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Herpesvirus alkaline deoxyribonucrease (DNase) is coded in the genome of all
herpesvirus species determined total sequence and is conserved in structure. In
order to determine whether the enzyme could be a target for a novel anti-
herpesvirus therapy, the anti-herpes simplex virus typel (HSV-1) activity of
antisense oligonucleotide for HSV-1 alkaline DNase was studied. Six antisense
phosphorothioate oligonucleotides, targeted to an internal AUG start codon, were
designed and evaluated. One of the oligonucleotides, UL12-4, inhibited wild type
and thymidine kinase-deficient HSV-1 replication to 21.5 and 19.5%, at 40 xM,
respectively. The quantity of alkaline DNase mRNA and DNase activity in
HSV-1-infected Vero cells was reduced to one eighth and 66.9%, of control, respec-
tively, by treatment with 40 4 M of UL12-4, but no effect was observed on the
quantity of HSV-1 glycoprotein H mRNA (1, gene) or on the replication of Vero
cells. These results indicate that UL12-4 inhibits HSV-1 replication by decreas-
ing the amount of alkaline DNase mRNA. The herpesvirus alkaline DNase could
be a novel target for anti-herpesvirus drug. —— herpes simplex virus; alkaline
DNase; antisense oligonucleotide () 2000 Tohoku University Medical Press

During the last decade, acyclovir has been used widely for the treatment of
herpesvirus infection, resulting in a significant reduction in the mortality and
length of the disease’s course in patients with herpes simplex virus (HSV) and
varicella-zoster virus (VZV) infection. However, as the number of patients
treated with acyclovir has increased, an increasing number of acyclovir-resistant
virus strains, mainly from immunocompromised patients, have been isolated
(Burns et al. 1982; Wade et al. 1983; Chatis and Crumpacker 1992). The
majority of these are thymidine kinase (TK) mutants which lose their TK activity
or affinity for acyclovir. The present choice of treatment for patients with an
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acyclovir-resistant virus infection is only vidarabine (9-B-p-arabinofuranosyl-
adenine) or foscarnet (phosphonoformic acid). The development of other anti-
herpes drugs, which have different mechanisms that suppress HSV and VZV
replication, should continue.

Alkaline deoxyribonuclease (DNase), coded by the UL12 gene of HSV, is a
relatively abundant phospholylated protein found in the intranuclear lesion of an
infected cell as a complex with the major DNA binding protein (UL29) (Heir and
Gold 1963; Hoffman and Cheng 1978; Vaughan et al. 1984; De Bruyn Kops and
Knipe 1988; Thomas et al. 1992; Daikoku et al. 1995). The precise role of this
enzyme has not been clarified, though Martinez et al. (1996a) reported that DNA
1s more branched in alkaline DNase-deficient HSV infected cells than in wild type
virus infected cells. Alkaline DNase may play an important role in the viral life
cycle and it may be a possible target for wide spectrum anti-herpesvirus therapy,
because the yield of DNase-deficient herpes simplex virus type 1 (HSV-1) 1s 10? to
10° times lower than that of the wild type (Weller et al. 1990), and alkaline DNase
18 present in all herpesvirus species (Martinez et al. 1996b). In this study, we
analyzed whether the inhibition of DNase activity causes a reduction in viral
replication using antisense oligonucleotides.

MaTERIALS AND METHODS
Cells and viruses

Vero cells were obtained from Flow Laboratories Inc. (McLean, VA, USA).
The cell lines were cultured in MEM supplemented with 109, (vol/vol) newborn
calf serum. The VR-3 strain of HSV-1 was supplied by the American Type
Culture Collection (Rockville, MD, USA). The TK-deficient mutant of the VR-3

strain (the VRTK"™ strain) was isolated in our laboratory (Suzutani et al. 1988,
1995).

Oligonucleotides

Phosphorothioate oligonucleotides were used as antisense oligonucleotides in
this study. The oligonucleotides were synthesized by Hokkaido System Science
Co., Ltd. (Sapporo) using a DNA synthesizer Expedite (PerSeptive Biosysterms,
Framingham, MA, USA) and purified using a HPLC and TSKgel OligoDNA RP
46mmx15cm column (Tosoh, Tokyo). The concentration of the oligonu-
cleotide stock solutions was calculated at an optical density of 260 nm.

