
Abstract. Targeting gene expression to cancer cells remains
a challenge for the development of gene and viral therapy for
gliomas. Recent studies have highlighted transcriptional
targeting as one of the possible solutions to overcome this
limitation. In this context, melanoma associated antigens
(MAAs) are usually over-expressed in brain tumors in
comparison to normal brain tissue. For this reason, we
investigated the use of the tyrosinase promoter as a tran-
scriptional element to target oncolytic therapy for gliomas.
Tyrosinase mRNA expression was evaluated by qRT-PCR
in normal human brain tissue as well as in human glioma
specimens. We found that this gene was significantly over-
expressed in glioma cell lines and in primary glioma samples.
Tyrosinase expression correlated with the grade of the tumor
(p-value range: 0.05-0.001). Furthermore, transfection of
several cell cultures with human and mouse tyrosinase
promoters driving a luciferase reporter gene confirmed the
activity of this promoter in mouse and human cells. To
evaluate whether tyrosinase-activated conditionally replicative
adenoviruses (CRAds) could induce toxicity in glioma cells,
two vectors (Ad h/m and Ad24TYR) were tested in a mouse
glioma model. C57BL/6 mice underwent intracranial injection
of tumor cell line GL261. Survival was used to evaluate
efficacy of the tested vectors. Mice receiving 1x109 MOI of
Ad h/m and Ad24TYR following intracranial tumor implants
had a median survival of 46±3 days (p<0.05); in contrast, those
treated with medium had a median survival of 31±2 days.

These results suggest that injection of tyrosinase CRAds
leads to prolongation of survival in mice with experimental
brain tumors. The tyrosinase promoter stands as a proof of
principle of the potential use of MAA over-expression patterns
for targeting novel anti-glioma therapies. 

Introduction

The efficiency of gene and oncolytic therapy for malignant
gliomas is presently limited by tumor-specific gene expression.
To achieve tumor specificity, one of the approaches consists
of exploring the distinct transcriptional profile found in
tumor cells. This principle can be applied to target oncolytic
adenoviral vectors, so called CRAds (1-4). 

Glial and melanocytic cells derive from neuroectoderm
(5). Consistent with their common embryological origin,
some specific proteins are expressed in both kinds of cells.
RT-PCR analysis performed on normal and human brain
tumor specimens showed that human gliomas have markedly
elevated levels of melanoma associated proteins (MAAs), a
group of proteins categorically over-expressed in melanoma
cells (6,7). Recently, it has been reported that the mouse
glioma cell line, GL261, demonstrates high levels of MAAs
as well (8). Tyrosinase, an enzyme that catalyzes the rate-
limiting step in melanin synthesis, is an illustrative example
of these proteins. Within the CNS, homogenates of substantia
nigra have detectable tyrosinase-like activity (9). Tyrosinase
promoter activity has been observed not only in pigment cells,
but also in embryonic neuroectoderm, migrating neural crest
cells, spinal cord cells, and specific cells of the cranial region
(10). In addition, the mouse tyrosinase promoter is active
throughout murine brain development and has been implicated
in neuromelanin formation in the substantia nigra and the
developing telencephalon (11). These results demonstrate
that tyrosinase promoter activity and tyrosinase expression
correlate with regions of rapid cell proliferation in the central
nervous system. 

In this study, we investigated the level of tyrosinase
expression in glioma and non-glioma cell lines as well as
primary patient samples. Previous studies have exploited the
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over-expression of tyrosinase to create a CRAd that specifically
replicated in melanoma tissue via the incorporation of a
tyrosinase enhancer/promoter cassette which drove E1A
expression and viral replication (12,13). Here, we describe
the application of replication-competent adenoviruses capable
of targeting glioma cells under the control of a tyrosinase
promoter element. The results obtained in our experiments
demonstrate that we can use adenoviral vectors to initiate
tyrosinase-activated glioma oncolysis. Furthermore, our
findings suggest that using a glioma-specific promoter to
drive adenoviral replication is an effective method to prolong
the survival of animals with experimental brain tumors.

Materials and methods

Cells and cell culture. The murine glioma GL261, the human
glioma U87MG, melanoma SK-MEL-28, lung carcinoma
A549 and embryonic kidney (HEK293) cell lines were obtained
from American Type Culture Collection (ATCC, Manassas,
VA, USA). The human glioma N.10 cell line was purchased
from Japan tissue bank (Tokyo, Japan). Normal human astro-
cytes (NHA) and fibroblasts were purchased from Clonetics
(Cambrex Corporation, NJ, USA). The murine glioma GL261
cell line was a gift from Dr Henry Brem (Johns Hopkins
Medical Center, Baltimore, MD, USA). Human primary
brain tumor specimens were obtained after resection surgery
from patients who were diagnosed with glioma (WHO grade
II, and IV). The diagnosis was confirmed by a neuropatho-
logist. The study was approved by the Institutional Review
Board at the University of Chicago. All cell lines were
maintained in a humidified 37˚C atmosphere containing
5% CO2 and cultured with DMEM supplemented with 10%
FBS. The primary cells (NHA and fibroblasts) were maintained
according to vendor recommendations. Infections were
performed in medium with 2% fetal bovine serum-FBS
(CellGrow, USA). 

