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External guide sequences (EGSs) are RNA molecules that can bind to a target mRNA and direct ribonuclease P (RNase
P), a tRNA processing enzyme, for specific cleavage of the target mRNA. Using an in vitro selection procedure, we have
previously generated EGS variants that efficiently direct human RNase P to cleave a target mRNA in vitro. In this study,
we constructed EGSs from a variant to target the overlapping region of the mRNAs coding for human cytomegalovirus
(HCMV) capsid scaffolding protein (CSP) and assemblin, which are essential for viral capsid formation. The EGS variant was
about 40-fold more active in directing human RNase P to cleave the mRNA in vitro than the EGS derived from a natural
tRNA. Moreover, a reduction of about 98% and 75% in CSP/assemblin gene expression and a reduction of 7000- and
250-fold in viral growth were observed in HCMV-infected cells that expressed the variant and the tRNA-derived EGS,
respectively. Our study shows that the EGS variant is more effective in blocking HCMV gene expression and growth than
the tRNA-derived EGS. Moreover, these results demonstrate the utility of highly active EGS RNA variants in gene targeting

applications including anti-HCMV therapy.

Introduction

Human cytomegalovirus (HCMV) is a human herpesvirus and
causes serious clinical manifestations in newborns and immuno-
compromised populations such as AIDS patients.' For example,
this virus is the leading cause of congenital infections associated
with mental retardation in newborns.? Drug toxicity and the
emergence of drug-resistant virus strains associated with current
antiviral drug therapy*® have posed a need for developing new
drugs and strategies for treatment and prevention of infections by
HCMYV as well as other herpesviruses. HCMV capsid scaffold-
ing protein (CSP) completely overlaps with and is within the 3'
coding sequence of another viral capsid protein, assemblin.” Both
CSP and assemblin are believed to be essential for HCMV capsid
formation and viral replication.®’ Furthermore, homologous pro-
teins have been found in other herpesviruses and are conserved
among all herpesviruses.! Thus, CSP and assemblin may serve as
targets for novel drug development to combat HCMYV infection.

Nucleic acid-based gene interference strategies, such as anti-
sense oligonucleotides, ribozymes or DNAzymes, and RNA
interference (RNAI), represent powerful research tools and
promising therapeutic agents for human diseases.'®!! Each of
these approaches has its own advantages and limitations in terms
of targeting efficacy, sequence specificity, toxicity, and delivery
efficiency in vivo. Ribonuclease P (RNase P) has been proposed
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as a novel RNA-based gene interference strategy for knocking
down gene expression.'*"? By catalyzing a hydrolysis reaction
to remove the leader sequence of a precursor tRNA, RNase P
is responsible for the maturation of 5' termini of all tRNAs,
which account for about 2% of total cellular RNA.">'*"> Human
RNase P has at least ten polypeptides and a RNA subunit (H1
RNA).'® One of the unique features of RNase P is its ability to
recognize the structures, rather than the sequences of the sub-
strates, which allows the enzyme to hydrolyze different natural
substrates in vivo or in vitro. Accordingly, any complex of two
RNA molecules that resembles a tRNA molecule can be recog-
nized and cleaved by RNase P (Fig. 1A and B)."'® One of the
RNA molecules is called the external guide sequence (EGS). In
principle, an mRNA sequence can be targeted for RNase P cleav-
age by using EGSs to hybridize with the target RNA and direct
RNase P to the site of cleavage. Subsequent studies have shown
that expression of EGSs can modulate gene expression in bacteria
and in mammalian cells."** We have previously shown that EGS
RNAs derived from a natural tRNA efficiently directed human
RNase P to cleave the mRNA sequence encoding the thymidine
kinase (TK) of herpes simplex virus 1 (HSV-1) in vitro.*#* A
reduction of 75-80% in the TK mRNA and protein expression
was observed in HSV-1 infected cells expressing the EGS RNAs.

Targeted cleavage of mRNA by human RNase P provides
a unique approach to inactivate any RNA of known sequence
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in cultured cells. Our results provide direct evidence to sug-
gest that engineered EGS RNAs are more effective in block-
ing HCMV CSP/assemblin expression and growth than the
EGS derived from the natural tRNA sequence, leading to an
inhibition of up to 98% in HCMV CSP expression and a
reduction of up to 7,000 fold in HCMV growth in cultured
cells. These results demonstrate the potential of generating
highly active EGS variants and using them as a research tool
and as a therapeutic agent for gene-targeting applications.
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Results

RNase P-mediated cleavage of the HCMV CSP mRNA
sequence induced by EGSs in vitro. It is important to select
the target regions of the CSP mRNA that are accessible to
EGS binding as most intracellular RNAs are usually associ-
ated with proteins and are present in folded conformations.
We have employed an in vivo mapping assay with dimethyl
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sulfate (DMS)**¥ to examine the accessibility of the CSP
mRNA. In this assay, human U373MG cells were infected
with HCMV and then incubated with culture media that
contained DMS. DMS entered the cells and modified the
nucleotides of the mRNA regions that were accessible.
Total mRNAs were isolated and those regions of the CSP
mRNA that were modified by DMS were mapped by primer
extension assays in the presence of reverse transcriptase. A
position, 218 nucleotides downstream from the translation

initiation codon, was chosen as the cleavage site for EGSs.

Figure 1. Substrates for RNase P. (A) A natural substrate (ptRNA). (B) A
hybridized complex of an EGS and a target RNA (e.g., mRNA) that resembles
the structure of a tRNA. (C, D, E, and F) Complexes between CSP mRNA
sequence and EGS CSP-SER, CSP-SER-C, CSP-C321, and CSP-C321-C, respec-
tively. The sequences of CSP-SER and CSP-SER-C that were equivalent to the
T-stem and loop, and variable region of a tRNA molecule were derived from

The site of cleavage by RNase P is marked with an arrowhead. The EGS se-

around the targeting site was shown (in green).

tRNA®", while those of CSP-C321 and CSP-C321-C were from EGS variant C321.

quence was shown in brown color. Only the exact sequence of the CSP mRNA

This site appeared to be one of the regions most accessible
to DMS modification (data not shown) and is presumably
accessible to EGS binding.

