;“ Clinical & Experimental Metastasid8: 57-60, 2000. 57
i~ © 2000Kluwer Academic Publishers. Printed in the Netherlands.

A highly metastatic Lewis lung carcinoma orthotopic green fluorescent protein
model

Babak Rashidi?, Meng Yand, Ping Jiand, Eugene BarandyZili An1, Xiaoen Wand, A. R. Mooss&

& R. M. Hoffman!-2
1AntiCancer, Inc., San Diego, California, US#epartment of Surgery, University of California, San Diego, California,
USA

Received 11 March 2000; accepted in revised form 6 July 2000

Abstract

The Lewis lung carcinoma has been widely used for many important studies. However, the subcutaneous transplant or
orthotopic cell-suspension injection models have not allowed the expression of its full metastatic potential. A powerful new
highly metastatic model of the widely-used Lewis lung carcinoma is reported here using surgical orthotopic implantation
(SOI) of tumor fragments and enhanced green fluorescent protein (GFP) transduction of the tumor cells. To achieve this
goal, we first developeih vitro a stable high-expression GFP transductant of the Lewis lung carcinoma with the pLEIN
retroviral expression vector containing the enhandeduorea victoriaGFP gene. Stable high-level expression of GFP

was found maintainedh vivo in subcutaneously-growing Lewis lung tumors. Tihevivo GFP-expressing tumors were
harvested and implanted as tissue fragments by SOI in the right lung of additional nude mice. This model resulted in
rapid orthotopic growth and extensive metastasis visualized by GFP-expression. 100% of the animals had metastases ol
the ipsilateral diaphragmatic surface, contralateral diaphragmatic surface, contralateral lung parenchima, and in mediastinal
lymph nodes. Heart metastases were visualized in 40%, and brain metastases were visualized in 30% of the SOI animals
Mice developed signs of respiratory distress between 10-15 days post-tumor implantation and were sacrificed. The use of
GFP-transduced Lewis lung carcinoma transplanted by SOI reveals for the first time the high malignancy of this tumor and
provides an important useful model for metastasis, angiogenesis and therapeutic studies.

Introduction metastases in the SOI Lewis lung carcinoma model, it
was transduced with the jellyfishequorea victoriagreen

The Lewis lung carcinoma was first isolated by Dr Margardiuorescent protein (GFP) gene [14, 15].

R. Lewis in 1951 from a spontaneous epidermoid carcinoma

of the lung in mouse [1]. The Lewis lung carcinoma has been

an important tumor model for metastatic and angiogenktaterials and methods

sis studies and neoadjuvant chemotherapy [2-5]. Folkman'’s

group demonstrated that removal of the subcutaneously ilREP DNA expression vector [13]

planted Lewis lung carcinoma tumor increases metasta.t[iﬁe retroXpress vector GFP pLEIN was purchased from

growth [2]. Clontech Laboratories, Inc. (Palo Alto, California). The

Li et al. reported that orthotopic implantation of Lewis .
lung cell suspension did not increase tumorigenicity [12 .LEIN vector expresses enhance_d_ GFP. and the neomycin
sistance gene on the same bicistronic message, which

Doki et al. demonstrated, after an orthotopic injection fIste )
tumor cells, limited metastasis localized only in mediastingpntalns an IRES site [13].
lymph nodes [13].

We have previously demonstrated, however, that orth
topic potential of implantation of tumor fragments allowTg7, an NIH3T3-derived packaging cell line expressing
the full metastatic potential of tumors to be expressed [§e 10 Al viral envelope, was purchased from Clontech
11]. Our hypothesis was that the Lewis lung carcinoma h@a@poratories, Inc. PT67 cells were cultured in DMEM
far greater metastatic potential than has previously demqiyine Scientific, Santa Ana, California) supplemented
strated. In order to investigate the metastatic potential @fth 10% heat-inactivated fetal bovine serum (Gemini Bio-
Lewis lung carcinoma, the tumor was transplanted to nugeoducts, Calabasas, California). For vector production,
mice using SOI in the present study. To fully visualiz§ackaging cells (PT67), at 70% confluence, were incubated
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268-4175; E-mail: all@anticancer.com 18 h. Fresh medium was replenished at this time. The cells

