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Inhibition of human cytomegalovirus major capsid protein
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ABSTRACT

External guide sequences (EGSs) signify the short RNAs that induce ribonuclease P (RNase P), an enzyme responsible for
processing the 5′′′′′ termini of tRNA, to specifically cleave a target mRNA by forming a precursor tRNA-like complex. Hence,
the EGS technology may serve as a potential strategy for gene-targeting therapy. Our previous studies have revealed that
engineered EGS variants induced RNase P to efficiently hydrolyze target mRNAs. In the present research, an EGS variant
was designed to be complementary to the mRNA coding for human cytomegalovirus (HCMV) major capsid protein (MCP),
which is vital to form the viral capsid. In vitro, the EGS variant was about 80-fold more efficient in inducing human RNase P-
mediated cleavage of the target mRNA than a natural tRNA-derived EGS. Moreover, the expressed variant and natural
tRNA-originated EGSs led to a decrease ofMCP expression by 98% and 73%–74% and a decrease of viral growth by about
10,000- and 200-fold in cells infected with HCMV, respectively. These results reveal direct evidence that the engineered
EGS variant has higher efficiency in blocking the expression of HCMV genes and viral growth than the natural tRNA-orig-
inated EGS. Therefore, our findings imply that the EGS variant can be a potent candidate agent for the treatment of infec-
tions caused by HCMV.

Keywords: external guide sequence; human cytomegalovirus; RNase P; gene-targeted therapy

INTRODUCTION

Human cytomegalovirus (HCMV), a human β-herpesvirus,
causes congenital defects in neonates and severe diseases
in immunosuppressed and immunocompromised hosts,
particularly AIDS patients and transplantation recipients
(Mocarski et al. 2013). Moreover, viral persistent/latent in-
fection, which is commonly found in blood progenitor cells
and leukocytes, plays an important role in HCMV patho-
genesis and has been associated with various HCMV-asso-
ciated disorders (Söderberg-Nauclér et al. 1997; Zhu et al.
2018). The absence of a vaccine for preventing HCMV in-
fection and the emergence of resistant virus strains have

demonstrated the necessity for new drug development
and more effective therapeutic regimens (Drew 1992;
Baldanti et al. 1996, 1998a,b). HCMVmajor capsid protein
(MCP) plays a crucial role in HCMV capsid formation and
generation of viral progeny (Gibson 1996; Dunn et al.
2003; Yu et al. 2003), and hence the therapy to block
MCP expression may serve as a novel strategy for treat-
ment of HCMV infection.
Nucleic acid-based gene interfering approaches are

promisinggene-targeting therapeuticmethods against hu-
man diseases including viral infections (Stein and Cheng
1993;Gopalanet al. 2002; Scherer andRossi 2003;Doudna
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and Charpentier 2014; Abudayyeh
et al. 2017). For example, small inter-
fering RNAs (siRNAs) were designed
to hybridize tomRNA targets of sever-
al human viruses and induced the en-
dogenous RNA-induced silencing
complex (RISC) to degrade the target
mRNAs, leading to knocking down
gene expression and inhibiting viral
infections (Jacque et al. 2002; Scherer
and Rossi 2003;Wiebusch et al. 2004).
HumanRNase P contains an RNAmoi-
ety (H1 RNA) and an auxiliary segment
with at least ten proteins (Gopalan
et al. 2002). RNase P-mediated degra-
dation to remove the leader sequenc-
es from precursor tRNAs (pre-tRNAs)
plays an essential role in the matura-
tion of the 5′ end of a tRNA (Evans
et al. 2006; Gopalan and Altman
2006; Marvin and Engelke 2009). RN-
ase P is capable of distinguishing the
structure of substrates but not the se-
quences, and therefore this enzyme
is able to degrade other substrates
that contain a structure similar to a
tRNA precursor structure. In principle,
any two RNA molecules, when form-
ing a complex that looks like a tRNA,
are sufficient to allow for RNase P-me-
diated cleavage of one of the RNAs,
the substrate RNA (Fig. 1A,B; Forster
and Altman 1990; Yuan et al. 1992).
The other RNA molecule refers to an
external guide sequence (EGS), which
must contain a sequence complemen-
tary to the substrate as well as other
sequences/domains that interact
with RNase P (Fig. 1; Liu 2010). Ac-
cordingly, any mRNA can be targeted
by a custom-designed EGS RNA to
direct RNase P for degradation. Previ-
ous studies have shown that EGS-
based technology can serve as an
approach to knockdowngeneexpres-
sion in mammalian cells as well as
bacteria (Yuan et al. 1992; Guerrier-
Takada et al. 1995; Plehn-Dujowich and Altman 1998; Ma
et al. 2000; Hnatyszyn et al. 2001; Zhu et al. 2004). Our pre-
vious research indicated that human RNase P-mediated
cleavage guided by EGSs could degrade the mRNA se-
quences of HCMV, herpes simplex virus 1 (HSV-1), Kaposi
sarcoma–associated herpesvirus, and hepatitis B virus
(HBV) in vitro and inhibited infection and gene expression
of these viruses in cultured cells (Kawa et al. 1998; Zhou

et al. 2002; Zhu et al. 2004; Yang et al. 2006; Jiang et al.
2012; Xia et al. 2013).