In our previous studies, an in vitro selection procedure
was used to isolate EGS RNA variants that are more effi-
cient in directing human RNase P for cleavage of the TK
mRNA sequence than the EGS derived from a natural
tRNA sequence.” However, little is known about whether
these variants are also highly active when they are used to

expressed in vivo. The in vitro efficiency of EGS-induced RNase
P cleavage as well as its efficacy in vivo needs to be improved in
order to develop EGSs for practical use in vivo. Using an in vitro
selection procedure, we have recently isolated novel EGS variants
that direct RNase P to cleave TK mRNA in vitro more efficiently
than those derived from a natural tRNA sequence.” Little is cur-
rently known about how these EGS RNA variants increase their
activities in directing RNase P to cleave a target mRNA. Equally
unclear is whether these engineered EGS RNAs are more effective
in blocking HCMYV gene expression and replication in cultured
cells than the EGS derived from a natural tRNA. In this study,
one of these EGS variants was used to target the overlapping
region (CSP mRNA) of the mRNAs encoding HCMV capsid
scaffolding protein (CSP) and assemblin, which are essential for
viral capsid formation and replication.! We investigated the activ-
ity of the EGS in inducing RNase P to cleave the target mRNA
and its efficacy in inhibiting HCMV gene expression and growth
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target another mRNA. To address these issues, we chose
variant C321 for the study because the EGS RNAs derived
from this variant are among the most active EGSs in inducing
RNase P to cleave the TK as well as the CSP mRNA sequences in
vitro (Table 1). By covalently linking the EGS domain of C321
to the targeting sequences that are complementary to the CSP
mRNA, we constructed EGS CSP-C321, which resembles a part
of a tRNA structure and contains a T-loop, a T-stem, and a vari-
able region but not the anticodon region that is dispensable for
EGS activity (Fig. 1E).

Another EGS, CSP-SER, which was derived from the natural
tRNAser sequence, was also constructed in a similar way and
included in the study (Fig. 1C). Two additional EGSs, CSP-
C321-C and CSP-SER-C, were also constructed and derived
from CSP-C321 and CSP-SER, respectively, and contained
point mutations (5-UUC-3' - > AAG) at the three highly con-
served positions in the T-loop of these EGSs (Fig. 1D and F).
These nucleotides, found in most of the known natural tRNA
sequences,”® are believed to be important for the interactions
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Table 1. Kinetic parameters [V, o K pparent)’ andV oK o ) in the RNase P-mediated cleavage reactions of ptRNA*" or csp38 in the pres-
ence of different EGSs
Substrate K_ (.M) e — (pmol-min') m“(appmlem(Bppmm (pmol-p.M'-min) K, (M)
ptRNASe" 0.018 + 0.005 0.050 + 0.015 28+0.5
CSP mRNA(csp38)
+CSP-SER 0.50+0.08 0.025 £ 0.010 0.050 £ 0.010 1.5+£04
+CSP-SER-C ND ND < 0.001 1.5+04
+CSP-C321 0.37 £0.08 0.82 £0.30 22+04 0.030 + 0.005
+CSP-C321-C ND ND < 0.001 0.029 + 0.005
The values shown are the average derived from triplicate experiments.
between the tRNA domains and human RNase P>’ EGSs
carrying these mutations have been shown to preclude RNase CSP mRNA Substrate
P recognition and exhibited little activity in directing RNase Q
P-mediated cleavage.'**>% a % &
EGS RNAs were synthesized in vitro from the DNA sequence S £ : =
templates by T7 RNA polymerase and subsequently incubated .8 8 8 &

with human RNase P and substrate csp38, which contains the
target CSP mRNA sequence. CSP-SER and CSP-C321 effi-
ciently induced human RNase P-mediated cleavage of the CSP
mRNA sequence in vitro as apparent cleavage of the substrate
was observed in the presence of these EGSs (Fig. 2, lanes 2 and
3). In contrast, no cleavage of csp38 by RNase P was observed
in the absence of these EGSs (Fig. 2, lane 1). To further study
the activity of the EGS in vitro, we performed detailed kinetic
analyses in the presence of different EGSs and determined the
values of K. ppareny 20 nd V
age efficiency [V__ Pmm) e appMem)] for the cleavage reactions.
CSP-C321 was hlghr efficient in directing human RNase P to
cleave csp38 and was at least 40—fold more active than CSP-SER
(Table 1). An increase in the cleavage rate of RNase P may be due
to additional tertiary interactions that may potentially stabilize
the mRNA-EGS complex. If this is the case, it is expected that
the binding affinity of the EGS variant (i.e., CSP-C321) to the
CSP mRNA sequence may be better than that of the EGS (i.e.,
CSP-SER) derived from the natural tRNA sequence. We deter-
mined the binding affinities of EGS CSP-C321 and CSP-SER to

substrate csp38 by measuring the dissociation constant (K) with

as well as the overall cleav-

max(apparen()

gel-shift assays for the separation of substrate-EGS complexes
in polyacrylamide gels under non-denaturing conditions. Our
results showed that CSP-C321 exhibited about 50 times higher
binding affinity to csp38 than CSP-SER (Table 1). Because both
CSP-C321 and CSP-SER have the same antisense sequences to
csp38 (Fig. 1C and 1E), these results suggest that the increased
binding affinity and the stability of the substrate-EGS complex
in the presence CSP-C321 is probably due to the additional ter-
tiary interactions introduced by this EGS.

