
Abstract To improve the therapeutic efficacy of her-

pes simplex virus type 1 (HSV-1) thymidine kinase

(tk)/ganciclovir (GCV) therapy, we have made

recombinant tk chimeras fused with the arginine-rich

(RXP) repeat of herpes simplex virus type 2 (HSV-2)

US11 and examined their activity of intercellular traf-

ficking and cytotoxicity. When examined the immu-

nofluorescence staining patterns of RXP/tk fusion

proteins in transfected COS7 cells, the RXP chimeras

revealed a conservation of the trafficking activity of

RXP. We also found that transfection of tkCD6-RXP

(lacking the C-terminal six amino residues of tk), tk-

RXP, and tkND66-RXP (lacking the N-terminal 66

amino residues of tk) induced apoptosis even in the

absence of GCV. The results suggest that these tk/RXP

chimeras themselves have apoptosis-inducing activity,

and that the HSV tk nucleoside-binding domain may

be involved in the induction of apoptosis. Furthermore,

treatment with 5 lM GCV induced efficient cell death

in cells tranfected with tk-RXP in comparison to the

cells transfected with tk (P < 0.0001).

Keywords Apoptosis Æ Intercellular trafficking Æ
tk/GCV Æ HSV-2 US11

Introduction

HSV-1 thymidine kinase (tk) is extensively exploited in

cancer suicide gene therapy [1]. First demonstrated a

quarter century ago, anti-herpesviral drugs have a

profound anti-cellular effect on HSV tk-expressing

cells [2]. Since then, the use of HSV tk in suicide gene

therapy has been intensively investigated. The prodrug,

ganciclovir (GCV), is a guanosine analogue carrying a

cyclic ribose; GCV is monophosphated by HSV-1 tk,

then phosphorylated into a cytotoxic triphosphate

derivative by the host tk enzymes. This acyclic dGTP

analogue is incorporated into DNA, interfering with

cellular DNA synthesis [3, 4]. Although the precise

mechanisms whereby the HSV-tk/GCV system results

in target cell death are not well understood, that the

induction of apoptosis is involved. An advantage of tk

gene therapy involves the bystander effect (BE), in

which GCV sensitivity is propagated from tumor cells

expressing HSV-tk to adjacent non-expressing cells

[5–7]. As the toxic derivative purine or pyrimidine

nucleosides cannot diffuse across cell membranes,

HSV-tk/GCV-mediated killing requires cell-to-cell

contact, likely through gap junction formation, to

exhibit a BE [8, 9].

Several approaches have attempted to enhance the

BE. Apigenin, a flavonoid, and lovastatin, an inhibitor
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of HMG-CoA reductase, both upregulate gap junction

formation, resulting in an enhancement of antitumor

response rate following GCV treatment in vivo [10].

Combined delivery of tk and either cytokines, such as

IL-2 or IL-12 [11–14], or cell cycle inhibitors, including

p27, have been attempted [15], but the therapeutic

efficacies are unclear.

Peptides with the unusual characteristic of crossing

cell membrane via noncanonical secretion or internal-

ization have also been utilized to enhance the efficacy

of tk/GCV suicide gene therapy [16]. We previously

reported that the C-terminal Arg-X-Pro (RXP) repeat

peptide of the HSV-2 segment protein US11 functions

in intercellular trafficking [17]. Thus, the US11 RXP

repeats may also significantly enhance or amplify gene

therapy applications. In an attempt to improve the

therapeutic efficacy of tk/GCV therapy, we fused HSV-

1 tk to the RXP peptide and investigated the behavior

and function of this fusion protein.

Materials and methods

Construction of chimera DNA expression vectors

DNA encoding the HSV-2 US11 protein, containing 19

tandem repeats of the Arg-X-Pro sequence, was

amplified by PCR (TAKARA LA Taq) from purified

HSV-2 186 strain DNA. Amplified DNA was fused to

either the N- or C-termini of the HSV-1 thymidine

kinase (tk) gene. DNA fragments encoding the N-ter-

minal deletion mutants were amplified by PCR from

the tk-RXP sequence. The Q125N site-specific muta-

tion was introduced into the tkCD6-RXP gene using

the PCR-based QuickChange Site-directed Mutagen-

esis Kit (Stratagene), according to the manufacturer’s

instructions. Mutant DNA fragments were cloned into

pcDNA3.1 (+) (Invitrogen) between the EcoRI and

XbaI sites. Following digestion with HindIII and XbaI,

the tk-RXP and tk-FLAG genes from pcDNA tk-RXP

and pcDNA tk-FLAG, respectively, were inserted into

the pHGCX expression vector that included a GFP

expression cassette.

