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Determination of chemotherapeutic activity in vivo by
luminescent imaging of luciferase-transfected human tumors
Gisela Caceres?, Ralitza Zankina?, XiaoYun Zhu®, Jin-an Jiao®, Hing Wongb,

Alex Aller® and Peter Andreotti®®

Human DU-145 prostate and MCF-7 breast tumor cell lines
were stably transfected with plasmid pcDNA3.1-Luc
expressing firefly luciferase. Studies were performed with
the transfected cell lines to evaluate luminescent imaging
for measuring the efficacy of anti-cancer agents. In vitro
experiments demonstrated a dose response of both cell
lines to topotecan (Hycamtin®™) with an ICs of 0.013 uM for
MCF-7 Luc cells and 0.002 pM for DU-145 Luc cells. /In vivo
imaging experiments were performed using athymic nude
mice inoculated i.p. with 5 x 10 MCF-7 cells or s.c. with 5 x
10° DU-145 cells and then treated with topotecan at

2.5 mg/kg body weight. Tumor progression and regression
were monitored for 27 days. Animals inoculated s.c. with
DU-145 Luc cells and then treated with topotecan
demonstrated significant tumor growth and regression as
measured with calipers and luminescent imaging. High
correlation was observed between caliper and imaging
results. The correlation coefficient was 0.75 for the control
untreated group and 0.93 for the topotecan-treated group.
Similarly, tumor progression and regression were
measurable using luminescent imaging for untreated

and topotecan-treated mice inoculated i.p. with MCF-7
Luc cells. These data indicate that luminescent imaging is

Introduction

Pre-clinical research, development and testing of new
chemotherapeutic agents requires both 7 vitro and in vive
assays systems [1-12]. In vitro systems for screening and
testing of new agents are generally performed using
tumor cell lines and clinical specimens as targets prior to
m ovivo model studies. Pre-clinical # wivo studies
commonly utilize human tumor xenografts in athymic
nude mice. Optimal # vivo model systems should allow
quantitative analysis of drug activity on primary tumor
growth in deep tissues and the progression of metastasis
to distant organs [13-22].

Luciferase imaging has been widely used for different
vitro and i vivo applications, including the study of
individual cells [23-25], determining the progression of
viral and bacterial infections in mammals [26-30],
measuring human tumor growth in animal models
[9,31,32], and characterizing metastasis of human cervical
tumors [33]. Recent studies have demonstrated the
efficacy of using luciferase (Luc)- and green fluorescence
protein (GFP)-transfected human tumor cells to study
tumor development in experimental animals [31,34—41].
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a useful tool for evaluating anti-cancer drugs in vivo and
may prove to be particularly useful for the development of
novel agents. Luminescent imaging could also be used to
locate and harvest residual tumors in drug-treated animals
in order to study mechanisms of drug resistance. Anti-
Cancer Drugs 14:569-574 © 2003 Lippincott Williams &
Wilkins.
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In a previous report, we have demonstrated the use of
orvo luminescent imaging to measure luciferase-trans-
fected human breast tumor cells in s.c. and i.p. tumors,
and also in deep tissue lesions such as lung and lymph
node metastases [9,34].

In this report, we demonstrate the application of  vivo
luminescence imaging with luciferase-transfected human
tumors to study the activity of chemotherapeutic agents
against 1.p. and s.c. xenografts. Imaging studies were
performed using xenografts of luciferase-transfected hu-
man prostate carcinoma DU-145 cells and breast
adenocarcinoma MCF-7 cells. Topotecan, which binds
topoisomerase | required for cell growth and proliferation
[42-46], was tested i vivo using model systems of DU-
145 Luc tumors in male athymic »#/nu mice and MCF-7
Luc tumors in female athymic zu/nu mice.