Plasmid and viruses. A series of plasmids containing the
luciferase transgene were generously provided by Dr D.
Nettelbeck. The luciferase reporter plasmids were generated
based on pGL3 background (Promega, Madison, WI, USA).
Luciferase expression was driven under the control of the
following transcriptional elements: SV40 promoter (pGL3-
SV40), mouse tyrosinase (pGL3-mTyr) and human tyrosinase
(pGL3-hTyr). The human tyrosinase plasmid construction
contained the tyrosinase enhancer element (nucleotides
2014-1811), the promoter element (-209/+51) and the mouse
tyrosinase promoters which were inserted into the luciferase
reporter vector pGL3-Basic (Promega) to produce the human
Tyr and mouse Tyr (12,14,15). The replication-competent
vectors: AdWT, Ad24CMV, Ad24TYR, Ad5/3DT, and Ad h/m
were described by Nettelbeck et al (13); Ad 24-5/3 by
Kanerva et al (16); Ad 5/3 by Tekantv et al (17) and Ad 24
virus was described by Fueyo et al (18). Upon amplification
of Ad24CMV, Ad24TYR, Ad5/3DT, and Ad h/m in SK-MEL-
28 cells, the viruses were purified by routine method with CsCl.
The viral titer was determined by measuring OD. Ten-fold
dilutions of each virus were titrated on HEK293 cells by the
TCID50 method (19). Production of CRAds (AdWT, Ad24,
Ad 5/3, Ad24CMV, Ad24TYR, Ad5/3DT, Ad 24-5/3 and

Ad h/m) was 3x1010, 6x1010, 3x109, 1.85x1011, 7.77x109,
8.5x1010, 1x109, 8.7x1010 pfu/ml, respectively.

Real-time quantitative RT-PCR for tyrosinase and midkine
expression. To examine human tyrosinase gene expression,
human tyrosinase sense and antisense primers were designed
from the cDNA sequence of the human tyrosinase gene
(Genbank accession no. M27160). We also utilized the midkine
gene (Genbank accession no. NM001012333) as a control.
The sequences of these primers were: tyrosinase gene:
forward primer 5'-GAAATACACTGGAAGGATTTGCTA
GTC recognizes exon 2/3; reverse primer 5'-CCAAGGAGC
CATGACCAGATCCGA recognizes exon 5. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a house-
keeping gene for internal control. The sequences to amplify
the GAPDH gene were: sense 5'-CAACTACATGGTTTACA
TGTTCCAA, antisense primer 5'-GCCAGTGGACTCCACG
ACGT. The primers recognizing human midkine were:
sense 5'-ATGCAGCACCGAGGCTTCCT-3' and antisense:
5'-ATCCAGGCTTGGCGTCTAGT-3' (20). The amplified
fragment was detected as a 180-nucleotide amplicon (for
tyrosinase) and 418 (for GAPDH and MK); GAPDH was
used as reference gene. A 10-fold sterilely diluted pUC19
was used as a standard. Control samples comprised of
distilled water or non-reverse-transcribed samples and were
negative for both tyrosinase and glyceraldehyde-3-phosphate
dehydrogenase transcripts. PCR mixtures were designed to
result in a master mix with a final volume of 9 μl/reaction
containing 1X TaqMan® SYBR green PCR kit (Applied
Biosystems), 100 nM forward primer, 100 nM reverse primer,
100 nM probe and 0.025% BSA. Thermal cycling conditions
were as follows: 94˚C x 2 min for one cycle, 30 cycles at
92˚C x 20 sec, 57˚C x 30 sec, and 72˚C x 20 sec, followed by
a plate read at 75˚C (21). Reactions were carried out in
triplicate for each sample using the Opticon DNA Engine
thermocycler (M J Research, Waltham, MA). All samples
were normalized using the expression level of glyceraldehyde-
3-phosphate dehydrogenase.