Cell culture, transfection and indirect

immunofluorescence staining

Cos7 cells were cultured in Dulbecco’s modified min-

imal essential medium supplemented with 10% heat-

inactivated FCS, 100 units/ml of penicillin and 2 mM

of L-glutamine. Prior to transfection, COS7 cells were

seeded in 35 mm dishes either containing coverslips or

not. At 70–80% confluency, cells were transfected with

the 4 lg of appropriate plasmids using Lipofectamine

2000 (Invitrogen), according to the manufacturer’s

instructions. Thirty-six hours after transfection, the

cells were fixed in 50% acetone/50% ethanol for

10 min on ice. Samples were then stained with anti-

HSV-2 US11 or anti-FLAG (Sigma) antibodies at

dilutions of 1:100. After a 30 min 37�C incubation

period, coverslips were washed thoroughly in PBS, and

stained with FITC-conjugated goat anti-rabbit or anti-

mouse IgG (Sigma) for 30 min at 37�C. After rinsing

again with PBS, the cell nuclei were stained with

Promidium iodide (Sigma) for 5 min at 37�C, and then

washed with PBS. The coverslips were quickly moun-

ted onto glass slides with Perma Flour (Immunon) and

subsequently analyzed with the Zeiss laser scanning

microscope LSM510.

Intercellular trafficking of RXP fusion proteins

COS7 cells were transfected with pHGCX tk-FLAG or

pHGCX tkCD6-RXP for 36 h as described above and

stained with either anti-FLAG and anti-GFP (Sigma)

antibodies or anti-HSV-2 US11 and anti-GFP (Sigma)

antibodies for 30 min at 37�C. After the cells were

washed in PBS, COS7 cells were then stained with

FITC-conjugated goat anti-rabbit IgG (Sigma) and

either TRITC-conjugated goat anti-mouse IgG (Sig-

ma). The cells were quickly mounted onto glass slides

with Perma Flour (Immunon) and subsequently ana-

lyzed with the Zeiss laser scanning microscope

LSM510.

TUNEL assay

Apoptotic cells were confirmed with Apop Tag apop-

tosis detection kit (CHEMICON), in accordance with

the manufacturer’s instructions. In brief, COS7 cells

were grown on coverslips, and next day transfected

with tk-FLAG, tkCD6-RXP, or HSV-2-US11 expres-

sion vectors. The cells were fixed in 1% paraformal-

dehyde in PBS for 10 min, and post-fixed in precooled

ethanol:acetic acid 2:1 for 5 min. The cells were then

stained with anti-FLAG or anti-HSV-2 US11 anti-

bodies, and labeled with TRITC-conjugated goat anti-

rabbit or anti-mouse IgG (Sigma). DNA fragments

were labeled with the TdT-mediated dUTP nick end

labeling (TUNEL) reaction mixture for 60 min at 37�C

in a dark humidified atmosphere. The coverslips were

then incubated with Converter alkaline phosphatase

for 60 min at 37�C, and rinsed in PBS. Analysis was

performed using the LSM510.
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Western blot analysis

COS cells were transfected with tk-RXP, tkCD6-RXP,

or tk-FLAG expression vectors. Thirty-six hours after

transfection, the cells were resuspended in 0.2 ml lysis

buffer (125 mM Tris pH 6.8, 2% SDS, 10% glycerol).

Cell lysates were separated by 10% Tris–glycine SDS

polyacrylamide gel electrophoresis and electrotrans-

ferred onto a nitrocellulose membrane (Millipore).

The membrane was blocked with 5% skim milk dis-

solved in 0.05% Tween 20 in PBS. The membrane was

probed with rabbit anti-Poly (ADP-ribose polymerase)

antibody (1:1,000, Sigma), and then incubated with

horseradish peroxidase-conjugated mouse anti-rabbit

immunoglobulin (1:10,000, Biosource). Blots were

developed using an enhanced chemiluminescence kit

(Amersham Phamacia).