In the presence of control EGSs CSP-SER-C and CSP-
C321-C, cleavage of csp38 by human RNase P was barely
detected (Fig. 2, lanes 4, data not shown) and was at least 1x10°-
fold slower than the cleavage in the presence of CSP-C321
(Table 1). CSP-C321-C and CSP-SER-C contained the same
antisense sequence to the CSP mRNA sequence as CSP-C321
and CSP-SER (Fig. 1D and F), and exhibited similar binding

1188 RNA Biology
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Figure 2. Cleavage of CSP mRNA sequence (substrate csp38) by human
RNase P in the presence of different EGSs. No EGS was added to the re-
action mixture in lane 1. EGS CSP-SER (10 nM) (lane 3), CSP-C321 (2 nM)
(lane 2), CSP-C321-C (10 nM) (lane 4), and TK112 (10 nM) (lane 5) were
incubated with [*?P]-labeled CSP RNA substrate (20 nM) and human
RNase P (2 units) at 37°C in a volume of 10 | for 45 min in buffer A (50
mM Tris, pH 7.4, 100 mM NH,Cl, and 10 mM MgCl,). Experimental details
can be found in Materials and Methods.

affinities to csp38 as CSP-C321 and CSP-SER, respectively,
when assayed in vitro (Table 1). Therefore, CSP-C321-C and
CSP-SER-C can be used as controls for the antisense effect of
these EGSs.

Expression of the engineered EGSs in human cells. The
DNA sequences coding for CSP-SER, CSP-SER-C, CSP-C321,
and CSP-C321-C were cloned into retroviral vector LXSN and
placed under the control of the small nuclear U6 RNA promoter,
which has previously been shown to express EGS RNAs effi-
ciently."®?%3 This promoter is transcribed by RNA polymerase
II1, and its transcripts are highly expressed and primarily local-
ized in the nucleus."**3! To construct cell lines that express EGS
RNAs, we transfected amphotropic packaging cells (PA317) with
LXSN-EGS DNAs to produce retroviral vectors that contained
the genes for EGS RNAs. Human U373MG cells were then
infected with these vectors, and cells expressing the EGSs were
cloned.

We also constructed an additional cell line, which expressed

EGS TK112 that targeted the mRNA for thymidine kinase (TK)
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Figure 3. EGS RNA expression in cultured cells. Northern analyses were
performed using nuclear RNA fractions isolated from parental U373MG
cells (-, lanes 4 and 8) and a cloned cell line that expressed CSP-SER
(lanes 3 and 7), CSP-C321 (lanes 2 and 6), and CSP-C321-C (lanes 1
and 5). Equal amounts of each RNA sample (30 .g) were separated on
2% agarose gels that contained formaldehyde, transferred to nitrocel-
lulose membranes, and hybridized to a [*?P]-radiolabeled probe that
contained the DNA sequence coding for EGS CSP-SER/CSP-C321 (lanes
1-4) or H1 RNA (lanes 5-8), the RNA subunit of human RNase P and a
nuclear RNA.” The hybridized products corresponding to the full-
length retroviral transcripts (~6kb), transcribed from the LTR promoter,
are at the top of the gel and are not shown.

of herpes simplex virus (HSV-1).>* No RNase P-mediated cleav-
age of substrate csp38 in the presence of TK112 was observed in
vitro (Fig. 2, lane 5). We used this EGS to determine whether
EGS RNA with an incorrect guide sequence could target CSP
mRNA in tissue culture. Our MTT assays revealed that the
constructed lines and a control line in which cells were trans-
fected with LXSN vector DNA alone were indistinguishable in
terms of their growth and viability for up to three months (data
not shown), suggesting that the expression of the EGSs did not
appear to exhibit significant cytotoxicity.

The level of EGS RNA in the constructed cell lines was
determined by Northern analysis, using that of H1 RNA, the
RNA subunit of human RNase P, which is exclusively localized
in the nuclei,' as the internal control (Fig. 3). The EGS RNAs
were readily expressed in the nuclei as they were detected in the
nuclear RNA fractions (Fig. 3, data not shown). Only the cell
lines that expressed similar levels of these EGS RNAs were used
for further studies in tissue culture.

The activity of EGS for inhibiting viral CSP and assem-
blin expression. To study the EGS activities in cultured cells,
cells were infected with HCMV at a multiplicity of infection
(MOI) of 0.05-1. Total RNAs were isolated from the infected
cells at 8-72 h postinfection, and Northern analyses were used to
determine the expression levels of CSP and assemblin mRNAs.
The level of the 5 kb long viral immediate-early transcript (5 kb
RNA), expression of which is not regulated by CSP or assemb-
lin under the assay conditions,' was used as an internal control
for the quantitation of expression of CSP and assemblin mRNAs
(Fig. 4A and B). In addition, the expression level of human H1
RNA was also used as a control and was similar in each lane

www.landesbioscience.com

(Fig. 4C). These results suggested that an equal amount of cel-
lular RNAs was present in each lane of the gel. We observed a
reduction of about 98% and 75% (average of three experiments)
in the expression level of CSP/assemblin mRNAs in cells that
expressed CSP-C321 and CSP-SER, respectively (Table 2). In
contrast, a reduction of less than 10% in the expression level of
these two mRNAs was observed in cells that expressed CSP-
SER-C, CSP-C321-C, or TK112. These results suggest that the
significant reduction of the target mRNA expression in cells
that expressed CSP-SER and CSP-C321 was due to the RNase
P-mediated cleavage directed by the EGS. The low level of inhibi-
tion found in cells that expressed CSP-SER-C and CSP-C321-C
was probably due to an antisense effect because these two control
EGSs exhibited similar binding affinity to the target sequence as
CSP-SER and CSP-C321 but did not direct RNase P for targeted
cleavage.