Quantitative analysis of viral replication. GL261 mouse glioma
cells (0.5x105 cells/well) were grown to 60% confluence and
seeded onto 24-well plates with 1 ml of F-12 Dulbecco's
modified Eagle's medium. The next day, the medium was
aspirated and the cells were infected with AdWT, Ad24CMV,
Ad24TYR, Ad5/3DT, Ad h/m, Ad24-5/3 or Ad24 adenoviral
vectors at 10 MOI/cell, and incubated at 37˚C in a humidified
atmosphere for 1 h. The cells were rinsed with PBS and 10%
growth medium was added. For replication analysis, on day 1,
duplicate aliquots of medium and detached cells were subjected
to DNA isolation and quantitative PCR. DNA was isolated
from cells following standard protocol using DNeasy® Tissue
Kit (Qiagen Sciences, MD) and quantitative real-time PCR
assay for the E1A gene was performed. The sequences of
specific primers used for E1A amplification were: sense
5'-AACCAGTTGCCGTGAGAGTTG-3' and antisense: 5'-
CTCGTTAAGCAAGTCCTCGATACAT-3'. The PCR was
performed with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific primers (TaqMan GAPDH control reagent;
Applied Biosystems) to create an internal standard. Quantifi-
cation using SYBR Green PCR Master Mix (Applied Bio-
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systems, CA, USA) was performed according to vendor
recommendations. Data are reported as ratio of E1A copy
number per GAPDH copy.

Transient transfection assay. The human glioma and non-
glioma cell lines were seeded on 6-well plates and the next
day transfected with Lipofectamine 2000 reagent (Invitrogen).
Each cell line was transfected with 4 different plasmids:
pGL3, pGL3-SV40, pGL3-hTyr, and pGL3-mTyr in triplicates.
The basic pGL3 plasmid and pEGFP plasmid were used as
negative and positive controls, respectively, for transfection
analysis. The DNA used for transfection was 5 μg/well. After
4-h incubation, cells were rinsed with PBS and 10% fresh
growth medium was added to each well. Forty-eight hours
later, expression of luciferase genes was determined by
Luciferase reporter assay (Promega, WI). Data are presented
as fold of SV40 activity after normalization to total protein.

Tissue slice culture and viral infection. The Krumdieck tissue
slicing system (Alabama Research & Development) was used
following both the manufacturer's instructions and previously
published techniques (22). Brain tissue slices were placed
into 6-well plates (1 slice per well) containing 2 ml of 10%
complete culture media (DMEM). The plates were then
incubated at 37˚C/5% CO2 in a humidified environment for
up to 48 h. A plate rocker set at 60 rpm was used to agitate
slices and ensure adequate oxygenation and viability.

All viral infections were done at 500 MOI in media
supplemented with FCS. Cell number for tissue slices was
estimated at 1x106 cells/slice based upon a 10-cell thick slice
(~250 μm) and 8-mm slice diameter. Infections were allowed
to proceed overnight and on subsequent day the medium was
removed and replaced with complete culture media. Slices
were removed 24 or 48 h post-infection and tissue was
subjected to quantitative PCR analysis.

In vitro cytopathic effect. SK-MEL-28, human fibroblast,
normal human astrocytes, and GL261 cells (5x104) were
seeded onto 24-well plates and were either mock infected or
infected with different amounts (1000, 100, 10 and 1 MOI per
cells) or recombinant viruses in 0.5 ml DMEM containing
2% fetal calf serum. After 1 h, the media was removed and the
cells were maintained in growth media. When cell lysis was
observed for Ad24 or Ad24-5/3 viruses at MOI 1 (14 days post
infection), the cells were fixed and stained with 1% crystal
violet in 70% ethanol for 45 min, followed by washing with
tap water to remove excess color. 

Anti-tumor activity in vivo. The anti-tumor effect of our
replication-competent viruses was studied in C57BL/6 mice.
Female mice (n=10/group) at 5-6 weeks of age underwent
intracranial inoculations with 1x106 GL261 cells suspended
in 5 microliters of RPMI media (23). Briefly, mice were
anesthetized with an intraperitoneal injection of 0.1 ml of a
stock solution containing ketamine hydrochloride 25 mg/ml,
xylazine 2.5 mg/ml, and 14.25% ethyl alcohol diluted 1:3 in
0.9% NaCl. For stereotactic intracranial injections of tumor
cells, the surgical site was shaved and prepared with 70%
ethyl alcohol and Prepodyne solution. After a midline incision,
a 1-mm right parietal burr hole centered 2 mm posterior to

the coronal suture and 2 mm lateral to the sagittal suture was
made. Animals were then placed in a stereotactic frame and
1x105 GL261 tumor cells were delivered by a 26-gauge needle
to a depth of 3 mm over a period of 3 min. The total volume
of injected cells was 5 μl. The needle was removed, the site
was irrigated with sterile 0.9% NaCl, and the skin was
sutured with 4.0 nylon. Once the tumor was established (5
days post implantation), mice were randomized into 6 groups.
A total of 1x109 MOI were administered to the experimental
groups by an intratumoral injection. Control mice received
saline injections. At day seven, 3 mice per group were
sacrificed, plasma was separated from the blood immediately
after collection and subjected to measurement of aspirate
amino-transferase (AST), alanine amino-transferase (ALT)
and platelets (PLT).

