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get tissues.  Conclusion:  These studies demonstrate a marked 
efficiency and high safety for the Ad-HSV1TK/GCV therapeu-
tic approach in the context of Eker rat uterine leiomyomas 
and provide essential preclinical data for the development 
of Ad-HSV1TK/GCV gene therapy for uterine fibroids. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Uterine leiomyomas are the most common female pel-
vic tumors and occur in 20–25% of premenopausal wom-
en  [1] . They commonly cause severe symptoms such as 
heavy, irregular, and prolonged menstrual bleeding; ane-
mia; pelvic discomfort; bowel and bladder dysfunction; 
infertility, and recurrent abortion  [2–4] . These clinical 
complications seriously impact women’s health.

  Currently, only a few treatment options are available 
to women with symptomatic fibroids  [5, 6] . Hysterectomy 
has been the mainstay for fibroid treatment  [7] . This sur-
gical approach is costly, and it carries the additional risks 
of major morbidity and possible mortality.

  Unfortunately, gonadotropin-releasing hormone (Gn-
RH) agonists, an effective nonsurgical treatment option, 
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 Abstract 

  Background/Aims:  The objective of this study was to assess 
in vivo gene therapy of uterine leiomyomas in the Eker rat 
model using adenovirus (Ad)-mediated delivery of herpes 
simplex virus 1 thymidine kinase gene (HSV1TK) followed by 
ganciclovir (GCV) treatment.  Methods:  We randomized 27 
female Eker rats with MRI-confirmed uterine leiomyomas to 
a single treatment with direct intra-tumor injection of Ad-
HSV1TK/GCV, Ad-LacZ/GCV, or medium alone. Samples were 
collected from tumors, other body organs, and blood at 10, 
20, and 30 days after treatment to assess the safety and ef-
ficacy of the treatment.  Results:  Ad-HSV1TK/GCV treatment 
significantly decreased uterine fibroid volume by 75  8  16, 
58.7  8  6.3, and 67.5  8  27.5%, of the pretreatment volume at 
days 10, 20, and 30, respectively. Ad-HSV1TK/GCV increased 
caspase-3 activity, Bax expression, and TUNEL apoptosis 
marker, and it decreased cyclin D1, PCNA, Bcl2, and PARP pro-
tein expressions. Ad transfection induced local CD4+ and 
CD8+ infiltration and serum anti-Ad antibodies. Additional-
ly, Ad transfection was tumor-localized and safe to non-tar-
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have been reported to cause severe side effects such as an 
irreversible decrease in bone density and rapid regrowth 
of uterine tumors after treatment cessation  [8] ; therefore, 
use of this treatment has been restricted to a temporary 
(3–6 months) surgical adjuvant regimen  [9] .

  Gene therapy implies delivery of genetic material to 
target cells to achieve therapeutic benefits such as inter-
fering with a certain gene’s function, restoring lost func-
tion, or initiating a new function  [9] . Gene therapy uti-
lizes the use of different strategies, the most frequent of 
which is suicide gene therapy  [10] . Herpes simplex virus 
1 thymidine kinase gene (HSV1TK) delivery followed by 
ganciclovir (GCV) administration (HSV1TK/GCV) is a 
common form of suicide gene therapy that has been ap-
plied to many tumors  [11] .

  GCV, a nontoxic guanosine analog, is specifically 
phosphorylated by herpes simplex thymidine kinase into 
its monophosphorylate derivative (GCVMP), to which 
mammalian cellular kinases add additional phosphate 
groups, mediating its conversion to the toxic triphos-
phorylated form (GCVTP)  [11] . Incorporation of this tox-
ic metabolite into polymerizing DNA inhibits DNA syn-
thesis and blocks the cell cycle, ultimately leading to cell 
death via apoptosis  [12, 13] . Intra-tumor delivery of the 
HSV1TK gene, followed by GCV administration, results 
in targeted killing of both HSV1TK-positive cells and 
neighboring negative cells via a phenomenon called the 
bystander effect  [14–16] . This bystander phenomenon has 
been observed both in vitro  [17]  and in vivo  [18] .

  The female Eker rat spontaneously develops uterine 
leiomyoma as a result of a germline mutation in the tu-
berous sclerosis 2 (Tsc-2) tumor-suppressor gene  [19–21] . 
The similarity in pathogenesis of uterine leiomyoma in 
Eker rats and women has made these animals useful as a 
model system to experimentally address many issues re-
lated to this disease, including development of a new 
treatment modality  [19] .

  Our previous in vitro studies demonstrated that ade-
noviral vectors were able to infect Eker rat uterine leio-
myoma (ELT3) cells with optimal (100%) transduction 
achieved at a multiplicity of infection (MOI) of 100 
plaque-forming units (PFU)/cell  [22] . We have also dem-
onstrated that the adenovirus (Ad) efficiently transduced 
fresh uterine leiomyoma tissue disks 2–3 mm in diameter 
that were directly removed from hysterectomy specimens 
 [9] . Furthermore, we have recently reported that the Ad 
vector expressing HSV1TK followed by GCV treatment 
severely inhibited cell proliferation and resulted in a 
marked increase in the number of apoptotic cells, as well 
as regression of ELT3 rat leiomyoma cell-based lesions 

implanted under nude mouse skin  [16] . The current work 
is designed to assess the efficacy and safety of the in vivo 
Ad-HSV1TK/GCV suicide gene therapy approach of 
uterine leiomyomas in Eker rats, the only immune-com-
petent animal model for uterine leiomyomas  [19] .