To examine the protein levels of CSP and assemblin in EGS-
expressing cells, proteins were isolated from cells at 24-72 h
postinfection, separated in SDS-polyacrylamide gels, and trans-
ferred to membranes, and reacted with antibodies against CSP
and assemblin (Fig. 5B, data not shown). The double bands in
Figure 5B represent the full length and processed CSP protein.’
The membranes were also stained with a monoclonal antibody
against human actin (anti-Actin) (Fig. 5A). The expression of
actin served as an internal control for the quantitation of CSP
and assemblin protein expression. A reduction of about 98% and
75% in the level of CSP/assemblin proteins was observed in cells
that expressed EGS CSP-C321 and CSP-SER, respectively, while
a reduction of less than 10% was detected in cells that expressed
control EGSs (Table 2). The low level of reduction in the expres-
sion level of CSP and assemblin proteins observed in cells that
expressed CSP-SER-C or CSP-C321-C was presumably due to
the antisense effect of the EGS. We note that the levels of reduc-
tion in the amount of the CSP/PR mRNAs correlated well with
those in the amount of the CSP/PR proteins.

The activity of EGS for inhibiting HCMV growth by tar-
geting CSP mRNA. To study the activity of EGS for inhibiting
HCMYV replication, cells were infected by HCMV at an MOI
of 1-5. Virus stocks were prepared from the infected cultures
(cells and culture medium together) at 1 d intervals through 7
d postinfection and the number of plaque forming units (PFU)
was determined by measuring the viral titer on human foreskin
fibroblasts. After 5 d postinfection, a reduction of at least 7,000
and 250 fold in viral yield was observed in cells that expressed
EGS CSP-C321 and CSP-SER, respectively (Fig. 6). No signifi-
cant reduction was found in cells that expressed the control EGSs
CSP-SER-C, CSP-C321-C, or TK112 (Fig. 6, data not shown).
These results suggest that the engineered EGS that was generated
by the in vitro selection procedure is about 30 times more effec-
tive in inhibiting HCMV growth than the EGS derived from a
natural tRNA sequence.

Specific inhibition of HCMYV capsid formation by EGS
RNA-directed targeting of CSP mRNA. Inhibition of HCMV
CSP expression is expected to lead to a reduction of HCMV
lytic replication as the CSP is essential for viral capsid assem-
bly.! Meanwhile, it is possible that the observed reduction of viral
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replication in the EGS-expressing cells is not necessarily due to
specific EGS RNA-directed RNase P cleavage of CSP and assem-
blin mRNAs but is due to other effects of the EGS on viral lytic
replication that are unrelated to the consequence of the EGS-
directed cleavage or the inhibition of viral CSP or assemblin
expression, such as blocking the expression of viral immediate-
early genes. To exclude these possibilities and further study the
specificity of the EGS-directed cleavage, we performed two sets
of experiments to investigate the step of the viral lytic cycle that
is blocked in the cells that expressed CSP-SER and CSP-C321.

In the first set of experiments, we examined the expression
of other viral genes in the cells. Inhibition of CSP and assem-
blin expression is not expected to affect the expression of other
viral genes, including immediate-carly (o), early (B), and late
(y) genes, which are not regulated by the CSP or the assemblin.!
We performed Northern analyses to determine the expression
levels of the IE2 (an a transcript) and US2 mRNA (a B tran-
script). Moreover, we performed Western analyses to determine
the expression level of viral protein UL44, a viral late (By) pro-
tein and UL83, a viral late (y) protein. We observed no signifi-
cant difference in the expression level of these genes in cells that
expressed different EGS RNAs (Table 2). Thus, the expression
of CSP-SER and CSP-C321 appeared to specifically inhibit the
expression of CSP and assemblin, and did not affect overall viral
gene expression.

In the second set of experiments, we investigated whether viral
genomic replication as well as capsid maturation is affected in the
cells that expressed CSP-SER and CSP-C321 RNAs. Total DNA
was isolated from HCM V-infected cell lysates. The level of intra-
cellular viral DNA was determined by PCR detection of HCMV
IE1 sequence, using the level of B-actin DNA as the internal con-
trol. The amount of the intracellular viral DNA detected by the
PCR assay represents the replication level of the viral genome
because HCMV only replicates in an episomal form and does
not integrate its DNA into the host genome.! To examine viral
capsid formation, we assayed the level of encapsidated viral DNA
in order to determine the level of mature capsid formed in the
infected cells. We isolated DNA samples from HCM V-infected
cell lysates that were treated with DNase 1. The encapsidated
viral DNAs are expected to be resistant to DNase I digestion
while those that are not packaged in the capsid are expected to be
susceptible to degradation. We determined the level of intracel-
lular “encapsidated” viral DNA by PCR detection of HCMV IE1
sequence from the DNase I-treated samples.

When assaying the DNA samples from cell lysates that were
not treated with DNase I, no significant difference in the level
of total intracellular (both encapsidated and uncapsidated) viral
DNA was found in the EGS-expressing cells (Fig. 7, lanes 1-4).
These results suggested that a reduction of CSP and assemblin
expression by the EGS does not affect the step of viral genome
replication. When the DNase I-treated samples were assayed,
however, the level of “encapsidated” DNA was significantly
reduced in the cells that expressed CSP-SER and even lower in
cells that expressed CSP-C321, compared with those in cells
that did not express any EGS RNAs or expressed control EGS
CSP-SER, CSP-C321, or TK112 (Fig. 7, lanes 5 and 6). These
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Figure 4. Expression of HCMV mRNAs as determined by Northern
analysis. Cells (1x10°) were either mock-infected (lanes 1, 6, and 11) or
infected with HCMV (MOl = 1) (lanes 2-5, 7-10, and 12-15) and were
harvested at 36 h postinfection. Northern analyses were performed
using RNA isolated from parental U373MG cells (-, lanes 1, 4, 6, 9, 11,
and 14) and cell lines that expressed CSP-SER (lanes 5, 10, and 15),
CSP-C321-C (lanes 3, 8, and 13), and CSP-C321 (lanes 2, 7, and 12).
Equal amounts of each RNA sample (30 p.g) were separated on agarose
gels that contained formaldehyde, transferred to a nitrocellulose
membrane, and hybridized to a [*?P]-radiolabeled probe that contained
the DNA sequence of the HCMV 5 kb transcript (lanes 1-5), CSP mRNA
(lanes 6-10), and human H1 RNA (lanes 11-15).