For EGS-based technology to serve as a practical tool for
knocking down gene expression as well as an agent for
gene-targeting therapeutic strategies, it is crucial to en-
hance the efficacy of EGS-induced degradation by
RNase P both in vitro and in vivo. Novel EGS variants, gen-
erated through our previous in vitro selection procedure,

DA
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FIGURE 1. Schematic presentation of RNase P substrates. (A) A natural substrate (pre-tRNA).
(B) The binding of an EGS to a target RNA (e.g., mRNA) resembling a tRNA structure.
(C–F ) Hybridized complexes of the MCP mRNA sequence with MCP-SER, MCP-SER-C, MCP-
V625, andMCP-V625-C, respectively. The structures ofMCP-SER andMCP-SER-C correspond-
ingtotheT-stemand-loop,andavariabledomainofatRNAoriginatedfromnaturalpre-tRNAser,
whileMCP-V625 andMCP-V625-C were derived from EGS variant V625. The arrowheadmarks
the RNase P cleavage position. The blue color regions represent the EGS sequences.
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were able to guide RNase P to degrade the mRNA of
HSV-1 thymidine kinase (TK) (Zhou et al. 2002). Further-
more, we showed that some of these variants induced RN-
ase P degradation ofmRNAs of HCMVand hepatitis B virus
and inhibited infection of these viruses in cells (Yang et al.
2006; Jiang et al. 2012; Xia et al. 2013). While MCP is cen-
tral for HCMV capsid formation and progeny production
(Gibson 1996; Dunn et al. 2003; Yu et al. 2003), no studies
of EGSs targeting HCMV MCP have been reported. It is
not known whether EGS variants, when custom-designed
for targeting the MCP mRNA, exert more effective sup-
pression of the gene expression of HCMV and viral growth
than a natural tRNA-originated EGS. The present study fo-
cused on investigating the efficacy of a custom-designed
EGS inducing RNase P to degrade the HCMV MCP
mRNA and inhibit HCMV infection in cultured cells. Our re-
sults revealed that engineered EGS RNAs blocked HCMV
MCP expression and viral growth more effectively than a
natural tRNA sequence-derived EGS, resulting in a reduc-
tion of HCMV MCP expression up to 98% and the growth
of HCMV as much as 10,000 times in HCMV-infected cells.
Furthermore, our study provides direct evidence that engi-
neered EGS variants targeting MCP mRNA may serve as a
promising therapeutic strategy for suppression of HCMV
infection.

RESULTS

In vitro RNase P-mediated degradation of the HCMV
MCP mRNA sequence directed by EGSs

HCMV major capsid protein (MCP), which is essential for
HCMV capsid formation and generation of viral progeny,
is encoded by a viral UL86 open reading frame that is
known to express a MCP mRNA transcript of ∼9 kb
(Gibson 1996; Dunn et al. 2003; Yu et al. 2003). The intra-
cellular mRNAs are mostly present in highly complex sec-
ondary structures and bind to proteins. Hence, selecting a
targeted domain of the MCP mRNA sequence, which is

approachable for interaction with EGSs for highly efficient
degradation by RNase P, is vital. In previous studies (Yang
et al. 2006; Jiang et al. 2012; Xia et al. 2013), we used
dimethyl sulfate (DMS) to map the approachable domain
of various mRNAs in cells (Liu and Altman 1995; Zaug
and Cech 1995). In this study, we grew HCMV-infected hu-
man U251 cells and incubated them in DMS-containing
culture media. It was expected that the nucleotides in
the approachable regions of the targeted mRNA would
be modified by DMS once it entered the cells. The total
mRNA samples were extracted, and we then determined
the approachable domains of the MCP mRNA subjected
to DMS modification by primer extension experiments.
With different primers bound to numerous viral and human
mRNAs, we showed that all 33 mRNAs examined in the
primer extension assays were modified by DMS in our ex-
periments. Using primers specifically bound to the MCP
mRNA regions, we showed that the MCP mRNA site that
was 597 nucleotides downstream from theMCP translation
start position was exceedingly susceptible to DMS modifi-
cation (data not shown). Therefore, this site was selected as
the RNase P cleavage position (Fig. 1C–F).
Previously, an in vitro selection procedure was per-

formed to identify the EGS variants that could direct human
RNase P-mediated degradation of the HSV-1 TKmRNA se-
quencewith higher efficiency than a natural tRNA-originat-
ed EGS (Zhou et al. 2002). The ability of the screened-out
EGS variants to target the HCMV MCP mRNA has not
been studied. In this report, we characterized the activity
of variant V625, one of the most efficient EGSs in guiding
RNase P degradation of the mRNA sequences of both
the TK and MCP (see below, Table 1). EGS MCP-V625
was constructed by covalently joining the T-loop, a
T-stem, as well as a variable region of V625 with sequences
partly complementary to the MCP mRNA sequence (Fig.
1E). EGS MCP-SER, based on the sequence of the natural
tRNAser, was designed in the same way as MCP-V625
(Fig. 1C). Two other EGSs, MCP-V625-C and MCP-SER-C,
originated from MCP-V625 and MCP-SER, respectively,

TABLE 1. Kinetic analyses of RNase P cleavage reactions for substrates ptRNAser or MCP mRNA sequence (mcp38) in the presence of
different EGSs

Substrate Km (µM)
Vmax (apparent)

(pmol ·min−1)
Vmax(apparent)/Km(apparent)

(pmol · µM−1 ·min−1) Kd (µM)

ptRNASer 0.020±0.005 0.054±0.016 2.7±0.4
Substrate mcp38

+MCP-SER 0.64±0.10 0.020±0.008 0.031±0.005 1.8±0.4

+MCP-SER-C ND ND <0.001 1.8±0.4
+MCP-V625 0.32±0.09 0.80±0.20 2.5±0.5 0.019±0.004

+MCP-V625-C ND ND <0.001 0.019±0.004

The values are derived from the experiments. Each experiment, which was done in triplicate, was repeated three times. Experimental details are described
in Materials and Methods.
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except that the T-loop containing the highly conserved re-
gion in these two control EGSs possessed three point mu-
tations (5′-UUC-3′ →AAG) (Fig. 1D,F). The natural tRNA
sequences mostly contain these nucleotides (Jühling
et al. 2009), which are believed to be essential for the inter-
actions between human RNase P and the tRNA domains
(Gopalan and Altman 2006; Marvin and Engelke 2009).
EGSs that contained these mutations failed to induce
RNase P-mediated cleavage (Yuan and Altman 1994;
Zhou et al. 2002; Zhu et al. 2004).