  Materials and Methods 

 Recombinant Adenovirus 
 The Ad vector carrying the HSV1TK gene under transcrip-

tional control of the Rouse sarcoma virus (Ad-HSV1TK) used in 
this work has been described previously  [23] . Ad-LacZ is a similar 
Ad expressing a marker gene coding for bacterial  � -galactosidase; 
we used it as a negative control. Both viruses were kind gifts from 
Dr. Savio Woo (Mount Sinai School of Medicine, N.Y., USA). 
Large-scale production of Ad vectors was performed as described 
previously with a typical batch yield of 2  !  10 10  PFU/ml  [24] .

  Animals 
 Female Eker rats, 11–14 months of age, were obtained from the 

closed colony at M.D. Anderson Cancer Center, Smithville, Tex., 
USA. The presence of uterine leiomyoma tumors was initially di-
agnosed with MRI scanning, as described previously  [25, 26] . Rats 
harboring MRI-measurable tumors were randomized for either
a single treatment with a direct intra-tumor injection of Ad-
HSV1TK or with Ad-LacZ, which served as a negative control. All 
animals then received daily subcutaneous treatment with GCV 
50 mg/kg/day for 10 days  [27] . A 3rd group of animals receiving 
intra-tumoral injection of media alone (vehicle) was included as 
an additional negative control group. The tumor volume was de-
termined by serial MRI scanning during the experiment course 
and confirmed with caliper measurement at times of injection 
and euthanasia. Sample rats (3/group) were selected randomly 
and euthanized at the following time points after treatment: 10, 
20, and 30 days (the end of the experiment). Blood and tissue sam-
ples were collected from tumors and several other organs. The 
rats were cared for and handled in accordance with the National 
Institutes of Health guidelines and they were housed in facilities 
accredited by the Association for the Accreditation of Laboratory 
Animal Care. All experiments were approved by the Institutional 
Animal Care and Use Committee (IACUC) of the University of 
Texas Medical Branch, Galveston, Tex., USA.

  Virus Dilution and Tumor Injection 
 The final virus aliquot was diluted in serum-free medium and 

injected directly into the visible leiomyoma tumors after a mini-
laparotomy. We used the previously determined in vitro optimal 
MOI of 100 PFU/ELT3 cell  [22] . The number of cells per tumor 
was determined using the general rule of 3  !  10 8  cell/cm 3  of leio-
myoma tumor  [28] . The tumor volume was determined from the 
3 diameters using the ellipsoid formula: volume = R1  !  R2  !
 R3  !  0.52  [29] . The calculated virus volume was equally injected 
into the 4 tumor corners.

  Tumor Tissue Evaluation 
 Tumor tissues collected from all groups were typically divided 

into 2 parts: one was immediately preserved in liquid nitrogen, 
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and the other was formalin-fixed, paraffin-embedded, and sub-
jected to hematoxylin and eosin (HE) histological analysis. The 
histological sections were graded semi-quantitatively for cell den-
sity (cellularity), the absence or presence of mitosis per 10 high-
power fields, degree of variation in nuclear size, and hyaline 
changes as described previously  [30] .

  Apoptosis was evaluated with the ApopTag kit (Intergen, 
 Purchase, N.Y., USA) using the manufacturer’s instructions. We 
evaluated Bax protein expression as representative for the apop-
tosis-related gene. We also evaluated immune cell infiltration by 
measuring the number of CD4+ and CD8+ cells using immuno-
histochemical analysis. The percentage of immunoreactive cells 
in all of these assays was calculated by counting both positively 
stained nuclei (brown color) against the total number of cells in 3 
random high-power fields for each tissue section. Three tissue 
sections per animal were used and 3 animals were included from 
each group. Data are presented as mean  8  standard error (SE) of 
these 3 animals.

  Western Blot Analysis 
 Small parts of liquid nitrogen-preserved tissues were washed 

twice with phosphate-buffered saline (PBS), and whole tissue ly-
sates were prepared with RIPA lysis buffer. The following anti-
bodies were purchased from Santa Cruz Biotechnology, Inc. (San-
ta Cruz, Calif., USA) and used at the following dilutions: Bcl2,
1:   1,000; cyclin D1, 1:   500; poly(ADP-ribose) polymerase (PARP), 
1:   2,000, and proliferating cell nuclear antigen (PCNA), 1:   6,000, to 
detect their corresponding protein as described previously  [31, 
32] .

