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Summary

Currently used rodent tumor models, including transgenic tumor models, or subcutaneously-growing human tu-
mors in immunodeficient mice, do not sufficiently represent clinical cancer, especially with regard to metastasis
and drug sensitivity. In order to obtain clinically accurate models, we have developed the technique of surgical
orthotopic implantation (SOI) to transplant histologically-intact fragments of human cancer, including tumors taken
directly from the patient, to the corresponding organ of immunodeficient rodents. It has been demonstrated in 70
publications describing 10 tumor types that SOI allows the growth and metastatic potential of the transplanted
tumors to be expressed and reflects clinical cancer. Unique clinically-accurate and relevant SOl models of hu-
man cancer for antitumor and antimetastatic drug discovery include: spontaneous SOI bone metastatic models
of prostate cancer, breast cancer and lung cancer; spontaneous SOI liver and lymph node ultra-metastatic model
of colon cancer, metastatic models of pancreatic, stomach, ovarian, bladder and kidney cancer. Comparison of
the SOl models with transgenic mouse models of cancer indicate that the SOl models have more features of
clinical metastatic cancer. Cancer cell lines have been stably transfected with the jéldisbrea victoriagreen
fluorescent protein (GFP) in order to track metastases in fresh tissue at ultra-high resolution and externally image
metastases in the SOl models. Effective drugs can be discovered and evaluated in the SOI models utilizing human
tumor cell lines and patient tumors. These unique SOl models have been used for innovative drug discovery and
mechanism studies and serve as a bridge linking pre-clinical and clinical research and drug development.

Abbreviations:SOI, surgical orthotopic implantation, GFP, green fluorescent protein, G418, geneticin, 5-FU, 5-
fluorouracil, SCLC, small cell lung cancer

Introduction human tumors of all the major types of human cancer

to reproduce clinical-like tumor growth and metastasis
A. Background of surgical orthotopic implantation in the transplanted rodents [1-71]. The major fea-
(SOI) mouse models of human cancer tures of the SOl models are reviewed here and also

compared to transgenic mouse models of cancer.
In the past 10 years, we have developed a new ap-
proach to the development of a clinically-accurate
rodent model for human cancer based on our inven-
tion of surgical orthotopic implantation (SOI). The
SOI models have been described in approximately 70
publications [1-71] and in four pateAtsSOI allows

B. Previous in vivo screening systems

1. Early screening system&arly screeningn vivo
systems for drug discovery included the L1210 mouse
leukemia [72]. A more sensitive mouse leukemia,
1 U.S. Patent Nos. 5,569,812 and 5,491,284; European Patent 388, was introduced somewhat later [73]. The pos-
No. 0437488; Japanese Patent No. 2664261. sibility of more relevant screening was expanded when
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Rygaard utilized the newly-isolated athymic nude C. Surgical orthotopic implantation (SOI) of tumor
mouse to transplant human tumors [74]. Screening fragments
with human xenografts started with the colon CX-1,