Statistical analyses. Data are presented as mean values ±
standard deviation. Statistical differences among groups
were assessed with a two-tailed Student's t-test. p<0.05 was
considered significant. The anti-tumor effect of each CRAd
was measured based with a Kaplan-Meier survival curve and
statistical significance was determined by the Kruskal-Wallis
nonparametric analysis of variance followed by the non-
parametric analog of the Newman-Keuls multiple
comparison test.

Results

Analysis of tyrosinase mRNA in glioma. We examined
tyrosinase mRNA expression in glioma and normal tissues
by quantitative RT-PCR, using the expression of the midkine
(MK) gene as an internal positive control because of its
characteristic over-expression in gliomas (2,24,25). As shown
in Fig. 1, the levels of tyrosinase activity in U87MG and
A172 were highest among all brain tumor cell lines tested
(p<0.05). Expression levels varied from 9.6x103 (Kings) and
6.2x104 (U373MG) to 2.44x106 (U87MG) and 6.6x105 (A172)
copies/ng RNA. Tyrosinase levels detected in primary tissue
samples were 5- to 11-fold lower than levels detected in
SK-MEL-28 cells (p<0.05). In all glioma cell lines, the MK
gene expression profiles were significantly higher than those
of tyrosinase (100-1000-fold). Low-grade tissue samples
showed minimal tyrosinase and MK activity whereas high
grade GBM samples showed significantly higher levels of
tyrosinase and MK expression.

Given the higher expression of tyrosinase mRNA among
high grade tumors, we hypothesized that tyrosinase expression
may vary with the grade of tumor. To test this hypothesis, we
used the mRNA expression of MK and tyrosinase to calculate
an MK:tyrosinase ratio to correlate the level of tyrosinase
expression with tumor malignancy. Passaged glioma cells
contain high ratios of MK to tyrosinase mRNAs: from
354.6 (U87MG) to 4.3x106 (Kings) while primary tumors
demonstrated low amount of both targets: 0.14 (astrocytoma
grade 2) to 2.2 (GBM grade 4) Table I. 

Functional analysis of tyrosinase promoter activity in glioma.
Since we were able to demonstrate that glioma cells express
significant amount of tyrosinase mRNA, we postulated that
the promoter elements responsible for driving tyrosinase
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transcription/expression may exhibit equal or more transcrip-
tional activity than the tyrosinase gene itself. To investigate
the ability of the tyrosinase promoter to stimulate adenoviral
transcription and protein expression in glioma cell lines,
we transiently transfected glioma and non-glioma cell lines
(HEK293, NHA) with plasmids containing a tyrosinase
promoter/enhancer expression cassette driving luciferase
expression. We chose the SK-MEL-28 and B16 cell lines
as positive controls since tyrosinase expression has been

demonstrated in both cell lines (26,27). To depict the relative
transcriptional activity mediated by the tyrosinase promoters/
enhancers, we normalized promoter-mediated transcriptional
activity to the transcriptional activity of the SV40 promoter.
As shown in Fig. 2A, seven different glioma cell lines
(U373MG, No. 10, Kings, A172, U87MG, and GL261) had
similar activities for the human tyrosinase (1.36-1.77-fold
over SV40, respectively) promoter and lower activities for
the mouse tyrosinase promoter. Human Tyr promoter exhibited
the highest activity (6.5-fold over SV40 activity) in U251MG,
but this level was still lower than levels detected in SK-MEL-28
cells (Fig. 2B). Surprisingly, GL261 exhibited high levels of
human tyrosinase promoter activity vs. mouse tyrosinase.
The luciferase expression exhibited by the mouse tyrosinase
plasmid was significantly lower than the expression detected
in B16 cells and significantly lower than SV40 activity.
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Figure 1. Cell specificity of tyrosinase mRNA expression. RNA was isolated
from the cell lines and patient specimens and real-time PCR was performed
to determine the quantitative levels of human tyrosinase (hTyr) and MK
mRNAs. Two separate experiments were performed for detection of
mRNA copy number normalized to the level of GAPDH. Glyceraldehyde-3-
phosphate dehydrogenase was selected as an endogenous RNA control to
normalize for differences in the amounts of total RNA. NB-normal brain
specimen; LGG 1 and LGG 2 (WHO grade II), GBM 1 and GBM 2
(WHO grade IV) are primary brain tumor specimens obtained from patients.
SK-MEL-28 melanoma cell line expresses high level of human tyrosinase
(positive control). Gene expression for hTyr (solid bars) and MK (open bars)
are shown as mean ± SD. The ‘*’ and ‘**’ indicate a p<0.05 for tyrosinase
and MK in comparison with NB expression.