  Caspase-3 Assay 
 Caspase-3 enzyme activity was measured using the CaspACE 

Assay system (Promega Corp, Madison, Wisc., USA), in uterine 
leiomyoma tissues obtained from the Ad-HSV1TK/GCV-treated 
group and compared with control groups (Ad-LacZ/GCV group 
and medium-treated group). The assay was based on the ability 
of the caspase-3 enzyme to release the yellow chromophore  P -ni-
troaniline (pNA) from the colorimetric substrate (Ac-DEVD-
pNA) provided in the CaspACE TM  assay system  [33] . Parts of liq-
uid nitrogen-preserved tissues were washed twice with 1 !  PBS, 
suspended in 0.5 ml ice-cold caspase lysis buffer, and then soni-
cated and left on dry ice for 20 min. Lysates were centrifuged
at 13,000 rpm and 4   °   C for 5 min and supernatants were used
for caspase-3 assay. Fluorescence intensity was determined at 
405(ex)/510(em) using the 96-plate Spectra max Gemini spectro-
fluorometer (Molecular Devices, Sunnyvale, Calif., USA). Rela-
tive caspase activities for each sample and sample plus inhibitor 
were calculated from the standard curve. Specific caspase-3 ac-
tivity was calculated as the difference in cleavage activity be-
tween the absence and presence of the inhibitor. Caspase-3 activ-
ity was normalized against the total protein content of each tissue 
measured by BCA kit and represented as percentage of control 
value.

  Safety and Toxicity Studies in Eker Rats 
 All rats were examined daily for any unexpected complica-

tions or unexplained death. At the time of euthanasia, the ratio of 
uterine horn weight to total body weight was calculated, and sam-
ples from various organs including the uterus (myometrium and 
endometrium), ovary, cervix, vagina, liver, spleen, lung, kidney, 

and brain were collected and evaluated macroscopically and with 
HE staining by the same pathologist. Serum liver function tests 
(AST, ALT, and total bilirubin) were also evaluated using stan-
dard techniques  [34] .

  To evaluate for possible dissemination of the Ad to distant rat 
organs after a single direct intra-fibroid injection, total DNA was 
isolated from various rat organs including the brain, lung, heart, 
liver, spleen, ovary, uterus, vagina, and cervix, as well as any uter-
ine leiomyoma tumors, using the DNeasy Tissue kit (Qiagen Sci-
ences, Germantown, Md., USA). The presence of Ad DNA was 
determined by sensitive polymerase chain reaction (PCR) ampli-
fication for the essential E4 region of the Ad genome as described 
previously  [16, 35] . The Ad genome was detected by the presence 
of an amplified 714-bp DNA fragment on 1% agarose gel.

  Evaluation of Anti-Ad5 Neutralization Antibody Titers 
 Anti-Ad5-neutralizing antibody titers were measured by the 

ability of serum to prevent Ad5 transfections of cultured cells as 
described previously  [36–38] .

  Statistical Analysis 
 The data are presented as mean  8  SE. Group differences were 

analyzed using 1-way analysis of variance (ANOVA) followed by 
Tukey test as a post-ANOVA multiple comparison test. Caspase-3 
assay results were analyzed using a 2-tailed unpaired t test. A p 
value of    ! 0.05 was considered statistically significant.

  Results 

  Ad-HSV1TK/GCV Treatment Shrinks Uterine 
Leiomyoma in the Eker Rat 
  To evaluate the efficacy of the Ad-HSV1TK/GCV ap-

proach for the treatment of uterine leiomyoma, we used 
the Eker rat model. Initially, the presence of uterine fi-
broids was confirmed by both MRI and mini-laparotomy 
before the start of treatment. Animals treated with Ad-
HSV1TK/GCV showed significant shrinkage in total tu-
mor volume compared with the Ad-LacZ/GCV-treated 
group or the medium-treated group ( fig. 1 ). Ad-HSV1TK/
GCV treatment produced marked shrinkage of the total 
uterine fibroid volume by –75  8  16 (p  !  0.01), –58.7  8  
6.3 (p  !  0.05), and –67.5  8  27.5% (p  !  0.01) of pretreat-
ment volume at days 10, 20, and 30, respectively. The tu-
mor size in control animals receiving Ad-LacZ/GCV 
continued to grow by +26  8  10, +66  8  23, and +102  8  
38% at the same time points when compared with pre-
treatment size. Similarly, the negative vehicle control 
group that received medium alone continued to grow by 
+20  8  6, +70  8  8, and +110  8  15% at the same time 
points. There was no statistically significant difference 
between the 2 control groups ( fig. 1 ). Additional statisti-
cal analysis for the tumor size changes within the Ad-
HSV1TK/GCV treated group at days 10, 20 and 30, 
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showed that there was no significant difference in tumor 
size among these time points indicating that the treat-
ment-induced tumor shrinkage was persistent for the full 
duration of the treatment (30 days).

  Histological Changes in Ad-HSV1TK/GCV-Treated 
Rat Fibroid Lesions 
 HE-stained sections prepared from both control and 

Ad-LacZ/GCV-treated rats ( fig. 2 A, B) showed typical fi-
broid histology consisting of bundles of smooth muscle 
cells of various sizes running in different directions. 