lung LX-1 and breast MX-1 tumors [75]. The U.S. The SOI models circumvent the cell disaggregation
National Cancer Institute (NC|) and the Central Insti- step used in pre\/ious orthotopic models. Instead of
tute of Experimental Animals of Japan have greatly injecting cell suspensions into the orthotopic site, we
eXpanded the number of human tumor cell lines which have deve|oped micro-surgica| techno|ogy to trans-
can grow in nude mice. However the early nude mouse plant tumor fragments orthotopically [1-71]. The de-
models were quite distinct from clinical cancer. The velopment of SOI technology led to a profound im-
human tumors were implanted subcutaneously, which provementin the results achieved in that the metastatic
is a very different micro-environment from the tissue rates and sites in the transplanted mice reflect the
of origin of the tumors. The subcutaneous environ- clinical pattern after SOI. The advantages of SOI ap-
ment Usua"y preClUdeS the tumors from metaStaSiZing. pear quite genera| having been seen in comparison to
Workers such as Sordat and Fidler [76] have partly orthotopic implantation of cell suspensions for blad-
addressed this point, by introducing orthotopic trans- der [2,3], lung [4,9,10,24,26,27], stomach [5,14,18],
plantation of suspensions of tumor cell lines in nude kidney [78], and colon cancers [1,6,8,16,32,66—70].
mice as detailed below. In a head-to-head comparison of SOI with or-
thotopic transplantation of cell suspensions, SOI of
2. Orthotopic injection of suspensions of established stomach cancer tissue fragments resulted in metastases
cell lines Fidler [76] noted that the subcutaneous in 100% of the nude mice with extensive primary
micro-environment for human visceral tumors is very growth. Metastases were found in the regional lymph
different from their original milieu. He postulated that nodes, liver, and lung as is characteristic of this cancer
this difference may result in the lack of metastases and [5] In contrast, Orthotopic injection of Suspensions of
the altered drug responses seen in the subcutaneoustomach cancer cells to the nude-mouse stomach res-
models. Indeed radical differences have been noted byyited in lymph node metastases in only 6.7% of those
Fidler [77] and us [20] in the drug responses of tumors mice bearing tumors and no distant metastases.
in the orthotopically-transplanted site vs. the tumor We also compared the metastatic rate of human
growing subcutaneously. Despite species difference, renal cell carcinoma SN12C in the two orthotopic
the corresponding nude mouse organ more closely re-nyde mouse models [78] SOI of tumor tissue and or-
sembles the original patient micro-environment than thotopic injection of cell suspensions in the kidney.
the subcutaneous milieu. The primary tumors resulting from SOI were larger
Injecting tumor cell suspensions into the analog- and much more locally invasive than primary tumors
ous or orthotopic mouse sites occasionally allowed resulting from orthotopic transplantation of cell sus-
relevant metastases. For example, disaggregated hupension. SOI generated higher metastatic rates than
man colon-cancer cell lines injected into the cecum of orthotopic transplantation of cell suspensions. The dif-
nude mice produced tumors that eventually metastas-ferences in metastatic rates in the involved organs
ized to the liver [76]. Although orthotopic injection  (lung, liver, and mediastinal lymph nodes) were 2—3
of cell suspensions is an improvement over simple fold higher in SOI compared to orthotopic transplant-
subcutaneous implantation, the technique has severaltion of cell suspensions (p 0.05). Median survival
major drawbacks. Orthotopic cell injection so far has time in the SOI model was 40 days, which was signi-
been shown to work essentially only with established ficantly shorter than that of orthotopic transplantation
cell lines which greatly restricts its utility. The tu-  of cell suspensions (68 days) ¢ 0.001). Histolo-
mors resulting from orthotopic transplantation of cell  gical observation of the primary tumors from the SOI
suspensions often showed relatively low rates of meta- model demonstrated a much richer vascular network
stasis compared to the original tumor in the patientand than the orthotopic transplantation of cell suspension.
to SOI [1-71]. Lymph node and lung metastases were larger and more
cellular in the SOI model compared to the orthotopic
transplantation of cell suspension models.
We conclude that the tissue architecture of the
implanted tumor tissue in the SOl model plays an im-
portant role in the initiation of primary tumor growth,
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invasion, and distant metastasis. These studies directlywith the new agents listed above will provide further

demonstrate that the implantation of histologically

intact tumor tissue orthotopically allows accurate ex-
pression of the clinical features of human cancer in
nude mice. Experiments showed that distant tumor
growth in the SOI models were true time-dependent
metastases resulting from clinical-like routes and not
due to cells shed in transplantation [17]. Thus the SOI
models are a significant improvement allowing the full

metastatic potential of human tumors to be expressed

in a rodent model. A limitation to the SOI technique
is the high level of surgical skill necessary for the
implantation procedures.

D. Drug discovery with SOl models

The antitumor and antimetastatic efficacy of the fol-
lowing new agents have been demonstrated in SOI
models:

1) The metalloproteinase inhibitor Batimastat: Found
to be active against an SOI human-patient colon
tumor model [28] including:

a. inhibition of primary tumor growth
b. inhibition of metastatic events,
c. extension of survival.

2) The metalloproteinase inhibitor CT1746: Found
to be active against an SOI human colon tumor
xenograft model [79] including:

a. arrest of primary tumor growth
b. inhibition of metastatic events, and
c. a large increase in survival.