The DNA sequence templates coding for EGS RNAs
were generated and then used to synthesize EGS RNAs
by T7 RNA polymerase in vitro. The EGS RNAs were
then mixed with both human RNase P and the substrate,
mcp38, which included the targeting sequence of MCP
mRNA. Both MCP-SER and MCP-V625 showed human
RNase P-mediated degradation of mcp38, respectively
(Table 1). Further in vitro kinetic analysis experiments
were performed tomeasure the catalytic activity and to ob-
tain the Km(apparent) and Vmax(apparent) values and the overall
cleavage efficiency [Vmax(apparent)/Km(apparent)] of the EGSs
in cleavage reactions. MCP-V625 had higher efficiency
than MCP-SER by about 80-fold in inducing human
RNase P to cleave mcp38 (Table 1).

It is reasonable to suggest that the increased cleavage
activities of human RNase P probably resulted from addi-
tional tertiary binding between the EGS and mcp38 to fur-
ther stabilize the complex structure of mcp38-EGS. To
study whether the interaction of EGS variant MCP-V625
with the MCP mRNA sequence had higher affinity than
that of the EGS (i.e., MCP-SER) originated from the se-
quence of a natural tRNA, gel-shift assays were performed
to measure the constant of dissociation (Kd). The results
showed that the binding affinity of MCP-V625 to mcp38
was about 90 times higher than that of MCP-SER (Table
1). It is possible that the increased affinity and stability of
the substrate–EGS complex may result from additional in-
teractions between the EGS and mcp38, leading to better
targeting activity of the EGS.

Human RNase P-mediated degradation of mcp38 with
EGSs MCP-SER-C and MCP-V625-C was not apparent
and was slower than that with MCP-V625 by at least 1×
103-fold (Table 1). MCP-V625-C and MCP-SER-C shared
identical antisense sequence (Fig. 1D,F) and similar in vitro
binding affinities to mcp38 as MCP-V625 and MCP-SER,
respectively (Table 1). Thus, MCP-V625-C and MCP-SER-
C may serve as the control EGSs to account for the anti-
sense effects.

EGS expression in cultured cells

To establish cell lines expressing EGS RNAs, the DNA se-
quences encoding MCP-SER, MCP-SER-C, MCP-V625,
andMCP-V625-C were subcloned into the retroviral vector
LXSN prior to transfection into PA317 (amphotropic pack-

aging cells) to generate retroviral vectors. Retroviruses pro-
duced by these cells were then obtained and transfected
into human U251 cells for construction of the cell lines sta-
bly expressing these EGSs. Another cell line expressing
EGS TK112, which targeted TK mRNA (Kawa et al. 1998),
was constructed. TK112 was chosen as a control EGS to
determine whether an EGS RNA with an irrelevant guide
sequence was capable of inducing human RNase P to
degrade theMCPmRNAsequence in culturedcells. In vitro
experiments showed that TK112-mediated degradation of
substrate mcp38 was not found (data not shown). In assays
with MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide], the control cell line transfected with
LXSN vector was similar to the EGS-expressing cell lines
in viability and growth for at least 90 d (data not shown), in-
dicating that all these EGSs had low cytotoxicity. Northern
blot assayswere carriedout todetect the level of EGSRNAs
in these generated cell lines, and H1 RNA, the human
RNase P RNA subunit (Gopalan et al. 2002), was selected
to be the internal control (Fig. 2). The cell lines exhibiting
similar expression levels of EGS RNAs were chosen for fur-
ther study.

EGS-mediated suppression of HCMV MCP
expression

Tomeasure the activities of EGS, HCMVwas used to infect
the cells in a multiplicity of infection (MOI) of 0.5–1, and
then the total RNA samples, which were extracted from
the culture cells, were studied by northern blot analysis
for determination of the levels of MCP mRNA. HCMV 5-
kb-long immediate-early RNA (5 kb RNA), the expression
of which is not regulated by MCP in the experimental con-
ditions (Mocarski et al. 2013), served as the internal control
for quantifying theMCPmRNA level (Fig. 3). A decrease of
98% and 76% (the mean of triplicate assays) in MCPmRNA
expression was detected in the cells expressingMCP-V625
and MCP-SER, respectively (Table 2). In contrast, cells
expressing MCP-SER-C, MCP-V625-C, or TK112 only

FIGURE 2. EGS RNA expression in culture cells. Northern blot assay
was performed to analyze the RNA samples (40 µg) from the sub-
clonedcell linesthatexpressedMCP-SER(lanes1,5),MCP-SER-C(lanes
2,6), MCP-V625 (lanes 3,7), andMCP-V625-C (lanes 4,8), respectively.
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exhibited a reduction of <9%. Thus, these observations
suggested that inhibition of the targetedmRNA in the cells
expressing MCP-SER and MCP-V625 was attributed to
EGSs directing RNase P-mediated degradation. The anti-
sense effect wasprobably the reason for the small decrease
ofMCPmRNA level in the cells expressingMCP-SER-C and
MCP-V625-C, because these two control EGSs showed
comparable interaction affinity as MCP-SER and MCP-
V625, respectively, with the targeted MCP mRNA but
were not capable of directing RNase P for degradation.
We next determined the level of MCP protein expres-

sion in cells expressing EGSs using western blot assays.
At 24–72 h post-infection, total protein samples were har-
vested from cells, separated in polyacrylamide gels, trans-
ferred to films, and then stained with antibodies against
MCP (Fig. 4). For quantifying the level of MCP protein, hu-
man actin was used as an internal and loading control
(Fig. 4, lanes 1–4). A decrease of 98% and 73% in the
MCP protein expression was detected in cells expressing
EGS MCP-V625 and MCP-SER, respectively (Table 2; Fig.
4). In comparison, <9% decrease was observed in cells ex-
pressing control EGSs (Table 2; Fig. 4). The antisense

effect was probably responsible for
the low level of suppression in MCP
protein expression in cells expressing
MCP-SER-C or MCP-V625-C. Thus,
the decrease in the levels of the
MCP protein correlated well with the
reduction of expression of MCP
mRNA.