Longitudinally cut sections showed cylindrical nuclei, 
eosinophilic cytoplasm, and ill-defined cell outlines. 
The nuclei were uniform, crowded, and tightly packed, 
and the mitotic figures were sparse. The muscle fibers 
were intermixed with fibrous connective tissue. Occa-
sional hyaline changes were visible ( fig. 2 A, B). Con-
versely, HE-stained sections of Ad-HSV1TK/GCV-treat-
ed rat leiomyoma ( fig. 2 C–E) showed bundles of edema-
tous smooth muscle cells, and the nuclei were smaller in 
size and oval-shaped with marked nuclear vacuolization 
and degeneration. No mitotic activity was seen; the cel-
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  Fig. 1.  Adenovirus-mediated delivery of the herpes simplex virus 
1 thymidine kinase gene (Ad-HSV1TK; 3  !  10 10  PFU/cm 3  of tu-
mor) by a single direct injection into Eker rat uterine leiomyo-
mata followed by subcutaneous injection of ganciclovir (GCV; 50 
mg/kg/day) for 10 days significantly shrinks Eker rat uterine leio-
myoma volume when compared with both Ad-LacZ/GCV and ve-
hicle-treated animal groups. Uterine leiomyoma tumor volume 
was measured by both MRI scanning and caliper measurement. 
Tumor volume was calculated as a percentage from day 0. Each 
time point represents the mean  8  SE of 3 animals.  a, b  Significant 
difference from control and Ad-LacZ/GCV-treated groups, re-
spectively, at p  !  0.05 using the Tukey test as a post-ANOVA 
test. 

  Fig. 2.  Representative micrographs for HE-stained sections from 
Eker rat uterine leiomyomata treated with Ad-HSV1TK/GCV 
collected 10 ( C ), 20  ( D ), and 30 days ( E ) after treatment versus
Ad-LacZ/GCV ( B ) and vehicle (control)-treated ( A ) sections. HE 
sections of the Ad-LacZ/GCV or control-treated leiomyomata 
showed bundles of smooth muscle cells of various sizes running 
in different directions. Those cut longitudinally showed cylindri-
cal nuclei, eosinophilic cytoplasm, and ill-defined cell outlines. 

The nuclei were uniform, and the mitotic figures were absent or 
sparse. When the cells were transversely cut, their nuclei appeared 
circular with clear cytoplasm surrounding them. The muscle fi-
bers were intermixed with fibrous connective tissue. HE sections 
of Ad-HSV1TK/GCV-treated leiomyomata showed bundles of 
edematous smooth muscle cells; the nuclei were smaller in size 
and had a rounded oval shape. No mitotic activity was seen, and 
the cellularity was decreased. 
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lularity was remarkably decreased, and hyalinization 
was a widespread, prominent feature, especially at day 30 
( fig. 2 E).

  Ad-HSV1TK/GCV Treatment Induces Apoptosis and 
Inhibits Proliferation in Eker Rat Uterine Leiomyoma 
 Ad-HSV1TK/GCV treatment induced a clear de-

crease in both anti-apoptotic Bcl2 ( fig. 3 B) and the death 

substrate, PARP1 protein expressions, as assessed by 
Western blot ( fig. 3 A). As detected by immunohisto-
chemistry, Ad-HSV1TK/GCV treatment significantly
(p  !  0.05) increased the expression of the pro-apoptotic 
Bax protein at all selected time points (10, 20, and 30 
days) when compared with medium control or Ad-LacZ/
GCV-treated groups ( fig. 3 C, D). Additionally, Ad-HS-
V1TK/GCV led to a clear reduction in the expression of 
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  Fig. 3.  Ad-HSV1TK/GCV treatment modulates both apoptosis- 
and proliferation-related gene expression in Eker rat uterine leio-
myomata. Western blot analysis of protein extracted from Eker 
rat uterine leiomyoma tissue treated with Ad-HSV1TK/GCV ex-
hibited a remarkable decrease in the expressions of both the anti-
apoptotic protein Bcl2 ( B ) and the death substrate PARP ( A ). Im-
munohistochemical analysis of Eker rat uterine leiomyoma
sections treated with Ad-HSV1TK/GCV revealed a significant in-

crease in the pro-apoptotic Bax protein at all time points ( C ,  D ). 
Western blot analysis of the same tissue samples revealed that the 
Ad-HSV1TK/GCV treatment resulted in a decrease in prolifera-
tion-regulating gene expression, cyclin D1 ( E ) and proliferating 
nuclear antigen (PCNA;  F ).  a, b  Significant difference from control 
and Ad-LacZ/GCV-treated animals, respectively, at p  !  0.05 us-
ing the Tukey test as a post-ANOVA test. 
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both PCNA, an endogenous marker for proliferation 
 [39] , and cyclin D1, a cell cycle-regulating gene ( fig. 3 E, 
F)  [40] .