Annexin V-Cy3 staining

COS7 cells were transfected with tk-RXP, tk-FLAG,

tkCD6-RXP, tkQ125NCD6-RXP, tkND66-RXP or

tkND200-RXP expression vectors using lipofectamine

2000. Thirty-six hours after transfection, the cells were

stained with annexin V-Cy3 (MBL). The cells were

incubated in 200 ll 1 · binding buffer containing 2 ll

annexin V-Cy3 at room temperature for 10 min in the

dark. Next, the cells were fixed in 70% ethanol over-

night at 4�C. Cells were also immunostained with

HSV-2 anti-US11 or anti-FLAG antibodies. Analysis

was performed by the LSM510.

Cell count assay

The COS7 cells were seeded in 35 mm dishes. At 70–

80% confluence, cells were transfected with 4 lg/dish

of pHGCX tk-RXP, pHGCX tk-FLAG, or pHGCX.

After incubation at 37�C for 24 h, cells were incubated

for 48 h by DMEM supplemented with 10% FBS and

concentrations of GCV ranging from 0 to 5 lM. After

harvesting by trypsinization, the number of surviving

cells was quantified using a hemocytometer after try-

pan blue staining. The experiments were done in trip-

licate; data were analyzed by the student’s t-test. The

levels are expressed as means ± ranges. Differences

were considered significant when P £ 0.05.

Results and discussion

To investigate the ability of the HSV-2 US11 RXP

repeat peptide to transport the HSV-1 tk protein from

a primary expressing cell to neighboring recipient cells,

we constructed expression vectors encoding RXP-tk,

tk-RXP, tkCD6-RXP, tkND66-RXP, tkND200-RXP,

tkQ125NCD6-RXP, and tk-FLAG fusion proteins.

Expression of these proteins was driven by the

cytomegalovirus immediate-early enhancer/promoter

region (CMVP) in a mammalian expression plasmid,

pcDNA3.1 (+) (Fig. 1). In addition, we created two

CMVP-driven expression vectors encoding the tkCD6-

RXP and tk-FLAG fusion proteins, using pHGCX into

which GFP gene had been inserted as a marker. Forty-

eight hours after transfection of these plasmids into

COS7 cells using lipofectamine 2000 (Invitrogen),

fusion protein expression could be detected by immu-

nofluorescence staining with anti-US11 (generated in

our laboratory) or anti-FLAG (Sigma) antibodies and

anti-GFP antibodies (Sigma). The tk-RXP and tkCD6-

RXP fusion proteins were localized to the cytoplasm

with lower levels seen in the nuclei of transfected cells;

these proteins, however, did not exhibit the distinct

nucleolar accumulation that could be observed as

expression of HSV-2 US11 alone (Fig. 2F, I; Fig. 5H,

I). The RXP-tk fusion protein localized to both the

cytoplasm and nucleus of transfected cells (Fig. 2J, L).

Fig. 1 Construction of chimeric DNA. DNA encoding 19
tandem Arg-X-Pro (RXP) repeats of the HSV-2 US11 protein
was amplified by PCR from HSV-2 186. Amplified DNA was
fused to either the N- or C-termini of the HSV-1 thymidine
kinase (tk) gene. DNA fragments encoding the N-terminal
deletion mutants were amplified by PCR from the tk-RXP
sequence. The Q125N site-specific mutation was introduced into
the tk-RXP gene. Chimeric DNA fragments were cloned into
pcDNA 3.1 (+) (Invitrogen)

Virus Genes (2007) 34:263–272 265

123



Individual tk-positive cells were observed in mono-

layers transfected with tk-FLAG in low numbers; as

expected, no spread of tk to the surrounding cells could

be observed (Fig. 2A). The tk-RXP, tkCD6-RXP, and

RXP-tk fusion proteins, however, spread to the

majority of cells in the monolayers (Fig. 2D, G, J).

With the exception of tk-FLAG, all of the fusion

proteins examined spread from a primary expressing

cell into neighboring cells (data not shown). To confirm

the intercellular trafficking of RXP fusion proteins, we

cloned DNA encoding tkCD6-RXP and tk-FLAG into

the pHGCX vector, which contains a GFP expression

cassette. After transfection of these plasmids, COS7

cells were double stained with either anti-FLAG or

anti-HSV-2 US11 antibodies and anti-GFP antibodies.