Suppression of HCMV growth in
cells expressing EGS by targeting
MCP mRNA

To evaluate the EGS-based suppres-
sion activity in viral replication, cells
were infected with HCMV at an MOI

of 1–5. Plaque assay experiments were carried out to mea-
sure the viral titers. On each day through 7 d post-infec-
tion, viral stocks from both the HCMV-infected cells and
culture medium were harvested and used to infect human
foreskin fibroblasts for determining the plaque forming
units (PFU). On the fifth day post-infection, reduction of vi-
ral titers of at least 10,000- and 200-fold was detected in
cells expressing EGS MCP-V625 and MCP-SER, respec-
tively (Fig. 5). On the contrary, no noticeable decrease
was observed in the cells expressing control EGSs MCP-
SER-C, MCP-V625-C, or TK112 (Table 2; Fig. 5). All these
findings implied that the engineered EGS (i.e., MCP-
V625), through in vitro procedure selection, blocked
HCMV growth with about 50 times more inhibition, com-
pared with the EGS originated from a natural tRNA (i.e.,
MCP-SER).

Suppression of HCMV capsid maturation by EGS-
induced RNase P cleavage

As the MCP plays a crucial role in HCMV capsid formation
(Mocarski et al. 2013), reducing the MCP expression may

FIGURE 3. Northern blot analysis for the levels of HCMVmRNAs. Parental U251 cells (–, lanes
3,7,11,15) and the cell lines expressing MCP-SER (lanes 4,8,12,16), MCP-V625-C (lanes
2,6,10,14), and MCP-V625 (lanes 1,5,9,13) were infected with HCMV (Towne) at MOI of
0.5–1. Total RNA samples were extracted from these cells. Northern blot analysis was per-
formed to detect the expression of HCMV 5 kb transcript (5 kb RNA) (lanes 1–4), MCP
mRNA (lanes 5–8), IE2 mRNA (lanes 9–12), and US2 mRNA (lanes 13–16).

TABLE 2. Inhibition level of viral gene expression in EGS-expressing cells, as compared to U251 cells

Viral gene class

EGS RNA

U251 TK112 MCP-SER-C MCP-V625-C MCP-SER MCP-V625

IE2 mRNA α 0% 0% 0% 0% 0% 0%

US2 mRNA β 0% 0% 0% 0% 0% 0%

MCP mRNA γ 0% 0% 5% 8% 76±9% 98±9%
UL80 γ 0% 0% 0% 0% 0% 0%

IE1 protein α 0% 0% 0% 0% 0% 0%

UL44 protein β, γ 0% 0% 0% 0% 0% 0%
MCP protein γ 0% 0% 4% 6% 73±8% 98±9%

M99 protein γ 0% 0% 0% 0% 0% 0%

The values are obtained from the experiments. Each experiment, which was done in triplicate, was repeated three times. Only the standard deviations with
values of more than 5% are shown.
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lead to the inhibition of HCMV capsid maturation and
therefore blockage of viral lytic replication. However, there
is a possibility that the decrease of viral production in the
EGS-expressing cells may not result from the EGS-induced
RNase P degradation of the MCP mRNA but from other
possible EGS-causing effects on HCMV lytic infection
that are irrelevant to the outcome of EGS-induced sup-
pression of MCP expression, which may include the sup-
pression of viral immediate-early gene expression and
genomic DNA replication. To resolve thesematters and in-
vestigate the specific effect of EGS-induced RNase P deg-
radation, two series of studies were performed to
determine the relationships between the EGS-mediated
degradation of the target MCP mRNA and the HCMV lytic
infection step(s) that was blocked in the MCP-SER- and
MCP-V625-expressing cells.

First, we evaluated whether the engineered EGSs affect-
ed the level of other viral gene expressions in HCMV-in-
fected cells. Suppressing MCP expression was not
expected to have an effect on the expression level of other
HCMV genes, such as immediate-early (α), early (β), and
late (γ) genes, which are not controlled by the MCP
(Mocarski et al. 2013). Northern blot assays were per-
formed to quantify the mRNA levels of HCMV IE2 (an α
transcript), US2 (a β transcript), and UL80 (a γ transcript).
Meanwhile, western blot assays were performed to exam-
ine the protein expression of viral IE1 (an α protein), UL44
[a late (βγ) protein], and UL99 [a late (γ) protein]. No notable
disparity was detected in these gene expressions among
the cells expressing different EGS RNAs (Table 2).
Hence, MCP-SER and MCP-V625 expression seemed to
specifically block MCP expression but not overall viral
gene expression.