  Further confirming the induction of apoptosis in
Ad-HSV1TK-treated Eker rat fibroid lesions, the Ad-
HSV1TK/GCV-treated group exhibited a significant in-
crease in caspase-3 activity, 5,103, 500, and 2,686% of the 
corresponding caspase-3 values in media-treated ani-
mals at 10, 20, and 30 days, respectively, when compared 
with Ad-LacZ/GCV-induced caspase-3 activity of 144, 
171, and 277% of the corresponding control group at the 

same time points (p  !  0.01;  fig. 4 A). Similar findings were 
observed in the TUNEL reaction. The percentages of 
apoptotic TUNEL-positive cells were 23  8  2, 18  8  2, and 
15  8  2% in fibroid tissues collected from Ad-HSV1TK/
GCV-treated rats at 10, 20, and 30 days after treatment 
compared with 2.8  8  0.7, 2.5  8  1.5, and 3  8  1% in the 
media-treated group, and 4.7  8  2.8, 3.8  8  1.5, and 5  8  
2% in Ad-LacZ/GCV-treated rats at the same time points 
(p  !  0.05;  fig. 4 B; day 30 results representative for both 
control and Ad-LacZ groups).
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  Fig. 4.  Ad-HSV1TK/GCV treatment significantly increased cas-
pase-3 activity in Eker rat uterine leiomyomata at all selected time 
points when compared with the Ad-LacZ-treated group ( A ). The 
number of apoptotic cells were significantly increased, which is 
indicated by an increase in positive TUNEL reactions in tissue 
sections prepared from Ad-HSV1TK/GCV-treated animals when 
compared with either control or Ad-LacZ/GCV-treated tumor 
sections ( B ). Caspase-3 activity was normalized against the total 

protein content of each tissue measured by BCA kit. Caspase-3 
activity was represented as percentage of control. Apoptotic cells 
are represented as a percentage of total cells in the field ( C ).        a  Sig-
nificant difference from Ad-LacZ/GCV at p  !  0.001 using a 2-
tailed unpaired t test in the caspase-3 activity experiment.  b, c  Sig-
nificant difference from sections treated with either control or 
Ad-LacZ/GCV at p  !  0.05 using the Tukey test as a post-ANOVA 
test. 
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  Local Immune Cell Infiltration after a Single
Intra-Fibroid Injection of Ad-HSV1TK 
 Ad injections significantly (p  !  0.05) increased the 

number of CD4+ and CD8+ cells compared with medi-
um-treated control ( fig. 5 A–C). Leiomyoma sections pre-

pared from Ad-LacZ-treated animals 10, 20, and 30 days 
after treatment exhibited 10  8  4, 11  8  4, and 15  8  3% 
CD4+ expressions while Ad-HSV1TK-treated sections 
exhibited 12  8  1.7, 11  8  2.5, and 17  8  3%, respectively, 
compared with 1.5  8  2, 3  8  4, and 2.5  8  2% in control 
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  Fig. 5.  Evaluation of the immunoresponse after a single direct ad-
enovirus (Ad) injection into Eker rat uterine leiomyoma. Repre-
sentative tumor sections from control ( a ), Ad-LacZ ( b ), Ad-
HSV1TK collected after 10 ( c ), 20 ( d ), and 30 ( e ) days stained with 
antibodies against CD8 ( A ) or CD4 ( B ) as indicators for local im-
mune response activation. The amount of both CD4+ and CD8+  
 cells was significantly higher in Ad-treated tissue sections com-
pared with control. The number of CD4+ or CD8+ cells was 
counted in 4 random fields of each section representing 1 animal, 
calculated as a percentage of total cells, and plotted as mean  8  SE 
of 2 animals for each point ( C ). Intrauterine leiomyoma injection 
of Ad-induced anti-Ad antibodies in Eker rat serum 30 days after 

injection as ultimate for humoral immune response ( D ). The sera 
were serially diluted using OPTI medium, heat inactivated, incu-
bated with Ad-LacZ for 1 h at 37   °   C, and then used for transfection 
of human leiomyoma cells. After 24 h, the cell cultures were fixed 
and stained with X-gal stain. The number of blue-stained nuclei 
were calculated as a percentage of total cells in the field. Antibody 
titer was calculated as the highest serum dilution that blocks 
 1 75% of Ad-LacZ transfection. Ad-LacZ without Eker rat serum 
was used as a positive control. Eker rat serum known to be nega-
tive for Ad-antibodies was used as negative control.  a  Significant 
difference from negative control (no virus-treated group) at p  !  
0.05 using the Tukey test as a post-ANOVA test. 
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tissue at the same time points mentioned previously. The 
percentage expression of CD8+ cells in Ad-HSV1TK-
treated leiomyoma was 9  8  2, 9.5  8  2, and 12  8  2%, 
respectively, in the same treatment order mentioned pre-
viously. In Ad-LacZ, the expression was 8  8  4, 10  8  2, 
and 10  8  3%, compared with 3  8  2, 2.5  8  3, and 3  8  
1.75% expressed in sections prepared from control ani-
mals ( fig. 5 A–C; day 30 results were representative for 
control and Ad-LacZ groups).