The tkCD6-RXP fusion protein spread to cells that did

not express GFP (Fig. 3F), while tk-FLAG fusion

protein remained localized within GFP-expressing cells

(Fig. 3C). We previously reported that the HSV-2

US11 C-terminal RXP repeat peptide has the ability to

carry GFP when fused to this peptide, across cell

membrane [17]. We postulated that different confor-

mations of RXP, varying in hydrophilicity and hydro-

phobicity, may be involved in membrane translocation.

In this study, we also observed the ability of the RXP

repeat to mediate the intercellular trafficking of tk and

tk deletion mutants when incorporated into fusion

proteins. HSV-1 tk/GCV therapy was sufficient to

eradicate tumors in an animal model [18]. In clinical

trials, however, tk/GCV suicide gene therapies were

not as effective as expected, probably because of a low

rate of gene delivery [19, 20]. A possible methodology

to overcome this problem is to transfer tk to non-

transfected cells by fusing it with a protein that is

capable of intercellular trafficking. HIV-1 tat and

HSV-1 VP22 have been fused to HSV-1 tk, which has

enhanced tk suicide gene therapy [21–24]. In clinical

use, the large size of VP22 may become a limitation for

gene delivery [25]. The RXP repeat has the advantage

of a much smaller size over VP22. Our results indicate

Fig. 2 Expression of chimeric
DNA. COS7 cells were
transfected with 4 lg tk-
FLAG (A–C), tk-RXP (D–
F), tkCD6-RXP (G–I), or
RXP-tk (J–L) expression
vectors using Lipofectamine
2000 (Invitrogen), and were
then stained with either anti-
HSV-2 US11 (D, G, J) or
anti-FLAG (Sigma)
antibodies, dilute 1:100 (A).
FITC-conjugated goat anti-
rabbit IgG (Sigma) or anti-
mouse IgG (Sigma)
antibodies were used as a
secondary probe. Cells were
also stained with Propidium
Iodide (Sigma) (B, E, H, K).
Analysis was performed using
the LSM510. The tk-FLAG
and RXP fusion protein
signals are shown in green.
Red stain indicates the nuclei
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that the tk-RXP fusion protein may be a feasible ap-

proach to enhance the effectiveness of tk/GCV suicide

gene therapy.

In our observation of the intercellular trafficking

activity of RXP fusion proteins, we noted that the

nuclei of tkCD6-RXP expressing cells revealed a

nuclear deformation suggestive of apoptotic change

(Fig. 4K). Although the nuclear deformation is weaker

than that seen in tkCD6-RXP-expressing cells, it was

also present in cells tranfected with tk-RXP or tkND66-

RXP (Fig. 4H, N). We could not, however, find this

nuclear deformational changes in cells transfected with

any of the other chimeras (Fig. 4B, E, Q, T).

To determine if the nuclear deformation was due to

apoptosis of cells, we analyzed transfected cells by

TUNEL staining at 48 h after transfection with tkCD6-

RXP, tk-FLAG, or HSV-2 US11. Each cell was

co-stained with either anti-FLAG or anti-HSV-2 US11

antibodies. Apoptosis induction was limited to COS7

cells expressing tkCD6-RXP; the other cells were neg-

ative for TUNEL staining (Fig. 5). To confirm the

apoptotic activity of RXP fusion proteins, we stained

cells transfected with the chimeras with annexinV-Cy3

(Sigma), according to manufacturer’s instructions.

Cells staining with annexinV-Cy3 were also stained

with anti-US11 or anti-FLAG antibodies, then ana-

lyzed with a Zeiss laser scanning microscope LSM510.

In cells expressing tk-RXP, tkCD6-RXP, or tkND66-

RXP, annexinV-Cy3 could be detected (Fig. 6A, B, E,

F, I, J); annexinV-Cy3, however, was undetectable in

cells expressing tk-FLAG, tkQ125NCD6-RXP, or

tkND200-RXP (Fig. 6C, D, G, H, K, L). These results

indicate that tk-RXP, tkCD6-RXP, and tkND66-RXP

have the ability to induce apoptosis. The induction of

apoptosis by tk-RXP and tkCD6-RXP was also

confirmed by staining with anti-poly (ADP-ribose

polymerase) antibody (PARP), which becomes

detectable following cleavage of PARP into an 85 kD

fragment (Fig. 7).