observations suggest that EGS-mediated inhibition of CSP and
assemblin expression does not affect the replication of viral DNA
but blocks the event(s) during capsid formation. Moreover, the
engineered EGS (i.e., CSP-C321) was more effective in blocking
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Figure 5. Expression of human actin and HCMV proteins as assayed by
western blot analysis. Protein samples were isolated from the parental
U373MG cells or EGS-expressing cells that were either mock-infected
(lanes 1 and 6) or infected with HCMV (MOI = 0.5-1) (lanes 2-5 and
6-10) for 48 h, separated in either SDS-polyacrylamide gels, transferred
to membranes, and reacted with antibodies against human actin (A)
and HCMV CSP (B). The double bands in (B) represent the full length and
processed CSP protein.’

HCMYV capsid formation than the EGS (i.e., CSP-SER) derived
from a natural tRNA.

Discussion

EGS-based technology represents an attractive and promising
approach for gene inactivation. This technology utilizes endog-
enous RNase P to generate highly efficient and specific cleavage
of the target RNA."*" Furthermore, RNase P-mediated cleavage
directed by EGSs is highly specific and does not generate “irrele-
vant cleavage” that is usually associated with RNase H-mediated
cleavage induced by conventional antisense oligonucleotides.?’
Further studies to improve the efficacy of the EGSs in inhibiting
gene expression, including the construction of highly active EGS
variants, will facilitate the development of the EGS technology
for practical gene-targeting applications.

Little is currently known about the rate-limiting step of EGS-
targeting reaction in cultured cells. Equally unclear is whether
the efficacy of the EGSs can be improved, and if so, how it can
be improved. In the present study, we constructed EGS RNAs
that targeted an accessible region of the CSP mRNA. Moreover,
we used the small nuclear U6 RNA promoter expression cassette
to express the EGSs in the nuclear compartment. This design
would increase the probability for the EGS RNAs to bind to their
target mRNA sequence and co-localize with human RNase P,
which is exclusively localized in the nuclei.’? Under the described
settings, we postulated that the efficacy of EGS technology in
cultured cells is dictated by the catalytic efficiency (V__ /K ) of
RNase P-mediated cleavage directed by the EGS. If this is the
case, increasing the activity of EGS in directing RNase P cleavage
may lead to more effective inhibition of the target mRNA expres-
sion in cultured cells.

www.landesbioscience.com

Our results showed that an engineered EGS variant generated
by the in vitro selection procedure (i.e., CSP-C321) is about 40
times more active [Vmax(appmm) m(appmm)] in directing RNase P
to cleave CSP mRNA sequence in vitro than the EGS (i.e., CSP-
SER) derived from the natural tRNA** sequence. Moreover, we
showed that CSP-C321 inhibited CSP/assemblin expression in
cultured cells by about 98% and was more effective than CSP-
SER, which reduced CSP/assemblin expression by about 75%.
A reduction of about 7,000-fold in viral growth was observed in
the CSP-C321-expressing cells while a reduction of about 250-
fold was observed in cells that expressed CSP-SER. In contrast,
a reduction of less than 10% in the CSP/assemblin expression
level and viral growth was observed in cells that expressed CSP-
C321-C, CSP-SER-C, or TK112. In the experiments with the
control EGSs, CSP-C321-C and CSP-SER-C exhibited similar
binding affinity to csp38 as CSP-C321 and CSP-SER, respec-
tively, but were inactive in directing RNase P-mediated cleavage
due to the presence of the mutations at the T-loop that precluded
RNase P recognition (Figs. One and 2, Table 1). These results
suggest that the observed inhibition of HCMV gene expression
and growth with CSP-C321 and CSP-SER is primarily attrib-
uted to the specific targeted RNase P-mediated cleavage induced
by these two EGSs as opposed to the antisense effect or other
nonspecific effects of the EGSs. Furthermore, our study indicates
that the EGS (i.e., CSP-C321) that is more active [Vmax(appam“)

m(apparem)] in inducing RNase P to cleave CSP mRNA sequence
in vitro is also more effective in inhibiting HCMV gene expres-
sion and growth in cultured cells. These results support our
hypothesis that increasing the activity of EGS in directing RNase
P cleavage may lead to improved efficacy in inhibiting gene
expression in cultured cells.

In vitro selection has been widely used to generate highly
active ribozymes and functional RNA molecules that have
increased activity.*>** Furthermore, this procedure has been
used to generate EGS molecules that direct human RNase P to
cleave the mRNA encoding chloramphenicol acetyltransferase
(CAT).” Using an EGS RNA variant selected from a pool of
EGS molecules containing randomized sequences, we, in this
study, showed that an EGS selected in vitro with increased tar-
geting activity also exhibited improved efficacy in inhibiting
HCMYV CSP/assemblin expression and viral growth in cultured
cells. Thus, our study provides a direction for the engineering
and generation of highly active EGS molecules by carrying out
selection procedures and manipulation of the EGS domain to
interact with the mRNA substrates. Our results suggest that
the enhanced stability of the mRNA-EGS complexes may pos-
sibly contribute to the increased targeting activity of CSP-C321.
CSP-C321 bound to substrate csp38 at least 50 fold better than
CSP-SER (Table 1). Previous studies on tRNA molecules indi-
cated that tertiary interactions between variable region and
D-loop are important for maintaining the tRNA conformation
and RNase P cleavage.””"*" Given the fact that, in the csp38-
CSP-C321 complex, the 3" region of csp38 can be considered
equivalent to the D-loop in a tRNA (Fig. 1E), it is conceivable
that the additional interactions between csp38 and CSP-C321
stabilize the mRNA-EGS complex and result in an enhanced
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Table 2. Levels of inhibition of viral gene expression in the cells expressing CSP-SER, CSP-SER-C, CSP-C321, CSP-C321-C, and TK112, as compared with

thatin the parental U373MG cells that did not express an EGS (U373MQG)