g_FP vector production [13]
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Figure 1. (A) Primary GFP-Lewis lung tumor implanted in the right lung visualized by GFP expression 14 days after SOI. (B) Multiple metastatic sites
of the GFP-Lewis lung carcinoma in the contralateral lung by GFP expression through a window in the thoracic wall 14 days after SOI (white arrow
indicates the heart). (C) Superior mediastinal lymph nodes involved with GFP-Lewis lung carcinoma metastases around a thoracic vein (large white
arrows) visualized by GFP expression 14 days after SOI. Tumor cells in the lymphatic duct (small white arrows) connected to a metastatic lymph node
are clearly visualized by GFP expression. (D) A lymph node in the superior mediastinum massively involved with GFP Lewis lung carcinoma metastasis
(large white arrow), close to the great vessels (small white arrows), visualized by GFP expression 14 days after SOI.

were examined under fluorescence microscopy after 483ubcutaneous tumor transplantation of GFP-Lewis lung

For the selection of the GFP transductants, the cells wearells

cultured in the presence of 500-2009/ml of G418 (Life

Technologies, Inc, Grand Island, New York) for 7 days. ~ Three BALB/c nu/nu female mice, 6 weeks of age, were
injected s.c. with a single dose of & 10° of Lewis

GFP transduction of Lewis |ung carcinoma cells |Ung—GFP cells that were preViOUSly selected in G418 as
described above. Cells were first harvested by trypsinization

Confluent Lewis lung carcinoma cells from the Nationand washed three times with cold serum free medium and

Cancer Institute were incubated with a 1-1 precipitated mitien injected in a total volume of 0.2 ml within 40 min of

ture of retroviral supernatants of PT67 cells and RPMI 164tarvesting.

(Life Technologies, Inc.) containing 10% fetal bovine serum

(Gemini Bio-products, Calabasas, California) for 72 h. Fresburgical orthotopic implantation (SOI) of GFP-Lewis lung

medium was replenished at this time. Lewis lung carciissue fragments

noma cells were harvested by trypsin/EDTA 72 h after

infection and subcultured at a ratio of 1:15 into selectivéumor fragments (1 mm) derived from the Lewis lung-GFP

medium that contained 20@g/ml of G418. The level of S-C. tumors growing in nude mice were implanted by SOI

G418 was increased to 4Q0g/ml gradually. Lewis lung On the right lung in ten nude mice [10, 11]. The mice were

carcinoma clones h|gh|y expressing GFP were isolated meesthetized by isofluran inhalation. The animals were put

cloning cylinders (Bel-Art products, Pequannock, New Jeld a position of left lateral decubitus. A 0.8-cm transverse

sey) by trypsin EDTA and were amplified and transferred gficision of skin was made in the right chest wall. Chest
conventional culture methods. muscles were separated by sharp dissection, and costal and

intercostal muscles were exposed. A 0.5-cm intercostal inci-
sion between the third and fourth rib on the chest wall was
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Figure 2. (A) The inferior mediastinum is massively involved with GFP-Lewis lung carcinoma metastases visualized by GFP expression 14 days after
SOI. Large arrows indicate ipsilateral diaphragmatic surface metastases. Small arrows indicate the contralateral diaphragmatic sudagéthinvolve
metastases. (B) Contralateral diaphragmatic surface involved with GFP-Lewis lung carcinoma metastases visualized by GFP expression $Odlays after
(white arrows). (C) The heart is involved with GFP-Lewis lung carcinoma metastases around the posterior coronary artery visualized by GHP expressio
14 days after SOI (white arrows). (D) Lewis lung carcinoma brain metastasis visualized by GFP expression 14 days after SOI.