HSV-1 tk has ATP- (residues 56–63) [26, 27] and

nucleoside (residues 96–176) [28]-binding domains in

the N-terminal region. To investigate the association of

these two domains with the apoptosis-inducing activity

of tk-RXP, we deleted either 66 (tkND66-RXP) or 200

(tkND200-RXP) amino acids (aa) from the N-terminus

of tk-RXP. We then transfected these tk-RXP deletion

mutants and tkQ125NCD6-RXP, which has a point

mutation in aa 125 of tk, into COS7 cells. Nuclear

deformations similar to those seen in cells transfected

with tk-RXP were observed in tkND66-RXP express-

ing cells (Fig. 4N); apoptotic induction was detected

in these cells by annexinV-Cy3 staining (Fig. 6I, J).

In tkND200-RXP (Fig. 6K, L), tkQ125NCD6-RXP

(Fig. 6G, H), or tk-FLAG (Fig. 6C, D) expressing

cells, neither nuclear deformation nor annexinV-Cy3

staining was observed. These results are summarized in

Table 1. After the transfection of tk-RXP into HeLa

and HEp-2 cells, we observed the apoptotic nuclear

features (data not shown).

We then investigated the relationship of the HSV-1

tk domains, including the ATP-binding and nucleoside-

binding domains, with the induction of apoptosis.

Deletion of the tk ATP-binding domain did not affect

apoptosis induction. Defects in both the ATP-binding

and nucleoside-binding domains abrogated the ability

of tk to induce apoptosis. In addition, a tk fusion

protein bearing a single aa mutation from Q to N at aa

125 was deficient in apoptosis-inducing activity. This

mutation results in a 50-fold decrease in the binding

affinity for dT, and a threefold decrease in binding of

Fig. 3 Trafficking of RXP
fusion proteins. COS7 cells
were transfected with
pHGCX tk-FLAG (A–C) or
pHGCX tkCD6-RXP (D–F)
and stained with either anti-
FLAG (A) and anti-GFP
(Sigma) (B) antibodies or
anti-HSV-2 US11 (D) and
anti-GFP (E) antibodies.
Cells were then stained with
FITC-conjugated goat anti-
rabbit IgG (Sigma) and either
RITC-conjugated goat anti-
mouse IgG (Sigma). Green
signals indicate the tk-FLAG
or tkCD6-RXP proteins. Red
stain indicates GFP protein
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acyclovir [29, 30], suggesting that this residue is criti-

cally related to DNA binding. These results suggest

that HSV-2 US11 RXP repeat peptide and aa 67 to 175

of the nucleoside-binding domain in tk are required for

the induction of apoptosis by the tk-RXP fusion pro-

tein. Thus far, the mechanism by which tk-RXP

induces apoptosis remains unclear. The active site of

HSV-1 tk resides at the N-terminal [31]. Fusion of two

proteins is usually performed by joining the N-termi-

nus of one to the C-terminus of the other. Such chi-

meras can result in improper folding of the protein [32,

33], causing a loss of activity. Here, the fusion of RXP

Fig. 4 COS7 cells were
transfected with the tk-FLAG
(A–C), RXP-tk (D–F), tk-
RXP (G–I), tkCD6-RXP (J–
L), tkND66-RXP (M–O),
tkND200-RXP (O–Q), or
tkQ125NCD6-RXP (R–T)
expression vectors. Cells were
then fixed and stained with
anti-FLAG (Sigma) (A) or
anti-HSV-2-US11 (D, G, J,
M, P, S) antibodies, labeled
with FITC-conjugated goat
anti-rabbit or anti-mouse IgG
(Sigma) as appropriate, and
stained with Promidium
Iodide (Sigma) (B, E, H, K,
N, Q, T). Analysis was
performed using the LSM510.
Green signals indicate the tk-
FLAG or the RXP fusion
proteins. The red stain
indicates the nuclei
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to the N-terminus of tk might affect its translation,

altering its activity and structure such that apoptosis

was not induced. Thus, the active domain of tk

described above is critical in apoptosis induction. The

HSV-1 US11 RXP tandem repeat peptide binds both

dsRNA and rRNA and accumulates in nucleoli [34],

which supports the hypothesis that fusion proteins of

HSV-1 US11 RXP could function to modulate the

activity of RNA and ribosomes [17].