Viral gene class

U373-MG TK112

IE2 mRNA a 0% 1%
US2 mRNA B 0% 0%
CSP mRNA v 0% 0%
Assemblin mRNA Y 0% 0%
IE1 protein a 0% 0%
UL44 protein By 0% 0%
CSP protein Y 0% 1%
Assemblin protein Y 0% 0%
UL83 protein Y 0% 0%

EGS RNA

CSP-SER-C CSP-C321-C CSP-SER CSP-C321
1% 1% 2% 1%
0% 0% 1% 1%
8% 7% 75 + 8% 98 + 7%
7% 8% 75 + 8% 98 + 8%
0% 1% 0% 0%
1% 0% 0% 0%
8% 7% 75+ 9% 98 + 8%
7% 8% 75+ 7% 98 + 9%
0% 0% 0% 1%

The values shown are the means derived from triplicate experiments and values for the standard deviation that were less than 5% are not shown.

binding affinity and increased targeting activity of the EGS.
Further characterization of the cleavage reactions of this as well
as other EGS variants should provide insights into the mecha-
nism of how an EGS RNA efficiently directs RNase P to cleave
an mRNA substrate.

In our current study, cell lines constitutively expressing EGS
RNAs were first constructed and then infected with HCMV. To
determine if EGS RNAs can be used for treating pre-existing
HCMYV infection, cells can be infected prior to the expression or
delivery of EGS. It may not be possible to investigate the activ-
ity of EGS in treating pre-existing HCMV infection using the
EGS-expressing clonal cell lines generated in our study. However,
we believe that the constructed EGS RNAs should be effective
in blocking HCMYV replication in cells that are infected with
HCMYV prior to EGS expression since the EGSs would efficiently
induce RNase P-mediated cleavage of the CSP mRNA and sig-
nificantly inhibit the expression of CSP in these cells.

HCMYV is a member of the human herpesvirus family, which
includes seven other viruses such as HSV and Epstein-Barr
virus." Each of these viruses can engage in lytic replication as
well as establish latent infections. HCMV CSP and assemblin
are essential for viral replication and their homologous proteins
have been found in other herpesviruses and are conserved among
all herpesviruses,' suggesting that these proteins may serve as the
ideal targets for drug development for the treatment and preven-
tion of infections by HCMV as well as other herpesviruses. Our
study here indicates that EGS RNA-mediated inhibition of the
expression of HCMV CSP and assemblin leads to a significant
(-7,000-fold) reduction of viral growth, and is consistent with
the notion that blocking the expression of these two proteins
should yield effective antiviral therapy. To further evaluate their
anti-HCMYV activity, we can deliver and express the EGSs in the
monocyte/macrophage-lineage cells where HCMYV is believed to
establish latent infection.! In these experiments, we will deter-
mine whether the EGSs can abolish viral gene expression in these
cells and prevent HCMYV reactivation from latent infection into
lytic replication. These studies will further facilitate the devel-
opment of the EGS-based technology for general gene-targeting
applications.
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Figure 6. Growth of HCMV in U373MG cells and the EGS-expressing
cell lines. Cells (5x10°) were infected with HCMV at a MOl of 2. Virus
stocks were prepared from the infected cells at 1 d intervals through
7 d postinfection. The PFU count was determined by measurement of
the viral titer on human foreskin fibroblasts. The standard deviation is
indicated by the error bars. These values are derived from the means
from triplicate experiments.

Materials and Methods

Viruses, cells and antibodies. Human primary foreskin fibro-
blasts (HFFs), astrocytoma U373MG cells, and PA317 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (vol/vol) fetal bovine
serum. The propagation of HCMV (ADI169) in HFFs and
U373MG cells was performed as described previously.®* The
monoclonal antibodies c1202, c1203, and c1205, which react
with HCMV proteins UL44, IE1/IE2, and UL83, were pur-
chased from Goodwin Institute for Cancer Research. The
monoclonal antibody against human actin was purchased
from Sigma Inc. The anti-rabbit polyclonal antibodies against
HCMYV capsid scaffolding protein (CSP) and assemblin were
kindly provided by Annette Meyer of Pfizer Inc. and John Wu
of Promab, Inc.
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Figure 7. Level of encapsidated (B) and total intracellular (A) viral DNA
as determined by semi-quantative PCR. Total DNA (lanes 1-4) or DNase
I-treated DNA samples (lanes 5-8) were isolated from cells that either
did not express an EGS (-, lanes 4 and 8) or express EGS CSP-SER (lanes
2 and 6), CSP-C321 (lanes 1 and 5), or CSP-C321-C (lanes 3 and 7). Cells
were infected with HCMV at MOI of 2. We determined the levels of viral
IE1 sequence by PCR using human actin DNA sequence as the internal
controls. The radiolabeled PCR products were separated in 4% nonde-
naturing polyacrylamide gels. The amplification by PCR was within the
linear range.