made, and the chest wall was opened. The right lung wkiorescence microscopy of GFP-Lewis lung carcinoma

taken up by a forceps, and one tumor fragment was sewn ) ) )
promptly into the upper lung using one 8-0 suture. The Iurﬁjght and fluorescent microscopy were carried out using

was then returned into the chest cavity. The incision of tife Nikon microscope equipped with a xenon lamp power
chest wall was closed with a 6-0 surgical suture. ClosuféPPly. A Leica stereo fluorescent microscope model LZ12
of the chest wall was examined immediately and, if a legkdUiPPed with a mercury lamp power supply was also used.
existed, it was closed by additional sutures. After closingth microscopes had a GFP filter set (Chroma Technology,
the chest wall, an intrathoracic puncture was made by usiRgattleboro, Vermont).

a 3-ml syringe and 25-gauge 1/2 ml needle to withdraw the

remaining air in the chest cavity. After the withdrawal Okesults and discussion

air, a completely inflated lung could be seen through the

thin chest wall of the mouse. The skin and chest musclgg|ation of stable high-level expression GFP transductants
were then closed using a_6—0 surg_lcal suture in one layer. A | ewis lung carcinoma cells

procedures of the operation described above were performed

under a 7X microscope (Olympus). The retroviral-vector GFP-transduced Lewis lung carcinoma
cells were able to grovin vitro at levels of G418 up to
Analysis of GFP-Lewis lung carcinoma metastases 400 pg/ml. The selected G418-resistent Lewis lung-GFP

cells had very bright GFP fluorescence (data not shown).
After tumor progression in the SOl animals, the performance
of the mice began to decrease, at which time the anima&@gable high-level expression of GFP in Lewis lung
were sacrificed and autopsied. The orthotopic primary tgarcinoma subcutaneous tumors in nude mice

mor and all major organs were explored under fluorescence S )
microscopy. Three weeks after s.c. injection of Lewis lung-GFP cells,

the mice were sacrificed. Tumor tissue was strongly GFP
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Table 1. Metastasis of GFP-Lewis lung carcinoma after SOI in nude mice.

Bilateral
Bilateral diaphragmatic ~ Heart Brain Mediastinal L.N.
% of the animals  lung surface
involved with
metastases 100% 100% 40% 30% 100%
(10 0of 10) (10 of 10) (40f10) (30f10) (100f10)

Ten mice were implanted in the right lung by SOI with one piece each of GFP-Lewis lung carci-
noma tissue (1 mﬁ) derived from the GFP-Lewis lung tumor previously grown s.c. in a nude
mouse. The implanted mice were sacrificed at 10-14 days post-SOI at the time of significant
decline of performance status.

fluorescent, demonstrating stable high-level GFP expressigaferences
in vivo during s.c tumor growth (data not shown). Lung
metastases were visualized by GFP-expression in these mikte Sugiura K, Stock CC. Studies in a tumor spectrum. lll. The effect of

. : : phosphoramides on the growth of a variety of mouse and rat tumors.
(data not shown). The median survival of these mice was .~ "o 1055: 15: 3851,

approximately 27 days. 2. O'Reilly M, Holmgren L, Shing Y et al. Angiostatin: A novel an-
giogenesis inhibitor that mediates the suppression of metastases by a
Orthotopic growth of GFP-Lewis lung carcinoma Lewis lung carcinoma. Cell 1994; 79: 315-25.

3. Fichtner |, Tanneberger S. Preoperative (neoadjuvant) chemotherapy

— . . . in the murine Lewis lung carcinoma and possible implications for
Beginning 10 days after SOI, the mice started to decline in .=/ <o Anticancer Research 1087: 7- 22733,

performance. All animals were sacrificed by day 15 posk. Himmele JC, Rabenhorst B, Wemner D. Inhibition of Lewis lung tumor
tumor implantation. All sacrificed animals had highly flu-  growth and metastases by Ehrlich ascites tumor growth in the same

orescent tumors (Figure 1A) in the right lung weighing from_  host. J Cancer Relin. Oncol.1986; 111: 160-165.
5. Gorelik E, Segal S, Feldman M. Control of lung metastases progres-

144 mg to 466 mg. sion in mice: role of growth kinetic of 3LL Lewis lung carcinoma and
host immunity reactivity. J Natl Cancer Inst 1980; 65: 1257-64.
Metastatic pattern of the SOI Lewis Iung carcinoma 6. Rashidi B, An Z, Sun F-X et al. Minimal liver resection strongly stim-

ulates the growth of human colon cancer in the liver of nude mice.