Second, we examined whether MCP-SER and MCP-
V625 RNAs had any effect on viral genomic replication
and capsid formation. Total DNA was extracted from the
cells infected with HCMV. A semiquantitative polymerase
chain reaction (PCR) assay for the detection of HCMV IE1

sequence was performed to deter-
mine the levels of intracellular viral
DNA. Theexpressionof human β-actin
DNA was chosen to be the internal
control. The HCMV genomic DNA is
known tobeepisomal anddoes not in-
tegrate into the host genome, and
therefore the amount of the intracellu-
lar viral DNA truly reflects the viral ge-
nome level (Mocarski et al. 2013).
Moreover, we also determined the
levels of encapsidated HCMV DNA
to examine the degree of viral capsid
maturation within the cells by sub-
jecting the total DNA samples to
digestion with DNase I. The unencap-
sidatedDNA,which is not packaged in

the capsid, would beprone todigestion byDNase I, hence,
the intracellular “encapsidated” viral DNA from the sam-
ples treated with DNase I were examined by PCR for deter-
mination of the level of HCMV IE1 DNA sequence.

No remarkable difference was observed in the levels of
total intracellular HCMV DNA in the cells expressing
EGSs (Fig. 6, lanes 1–4) when we used the total DNA sam-
ples without treatment of DNase I. These findings suggest-
ed that inhibition of the MCP expression by the EGS-
induced RNase P cleavage did not affect the level of
HCMV genomic DNA replication. On the contrary, when
the samples were first incubated with DNase I and then as-
sayed, the levels of “encapsidated”DNAwerenotably low-
er in the MCP-SER-expressing cells and much lower in the
MCP-V625-expressing cells than those in cells expressing
no EGS or control EGSs MCP-SER-C, MCP-V625-C, or
TK112 (Fig. 6, lanes 5–8). These results implied that sup-
pressing the MCP expression by MCP-SER and MCP-
V625 did not affect HCMV DNA replication but led to the

FIGURE 4. Western blot analysis for the levels of human actin and HCMV proteins. Parental
U251 cells (–, lanes 3,7,11,15) and the cell lines expressing MCP-SER (lanes 4,8,12,16),
MCP-V625-C (lanes 2,6,10,14), and MCP-V625 (lanes 1,5,9,13) were infected with HCMV
(Towne) at MOI of 0.5–1. Protein samples were obtained from these cells, and then western
blot analysis was performed to detect the expression of human actin (lanes 1–4), HCMV
MCP (lanes 5–8), UL44 (lanes 9–12), and UL99 (lanes 13–16).

FIGURE 5. EGS-mediated inhibition of HCMV growth. Parental U251
cells and the cell lines expressing various EGSs were infected with
HCMV at a MOI of 2, and virus stocks were obtained on each day
through 7 d post-infection. The virus titer was determined by counting
the plaque-forming unit (PFU) in HFFs. The values were expressed as
the mean of three independent assays.
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blockage of the HCMV capsid maturation/formation steps.
Furthermore, the EGS variant (i.e., MCP-V625) created
through the in vitro selection procedures had higher effi-
ciency in inhibiting theHCMVcapsidmaturation/formation
than a natural tRNA-originated EGS (i.e., MCP-SER).

DISCUSSION

The technology based on RNase-P–associated EGS repre-
sents a promising and attractive tool with high specificity
and efficiency for gene interference. This strategy utilizes
the intracellular RNase P, which is directed by engineered
EGSs to degrade any target mRNAs (Gopalan and Altman
2006; Kim and Liu 2007). Moreover, EGS-directed RNase
P-mediated cleavage has high specificity and lacks “irrele-
vant cleavage” that is usually associated with conventional
antisense oligonucleotides inducing RNase H-mediated
cleavage (Ma et al. 2000). In order to be a practical therapy
strategy, the EGSs must be efficient in interfering with
gene expression. Generation of EGS variants with power-
ful efficacy may be necessary.
Limited available information is known about what re-

stricts EGS-mediated targeting of an mRNA in cultured
cells. Moreover, how to advance the effectiveness of
EGSs is not completely understood. In our current study,
EGS RNAs were custom-designed to target an approach-
able domain of the MCP mRNA. Furthermore, EGSs
were expressed constitutively under the U6 RNA promoter
with the intention for their expression in the nuclei. This de-
sign would enhance the chance for the EGS RNAs and
their targeted mRNA sequence to bind to human RNase
P, which is known to be positioned in the nuclei
(Gopalan and Altman 2006). In the described designs,
we assumed that the activity of EGS-guided RNase P to

degrade an mRNA is decided by its overall catalytic effi-
ciency (Vmax/Km) in cultured cells. Enhancing the catalytic
efficiency of EGS-induced cleavage by human RNase P
may result in stronger inhibition of the target mRNA ex-
pression in cultured cells.
Our findings demonstrated that a custom-designed EGS

variant produced in an in vitro selection procedure (i.e.,
MCP-V625) had about 80 times higher efficiency [Vmax

(apparent)/Km(apparent)] in vitro in inducing RNase P cleavage
of MCP mRNA sequence than the natural tRNAser se-
quence-derived EGS (i.e., MCP-SER). Further studies indi-
cated that MCP-V625 was more effective (98% vs. 73%–

76%) in suppressing the expression of MCP in cultured
cells, and about 50 times more efficient (10,000-fold vs.
200-fold) in decreasing viral growth in cells infected with
HCMV than MCP-SER. On the contrary, MCP-V625-C,
MCP-SER-C, or TK112 showed far less efficacy (<10%) in
blocking the expression of MCP and reducing the growth
of HCMV in cultured cells. In this study, MCP-V625-C and
MCP-SER-C, which served as the control EGSs, showed
relatively equivalent interaction affinity to substrate
mcp38 as MCP-V625 and MCP-SER respectively, but
exhibited little RNase P guiding activity because of the
T-loop mutations that prevented RNase P interaction
(Table 1; Fig. 1). These findings indicated that the suppres-
sion of HCMV gene expression and growth by MCP-V625
and MCP-SER was largely due to the specific action of
these two EGSs in inducing RNase P-mediated cleavage
but not the antisense effects of these EGSs or the other
nonspecific effects resulted from the EGSs. Furthermore,
the EGS variant (i.e., MCP-V625) showed higher efficiency
[Vmax(apparent)/Km(apparent)] in guiding RNase P to degrade
the MCP mRNA sequence in vitro and was more effective
in decreasing HCMV gene expression and growth in cul-
tured human cells. This study provides supporting evi-
dence to the hypothesis that enhancing the efficiency of
EGS guiding human RNase P to degrade a target mRNA
in vitro may lead to enhancement of reducing gene ex-
pression in culture cells.
In order to develop highly efficient functional RNA mol-