Table I. Gene expression profiles of MK:tyrosinase detected
in the cells.
–––––––––––––––––––––––––––––––––––––––––––––––––
No. Cells Ratio MK:TYR
–––––––––––––––––––––––––––––––––––––––––––––––––
1 U87MG 355±36.21

2 U118MG 10350±781

3 U251MG 5078.8±530.6

4 U373MG 1766±141.4

5 A172 147.1±5.91

6 No.10 8377.7±925.1

7 Kings 43652±728.1

8 LGG 1 0.154±0.14

9 LGG 2 0.181±0.016

10 GBM 1 0.222±0.06

11 GBM 2 2.52±0.39

12 NB 0.154±0.17
––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 2. Characterization of tyrosinase promoter activity in gliomas and
non-glioma cells. Luciferase activity in 7 human gliomas (A), primary
gliomas and non-glioma cells (B) after transient transfection. All cancer cell
lines transfected with the GL3-human (pGL3-hTyr) and GL3-mouse promoter
(pGL3-mTyr) constructions were incubated for 48 h. The level of luciferase
activity is shown relative to the luciferase activity in cells transfected with
the GL3 basic plasmid. All cell lines were transfected with pGL3-SV40. The
results represent the mean of three experiments of fold SV40 activity. All
means were calculated after normalization to proteins. The ‘*’ and ‘**’ indicate
a p<0.05 for tyrosinase and MK in comparison with NB expression.
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Next, we examined the promoter activity in non-glioma
cells and primary glioma tumors. pGL3-hTyr showed a
higher activity in the melanoma cell line SK-MEL-28 (12-fold
over SV40 activity) and B16 (1.86-fold). As seen in Fig. 2B,
in B16 mouse melanoma, the human tyrosinase promoter
displayed a relatively higher activity than in non-melanoma
cell lines (293, NHA). The activity was reduced compared
with the SV40 promoter (0.48 and 0.86 times relatively). In
human primary tumor cells, the human promoter exhibited
increased level of expression compared to pGL3-mTyr. In
GBM sample, we observed significant expression of luciferase
induced by human tyrosinase promoter vs. mouse tyrosinase
(15.1±2.61 and 6.64±0.21-fold).

Cytolytic effect of virus replication in glioma cells. Previously,
we demonstrated how CRAd utilizes the transcriptional
activity of the tyrosinase promoter in SK-MEL-28 cells to
specifically inhibit melanoma cell proliferation (13-15).
Having characterized the high transcriptional activities of
tyrosinase and its promoters in glioma cells, we thought it
was feasible the same CRAd would be effective in inhibiting
glioma cell proliferation. Thus, we evaluated the ability of
several recombinant CRAds to inhibit murine GL261 and
human U87MG glioma proliferation. SK-MEL-28 was
used as a positive control for viral cytolytic activity. Gliomas
and human melanoma cell lines were treated with a panel
of adenovirus vectors at MOI of 1000, 100, 10, 1 per cell,
using AdWT and Ad24CMV as control viruses (Table II).
Cytotoxicity was detected by crystal violet assay, which
reflects the relative cytolytic capacities of each adenovirus.
As shown in Fig. 3, SK-MEL-28 cell line was permissive to
the viral infection of Ad24, Ad24CMV, Ad5/3, Ad5/3DT,
Ad24TYR and non-permissive to Ad24-5/3 competent vector.
Ad24 demonstrated the highest oncolytic potential among
all tested vectors. Fourteen days post infection, Ad24TYR
induced a CPE more efficiently than other tyrosinase-
controlled CRAd vectors such as Ad h/m and Ad5/3DT,
indicated by the disrupted monolayer at MOI of 1. This
activity was similar to the cytolytic activities exhibited by
Ad24 and Ad5/3. 

We also infected the human U87MG, and murine GL261
glioma cell lines with CRAds at the same doses used in the
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Figure 3. Sensitivity of glioma and non-glioma cells to the CRAd infection.
The human melanoma SK-MEL-28 (A) and mouse glioma GL261 (B) cells
were treated with CRAds at indicated titer (MOI): 100, 10, 1 and 0.1.
Fourteen days later cells were fixed and stained with 2% crystal violet in
70% ethanol to visualize killing effect. All experiments were performed
twice independently and the data represent one of the experiments.