Materials and methods

Cell lines

The human mammary adenocarcinoma cell line MCF-7
(HTB-22; ATCC, Rockville, MD) and human prostate
carcinoma cell line DU-145 (HTB-81; ATCC) were
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transfected with the firefly luciferase-expressing vector as
previously described [34]. Briefly, cells were transfected
with the vector pcDNA3.1-Luc by Lipofectamine Plus
(Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol. To create pcDNA3.1-Luc, the engi-
neered firefly luciferase gene from the pSP-Luc vector
(Promega, Madison, MI) was cloned to pcDNA3.1
(Invitrogen) at Niel and Xihol sites. Stable MCF-7 and
DU-145 transfectants that expressed high levels of
luciferase were cloned by either limiting dilution or
cloning disks (Sigma, St Louis, MO), and selected by
Geneticin (Invitrogen), using 2 mg/ml for MCF-7 Luc
and 1.5 mg/ml for DU-145 Luc. Clones were screened by
the Steady-Glo luciferase assay system (Promega) and a
microplate spectrofluorometer (Molecular Devices, Palo
Alto, CA). Stable clones were maintained in high glucose
DMEM (Invitrogen) containing 10% FBS and 0.5 mg/ml
of Geneticin at 37°C in 95% humidity/5% CO,.

In vitro drug sensitivity

Drug sensitivity assays were performed in quadruplicate
based on previously published methods for ATP tumor
chemosensitivity testing [10]. Topotecan (Hycamtin®™)
was dissolved in sterile water to a stock concentration of
1 mg/ml, diluted to 6 pg/ml in cultured medium and then
serially diluted 1:4 in opaque, white tissue culture-
treated microplates (Corning, Corning, NY) to a final
volume of 0.1 ml/well. Cells were resuspended in 3 x 10*
cells/ml in DMEM with high glucose (Sigma) containing
10% FBS and 0.5 mg/ml Geneticin; 100 pl of cells were
added in each well. Plates were incubated for 4 days at
37°C in 95% humidity/5% CO,. After incubation, 0.05 ml
of 0.1 M HEPES buffer (pH 7.9) containing 50 pg/ml D-
luciferin (L.-8200; Biosynth, Naperville, IL.) was added to
each well. After incubation at room temperature for
10 min, the culture microplate was measured in a MPL
microplate luminometer (Berthold Detection Systems,
Bad Wildbad, Germany) and a NightOwl LB 981 mole-
cular light imager (Berthold Technologies, Bad Wildbad,
Germany). Results obtained with the MPL microplate
luminometer were calculated as described previously [10]
using no inhibition control wells without exogenous drug
and maximum inhibition control wells containing ATP
inhibitor (ASD). Results for the NightOwl LLB 981 mo-
lecular light imager were similarly calculated using values
obtained with a S5min luminescent image and the
WinLight** software.

In vivo imaging and caliper measurement

In vivo imaging studies and caliper measurements were
performed using 8- to 10-week-old athymic #u/nu mice.
Sixteen female mice were inoculated i.p. with 5x 10°
MCF-7 Luc tumor cells in 0.2ml sterile PBS. Twenty
male mice were inoculated s.c. with 5 x 10° DU-145 Luc
tumor cells in 0.1 ml sterile PBS and 0.1 ml of Matrigel
(BD Biosciences, Bedford, MA). Cell viability was over
95% by Trypan blue exclusion at the time of injection. Iz

vivo imaging was performed as previously described [34].
Briefly, animals were injected i.p. with 2.0 mg firefly D-
luciferin (Biosynth) in 0.1 ml of sterile PBS, anesthetized
with xylazine (3 mg/ml) and ketamine (7 mg/ml) in PBS
at 0.12ml/20g body weight, and then placed in the
NightOwl LB 981 molecular light imager. Imaging was
then performed using a two-step process and the
WinLight** software. First, a black and white photo-
graphic image was acquired using a 15-ms exposure.
Next, the luminescent image was acquired using a 5-min
photon integration period with background subtraction.
The luminescent image was processed in software to
colorize luminescence intensity, and then overlaid onto
the black and white photographic image for presentation.

The volume of the s.c. DU-145 Luc tumors was
determined by using a caliper to measure the length,
width and height of each tumor in millimeters. This
formula, (L x Wx H)/2 = mm?, was used to calculate the
tumor volume. Tumors were measured, and animals were
imaged 1 day prior to drug treatment and once every 4
days thereafter.