ecules, a procedure by in vitro selection can be performed
(Joyce 1992; Szostak 1992; Gold et al. 1995). In the present
study, an EGS RNA molecular variant selected in vitro,
whichwas screenedout fromapool of EGSRNAmolecules
including sequences at random (Zhou et al. 2002), showed
enhanced targeting efficacy in vitro and increased activity
in suppressing HCMV MCP expression and viral growth in
culture cells. Hence, the present research comes up with
a new and important insight into developing highly effi-
cient EGS RNAs by performing a selection procedure and
designing the binding region of the EGS to a targetmRNA.
Our previous studies have shown that engineered EGSs

blocked viral infections in cultured cells (Kawa et al. 1998;
Zhou et al. 2002; Zhu et al. 2004; Yang et al. 2006; Jiang
et al. 2012; Xia et al. 2013). Compared to these previous

FIGURE 6. The levels of the intracellular total HCMV DNA (A) and
encapsidated DNA (B). Total DNA (lanes 1–4) or the DNA samples in-
cubated with DNase I (lanes 5–8) were prepared from the HCMV-in-
fected (MOI=1) cells either not expressing an EGS (–, lanes 2,6) or
expressing EGS MCP-SER (lanes 1,5), MCP-V625-C (lanes 3,7), or
MCP-V625 (lanes 4,8). The HCMV IE1 sequence was amplified by
PCR, while the internal control was the human actin DNA sequence.
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studies, our current study is different in three ways. First,
one of the most important findings in this report is EGS
V625. Variant V625 has novel and unique sequences differ-
ent from those at the T-loops and T-stems, and variable
domains of natural tRNAs. Our study indicated that
MCP-V625 had at least 90-fold more affinity for substrate
mcp38 than MCP-SER (Table 1). Thus, EGS targeting effi-
cacy may be enhanced by increasing the target mRNA-
EGS complex stability and formation, possibly achieved
through creating additional tertiary interactions among dif-
ferent regions of the EGSs and the target mRNA.

Second, the EGS target in our study, MCP mRNA, is dif-
ferent from those in previous studies (Kawa et al. 1998;
Zhou et al. 2002; Zhu et al. 2004; Yang et al. 2006; Jiang
et al. 2012; Xia et al. 2013). HCMV MCP plays an essential
role in viral replication and has conserved homologs
among all viruses of the human herpesvirus family, which
also includes HSV-1, Epstein Barr virus, and Kaposi sar-
coma–associated herpesvirus (Mocarski et al. 2013). Our
results implied that interfering with the expression of these
proteins by the EGS strategy may serve as a promising ap-
proach against the infections of HCMV as well as other hu-
man herpesviruses. Studies using EGSs targeting HCMV
MCP mRNA have not previously been reported. In this re-
port, we showed a significant (∼10,000-fold) reduction of
viral growth attributed to the EGS targeting activity, and
provided direct evidence that suppression of HCMV
MCP expression by RNase-P–associated EGSs may repre-
sent a promising antiviral therapeutic strategy.

Third, MCP-V625 appeared to be among the most ac-
tive EGSs that have been constructed so far. In previous
anti-HCMV studies, EGS variants, which targeted viral
mRNAs other than MCP mRNA, had less than 40-fold
more efficient targeting activity than the tRNASER-originat-
ed EGSs in vitro, and inhibited the expression of viral gene
targets by 98% and viral growth by not more than 7000-
fold in cells (Yang et al. 2006; Jiang et al. 2012). In our cur-
rent study, MCP-V625 was at least 80-fold more efficient in
inducing RNase P-mediated degradation of MCP mRNA
than MCP-SER in vitro, and inhibited MCP expression by
98% and viral growth by 10,000-fold in human cells
(Tables 1, 2; Fig. 5). It has been shown that the efficacy
of the EGS-based technology in cells can be substantially
affected by the choice of the EGS targets and the mRNA
sequence interacting with the EGS and RNase P (Kawa
et al. 1998; Zhou et al. 2002; Zhu et al. 2004; Yang et al.
2006; Jiang et al. 2012; Xia et al. 2013). Additional studies
of EGSs targeting different sequences of various mRNAs
should improve our understanding in the determining fac-
tors for the effectiveness of the EGS-based technology in
cultured cells. These further studies will promote the de-
velopment of EGS-based technology as potentially effec-
tive anti-HCMV therapeutic strategies.

Little is currently known about how the novel and unique
sequences in V625 contribute to its increased targeting ac-

tivity. EGS variant MCP-V625 binds to mcp39 about 90
times better and is about 80 times more active in inducing
RNase P cleavage than MCP-SER, the EGS derived from a
natural tRNA. It is possible that additional tertiary interac-
tionsmay be present among the various unique sequences
of MCP-V625 and mcp38, in order to enhance the binding
of these sequences and the formation of mcp38-MCP-
V625 complex. The D-loop region of a tRNA (Fig. 1) has
been shown to affect tRNA structure folding and RNase
P interaction, potentially by interacting with the other re-
gions (e.g., T-loop and variant domains) of a tRNA (Evans
et al. 2006; Gopalan and Altman 2006; Marvin and
Engelke 2009). In the complex structure of mcp38-MCP-
V625, the 3′ domain of mcp38 may serve as a structure re-
sembling a part of the D-loop of a tRNA (Fig. 1E). It is con-
ceivable that various regions of mcp38 and MCP-V625
may form additional interactions, resulting in enhancing
the stability of the complex of mRNA-EGS and leading to
a higher binding affinity and better EGS targeting efficacy.
These potential additional interactions can be studied by
generating and characterizing additional EGSs by intro-
ducing the structurally different variable loop and other
MCP-V625 unique sequences into the natural tRNA-de-
rived EGS (i.e., MCP-SER). Further investigation of these
EGS variants should improve our understanding about
the mechanism of how EGS RNAs induce RNase P to effi-
ciently degrade the target mRNA substrates.