Mapping of the accessible regions of viral mnRNA in HCMV
infected cells. U373MG cells were infected with HCMV at a
multiplicity of infection (MOI) of 5 for 8-24 h prior to the treat-
ment with dimethyl sulfate (DMS). Cells were washed with fresh
DMEM media once, and then incubated with 5 mL of fresh
media that contain 1% of DMS for 5-10 min.?**” After the incu-
bation, the DMS media were immediately aspirated. The cells
were washed 3 times with phosphate-buffered saline (PBS) that
contained 1 mM P-mercaptoethanol, and then lysed by add-
ing cell lysis buffer (150 mM NaCl, 10 mM Tris—HCI pH 7.4,
1.5 mM MgCl,, 0.2% NP40).>**” The lysates were transferred
to an Eppendorf tube and immediately spun in a microcentri-
fuge for 10 sec at 4°C. The supernatant containing the cellular
lysate was transferred to another tube. Total RNAs were isolated
by phenol-chloroform extraction of the supernatant of the cel-
lular lysate 3 times, followed by ethanol precipitation. To carry
out primer extension assays to identify the DMS modification
sites, oligonucleotide primers of 20 nt complementary to several
regions of the targeted RNA were synthesized chemically and
5'-labeled by T4 polynucleotide kinase in the presence of y-[**P]-
ATP. Total cellular RNA (10 pg) was mixed with 50,000 cpm
of the primer in a volume of 8 wL, heated to 90°C for 2 min,
and cooled down to allow them to be annealed to each other,
and then added with 4 pL 5 x RT buffer, 2 pL. 10 mM dATDP, 2
wL 10 mM dTTP, 2 pL 10 mM dGTP, 2 pL 10 mM dCTP, 0.5
L RNasin, and 1 wL AMYV reverse transcriptase. The primer
extension reactions were preceded for 2 h at 42°C. The reaction
products were extracted with phenol chloroform, then precipi-
tated by cold ethanol, and finally separated in 8% denaturing
gels. Analyses of the gels using a STORM840 Phosphorimager
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revealed the sites that blocked the primer extension reaction by
reverse transcription, which represented the potential locations
modified by DMS.

Construction of plasmids, EGS RNAs and RNA substrate
for studies in vitro. The DNA sequence that encodes substrate
csp38 was constructed by PCR using pGEM3zf(+) as a template
and oligonucleotides AF25 (5-GGA ATT CTA ATA CGA CTC
ACT ATA G-3') and sCSP1 (5-CGG GAT CCA TAA GAC
GGCAAA GGCAGC GGT GCT GGC GCC TAT AGT GAG
TCG TAT TA-3") as 5' and 3' primers, respectively. The DNA
sequences coding for the EGSs were synthesized by the poly-
merase chain reaction (PCR), using construct pI' K112 DNA** or
pC321 as the templates, and were cloned under the control of the
T7 RNA polymerase promoter. All oligonucleotides used as PCR
primers were synthesized in a DNA synthesizer. To construct
pCSP-SER, the 5" and 3' primer were oligoCSP-SER-5 (5'- GGA
ATT CTA ATA CGA CTC ACT ATA GGT TAA CAG ACG
GCG TGC GGT CTC C-3') and oligoCSP-SER-3 (5-AAG
CTT TAAATG CTG CCT GCA GGATTT GAA CCT GCG
CGC G-3"), respectively. To construct pCSP-SER-C, the 5" and
3' primer were oligoCSP-SER-5 and the oligoCSP-SER-C-3 (5'-
AAG CTT TAAATG CTG CCT GCAGGATTT CTT CCT
GCG CGC G-3"), respectively. To construct pCSP-C321, the 5'
and 3' primer were oligoCSP-C321-5 (5-GGA ATT CTA ATA
CGA CTC ACT ATA GGT TAA CAG ACG GCG ACT CAC
TGT-3") and oligoCSP-C321-3 (5-AAG CTT TAA ATG CTG
CCT GTC GGT CTC GAA CGA CTA CAG TGA GTC-3),
respectively. To construct pCSP-C321-C, the 5' and 3' primer
were oligopCSP-C321-5 and the oligoCSP-C321-C-3 (5-AAG
CTT TAA ATG CTG CCT GTC GGT CTC CTT CGA CTA
CAG TGA GTC-3'), respectively.

RNase P assay and in vitro studies. Human RNase P was
prepared from HelLa cellular extracts as described previously.”*
The EGSs and [*?P]-labeled cap38 were incubated with human
RNase P at 37°C in buffer A (50 mM Tris, pH 7.4, 100 mM
NH,CI, and 10 mM MgCl,). Cleavage products were separated
in denaturing gels and analyzed with a STORMS840 phospho-
rimager. Assays to determine kinetic parameters were performed
under multiple turnover conditions, as described previously.?>*
Aliquots were withdrawn from reaction mixtures at regular inter-
vals and analyzed in polyacrylamide-urea gels, and the values of

and V were obtained from Lineweaver-Burk

max(apparent)

25,29,36

'm (apparent)

double-reciprocal plots.

Assaying for the binding between EGSs and CSP mRNA
sequence in vitro was performed as described previously.'***%
In brief, using a gel shift approach, various concentrations of
EGSs were preincubated in buffer B (50 mM Tris, pH 7.5, 100
mM NH,CI, 10 mM MgClL,, 3% glycerol, 0.1% xylene cyanol,
0.1% bromophenol blue) for 10 min before mixing with an equal
volume of different concentrations of substrate RNA preheated
under identical conditions. The samples were incubated for
10-120 min to allow binding, then loaded on a 5% polyacryl-
amide gel, and run at 10 Watts.”” The values of the equilibrium
dissociation constant (K ) were then extrapolated from a graph
plotting percent of product bound vs. EGS concentration.”” The
values were the average of three experiments.
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Constructing EGS-expressing cells. Cell lines express-
ing different EGSs were constructed following the procedures
described previously.’®* In brief, amphotropic PA317 cells were
transfected with retroviral vector DNAs (LXSN-CSP-SER,
LXSN-CSP-SER-C, LXSN-CSP-C321, LXSN-CSP-C321-C,
and LXSN-TK112). Forty-eight hours post transfection, culture
supernatants that contained retroviral vectors were collected
and used to infect U373MG cells. At 48-72 h postinfection,
cells were incubated in culture medium that contained 600 g/
ml neomycin. Cells were subsequently selected in the presence
of neomycin for two weeks and neomycin-resistant cells were
cloned.