  Humoral Immune Response to Adenovirus Treatment 
in Eker Rats 
 Contrary to our predictions, direct injection of Ad-

LacZ or Ad-HSV1TK into uterine fibroid lesions in the 
Eker rat elicited a systemic anti-Ad antibody humoral re-
sponse. Undiluted sera from non-virus medium-only 

treated control group animals did not block the Ad trans-
fection and exhibited optimal Ad transfection after a 1:   4 
dilution. Conversely, higher antibody titers of 67.5  8  7.5 
(p = 0.01) and 75  8  14.4 (p  =  0.01) were detected for Ad-
LacZ and Ad-HSV1TK-treated Eker rats 30 days after 
treatment, respectively ( fig. 5 D).

  Safety and Toxicity Studies 
 The effectiveness of any tumor therapy must be 

weighed carefully against its risks or side effects. In this 
study, all treated rats tolerated the virus inoculation well 
and survived the experiment without any apparent sign 
of toxicity. The Ad-HSV1TK/GCV treatment strategy did 
not produce any significant effect on Eker rat liver func-
tion tests (AST, ALT, and total bilirubin) after 30 days of 
Ad injections ( fig. 6 A). These values were comparable 

Table 1. Evaluation of adenovirus dissemination in Eker rat organs after a single intrauterine leiomyoma injec-
tion of 3 ! 1010 PFU/cm3 tumor

Animal organ

brain heart lung liver spleen kidney ovary uterus vagina cervix

Percentage of E4-positive organ
to total number of animals 0 0 0 30 0 0 0 20 0 0

The results are the sum from both Ad-LacZ and Ad-HSV1TK groups 10 days after Ad injection.
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  Fig. 6.  Evaluation of Ad-HSV1TK/GCV safety in the Eker rat after 
a single intrauterine Ad-HSV1TK injection followed by 10 daily 
doses of GCV. There were no significant changes in either  liver 

function test evaluated 30 days after adenovirus treatment ( A ) or 
relative horn weight to total body weight during the treatment 
course ( B ).                             
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with values obtained from medium-treated controls and 
the Ad-LacZ/GCV-treated group. There was no signifi-
cant change in relative uterine horn weight to total body 
weight among various treatment groups at 10, 20, and 30 
days ( fig. 6 B).

  Histological evaluation of tissue sections obtained 
from different Eker rat organs at all of the tested time 
points using HE staining revealed no sign of tissue dam-
age or necrosis. PCR amplification of the Ad-E4 region 
indicated that the Ad was localized in the injected tumor 

tissues and, to a much lesser degree, in the liver and uter-
ine tissues ( fig. 7 ;  table 1 ). None of the other tested organs 
demonstrated the presence of any amplifiable Ad DNA.

  Discussion 

 Suicide gene therapy represents an appealing option 
for the treatment of many pathologic conditions of cellu-
lar hyperproliferation, including tumors  [41–43] . The
HSV1TK/GCV approach, a popular form of suicidal gene 
therapy, has been reported as an effective strategy for the 
treatment of several human tumors  [14, 18, 24, 42, 44, 45] . 
We have recently demonstrated that Ad-mediated deliv-
ery of HSV1TK, followed by GCV treatment, was toxic to 
human and rat leiomyoma cells in vitro and induced a re-
markable regression of ELT3 cell-based lesions in nude 
mice  [16] . In a continuation of our efforts to develop an 
alternative localized nonsurgical treatment approach for 
uterine leiomyoma, it was important to test this therapeu-
tic modality in an immunocompetent animal model of 
uterine leiomyoma to assess both treatment safety and ef-
ficiency in preparation for a possible future clinical trial.

  In this study, we investigated whether gene transfer 
using an Ad vector expressing HSV1TK followed by GCV 
treatment would be useful in reducing uterine leiomyo-
ma size in the Eker rat model. Our data clearly demon-
strate that the Ad-HSV1TK/GCV approach is very effi-
cient in decreasing Eker rat uterine leiomyoma volume. 
Moreover, statistical analysis for the tumor size changes 
within the Ad-TK treated group at days 10, 20 and 30 us-
ing Tukey test as a post-ANOVA test demonstrated no 
significant difference in tumor size among these time 
points, indicating that the treatment-induced tumor 
shrinkage was persistent for the full duration of the treat-
ment (30 days;  fig. 1 ), which may reflect the bystander 
phenomenon of the HSV1TK/GCV approach  [14–16] . It 
is expected that adenovirus vectors would be cleared 
from the transfected tissues within 6–8 weeks depending 
upon the severity of local immune response  [46–49] . 
Thus the biological response would be optimal within the 
first few weeks and start to decrease gradually. Currently, 
we do not have long-term ( 1 30 days) data with this ap-
proach in the Eker rat model. However, we have shown 
earlier that repeated adenovirus injection could be effec-
tive  [24] . Additionally, we are evaluating the utility of 
modified adenoviral vectors that might support enhanced 
and prolonged gene expression  [50] .