Table II. Characteristics of CRAds.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
No. Vector Vector replication E1A region/promoter E4 region/promoter Fiber Ref.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
1 AdWT Competent wt wt wt (13)

2 Ad5/3 Competent wt wt Shaft5-knob3 (17)

3 Ad24 Competent ΔpRB wt wt (18)

4 Ad24-5/3 Competent ΔpRB wt Shaft5-knob3 (16)

5 Ad24CMV Competent ΔpRB/human CMV wt wt (12)

6 Ad24TYR Competent ΔpRB t/human Tyr+enhancer wt wt (12)

7 Ad5/3DT Competent ΔpRB t/human Tyr+enhancer Mouse Tyr+enhancer Shaft5-knob3 (12)

8 Ad h/m Competent ΔpRB t/human Tyr+enhancer Mouse Tyr+enhancer wt (12)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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previous experiment. In this experiment, U87MG was sensitive
to infection with AdWT, Ad24, Ad24CMV, Ad5/3, and
Ad24-5/3. Thus, for these vectors we observed significant
killing effect at 100 MOI. Nevertheless, Ad24TYR demon-
strated 10 times less activity than AdWT. The other interesting
finding was observed in GL261 experiment. Ad24 vector
exhibited the strongest killing effect among all tested vectors
at low dilution. Similar to Ad24 killing effect, Ad24CMV,
Ad5/3, Ad24-5/3, Ad24TYR exhibited cytotoxicity at lower
dilution-1 MOI, whereas Ad h/m and Ad5/3DT were not
effective even at high dose - 1000 MOI. 

Ad24TYR shows tumor specific replication in GL261 and
primary human specimens. Once we had established the
oncolytic capacities of our CRAds by their CPEs, we then
wished to evaluate the cytolytic specificity of the tyrosinase
recombinant CRAds and determine if the killing effect of
these CRAds was in fact due to tyrosinase promoter/enhancer-
mediated viral replication. Thus, we infected mouse glioma

GL261 cells with our panel of CRAds and calculated the
relative number of E1A transcripts 24 and 48 h post-infection.
As seen in Fig. 4A, Ad24 and Ad5/3 showed the greatest
level of E1A copy number expression compared with AdWT,
whereas, Ad24CMV and 5/3DT showed the lowest level of
replication at 24 h. At 48 h post-infection, the level of E1A
expression patterns were similar to those at 24 h. Among
tyrosinase-controlled vectors, Ad24TYR exhibited highest
potential for replication in GL261 cells. 

To ascertain whether these CRAds have any potential for
application in the clinical arena, we infected primary glioma
samples resected from patients diagnosed with grade IV
glioma. We infected 5 micron sections and measured the
level of E1A expression 24 and 48 h post-infection as in the
previous experiment. As presented in Fig. 4B, Ad h/m and
Ad24-5/3 yielded lower E1A transcripts at both time periods.
The other vectors revealed increased levels of E1A expression
at 24 and 48 h. Ad5/3, Ad5/3DT and Ad24TYR exhibited the
highest replication activity when compared to other vectors
including Ad24CMV and Ad24. The data suggest that the
tyrosinase promoter induces viral replication in a cell-specific
manner and support our data obtained in our quantitative
RT-PCR analyses. 

Ad24TYR demonstrated low activity in human non-glioma
primary cells. We examined the potential toxic effect of our
CRAds in normal brain samples to further determine the
transcriptional targeting capabilities of the recombinants.
We did this by conducting infections in cultures of passaged
normal fibroblasts and human astrocytes (NHAs). In fibroblasts,
crystal violet staining 14 days after infection revealed that the
cytotoxicity of Ad5/3 and AdWT was more than 100-fold
less when compared to the cytotoxicity rendered by Ad24
vector (Fig. 5). NHA cells were vulnerable to infection by
Ad24-5/3, AdWT and Ad24CMV viruses. Among the
tyrosinase-modified CRAds, a significant killing effect
was observed in astrocytes infected with the Ad5/3DT vector

ULASOV et al:  TYROSINASE PROMOTER IN GLIOMA GENE THERAPY1182

Figure 4. Selective replication of adenoviral vectors in mouse GL261 (A)
and primary human glioma specimen (B) cells. (A) GL261 cells were plated
the day before infection. Next day, they were infected with the CRAds.
After 1 h, infection media was replaced with growth media. DNA was isolated
from adherent infected cells on days 1 and 2 after infection. Total DNA was
subjected to real-time PCR to determine E1A copy numbers. The asterisk
indicates a p<0.05 for the comparison of E1A copies expressed by both
CRAds to the level of expression detected in AdWT-infected cells. (B)
Primary glioma specimen were prepared and infected as described in
Materials and methods. Total DNA was isolated at days 1 and 2 post-
infection and E1 copy number was quantified.