Drug treatment

Hycamtin, 4mg (topotecan hydrochloride; SmithKline
Beecham, Research Triangle Park, NC) was resuspended
in 0.5 ml. sterile water and diluted with 7.5ml of PBS to a
final concentration of 0.25 mg/ml. An experimental group
of 13 mice inoculated with MCF-7 Luc was injected i.p. 4
times every 4 days with 2.5 mg/kg of topotecan, beginning
6 days after tumor inoculation. An experimental group of
10 mice inoculated with DU-145 Luc was injected i.p. 4
times every 4 days with 2.5 mg/kg of topotecan, beginning
4 days after tumor inoculation. Control groups of mice
inoculated with MCF-7 Luc or DU-145 Luc were
injected with PBS using the same protocol. The weight
of mice in the experimental and control groups was
monitored to demonstrate that topotecan did not affect
the health of the animals.

Statistical analysis

The Kruskal-Wallis test was used to compare experi-
mental groups with control groups. Dunn’s multiple
comparisons test was used for comparison between the
groups. Pearson’s correlation was used as required.

Results

Initial 7 witro studies were performed using both
microplate luminometry and luminescent imaging to
quantify the activity of topotecan against cultured
DU-145 Luc prostate cells and MCF-7 Luc breast cells.
Figure 1 shows results obtained when measurements
were performed 10 min after adding D-luciferin to cells
that were cultured for 4 days with serial dilutions of
topotecan. Drug activity against both transfected cell
lines was measurable by microplate luminometry and
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In vitro activity of topotecan against DU-145 Luc prostate and MCF-7
Luc breast cells lines determined by microplate luminometry and
luminescent imaging. (O) MCF-7 Luc microplate, (®) MCF-7 Luc
imaging, ((J) DU-145 Luc microplate and () DU-145 Luc imaging.

luminescent imaging. Complete inhibition of both cell
lines was observed at the highest drug concentration of
0.692 pg/ml. Stronger drug activity was observed for DU-
145 Luc with an ICs( value of 0.002 pM for both methods
compared to an ICsy value of 0.013 uM for MCF-7 Luc
with both methods.

In vivo studies were performed with athymic male mice
inoculated s.c. with DU-145 Luc cells to directly compare
caliper measurements with luminescent imaging and
quantify tumor growth. As shown in Figure 2, there was
no significant difference between results obtained for
caliper and imaging measurements for both control mice
and mice treated with 2.5mg/kg of topotecan. Mice
treated with topotecan showed significant reduction in
tumor growth detectable with both methods, reaching
maximum values of approximately 60 mm® in volume and
22000 counts/s by imaging during drug treatment
compared with 450 mm?® in volume and 170 000 counts/s
for control mice. The correlation between caliper
tumor volume and luminescent imaging for the control
group was 7= 0.75, while the correlation between the
two methods for the topotecan-treated group was
r=0.93.

Figure 3 shows representative imaging results for control
and topotecan-treated mice inoculated s.c. with DU-145
Luc cells. Serial images obtained with control mice
showed a progressive increase in both  size
and overall luminescent intensity of the growing
tumor mass. In contrast, topotecan-treated mice showed
measurable inhibition of tumor growth evidenced by
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Development of DU-145 solid tumors in male athymic nu/nu mice after
s.c. inoculation of 5 x 108 cells. Left ordinate shows mean
luminescence determined by imaging. Right ordinate shows mean
tumor volume determined by caliper. Mice were treated with PBS or
topotecan (2.5 mg/kg) on days 7, 11, 15 and 19 after tumor inoculation
as shown by arrows. ([J) Mean luminescence of control mice treated
with PBS, (H) mean luminescence of experimental mice treated with
topotecan, (O) mean tumor volume of control mice treated with PBS
and (@) mean tumor volume of experimental mice treated with
topotecan.

the lack of increase in tumor size and overall image
intensity.

The ability to quantify i.p. tumor growth using lumines-
cent imaging was demonstrated for control and topote-
can-treated athymic female mice inoculated i.p. with
MCF-7 Luc cells. As shown in Figure 4, the growth of
MCF-7 Luc cells in control mice and in topotecan-treated
mice was measured over a period of 20 days by serial
imaging. Tumor volumes up to 800000 counts/s were
measured in control mice. Figure 5 shows representative
imaging results for control and topotecan-treated mice
inoculated i.p. with MCF-7 Luc cells. Growth and
inhibition of MCF-7 Luc cells i.p. could be quantified
in individual mice by serial luminescent imaging without
the need to sacrifice animals at each time point.