  In order to elucidate the potential mechanisms by 
which Ad-HSV1TK/GCV could mediate the Eker rat tu-
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  Fig. 7.  Evaluation of Ad-HSV1TK dissemination in Eker rat or-
gans after a single intrauterine leiomyoma injection of 3                  !  10           10  
PFU/cm 3  tumor. Total DNA was isolated from tumor tissue and 
most animal organs as described in the Materials and Methods 
section. We then performed PCR amplification of the Ad E4 re-
gion, and the presence of the E4 region was documented on 1% 
agarose gel. The 714-bp DNA fragment corresponding to the Ad 
E4 region was clearly detected in tumor tissues (B10 and B13), 
while faint bands were detected in 30% of liver (A31 and B5) and 
20% of myometrium tissues (B9). The other organs showed nega-
tive results. These results are the sum of both Ad-LacZ and Ad-TK 
groups at 10 days after Ad injection.   
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mor size shrinkage, we evaluated various genes implicat-
ed in cellular pathways that have been reported to be al-
tered in leiomyomas, such as proliferation (PCNA and 
cyclin D1) and apoptosis (Bax, Bcl2, PARP), as well as 
caspase-3 activity. Finally, we confirmed the apoptosis by 
TUNEL assay.

  It is well known that the basic machinery for apoptosis 
constitutes a complex interaction between distinct pro- 
and anti-apoptotic molecules such as Bcl2 family mem-
bers  [51] . Bcl2, a major anti-apoptotic protein, has been 
shown to block apoptosis by preventing loss of mitochon-
drial membrane potential, which blocks cytochrome c re-
lease  [52]  and prevents the activation of the caspase cas-
cade  [53] . On the other hand, Bax (a pro-apoptotic pro-
tein) has been reported to mediate the opposite effect of 
the Bcl2 protein  [51, 54] . Leiomyoma cells have been re-
ported to express higher amounts of Bcl2 protein and 
lower amounts of Bax proteins compared with normal 
myometrial cells  [55, 56] . In this study, Ad-HSV1TK/
GCV treatment significantly reduced the expression of 
Bcl2 protein and increased Bax protein expression at all 
time points, which conceivably would lead to activation 
of a caspase cascade  [53] .

  PARP, a nuclear enzyme, plays a crucial role in DNA 
replication, transcription, repair, and genome stability 
 [57, 58] . PARP cleavage has been used as a prominent bio-
chemical hallmark of apoptosis  [58, 59] . The activation or 
upregulation of the PARP protein was more frequently 
detected in leiomyomas as compared with myometria 
 [60] . In this study, of particular importance was the de-
crease in the expression of PARP in Eker rat uterine leio-
myoma treated with Ad-HSV1TK/GCV compared with 
control. This finding strongly implicates caspase cascade 
activation.

  It is well documented that caspase-3, the effector exe-
cutioner of apoptosis, is working in part through cleavage 
of the parent PARP compound into its inactive fragment, 
leading to inhibition of DNA repair and resulting in 
apoptosis  [52, 59, 61] . Our data clearly demonstrated sig-
nificant induction of caspase-3 activity at all selected 
time points compared with control animals. As expect-
ed, these effects resulted in the overall increase in the 
percentage of TUNEL-positive apoptotic cells in Ad-
HSV1TK/GCV-treated groups compared with control 
groups.

  Accumulating evidence indicated that uterine leiomy-
oma growth is, in part, regulated by the balance between 
genes regulating proliferation and apoptosis  [62, 63] . 
PCNA and cyclin D1 have been demonstrated as markers 
of proliferation  [40, 62, 64]  and have been reported to be 

higher in leiomyoma than in a normal myometrium com-
partment  [62] . Ad-HSV1TK/GCV exhibited a dramatic 
decrease in PCNA and cyclin D1 expression ( fig. 3 E, F), 
which might reflect a cell cycle arrest  [40, 62, 64] . Taking 
these results together, we can conclude that Ad-HSV1TK/
GCV treatment shrinks Eker rat leiomyomas, in part, 
through induction of apoptosis and inhibition of prolif-
eration.

  There is ample evidence indicating the effect of the 
immunoresponse on the usefulness of Ad-mediated gene 
therapy in vivo  [65, 66] . In the context of tumors, the im-
mune system would have controversial effects: it would 
augment the cytotoxic effect on tumor cells through the 
innate destructive cellular immune responses against the 
virus-transuded cells  [65] , and it could neutralize the Ad 
that carries the gene of interest, which would eliminate 
transgene expression and reduce gene transfer efficiency 
 [66] .

  In this study, the interplay between the Ad and the im-
mune system has been assessed by evaluating the cluster 
of differentiation 4 and 8 (CD4+ and CD8+) cells. These 
cells are representative of the local immune response, as 
well as the Ad antibodies serum titer, as the ultimate for 
humoral immune response, exploiting the immunocom-
petent nature of Eker rat ( fig. 5 ). CD4+ cells amplify the 
signal generated by the T-cell receptor in response to in-
fection, regulating both the innate and adaptive immune 
responses  [67] , while CD8+ T cells release cytotoxins that 
form pores in the plasma membrane of cells infected with 
viruses, which eventually leads to target cell apoptosis 
 [68, 69] .

  Our studies have demonstrated that the percentage of 
both CD4+ and CD8+ cells was significantly increased
in all Ad-treated uterine leiomyoma tissue compared 
with the vehicle-treated group ( fig. 5 A–C). Interestingly, 
the results are comparable between Ad-LacZ and Ad-
HSVT1K animals indicating that the local immune re-
sponse represented by CD4+ and CD8+ cells is directed 
towards the adenovirus back bone and not the transgene. 
On the other hand, the tumor shrinkage and other bio-
logical effects like apoptosis are due to the therapeutic 
HSV1TK transgene. This finding is consistent with ear-
lier reports by us and others  [24, 49, 70] .