Figure 5. Cytopathic effect induced after infection with CRAds. Normal human
fibroblasts (HF) and astrocytes (NHA) were plated the day before infection.
Cells were infected the next day with CRAd in different concentrations as
indicated and stained with crystal violet after incubation for 14 days.
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whereas Ad24TYR and Ad h/m showed the lowest toxicity
in the context of NHA. At the same time, Ad24CMV,
Ad24TYR, Ad h/m, Ad24-5/3 and Ad5/3DT showed little
cytotoxicity in primary cultures, suggesting that these CRAds
exhibit cell-specific replication patterns.

Ad24TYR induces prolonged survival in mice with experi-
mental brain tumors. Finally, we examined the anti-glioma
effect of our CRAds in an intracranial murine glioma model.
Based on the crystal violet cytotoxic assays conducted in
NHA and GL261 cells, we selected the vectors that demon-
strated the lowest ability to infect and kill normal tissue,
such as fibroblasts and NHA, but at the same time exhibited
the highest therapeutic index in vitro mediated by the
capability for specific replication in glioma tissue. After
determining minimal toxic doses, we treated GL261
established xenografts with our selected CRAds. As shown in
Fig. 6A, the treatment with Ad24TYR and Ad h/m improved
the median survival of the mice over RPMI-treated group

(39 and 46 days, respectively p<0.05) whereas Ad24CMV
and Ad5/ 3DT did not show significant anti-tumor effects
compared with the control group (27 and 36 days, respectively
p>0.05). No significant difference in survival was observed
when we compared the RPMI- and AdWT-treated group (31 vs.
33 days). To evaluate the relative hepatotoxicities of
Ad24CMV, Ad24TYR, AdWT, Ad h/m, and Ad5/3DT, we
assessed the presence of liver enzyme abnormalities 7 days
after infection. As presented in Fig. 6B, we found no
significant hematological abnormalities in any group.
However, we detected a slightly increased amount of platelets
(PLT) (in mice receiving Ad24CMV and Ad h/m injections).
Of note, the level of AST was within the normal range and
lower than after AdWT exposure. The injection of Ad5/3DT
led to increased amount of ALT expression (~2.5-fold over
AdWT group data).

Discussion

Despite the progress of glioma treatment in recent years,
the median survival of patients remains less than two years
(28-30). Therefore, great need exists for designing new
therapeutic techniques and modifying old ones. Gene therapy
that consists of using viral vectors for the treatment of glioma
is a promising strategy. Currently, the most commonly
investigated variety of viral vectors designed to transduce
and selectively replicate in malignant glioma are herpes
viruses (31,32), adenoviral vectors (3,33), retroviruses
(34-36) reoviruses (37), and alphaviruses (38). Conditionally
replicative adenoviral vectors are the most commonly tested
vehicles for gene therapy. Their potential to effectively
replicate and spread among tumor cells makes them an
attractive tool to induce tumor toxicity. 

Tyrosinase is a member of the melanoma-associated
antigen (MAA) family and is generally found to be produced
by melanocytes (6,39-41). It has been shown that tyrosinase
related proteins are expressed in 51% of glioma specimens
(42). In our study, we used the mRNA expression of tyrosinase
promoters to assess the capability of such promoters to achieve
transcriptional targeting by conditionally replicating adeno-
viruses. Tyrosinase deserves some attention because melano-
cytes and glial cells both display little permissiveness for
adenovirus replication but express common proteins (neuro-
melanin) during their embryological development (43,44).
Therefore, given the shared proteomic profiles between
melanocytes and glial cells during their highly proliferative
embryological development, logical extrapolations can be
made concerning the similar expression profiles of the two
cell types during tumorigenesis. That is, if tyrosinase
expression is found to be prevalent during the embryological
differentiation of the two cell types, then, tyrosinase may also
be similarly over-expressed during melanoma and glioma
proliferation.

