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Caliper measurements of tumor volume have been widely used in the assessment of tumors in animal
models. However, experiments based on caliper data have resulted in unreliable estimates of tumor
growth, due to necrotic areas of tumor mass. To overcome this systematic bias, we engineered a new
luciferase-expressing rat prostate cancer cell line (MLL-Luc) that produces bioluminescence from via-
ble cancer cells. MLL-Luc cells showed a strong correlation between bioluminescence intensity and cell
number (R*=0.99) and also accurately quantified tumor growth, with reduced bioluminescence signals
caused by necrotic cells in a subcutaneous MLL-Luc xenograft model. The accurate quantification of
tumor growth with bioluminescence imaging (BLI) was confirmed by a better antitumor effect of com-
bination chemotherapy, compared to that based on caliper measurements with a correlation between
the bioluminescence signal and tumor volume (R*=0.84). These data suggest that bioluminescent MLL
xenografts are a powerful and quantitative tool for monitoring tumor growth and are useful in evalu-
ating the efficacy of anticancer drugs, with less systematic bias.
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Introduction

Animal models are important tools for investigating tu-
mor development mechanisms and screening therapeutic
drugs [12]. Neoplastic mouse models have commonly been
monitored by single-point weight or caliper measurements
of tumor volume, which are based on tumor anatomical
mass. However, a tumor mass contains not only viable cells
but also necrotic regions. Thus, the effects of treatments on
tumor growth are not accurately assessed by these measure-
ments, which also require groups of animals to be sacrificed
at specific time points and limit real-time observations with-
in the same animal both during and after treatment. A tech-
nique for the noninvasive and real-time detection of tumors
would allow more accurate monitoring of neoplastic pro-
gression and better assessment of the time course of treat-
ment [1,2].

Bioluminescence imaging (BLI), which is based on visi-
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ble light emission from luciferase-expressing cells, is a rap-
id and sensitive method for monitoring and tracking tu-
mor development [10,11]. In BLI assessments of tumor
growth, the bioluminescence signal is derived from viable
cells only, not from necrotic areas, in a tumor, providing
an accurate quantification of viable cancer cells in a tumor
[34,7,9]. In this study, we developed a new bioluminescent
rat prostate cancer cell line and evaluated it in the xeno-
graft model.

Materials and Methods

Animals

Male BALB/c nude mice (4 weeks old) were purchased
from Orient (Gyeonggi-do, Korea). The use and care of the
animals were reviewed and approved by the Institutional
Animal Care and Use Committee at the Korea Basic Science
Institute (KBSI), and all animal procedures were conducted
in accordance with the “Guide for the Care and Use of
Laboratory Animals,” issued by the Laboratory Animal
Resources Commission of KBSL



Rat  prostate
luciferase

MAT-LyLu (MLL) cells (ATCC, Rockville, MD, USA)
were cultured in DMEM (Lonza, Walkersville, MD, USA)
supplemented with 10% (v/v) fetal bovine serum (Hyclone,
Logan, UT, USA) and were transfected with a CMV pro-

moter-driven

cancer cells stably expressing firefly

firefly  luciferase expression construct
(pcDNA3.1-Luc; a gift from Dongmin Kang, Ewha University,
Seoul, Korea) using Lipofectamine reagent (Invitrogen,
Carlsbad, CA, USA). Transfected cells were grown for
2 weeks under antibiotic selection (hygromycin B; Sigma,
St. Louis, MO, USA), and surviving colonies were screened
for bioluminescence in complete medium supplemented
with 150 pg/ml D-luciferin (Biosynth International, Inc.,
Naperville, IL, USA) using an IVIS200 system (Xenogen,
Alameda, CA, USA). Bioluminescent, antibiotic-resistant,
single-cell clones were selected and characterized for stable

bioluminescence in vifro and tumorigenic potential in viva

Histological assay

To confirm the presence of necrotic cells, selected tissues
were excised from the mice at necropsy, and the paraf-
fin-embedded tissues were sectioned at 8 ym. The sections
were stained with hematoxylin and eosin (H&E) and exam-
ined by light microscopy. For immunostaining, the sections
were stained with goat anti-luciferase antibody (Chemicon
International Inc., Temecula, CA, USA) and subsequently in-
cubated with Alexa488-labeled donkey anti-goat antibody
(Molecular Probes, Inc., Eugene, OR, USA). Fluorescence sig-
nals were analyzed using a confocal laser scanning micro-
scope (LSM-5 and LSM System, ver. 3.98; Carl Zeiss,
Oberkochen, Germany).