MATERIALS AND METHODS

Cells, viruses, and antibodies

PA317 cells, U251 cells, and human primary foreskin fibroblasts
(HFFs) were cultured in DMEM supplemented with 10% (vol/vol)
fetal bovine serum. As previously described (Trang et al. 2000;
Dunn et al. 2003), HFFs and U251 cells were used to propagate
HCMV (Towne strain). The human actin monoclonal antibody
was acquired from Sigma Inc. The anti-UL44, IE1, MCP, and
UL99 monoclonal antibodies of HCMV proteins were either ob-
tained from Virusyn or kindly provided by Professor William Britt
of the University of Alabama.

To map the viral mRNA approachable domain in
HCMV-infected cells

To detect the approachable domain of viral mRNA, an in vivo
mapping approach was carried out as previously described (Liu
and Altman 1995; Zaug and Cech 1995). First, HCMV was chosen
to infect U251 cells (MOI=1) for 8–24 h, and fresh DMEM media
was used to wash cells prior to treatment of 1% DMS for 5–10 min
(Liu and Altman 1995; Zaug and Cech 1995). Cells were washed
for three times using phosphate-buffered saline (PBS) supple-
mented with 1 mM β-mercaptoethanol, and then total RNA was
obtained following the protocol of the RNA extraction kit
(Qiangen China). To verify the DMS modification sites, primer ex-
tension assays were carried out following the procedures
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described previously (Trang et al. 2000; Yang et al. 2006; Jiang
et al. 2012). The chemically synthesized oligonucleotide primers
containing a 20 nt sequence complementary to several domains
of the target mRNA were 5′-radiolabeled in the presence of
γ-[32P]-ATP by T4 polynucleotide kinase. A STORM840
Phosphorimager was used to analyze the blocked primer exten-
sion sites that represented the DMS-modified positions (Trang
et al. 2000; Yang et al. 2006; Jiang et al. 2012).

In vitro generation of EGS constructs for studies

To construct the DNA sequence encoding the substrate mcp38,
pGEM3zf (+) served as a template by PCR and AF25 (5′-GGA
ATTCTAATACGACTCACTATAG-3′) and m38 (5′-GGTTCAGT
GCCTGTCGCGCCAGTGTGGCGTTTTCTACCCCTATAGTGAGT
CGTATTA-3′) as 5′ and 3′ primers, respectively. Moreover, PCR
was used to synthesize the EGS-encoding DNA sequences with
the previously constructed templates pV625 and pTK112 DNA
(Kawa et al. 1998; Zhou et al. 2002). These EGS DNA sequences
were under the control of the T7 RNA polymerase promoter
(Kawa et al. 1998). For construction of pMCP-SER, the 5′ and
3′ primer were oligoMCP-SER-5 (5′-GGAATTCTAATACGACTC
ACTATAGGTTAAC GTCGCGCGTGCGGTCTCCGCGC-3′) and
oligoMCP-SER-3 (5′-AAGCTTTAAATGCCACACGCAGGATTTG
AACCTGCGCGCGGAGACCGCAC-3′), respectively. For con-
struction of pMCP-SER-C, the 5′ and 3′ primer were oligoMCP-
SER-5 and the oligoMCP-SER-C-3 (5′-AAGCTTTAAATGCCACA
CGCAGGATTTCTTCCTGCGCGCGGAGACCGCAC-3′), respec-
tively. For construction of pMCP-V625, the 5′ and 3′ primer
were oligoMCP-V625-5 (5′-GGAATTCTAATACGACTCACTA
TAGGTTAACGTCGCGCGAACTGTCCGGA-3′) and oligoMCP-
V625-3 (5′-AAGCTTTAAATGCCACACGACCTATTCGAAGGTCC
GGACAGTTC-3′), respectively. For construction of pMCP-V625-
C, the 5′ and 3′ primer were oligoMCP-V625-5 and the
oligoCSP-V625-C-3 (5′-AAGCTTTAAATGCCACACGACCTATTC
CTTGGTCCGGACAGTTC-3′), respectively.

In vitro studies of cleavage reactions and binding

Human RNase P was extracted from HeLa cells following previ-
ously described protocols (Kawa et al. 1998; Zhou et al. 2002).
The [32P]-labeled mcp38 and the EGSs were incubated in buffer
A (50 mM Tris, pH 7.4, 100 mM NH4Cl, and 10 mM MgCl2) con-
taining human RNase P at 37°C. In order to examine the cleavage,
the reaction samples were run in denaturing gels, and then ana-
lyzed with a STORM840 Phosphorimager. Moreover, assays
were modified from the previously described protocols (Yuan
and Altman 1994; Zhou et al. 2002) to examine the kinetic param-
eters under multiple turnover conditions. At regular intervals,
aliquots of the reaction mixtures were withdrawn and polyacryl-
amide-urea gels were used to analyze the cleavage products.
We determined the Km(apparent) and Vmax(apparent) values using
the Lineweaver-Burk double-reciprocal plots (Liu and Altman
1994; Yuan and Altman 1994; Zhou et al. 2002).

