs in vivo: Telomerase
RNA, the self-splicing rRNA intron, and U2 snRNA. RNA 1995, 1, 363–374. [PubMed]

http://dx.doi.org/10.1093/nar/gkr381
http://www.ncbi.nlm.nih.gov/pubmed/21727088
http://dx.doi.org/10.1126/science.2107573
http://www.ncbi.nlm.nih.gov/pubmed/2107573
http://dx.doi.org/10.1038/nbt915
http://www.ncbi.nlm.nih.gov/pubmed/14647331
http://dx.doi.org/10.1038/gt.2011.149
http://www.ncbi.nlm.nih.gov/pubmed/21956690
http://dx.doi.org/10.1016/j.tibs.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16679018
http://dx.doi.org/10.1002/jcb.22367
http://www.ncbi.nlm.nih.gov/pubmed/19844921
http://dx.doi.org/10.1074/jbc.M110.158857
http://www.ncbi.nlm.nih.gov/pubmed/20980254
http://dx.doi.org/10.1016/j.bbaexp.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17976837
http://dx.doi.org/10.1074/jbc.275.14.10611
http://www.ncbi.nlm.nih.gov/pubmed/10744757
http://dx.doi.org/10.1073/pnas.100101797
http://www.ncbi.nlm.nih.gov/pubmed/10811889
http://www.ncbi.nlm.nih.gov/pubmed/1845885
http://dx.doi.org/10.1073/pnas.88.23.10792
http://www.ncbi.nlm.nih.gov/pubmed/1961747
http://dx.doi.org/10.1074/jbc.M303531200
http://www.ncbi.nlm.nih.gov/pubmed/12867424
http://dx.doi.org/10.1093/nar/gkh660
http://www.ncbi.nlm.nih.gov/pubmed/15220469
http://www.ncbi.nlm.nih.gov/pubmed/7493315


Viruses 2015, 7 3359

26. Trang, P.; Liu, F. Mapping the regions of RNase P catalytic RNA that are potentially in close contact
with its protein cofactor. Methods Mol. Biol. 2008, 488, 267–277. [PubMed]

27. Kim, J.J.; Kilani, A.F.; Zhan, X.; Altman, S.; Liu, F. The protein cofactor allows the sequence of
an RNase P ribozyme to diversify by maintaining the catalytically active structure of the enzyme.
RNA 1997, 3, 613–623. [PubMed]

28. Bai, Y.; Trang, P.; Li, H.; Kim, K.; Zhou, T.; Liu, F. Effective inhibition in animals of viral
pathogenesis by a ribozyme derived from RNase P catalytic RNA. Proc. Natl. Acad. Sci. USA
2008, 105, 10919–10924. [CrossRef] [PubMed]

29. Trang, P.; Kim, K.; Zhu, J.; Liu, F. Expression of an RNase P ribozyme against the mRNA encoding
human cytomegalovirus protease inhibits viral capsid protein processing and growth. J. Mol. Biol.
2003, 328, 1123–1135. [CrossRef]

30. Miller, A.D.; Rosman, G.J. Improved retroviral vectors for gene transfer and expression.
Biotechniques 1989, 7, 980–982, 984–986, 989–990. [PubMed]

31. Yang, Y.H.; Li, H.; Zhou, T.; Kim, K.; Liu, F. Engineered external guide sequences are
highly effective in inducing RNase P for inhibition of gene expression and replication of human
cytomegalovirus. Nucleic Acids Res. 2006, 34, 575–583. [CrossRef] [PubMed]

32. Jiang, X.; Sunkara, N.; Lu, S.; Liu, F. Directing RNase P-mediated cleavage of target mRNAs by
engineered external guide sequences in cultured cells. Methods Mol. Biol. 2014, 1103, 45–56.
[PubMed]

33. Yang, Z.; Vu, G.P.; Qian, H.; Chen, Y.C.; Wang, Y.; Reeves, M.; Zen, K.; Liu, F. Engineered RNase
P ribozymes effectively inhibit human cytomegalovirus gene expression and replication. Viruses
2014, 6, 2376–2391. [CrossRef] [PubMed]

34. Matusick-Kumar, L.; Hurlburt, W.; Weinheimer, S.P.; Newcomb, W.W.; Brown, J.C.; Gao, M.
Phenotype of the herpes simplex virus type 1 protease substrate ICP35 mutant virus. J. Virol. 1994,
68, 5384–5394. [PubMed]

35. Jiang, X.; Chen, Y.C.; Gong, H.; Trang, P.; Lu, S.; Liu, F. Ribonuclease P-mediated inhibition
of human cytomegalovirus gene expression and replication induced by engineered external guide
sequences. RNA Biol. 2012, 9, 1186–1195. [CrossRef] [PubMed]