Yield reduction assay

The antiviral activities of the oligonucleotides were evaluated by a yield
reduction assay using Vero cells. Confluent cells in 35 mm dishes were infected
with HSV-1 at 0.1 plaque forming unit (pfu) per cell and were incubated with
MEM containing 2%, newborn calf serum and various amounts of antisense
oligonucleotides for 48 hours in a CO, incubator. The cultures were frozen and
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thawed three times and the cellular debris was removed by centrifugation at
1000 x g for 10 minutes at 4°C. The supernatants were stored at —80°C until
titration. The titers of HSV in the samples were determined by a plaque assay
on the Vero cells.

Inhabstory effects of the oligonucleotides on cell growth

The 509, inhibitory concentration (ICs,) of the oligonucleotides for Vero cell
growth was determined as described previously (Koyano et al. 1996).

Semi-quantitative RT-PCR

The quantity of the mRNA of alkaline DNase and glycoprotein H in
HSV-1-infected cells was determined by reverse transcription polymerase chain
reaction (RT-PCR). Vero cells in 35 mm petri dishes were infected with the
VR-3 strain at 2 pfu per cell and cultured in MEM-29%, calf serum supplemented
with 0, 10, or 40 4 M of antisense oligonucleotide UL12-4 (Table 1). After an 8
hour-incubation, the mRNA was extracted from the infected cells using a mRNA
isolation kit (Micro-Fast Track; Invitrogen Co., Carlsbad, CA, USA), and the first
strand ¢cDNA was synthesized using a T-Primed First-Strand Kit (Amersham
Pharmacia Biotech Ltd., Buckinghamshire, UK). The ¢cDNA samples were seri-
ally diluted with water, and then the cDNA of alkaline DNase or of glycoprotein
H in each of the diluted samples was amplified by PCR with the oligonucleotides
K-upl and K-R3, or gH-end and gH-Kpn as primers. The sequence of the primers
was 5-ACAAGGCGATACTGTCGTCG-3 for K-upl (nucleotide 27057 to
27037), 5-GTGCTTCAGCCACTGGGCG-3" for K-R3 (nucleotide 26 109 to
26 129), 5-TTCGCGTCTCCAAAAAAACGG-3 for gH-end (nucleotide 43 869 to
43 890), and 5-CAGTCTGCCAACGTCGAGCC-3" (nucleotide 44 420 to 44 401)

TaBLE 1. Inhibitory effects of antisense oligonucleotides against the wild type and TK
deficient HSV -1, and Vero cell replication

Virus titer (Y, control) IC;, (M)

Antisense Sequence
VR-3 VRTK"™ Vero
UL12-1 5-CC TAC CGT GGA CTC CAT TTC 69.2+105 27.2+10.6* 230
UL12-2 5-AC CGT GGA CTC CAT TTC CGA  63.1+ 87 34.1+ 89* >250
UL12-3 5-GT GGA CTC CAT TTC CGA GAC 569+ 5.3 NT NT
UL12-4 5-GA CTC CAT TTC CGA GAC GAC 215+ 6.1* 195+ 7.8« >250
UL12-5 5-TC CAT TTC CGA GAC GAC GTG 66.7+ 76 409+ 4.2 > 250
UL12-4/neg 5-GA CTC acT TTC Cag GAC GAC 105 + 9.8 971+ 95 > 250

Sequences of the antisense oligonucleotides for the coding region are underlined.
Lowercase letters indicate mismatched nucleotides. Inhibition (%) indicates virus
titer at 40 uM antisense oligonucleotides as compared to untreated control. IC,,
indicates 50%, inhibitory concentration for cell growth. NT, not tested.

*p <0.05 compared to the untreated control.



144 A. Chiba et al.

for gH-Kpn (McGeoch et al. 1988). Thirty cycles of denaturation (94°C, 30
seconds), annealing (55°C, 1 minute), and extension (72°C, 2 minutes) following
the initial denaturation at 94°C for 1 minute was performed for the PCR. The
amount of PCR product was analyzed by electrophoresis on a 1%, agarose gel.