To study the interaction of EGSs and theMCPmRNA sequence
in vitro, a gel shift approach was performed following the previ-
ously described protocols (Pyle et al. 1990; Kawa et al. 1998;
Zhou et al. 2002). Briefly, buffer B (50 mM Tris, pH 7.5, 100 mM
NH4Cl, 10mMMgCl2, 3% glycerol, 0.1% xylene cyanol, 0.1% bro-

mophenol blue) was used to incubate various concentrations of
EGSs for 10 min, and an equal volume of different concentrations
of substrate RNA was added. Binding of EGSs and mcp38 was
examined by incubating the samples for 10–120 min, and then
separating the samples in 5% polyacrylamide gels using electro-
phoresis under 10 watts (Pyle et al. 1990). The equilibrium disso-
ciation constant (Kd) values were calculated from a plot of the
percentage of product bound versus the EGS concentration
(Pyle et al. 1990; Kawa et al. 1998; Zhou et al. 2002), and the Kd

values were the average of the three independent assays.

Construction of the EGSs-expressing cell lines

The method of construction of the cell lines expressing EGSs was
used following previously described protocols (Miller and
Rosman 1989; Trang et al. 2000). PA317 (amphotropic cells) was
transfected with the LXSN-MCP-SER, LXSN-MCP-SER-C, LXSN-
MCP-V625, LXSN-MCP-V625-C, and LXSN-TK112 retroviral vec-
tors, respectively, and then these culture cell supernatants, which
comprised retroviruses, were collected and subsequently used to
infected U251 cells. At 48–72 h post-infection, cells were treated
with neomycin (500 µg/mL) for 14 d, and neomycin-resistant cells
were chosen and cloned.
MTT assay was carried out to evaluate the cytotoxicity of the

cell lines expressing EGSs. Parental U251 cells and the construct-
ed cell lines were seeded in 96-well plates, and then appropriate
volume of MTT solution [3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide; Sigma; 5mg/mL] was added at dif-
ferent points in time. The absorbance was examined in the micro-
plate reader at a wavelength of 570 nm. Three independent
experiments were carried out, with four parallel wells for each
time. The morphology of the cells was also observed with a
Nikon TE300 microscope.
Northern blot analysis experiments were performed to detect

the EGS expression following the previously described protocols
(Zhou et al. 2002; Bai et al. 2010). Total RNAs harvested from cul-
ture cells were separated in formaldehyde gels, transferred to ni-
trocellulose films, and then subjected to hybridization of [32P]-
labeled DNA probes containing the MCP-V625 andMCP-SER se-
quences. A STORM840 Phosphorimager was used for analysis.
The radiolabeled DNA probes detecting the expression of EGS
RNAs were produced using a random primed radiolabeling kit ac-
cording to the protocol of the manufacturer (Roche Applied
Science) (Zhou et al. 2002; Bai et al. 2010).

Assays of HCMV gene expression and viral growth
in EGS-expressing cells

To evaluate the EGS-mediated suppression of HCMV infection,
viruses were used to infect cells (MOI=1–5). We obtained viral
stocks from the cells by collecting the cells and culture superna-
tants each day through 7 d post-infection, adding 10% skim
milk, and sonicating the mixture. Plaque assays were performed
to determine the viral titers by infecting HFFs (Trang et al. 2000;
Dunn et al. 2003). The viral titer results were the mean of three in-
dependent experiments.
To accurately determine the level of HCMV mRNA and pro-

teins, northern andwestern blot analyses were carried out. As pre-
viously described (Zhou et al. 2002; Bai et al. 2010), both total viral
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proteins andmRNAs were harvested from the cells at 8–72 h post-
infection. The radiolabeled DNA probes to detect the human H1
RNA, HCMV immediate-early 5 kb RNA transcript, IE2 mRNA,
MCPmRNA, US2mRNA, and UL80mRNAwere cloned fromplas-
mids pH1 RNA, pCig27, pIE2, pMCP, pCig38, and pUL80, re-
spectively, and the detection of RNA expression was performed
following previous methods (Zhou et al. 2002; Bai et al. 2010).
In western blot assays, the total protein samples extracted from
cells were run in polyacrylamide gels, transferred to nitrocellulose
films, incubated with primary antibodies against HCMV proteins
and human actin, followed by binding with HRP-conjugated
secondary antibody, immunoreacted with the ECL substrates
(GE Healthcare), and then analyzed with a STORM 840
Phosphorimager (Zhou et al. 2002; Bai et al. 2010).

Determination of the level of intracellular viral
genomic DNA

Cells were mock-infected or infected with HCMV (MOI=1), and
then the viral inoculum was discarded after 2 h of incubation at
37°C. At 48–96 h post-infection, the total DNA and encapsidated
DNA (incubated with DNase I) were prepared as the templates for
PCR following the protocols described previously (Matusick-
Kumar et al. 1994). Human β-actin sequence was selected as
the PCR amplified control with primers Actin5 (5′-TGACGGG
GTCACCCACACTGTGCCCATCTA-3′) and Actin3 (5′-CTAGAA
GCATTGCGGTGGCAGATGGAGGG-3′), respectively. The level
of HCMV DNA was examined by PCR amplifying the sequence
of immediate-early IE1 with primers CMV3 (5′-CCAAGCGG
CCTCTGATAACCAAGCC-3′) and CMV4 (5′-CAGCACCATCCTC
CTCTTCCTCTGG-3′), respectively. PCR reactions were carried
out in the presence of radiolabeled α-[32P]-dCTP. Moreover, the
PCR products were run in polyacrylamide gels, and then analyzed
with a STORM840 Phosphorimager. The PCR results were the
mean of three independent assays.
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