The cytotoxicity of the EGS expression was assessed by an
MTT assay (Sigma). Parental U373MG cells and cells expressing
different EGS RNAs were grown in 96-well plates. At different
periods of time, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT; Sigma) (5 mg/mL in PBS) was added to
each well, and cell viability was determined following the manu-
facture’s recommendation. The absorbance was measured at 570
nm on a microplate reader. All experiments were performed in
four wells and repeated three times. Furthermore, the morphol-
ogy of the cells at different periods of time was examined using a
Nikon TE300 microscope.

To assay the expression of the EGSs, we isolated both nuclear
and cytoplasmic RNA fractions from EGS-expressing cells as
described previously.*** In these experiments, cells were lysed in
buffer A (10 mM HEPES [pH 7.4], 10 mM KCI, 1 mM dithio-
threitol, 0.6% NP-40) at 4°C for 10 min. After centrifugation at
1,000 x g for 5 min, the supernatant was collected as the cyto-
plasmic fraction and the nuclear fraction was prepared by resus-
pending the remaining pellet in buffer B (20 mM HEPES [pH
7.4], 150 mM NaCl, 1 mM dithiothreitol). The purity of nuclear
and cytoplasmic fractions was assessed by immunoblotting for
the presence of cytoplasmic protein actin and the nuclear protein
histone H1. The RNA samples were separated in a 2.5% agarose
gel that contained formaldehyde, transferred to a nitrocellulose
membrane, hybridized with the [**P]-radiolabeled DNA probes
that contained the DNA sequences coding for CSP-C321 and
CSP-SER, and finally analyzed with a STORM840 phosphorim-
ager. The radiolabeled DNA probes used to detect EGS RNAs
were synthesized from constructs pCSP-C321 and pCSP-SER,
by using a random primed labeling kit (Roche Applied Science).

Assaying the level of viral gene expression and growth. To
determine the level of the inhibition of viral growth, 5x10° cells
were either mock-infected or infected with HCMV at an MOI of
1-5. The cells and medium were harvested at 1, 2, 3, 4, 5, 6, and
7 d postinfection and viral stocks were prepared by adding 10%
skim milk followed by sonication. The titers of the viral stocks
were determined by performing plaque assays on human foreskin
fibroblasts.®* The values obtained were the average from tripli-
cate experiments.

Northern and Western analyses were performed to study the
level of viral mRNA and proteins. T-25 flasks of cells (approxi-
mately 10° cells) were either mock-infected or infected with
HCMYV with the multiplicity of infection (MOI) as specified in
the Result section. The infected cells were incubated for 8-72
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h and viral mRNAs or proteins were isolated as described pre-
viously.””?* To measure the levels of viral immediate-early (IE)
transcripts, some of the cells were also treated with 100 pg/ml
cycloheximide prior to and during infection. The RNA fractions
were separated in 1% agarose gels that contained formaldehyde,
transferred to a membrane, hybridized with the [**P]-radiolabeled
DNA probes that contained the HCMV or human H1 DNA
sequences, and analyzed with a STORMS840 Phosphorimager.
The DNA probes used to detect human H1 RNA, HCMV
immediate-early 5kb RNA transcript, IE2 mRNA, US2 mRNA,
and CSP and assemblin mRNA were synthesized from plasmids
pHI RNA, pCig27, pIE2, pCig38, and pCSPD, respectively.

In Western analysis experiments, the polypeptides from
cell lysates were separated on either SDS/7.5% polyacryl-
amide gels or SDS/9% polyacrylamide gels cross-linked with
N,N”methylenebisacylamide, and then transferred electrically
to nitrocellulose membranes. We stained the membranes using
the antibodies against HCMV proteins and human actin in the
presence of a chemiluminescent substrate (GE Healthcare), and
analyzed the stained membranes with a STORM840 phospho-
rimager. Quantitation was performed in the linear range of RNA
and protein detection.

Assaying the level of viral genome replication. 5x10° cells
grown on six-well plates were mock-infected or infected with
HCMV. After a 1.5 h incubation at 37°C, the inoculum was
removed and the cells were further incubated and harvested at
48-96 h postinfection. Total and encapsidated (DNase I-treated)
DNAs were isolated as described®® and used as the PCR DNA
templates. Viral DNA was detected by PCR amplification of
the viral immediate-early IEl sequence, using human B-actin
sequence as the internal control. The 5" and 3" primers used to
amplify the HCMV IEl sequence were CMV3 (5-CCA AGC
GGC CTC TGA TAA CCA AGC C-3') and CMV4 (5-CAG
CAC CAT CCT CCT CTT CCT CTG G-3'"), respectively
while those to amplify the actin sequence were Actin5 (5-TGA
CGG GGT CAC CCA CAC TGT GCC CAT CTA-3") and
Actin3 (5-CTA GAA GCA TTG CGG TGG CAG ATG GAG
GG-3"), respectively.”” The PCR reaction consisted of 20 cycles
with denaturation at 94°C for 1 min, followed by primer anneal-
ing at 47°C for 1 min and extension at 72°C for 1 min. The last
cycle was again an extension at 72°C for 10 min. PCR cycles and
other conditions were optimized to assure that the amplification
was within the linear range.

The PCR reactions were performed in the presence of
a-[**P]-dCTP. The radiolabeled DNA samples were separated
on polyacrylamide gels and then scanned with a STORMS840
phosphorimager. We also generated a standard (dilution) curve
by amplifying different dilutions of the template DNA. The plot
of counts for both HCMYV and B-actin vs dilutions of DNA did
not reach a plateau for the saturation curve (data not shown)
under the conditions described above, indicating that quantita-
tion of viral DNA could be accomplished. Moreover, the ratio
of viral DNA to B-actin remained constant with respect to each
DNA dilution in the standard curve, suggesting that the assay
is adequately accurate and reproducible. The PCR results were
derived from three independent experiments.
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