Quantitative analysis of DNA synthests

The effect of antisense oligonucleotide on virus DNA synthesis was evaluated
by the incorporation of [*H-methyl]|thymidine. Confluent Vero cell monolayers
in 35 mm dishes were cultured in MEM-0.29, calf serum for 24 hours to decrease
the cellular DNA synthesis. The cultures were infected with the VR-3 strain at
2 pfu per cell and incubated in MEM-29%, calf serum supplemented with 1 ,Ci/ml
of [*H-methyl]thymidine, and 0-40 4M of oligonucleotide or 0-40 xg/ml of
acyclovir for 8 hours. DNA was extracted from the infected cells with proteinase
K-treatment, ribonuclease-treatment, phenol/chloroform extract, trichloroacetic
acid precipitation, and ethanol precipitation. The amount of the incorporated
[*H-methyl |thymidine was measured in a liquid scintillation counter.

Alkaline DNase assay

The alkaline DNase assay was performed as described previously with some
modification (Francke et al. 1978). Confluent Vero cells were infected with the
VR-3 strain at 2 pfu per cell and incubated in medium containing various concen-
trations of antisense oligonucleotides or acyclovir for the desired periods. The
cells were harvested by trypsinization, washed with PBS, suspended in DNase
buffer (50 mM Tris-HCI pH 9.0, 2 mM MgCl,, and 10 mM 2-mercaptoethanol), and
disrupted by sonication. After centrifugation at 12 000 rpm for 10 minutes using
a micro-centrifuge, the supernatant was used as crude enzyme material. The
assay mixture contained the crude enzyme material and *H-labeled E. cols DNA
in the DNase buffer. The degradation of the labeled DNA was monitored by
precipitating the undigested DNA with 109, trichloroacetic acid and counting the
acid-soluble nucleotides using a scintillation counter.

ResuLTs

The inhibitory effect of antisense oligonucleotides against HSV-1 replication
was evaluated by a yield reduction assay and the results are shown in Table 1.
UL12-4 had the most potent activity among antisense oligonucleotides against
both the wild type and TK-deficient HSV-1 strains and it had no cell toxic
activity. UL12-5 and ULI12-3 which hybridize three nucleotides upstream or
downstream of the mRNA, had weak anti-HSV-1 activity. Each oligonucleotide
could inhibit the TK-deficient HSV-1 strain more effectively than the wild type
HSV-1. ULI12-4/neg, which was designed as a mismatch control of UL12-4, did
not show anti-HSV-1 and cell toxic activity.

To clarify the mechanism of the inhibitory effect of the antisense oligonu-
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Fig. 1. DNase activity in HSV-1 infected cells. A) HSV-1l-infected Vero cells
were incubated with various concentrations of antisense UL12-4 (@), UL12-
5 (m), UL12-4/neg (a), or acyclovir (O) for indicated time. DNase activity
in these cells was determined in the alkaline condition as described in the
materials and methods. *p<0.05, **p<0.01, and ***p <0.001 compared to
the control.

A)

Control

UL12-4 10 uM

UL12-4 40 pM

B)

Control

UL12-4 40 uM

| | I | |
1x 2x 4x 8x 16x Dilution

Fig. 2. Quantitative RT-PCR analysis of HSV mRNA. The effect of antisense
UL12-4 on the amount of alkaline DNase mRNA (A) and glycoprotein H
mRNA (B) in Vero cells at 8 hours post HSV-1-infection, were analyzed with
RT-PCR. c¢DNA samples prepared from 2.4 x 10° cells were suspended in 50
ul of water. After the serially dilution of the cDNA samples, the quantity of
mRNA in 1 4l of each of the diluted samples was analyzed.
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Fig. 3. Effect of antisense UL12-4 and acyclovir on DNA synthesis in HSV-1-
infected Vero cells. The amount of DNA synthesis was evaluated by the
uptake of [*H-methyl]thymidine for 8 hours after HSV-infection and it is
indicated as a percentage compared to the control HSV-l-infected cell (@,
UL12-4; O, acyclovir).

cleotides against HSV-1 replication, the effects of antisense on alkaline DNase
activity, amount of mRNA of DNase and glycoprotein H, and DNA replication
were examined. UL12-4 and UL12-5 inhibited DNase activity in a dose-
dependent manner, but UL12-4/neg did not. Certainly, the inhibited DNase
activity by antisense oligonucleotides was that of viral enzyme, because low
cellular DNase activity (7%, of viral DNase activity) was detected in the alkaline
assay condition. The DNase activity, when 40 4 M of antisense oligonucleotide
was added, was reduced to 66.9 and 75.69%, of control, respectively (Fig. 1). The
amount of the mRNA of DNase in HSV-1 infected Vero cells decreased to about
one forth or one eighth, when 10 or 40 4 M of UL12-4 was added, respectively (Fig.
2A). No effect on the amount of mRNA of glycoprotein H (1, gene) was observed
(Fig. 2B). This result indicated that the effect of the antisense oligonucleotide
against the mRNA of the DNase was specific. DNA synthesis in HSV-1 infected
Vero cells was increased by antisense treatment (Fig. 3).