; ; ; _ Clin Exp Metastasis 1999; 17: 497-500.
Table 1 summarizes the metastatic pattern of the Lewis lun An Z, Jiang P, Wang X, Moossa AR, Hoffman RM. Development

GFP carcmqma. Qne'hundred percent of the animals (10 of a high metastatic orthotopic model of human renal cell carci-
of 10) had disseminated contralateral lung metastases (Fig- noma in nude mice: benefits of fragment implantation compared to
ure 1B); mediastinal lymph node metastases (Figures 1C, cell-suspension injection. Clin Exp Metastasis 1999; 17: 265-270.
1D); and ipsilateral (Figure 2A) and contralateral (Fig-8' Hoffman RM. Orthotoplc.meta_statlc mouse models for anticancer
. . drug discovery evaluation: a bridge to the clinic. Invest New Drugs
ures 2A, 2B) diaphragmatic surface metastases. The heart 1999: 17: 343-59.
was involved with metastases in 40% (4 of 10) of the an9. Hoffman RM. Orthotopic is orthodox: Why are orthotopic transplant
imals (Figure 2C) and the brain in 30% (3 of 10) of the  metastatic models different from all other models? J Cell Biochem
. . . 1994; 56: 1-3.
animals (Flgur_e ZD)' MetaStases in the contralateral lunﬂ). Wang X, Fu X, Hoffman RM. A new patient-like metastatic model
contralateral diaphragmatic surface, heart, and brain were of human lung cancer constructed orthotopically with intact tissue via
only detectable by GFP expression and not detectable under thoracotomy in immunodeficient mice. Int J Cancer 1992; 51: 992-5.
bright-field microscopy in fresh tissue. A major advantage- Wang X, Fu X, Hoffman RM. A patient-like metastasizing model
f GFP-expressing tumor cells is that thev can be visualized of human lung adenocarcinoma constructed via thoracotomy in nude
0 =Xpressing y mice. Anticancer Res 1992; 12: 1399-1402.
in fresh live tissue [14-16]. 12. Li L, Shin DM, Fidler 1J. Intrabronchial implantation of the Lewis
The Lewis lung-GFP carcinoma implanted by SOI dif- lung tumor cell does not favor tumorigenocity and metastasis. Inva-

fusely metastasized locally and distantly and decreased the Sion Metastases 1990; 10: 129-41. o
Doki Y, Murakami K, Yamamura T. et al. Mediastinal lymph node

. . . 13.
mean survival of the ammal&_" to apprOX|mathy 12 days, far"  etastasis model by orthotopic intrapulmonary implantation of Lewis
shorter than the mean survival of 27 days in the subcuta- |ung carcinoma cells in mice. Br J Cancer 1999; 79: 1121-6.
neous transplant model. 14. Chishima T, Miyagi Y, Wang X et al. Cancer invasion and mi-

The developments described here have enabled the crometastasis visualized in live tissue by green fluorescent protein

idel d i | . b f expression. Cancer Res 1997; 57: 2042—7.

widely-used Lewis lung carcinoma to become a far MOKg,  chishima T, Miyagi Y, Wang X et al. Metastatic patterns of lung

powerful model to study the mechanism of tumor progres- cancer visualized live and in process by green fluorescent protein

sion including regional and distant metastasis representative expression. Clin Exp Metastasis 1997; 15: 547-52. '

of |ung cancer. The data obtained in this study Confirméa' Yang M, Hasegawa S, Jiang P et al. Widespread skeletal metastatic
) . . potential of human lung cancer revealed by green fluorescent protein

our hypotheses that SOI allowed the Lewis lung carcinoma - eypression. Cancer Res 1998; 58: 4217-21.

to express its enormous metastatic potential. The new model

should be of greater use to study metastasis, the role of an-

giogenesis, and for the discovery of agents which inhibit or

reverse these processes.