As the tk-RXP fusion protein induced apoptosis in

COS7 cells in the absence of GCV, we compared the

cytotoxicity of tk-RXP to that of tk-FLAG following

the addition of GCV. COS7 cells were plated in 35 mm

dishes transfected with 4 lg of pHGCX, pHGCX tk-

RXP, or pHGCX tk-FLAG using lipofectamine 2000.

Twenty-four hours after transfection, growth medium

was replaced with a medium containing varying con-

centrations of GCV. After 48 h of culture in the

presence of GCV, the number of surviving cells was

counted by trypan blue staining. The survival percent

of tk-RXP-transfected cells was 31.9% of the levels

seen in mock-transfected cells given 5 lM GCV

(Fig. 8). In contrast, the viability of tk-FLAG trans-

fected cells was 72.6% of the mock cell numbers for the

same dose of GCV, demonstrating that the tk protein

carrying the RXP peptide exhibits increased cytotox-

icity over that seen for tk-FLAG. As GCV inhibits

hematosis, high intensity administration of GCV is

limited [35], which influences the tk/GCV therapeutic

efficacy. Our results indicated that the tk-RXP fusion

protein induced apoptosis in transfected cells in the

absence of GCV; therefore, the application of tk-RXP/

GCV to cancer gene therapy would not only enhance

the cytotoxicity of suicide gene therapy, but also

reduce the adverse side effects of GCV.

In conclusion, this study demonstrated that the

HSV-2 US11 RXP repeat peptide fusion protein

provides the following advantages over previously

explored suicide gene delivery techniques. The RXP

repeat peptide can carry tk across cell membrane. In

addition, the tk-RXP fusion protein can directly induce

apoptosis. Apoptosis induction required both the

nucleoside-binding domain (aa 67–175) of tk, including

conservation of aa 125, and RXP at the C-terminus.

The tk-RXP fusion protein could also enhance the

cytotoxicity of the prodrug, GCV, suggesting that use

of the tk-RXP fusion protein/GCV strategy may

overcome critical limitations in current gene therapy

methods.

Acknowledgments We are grateful to Dr. Y. Saeki (Massa-
chusetts General Hospital, Boston, MA) for providing pHGCX
vector. This study was supported in part by Grants for Scientific
Research from the Ministry of Education, Science, Sports and
Culture of Japan.

Fig. 5 TUNEL staining.
COS7 cells were transfected
with the tk-FL0AG (A–C),
tkCD6-RXP (D–F), or HSV-
2-US11 expression vectors.
The cells were stained with
anti-FLAG (B) or anti-HSV-
2 US11 (E, H) antibodies and
labeled with TRITC-
conjugated goat anti-rabbit or
anti-mouse IgG (Sigma).
Using an Apop Tag apoptosis
detection kit (CHEMICON),
biotin 16-dUTP was then
added to the double or single
stranded-DNA within these
cells using terminal
deoxynucleotidyltransferase
to detect the free 3¢ ends of
newly cleaved DNA in situ
(A, D, G). Analysis was
performed using a Bio-Rad
MRC-series confocal imaging
system. Green staining
indicates a TUNEL-positive
cells
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Fig. 6 Annexin V-Cy3
staining. COS7 cells were
transfected with tk-RXP (A,
B), tk-FLAG (C, D), tkCD6-
RXP (E, F), tkQ125NCD6-
RXP (G, H), tkND66-RXP (I,
J), or tkND200-RXP (K, L)
expression vectors using
lipofectamine 2000. Thirty-six
hours after transfection, cells
were stained with annexin V-
Cy3 (B, D, F, H, J, L). Cells
were also immunostained
with HSV-2 anti-US11 (A, E,
G, I, K) or anti-FLAG
antibodies (C). Analysis was
performed by a Bio-Rad
MRC-series confocal imaging
system. The red staining
indicates annexin-positive
cells
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