36. Chee, M.S.; Bankier, A.T.; Beck, S.; Bohni, R.; Brown, C.M.; Cerny, R.; Horsnell, T.;
Hutchison, C.A., 3rd; Kouzarides, T.; Martignetti, J.A.; et al. Analysis of the protein-coding content
of the sequence of human cytomegalovirus strain AD169. Curr. Top. Microbiol. Immunol. 1990,
154, 125–169. [PubMed]

37. Davison, A.J.; Dolan, A.; Akter, P.; Addison, C.; Dargan, D.J.; Alcendor, D.J.; McGeoch, D.J.;
Hayward, G.S. The human cytomegalovirus genome revisited: Comparison with the chimpanzee
cytomegalovirus genome. J. Gen. Virol. 2003, 84, 17–28. [CrossRef] [PubMed]

38. Liu, F.; Altman, S. Requirements for cleavage by a modified RNase P of a small model substrate.
Nucleic Acids Res. 1996, 24, 2690–2696. [CrossRef] [PubMed]

39. Zhou, T.; Kim, J.; Kilani, A.F.; Kim, K.; Dunn, W.; Jo, S.; Nepomuceno, E.; Liu, F. In vitro
selection of external guide sequences for directing RNase P-mediated inhibition of viral gene
expression. J. Biol. Chem. 2002, 277, 30112–30120. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/18982298
http://www.ncbi.nlm.nih.gov/pubmed/9174096
http://dx.doi.org/10.1073/pnas.0804922105
http://www.ncbi.nlm.nih.gov/pubmed/18663226
http://dx.doi.org/10.1016/S0022-2836(03)00398-X
http://www.ncbi.nlm.nih.gov/pubmed/2631796
http://dx.doi.org/10.1093/nar/gkj431
http://www.ncbi.nlm.nih.gov/pubmed/16432261
http://www.ncbi.nlm.nih.gov/pubmed/24318885
http://dx.doi.org/10.3390/v6062376
http://www.ncbi.nlm.nih.gov/pubmed/24932966
http://www.ncbi.nlm.nih.gov/pubmed/8057422
http://dx.doi.org/10.4161/rna.21724
http://www.ncbi.nlm.nih.gov/pubmed/23018778
http://www.ncbi.nlm.nih.gov/pubmed/2161319
http://dx.doi.org/10.1099/vir.0.18606-0
http://www.ncbi.nlm.nih.gov/pubmed/12533697
http://dx.doi.org/10.1093/nar/24.14.2690
http://www.ncbi.nlm.nih.gov/pubmed/8758997
http://dx.doi.org/10.1074/jbc.M200183200
http://www.ncbi.nlm.nih.gov/pubmed/12050148


Viruses 2015, 7 3360

40. Zeng, W.; Chen, Y.C.; Bai, Y.; Trang, P.; Vu, G.P.; Lu, S.; Wu, J.; Liu, F. Effective inhibition of
human immunodeficiency virus 1 replication by engineered RNase P ribozyme. PLoS ONE 2012,
7, e51855. [CrossRef] [PubMed]

41. Altman, S.; Kirsebom, L.A. Ribonuclease P. In The RNA World; Gesteland, R.F., Cech, T.R.,
Atkins, J.F., Eds.; Cold Spring Harbor Press: Cold Spring Harbor, NY, USA, 1999; pp. 351–380.

42. Liu, F. Ribonuclease P as A Tool; Springer: New York, NY, USA, 2010; pp. 257–276.
43. Dunn, W.; Chou, C.; Li, H.; Hai, R.; Patterson, D.; Stolc, V.; Zhu, H.; Liu, F. Functional profiling of

human cytomegalovirus genome. Proc. Natl. Acad. Sci. USA 2003, 100, 14223–14228. [CrossRef]
[PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0051855
http://www.ncbi.nlm.nih.gov/pubmed/23300569
http://dx.doi.org/10.1073/pnas.2334032100
http://www.ncbi.nlm.nih.gov/pubmed/14623981

	1. Introduction
	2. Materials and Methods
	2.1. Viruses, Cells and Antibodies
	2.2. Mapping of the AP mRNA Accessible Regions in Cells
	2.3. In Vitro Ribozyme Studies
	2.4. Construction of Ribozyme-Expressing Cell Lines
	2.5. Studies of Viral Gene Expression and Growth in M1GS-Expressing Cells
	2.6. Determination of the HCMV DNA Level
	2.7. Statistical Analysis

	3. Results
	3.1. Ribozyme-Mediated Cleavage of the AP mRNA Sequence in Vitro
	3.2. Ribozyme Expression in the Cultured Cells
	3.3. Ribozyme-Mediated Reduction of HCMV AP and PR Expression
	3.4. Inhibition of HCMV Replication Mediated by the Ribozymes
	3.5. The Antiviral Mechanism of Ribozyme-Mediated Cleavage of AP and PR mRNAs

	4. Discussion
	5. Conclusions