  Our results also reported a moderate induction in the 
level of Ad antibodies in the Eker rat sera after a direct 
single intrauterine injection of Ad-HSV1TK or Ad-LacZ 
( fig. 5 D). However, we do not expect a significant effect 
on gene transfer using repeated Ad injections (if required 
to achieve higher tumor cell eradication), since uterine 
leiomyoma are developed as discreet and circumscribed 
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within a fibrous capsule  [9] ; this facilitates direct Ad tar-
geting inside the tumor avoiding serum antibody neu-
tralization in the future. We and others have demonstrat-
ed that repeated adenovirus injection directly into tu-
mors is efficacious even in the presence of anti-adenovirus 
antibodies  [16, 24, 70, 71, 72] .

  From a clinical point of view, Ad-mediated gene ther-
apy for uterine leiomyomas has to avoid toxic side effects 
to other cell populations within the uterus as well as body 
organs, specifically, the liver – a target for systemically 
injected Ad toxicity  [73, 74] . Careful review of different 
body organ histology, especially the hepatic and uterine 
tissues in Ad-HSV1TK/GCV animals at all scheduled ex-
periment time points (10, 20, and 30 days) did not reveal 
any evidence of organ damage. The liver function test 
and the percentage of horn weight to total body weight 
did not reveal any significant changes compared with ei-
ther control or Ad-LacZ/GCV-treated animals, which so-
lidifies the safety profile of this treatment regimen ( fig. 6 ). 
Similar dose regimens up to 30 days have been applied in 
various clinical trials against different disease models 
with excellent safety profile  [75–77] .

  Moreover, we did not find evidence of significant dis-
semination of our target gene to distal body organs; this 
was probably due to the capsulated nature of leiomyoma 
tissue and the localized method of virus delivery. The only 
exception was the liver and the uterus, which showed in-
frequent dissemination in 30% of the Ad-injected animals 
( fig. 7 ;  table 1 ). The level of leakage/rat seems to be mini-
mal since the PCR amplicon was very faint ( fig. 7 ). Similar 
findings have been reported before by our group and oth-
ers  [16, 18, 78] . We and others have also utilized similar 
methods for Ad detection in both preclinical and clinical 
trials  [16, 35] . Our attempts to modify the liver tropism of 
wild-type adenovirus and divert it to the target organ of 
choice are yielding encouraging results  [50, 79] .

  Applying this treatment modality for human uterine 
leiomyoma could be a successful option due to the inher-
ent features of leiomyomas: fibrous capsulated nature, 
slow-growing tumor rate, and the fact that marked clini-
cal improvement of fibroid-related symptoms does not 
necessitate complete resolution of the fibroid but rather a 
modest decrease in size  [5, 9, 80, 81] . Minimally invasive 
ultrasound-guided transcutaneous injection of the virus 
directly into the uterine fibroid lesion would be a feasible 
option. A delivery system, such as VacLok with pressure 
sensing (http://www.medicaldesignonline.com), could 
avoid injection site transfection, or using a modified tar-
geted (enhanced) Ad vector transvaginally could avoid 
dissemination  [50, 80] .

  Worldwide, over 1,300 clinical trials were done by the 
end of July 2007, and still Ad vectors are the most com-
monly used vector  [82, 83] . Most of these clinical trials 
were determining the safety of the agents (phase I) or 
their potential efficacy (phase II)  [75, 77, 84, 85] .

  Gynecology and gynecologic oncology are at the fore-
front of evolving gene therapy towards both benign and 
malignant disease  [86, 87] . Gynecologic gene therapy has 
advanced to human clinical trials for ovarian carcinoma 
 [86, 87] ; a phase III human clinical trial has begun in pa-
tients with stage III epithelial ovarian cancer  [88] . Similar 
strategies are at early stages, for endometrial carcinoma 
 [89–90] , breast cancer  [91] , cervical cancer  [92] , and oth-
er benign gynecological disorders such as endometriosis 
 [93] , ovarian failure  [94]  and adhesion  [95] .

  Gene therapy success for a genetic disease – severe 
combined immunodeficiency disease – has been achieved 
 [86, 96] , and ongoing gene therapy development includes 
choosing the appropriate gene, method of gene delivery, 
achieving temporary or stable transfection, regulating 
gene expression, avoiding side effects and achieving better 
results than conventional therapy  [47, 50, 71, 78, 79, 86] .

  In conclusion, our work clearly demonstrates a marked 
efficiency and high safety margin for the Ad-HSV1TK/
GCV therapeutic approach in the context of Eker rat 
uterine leiomyoma. The tumor shrinkage is mediated via 
induction of apoptosis and decreasing the proliferation. 
This study may lead to a clinical trial as the next step in 
developing an effective, targeted, nonsurgical treatment 
option, especially for patients who want to maintain their 
fertility.
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