As a control experiment, the effect of acyclovir on DNase activity and DNA
synthesis was observed. Acyclovir had a significant inhibitory effect on DNA
synthesis (Fig. 3) and it suppressed DNase activity (Fig. 1).

DiscussionN

A series of antisense phosphorothioate oligonucleotides, targeted to the inter-
nal AUG start codon of HSV-1 alkaline DNase mRNA, were designed and tested
to estimate a possibility of alkaline DNase as a novel target for anti-herpesvirus
chemotherapy. ULI12-4 was the most effective and 1t inhibited the replication of
the wild type and the TK-deficient HSV-1 strains to 21.5 and 19.5%, of control at
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40 M, respectively. The antiviral activity of UL12-4 was less than that of the
antisense oligonucleotide which targeted the start codon of protein kinase (UL13),
but it was comparable to the antisense oligonucleotides that targeted the coding
region of DNA polymerase (UL30), dsDNA binding protein (UL42) and primase/
helicase (ULb52), the start codon of VP16 (UL48) and IE110, and the splicing site
of IE4 (Kulka et al. 1989; Hoke et al. 1991; Peyman and Uhlmann 1996). The
yield of protein kinase (UL13)-deficient HSV-1 was 10 fold less than that of the
wild type strain and antisense to protein kinase inhibited HSV-1 replication to
9%, at 4 uM (Hoke et al. 1991; Coulter et al. 1993; Overton et al. 1994). If the
anti-HSV activity of the antisense oligonucleotide was caused by a specific
inhibitory effect on protein kinase, the antisense might inhibit the expression of
protein kinase activity completely. On the other hand, 40 4M of antisense
UL12-4 inhibited the alkaline DNase activity by 66.9%, of the untreated control.
The insignificant effect of antisense on alkaline DNase may be caused by the
composition of alkaline DNase, which is an unusual enzyme in a abundant
protein in HSV-infected cells (Banks et al. 1983).

The mechanism of the anti-HSV activity of the antisense oligonucleotides
was partially demonstrated. The antisense oligonucleotides decreased the
amount of DNase mRNA, leading to a low expression of DNase activity and a
decreased viral yield. This effect was specific because the antisense did not
inhibit viral DNA synthesis, and it did not have any non specific activity such as
cell toxicity or suppression of glycoprotein H mRNA. Moreover, the negative
control oligonucleotide, UL12-4/neg, did not have effect on virus replication and
DNase activity. The antisense oligonucleotides designed and used in this study
could be inhibiting the gene expression at the level of mRNA processing or by
mRNA degradation by RNase H at the site of the RNA-DNA heteroduplex
(Walder and Walder 1988).

As a control experiment, we analyzed the effect of acyclovir on alkaline
DNase activity (Fig. 1). Surprisingly, acyclovir had the most potent inhibitory
effect on the expression of DNase activity. If this effect was caused by the
inhibition of the viral DNA synthesis, then the alkaline DNase gene might be an
early-late gene (y, gene) although a previous report indicated early gene (Costa et
al. 1983). Another possibility was that the DNase activity could have been
inhibited following the inhibition of the DNA binding protein activity by
acyclovir, considering a previous report that describes the DNA binding protein
influence on alkaline DNase activity (Littler et al. 1983). Further study is
necessary for an accurate explanation of how ACV influences alkaline DNase
activity.

One of objectives of anti-herpesvirus therapy is to develop a novel drug which
affects all species of herpesviridae. Alkaline DNase which is conserved in all
herpes species in our present knowledge was chosen and studied as a novel target.
We showed that the antisense oligonucleotides targeted to the translation initia-
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tion site of alkaline DNase mRNA diminished the amount of mRNA which lead
to a decrease in DNase activity and virus yield. However, the amino-terminal
site of HSV-1 DNase are not present in other herpesvirus DNases (Martinez et al.
1996b). Further studies should be done to develop antisense nucleotides which
target the homologous segment of herpesvirus alkaline DNase genes.
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