We proposed that the human tyrosinase promoter
expression levels should be consistent with the tyrosinase
mRNA expressions in cell  l ines as well as patient
specimens. Our in vitro studies showed that human tyrosinase
is active in all tested human glioma cells. Moreover, primary
glioma samples received from patients demonstrated high
levels of tyrosinase activity. Reverse transcription-PCR
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Figure 6. The therapeutic effect of tyrosinase CRAds in C57BL/6 mice with
established GL261 xenografts. To establish intracranial tumors, 10 mice
received 1x106 of GL261 mouse glioma cells in 5 μl of RPMI media. Five days
later, the mice were divided into 6 groups and treated with the recombinant
vector (109 MOI/mouse) or wild-type adenovirus. (A) Kaplan-Mayer survival
curve of i.c. injected mice. (B) Evaluation of toxicological characteristics
after 7 days after CRAds injections. ALT, AST and PLT were determined
for each mouse and presented as group's average ± SD.
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assays revealed that in normal brain specimens the level of
tyrosinase mRNA is low; whereas in passaged glioma cells
and patient samples, the amounts of tyrosinase mRNA
increases from 100 up to 104 copies/ng RNA. To assess the
relative amount of tyrosinase elements expressed, we chose
to compare MK mRNA expression to tyrosinase element
expression because MK exhibits high levels of expression in
all glioma samples as well as many other cancers. In vitro
quantification analysis shows about 100-1000-fold increased
level of MK. Of note, significant mRNA levels were detected
in primary samples. These results provide a more realistic
representation of the tyrosinase expression patterns of
malignant glioma. Thus, the level of MK is still the highest,
but the level of tyrosinase is comparable and about 2-3
times lower than the levels detected in our positive control
sample - SK-MEL-28 (human melanoma cell line). 

These initial results can be analyzed to represent the
activity of tyrosinase promoters. But to explore this finding
and verify that tyrosinase promoter activity correlates with
high levels of tyrosinase expression in glioma, we conducted
a reporter transfection assay. Our results with the human and
mouse tyrosinase promoters indicated activities that correlated
to the tyrosinase transcription activities assayed in the RT-PCR
tests. The activity of human tyrosinase promoters is especially
comparable to the SV40 promoter activity in U251MG cells.
The data obtained in primary human glioma samples further
corroborate our results which showed increased tyrosinase
promoter activity and human tyrosinase RNA expression in
U87MG, A172 and U251MG cells. 

To obtain tissue-specific replication by competent vectors
we constructed several adenoviral vectors containing tyrosinase
(human, mouse or both) promoters which drive E1A expression
in a tissue specific manner. We hypothesized that employing
tyrosinase promoters for treating brain tumors would enhance
the localization of viral replication to neoplasms compared
with AdWT. In this study, we evaluated the efficacy of
Ad24TYR, Ad5/3DT and Ad h/m in vitro in several glioma
cell lines, in normal human fetal astrocytes (NHA), fibroblasts
(HF) and GL261 murine glioma model. Our results indicated
that human U87MG and mouse GL261 glioma cells are very
sensitive to Ad24TYR at 1000 and 1 MOI/cell infection.
To detect viral toxicity mediated by tyrosinase CRAds, we
performed infection of NHA and fibroblasts with adenoviral
vectors. As shown in this experiment, the control vector
Ad24 induced toxicity even at low dose (in human fibroblast)
but was non-toxic to NHA, whereas AdWT infected both
type of cells with equal efficiency. Among tyrosinase-
controlled CRAds, we have shown that Ad5/3DT and Ad
h/m demonstrated similar toxicities only in NHA, similar to
AdWT. Ad24CMV induced more toxicity than Ad24, which
suggests a lack of oncolytic specificity of the CMV promoter
in this infection. Surprisingly, the toxicity of Ad24TYR
was 10 times less than Ad24CMV. This finding suggests the
employment of tyrosinase promoters in CRAd replication
renders a higher therapeutic index than the use of CMV
CRAds.

Despite the putative restricted manner of Ad24CMV
replication, we validated that activity in normal tissue. The
results obtained confirm those obtained by us and Stoff-
Khalili et al (45) and support conclusions that AdWT and

Ad24CMV induce toxicity to NHA. To evaluate the varying
levels of selective replication, we compared the activities of
tyrosinase-controlled CRAds by infection of fibroblasts and
NHA, two different cell types detected in brain tissue.
According to Fueyo et al (46), NHA are not permissible to
viral replication by Ad24RGD. This result gives further
depth to our study by demonstrating the augmented capacity
for selective replication of the Ad24TYR vector. In our
study, we observed significant toxicity mediated by Ad24-
5/3 vector. In contrast, Ad24TYR demonstrated the lowest
toxicity in NHA and none in fibroblasts, which correlates
with activity of human tyrosinase promoter in normal brain
tissue. This finding also supports the idea that incorporation
of a CMV promoter into E1A region will not provide
selective replication in normal tissue. 

In conclusion, we demonstrate a proof-of-principle that a
tyrosinase CRAd could be useful in the gene therapy of
glioma. Depending on the tyrosinase promoter location in
the adenovirus genome, our data suggest that tyrosinase-
controlled transcription promotes viral replication and lyses
glioma cells in vitro and in vivo. Overall, this finding provides
the experimental evidence for the potential clinical use of
recombinant vectors in glioma gene therapy. 
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