Discussion

In recent years, luminescent and fluorescent imaging
have been explored for pre-clinical # vivo drug develop-
ment studies [31,32,34,36]. We and others have pre-
viously reported that luciferase-transfected human tumor
xenografts may be useful to study oncogenesis and
metastasis [9,13-22]. In particular, luminescent imaging
of xenografts makes it possible to study primary tumors
and metastasis in deep tissues and distant organs without
the need to sacrifice animals at serial time points
[31,32,34,36]. Differences between luminescent and
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Fig. 3

Representative imaging results on days 6, 14, 18 and 27 for mice treated with topotecan (2.5 mg/kg) or PBS on days 7, 11, 15 and 19 after s.c. inoculation
of 5 x 10° DU-145 Luc cells. (A-D) Imaging results for a mouse treated with topotecan. (E-H) Imaging results for a control PBS-treated mouse.

Fig. 5

Representative imaging results on days 6, 12, 16 and 20 for mice treated with topotecan (2.5 mg/kg) or PBS on days 9, 13, 17 and 21 after i.p. inoculation
of 5 x 10® MCF-7 Luc cells. (A-D) imaging results for a mouse treated with topotecan. (E-H) Imaging results for a control PBS-treated mouse.
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Development of MCF-7 tumors in female athymic nu/nu mice after i.p.
inoculation of 5 x 10° cells. Mice were treated with PBS or topotecan
(2.5 mg/kg) on days 9, 13, 17 and 21 after tumor inoculation as shown
by arrows. (1) Mean luminescence of control mice treated with PBS
and (M) mean luminescence of experimental mice treated with
topotecan.

fluorescent imaging have been demonstrated for detec-
tion of deep tissue metastasis [9,34,35].

These studies probe the efficacy of luminescent imaging
for testing the activity of chemotherapeutic agents
against i.p. and s.c. tumor lesions. It was possible to
measure the growth of i.p. and s.c. tumor mass by
luminescence. Furthermore, there is good correlation
between the traditional method of measuring the growth
of s.c. lesions with a caliper and values obtained with
luminescent imaging systems. Topotecan alone inhibits
the growth of tumor lesions in mice inoculated with the
human breast cancer MCF-7 Luc, as has been reported in
multidrug resistance studies [47,48]. We also found that
it is possible to measure chemotherapeutic drug activity
m vivo against s.c. and i.p. tumors by luminescent
imaging. In this model system, we also observed
topotecan activity in mice inoculated with human
prostate cancer DU-145 Luc. However, the response to
topotecan in humans with prostate cancer has been
limited [49-51].

It is of particular interest that some MCF-7 Luc and DU-
145 Luc tumors did not completely disappear, but also
did not expand appreciably. This suggests that these
tumors may be exhibiting some mechanisms of resistance.
Luminescent imaging technology allows us to follow,
locate and examine these resistant tumors by different
methods, including genetic and functional analysis. By
examining tumors that have not completely responded to
drug therapy we can now explore mechanisms of
resistance. This will open up a new avenue of experi-
mentation wherein animals can be exposed to suboptimal
doses of chemotherapeutic agents and tumors that are
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not eliminated can be identified, removed and studied.
Studies that should yield relevant data will include 7 vitro
chemosensitivity studies comparing tumors that are
resistant 7 wvivo with parental cell lines, microarray
analysis to examine changes in RNA expression associated
with resistance, and DNA analysis to identify specific
mutations that may have occurred and be associated with
the resistant phenotype.

While these studies are potentially important to under-
standing sensitivity and resistance mechanisms, it is
important to consider some limitations of  vivo studies
not directly associated with the luminescence imaging
method. Primarily xenograft models are generally good
tools to study the inhibition of tumor growth z situ, but a
major drawback of these models is their lack of
spontaneous metastasis to clinically relevant organs such
as lungs, brain and bone marrow [19]. To overcome this
limitation, we are currently conducting imaging studies
using the luciferase-transfected GI-101A cell line, which
more closely resembles clinical disease in humans. This
human breast cell line metastasizes spontancously to the
lungs of mice after s.c. implantation and a significant
period of growth [52,53]. The GI-101A Luc model
system should prove to be particularly useful for studying
oncogenesis, metastasis and therapy of breast cancer.
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