Subcutaneous primary tumor model

Mice were anesthetized by exposure to 1-3% isoflurane,
and 100 pl sterile Dulbecco’s phosphate-buffered saline con-
taining 5x10° MLL-Luc cells was injected into the dorsal
flank. Subcutaneous tumor growth was monitored by BLI
and external caliper measurements of tumor volume
(L x W?/2) for 12 - 15 days. The imaging time ranged from
1 to 3 min, depending on the size of the primary tumor.
inhibitor of metalloproteinases
(rTIMP-2) and 5-FU were dissolved in saline and ad-

ministered by intraperitoneal (i.p.) injection every 2 days,

Recombinant tissue

beginning 5 days after cell injection.
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BLI analysis

BLI was performed using an IVIS200 imaging system, as
described previously [6,8]. For in vivo imaging, mice were
given the substrate D-luciferin (150 mg/kg) by i.p. injection,
and then anesthetized. Regions of interest around the tumor
sites were identified on the displayed images and quantified
as photon flux (p/s) using Living Image® software
(Xenogen).

Statistical analyses

Significant differences were detected by paired #tests in
all cases. The results are presented as meanstSEM. An aster-
isk " indicates p<0.05.

Results and Discussion

To efficiently quantify tumor growth with BLI, we en-
gineered metastatic rat MAT-LyLu (MLL) cells that stably
and constitutively expressed a luciferase enzyme. The MLL
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Fig. 1. Correlation between bioluminescence imaging (BLI) and
cell number. MLL-Luc cells were serially diluted and im-
aged for 1 min after adding D-luciferin substrate to the
medium. Wells containing cells with no luciferin or me-
dium with no cells were included as negative controls.
(A) BLI of MLL-Luc cells. (B) The increases in bio-
luminescence (p/s) and cell number showed a strong lin-
ear correlation (7F7).
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cells were stably transfected with an expression vector en-
coding firefly luciferase. Three clonal cell lines were initially
selected, and the highest bioluminescent derivative MLL cell
line (MLL-Luc) was used in this study. The MLL-Luc cells
showed a strong correlation (R’=0.99) between bio-
luminescence intensity and cell number inn vitro (Fig. 1).
To investigate their tumorigenic potential, the cells were
subcutaneously injected into the dorsal flank of mice.
Figs. 2A and 2B show that BLI increased up to 10 days
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Fig. 2. Monitoring of tumor growth and drug efficacy in prostate
cancer xenografts. (A) Representative bioluminescence
images of a prostate cancer xenograft over time.
(B) Determination of tumor growth by BLI and tumor
volume measurement (n=5). (C) Representative images
of H&E staining (left panel) and fluorescence im-
munostaining (right panel) of a tumor section 16 days
after MLL-Luc injection. (D) Antitumor effect of chemo-
therapy determined by BLI and tumor volume in
MLL-Luc xenografts. The quantitative data from the
mean values represent the average+SEM (n=5/group).
Significant difference: *p<0.05, Student’s #test.

post-implantation, at which point it reached a plateau,
whereas tumor volume continued to increase after 10 days.
Differences between tumor growth based on BLI analysis
and those measured with calipers at the late stage have been
attributed largely to the fact that a tumor mass comprises
necrotic, as well as viable, cells [3,7,9]. As the bio-
luminescence signal is derived only from viable MLL-Luc
cells, and not from necrotic cells, BLI analysis yields a lower
estimate of tumor growth than that based on tumor volume
measurements. The low bioluminescence signal can be ex-
plained by the decreased expression of luciferase in the de-
veloping necrotic areas (Fig. 2C); this presumably con-
tributed to the lower estimate of tumor growth.

To evaluate the usefulness of the bioluminescent cells in
anticancer treatment, we compared tumor growth de-
termined by BLI and by caliper measurements in MLL-Luc
xenograft models receiving combination therapy. These
models were injected ip. with 5-FU (50 mg/kg) and
rTIMP-2 (60 mg/kg) every 2 days, beginning 5 days after
injection [5]. At day 16, BLI analysis estimated significant
suppression of tumor growth (68.2£7.9%), whereas caliper
measurements showed only a moderate decrease (47.3+
12.5%), demonstrating the advantage of BLI using bio-
luminescent MLL cells (Fig. 2D).
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Fig. 3. Comparison of tumor growth determined by BLI of

MLL-Luc and B16-F10-Luc-G5 cells in the same xeno-
grafted mouse. (A) Time course of tumor growth by BLL
Each mouse received subcutaneous injections of 5x10°
MLL-Luc (MLL) cells and 5x10° B16-F10-Luc-G5 (B16)
cells into different sides of its dorsal flank. Images were
taken over time after injection. (B) Correlation between
the bioluminescence signal and tumor volume based on
caliper measurements, determined at the indicated time
points (173).



Compared to commercially available B16-F10-Luc-G5
cells, the MLL-Luc cells showed more rapid tumor growth
(Fig. 3A) and a stronger correlation between BLI and tumor
volume (R* 0.84 vs. 0.62 for MLL-Luc vs. B16-F10-luc-G5
cells; Fig. 3B). The reduced bioluminescence intensity of
B16-F10-Luc-G5 might have been due to optical quenching
of the bio-activating light by melanin pigment in the later
stages of tumor growth.

In conclusion, our MLL-Luc tumor xenograft model is
useful for studies of dynamic tumor progression and offers
a rapid and accurate monitoring tool for preclinical assess-

ment of anticancer drugs.
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