3) IFN-y: Found to be active against a patient pleural
cancer SOl model [45] including:
a. elimination of metastatic events
b. decrease in cachexia, and
c. extension of survival.

4) Angiogenesis inhibitor TNP-470: Found to be act-
ive in patient colon and stomach tumor SOI models
[66—70] including:

a. inhibition of liver metastasis in colon cancer
b. minimal or no effect on primary tumor

Feasibility for the drug discovery in the SOl mod-

els has been demonstrated with colon, pancreatic,

correlative information.

E. Discovery of basic aspects of metastasis and
possible new therapeutic targets

It was shown with the SOI colon cancer models that
liver colonization is the governing process of colon
cancer liver metastasis [32]. This study further con-
firmed Paget's seed and soil hypothesis and demon-
strated that the liver colonization event is a potential
therapeutic target to prevent metastasis.

We have developed a new antimetastatic chemo-
therapeutic strategy for combination with hepatic re-
section of human colon cancers in nude mice. The
procedure involves i.p. administration of 5-FU two
hours before hepatic resection of the colon tumors.
Therapy was then continued for four consecutive days.
We termed this strategy neo-neoadjuvant chemother-
apy. The regime was tested in the AC3488 nude mice
model of highly malignant human colon cancer [62]
and significantly prolonged animal survival compared
to 5-FU adjuvant chemotherapy; surgery alone; 5-FU
without surgery; or the untreated control. The 5-FU
neo-neoadjuvant chemotherapy had a 50% survival of
68 days compared to 41 days for 5-FU neo-adjuvant
treatment; 32 days for 5-FU adjuvant therapy; 30 days
for surgery only; 28 days for 5-FU without surgery;
and 26 days for control. Two animals in the neo-
neoadjuvant group were free of tumor when sacrificed
at day-165 post-surgically. The results in this study in-
dicate that new treatment strategies for resecting colon
cancer liver metastasis should be further explored and
the novel regimes introduced in the study of the model
could be of great value for designing further clinical
trials (Rashidi B, Hoffman RM, unpublished data).

F. Development of patient-tumor SOI models

The first model developed with SOl was for human pa-
tient colon cancer [1]. The human patient and human
xenograft colon tumors transplanted by SOI resulted
in clinically relevant courses such as liver metastasis,
lymph node metastasis and peritoneal carcinomatosis
(). The initial “take” rates for human patient colon tu-
mors transplanted by SOI were greater than 80%. In a
study of colorectal cancer with the University of Cali-

stomach and lung cancer whose chemotherapy hasfornia, San Diego (UCSD), Department of Surgery, we

resulted in dose-response, differential sensitivity of have successfully transplanted colon rectal cancer spe-
primary and metastatic tumors, reproducibility and cimens from 16 patients using SOI. In each case, we
correlation to historical clinical activity of the drugs have been able to passage the tumor to form large co-
[16,18-20,22-26,28,66—71]. Ongoing clinical studies horts. The tumors have demonstrated liver metastasis,
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lymph node metastasis and other clinically-relevant demonstrates sensitivity to cisplatin and resistance to
events. Both primary tumors and liver metastasis from mitomycin C, reflecting the clinical situation [20]. In
patients have been used for SOI (Table 1). In a re- contrast, the same tumor xenograft implanted subcu-
cent study, we have developed an ultra-metastatic SOl taneously responded to mitomycin and not to cisplatin,
model of human colon cancer with all animals hav- thus failing to match clinical behavior for SCLC [20].
ing liver and lymph node metastases by day 10 [62]. These data suggest that the orthotopic site is essen-
Banks of patient tumors which are established in the tial to achieve clinically-relevant drug response. Other
SOl models are being developed of all the major tumor laboratories have observed similar phenomena indic-
types (see section G below). ating the effect of the micro-environnent on drug
sensitivity [77].
G. Establishment and expansion of SOl tumor models In order to further understand the role of the host
organ in tumor progression, we have transplanted into
nude mice histologically-intact human colon cancer
tissue on the serosal layers of the stomach (heterotopic
site) and the serosal layers of the colon (orthotopic
site) [31]. Human colon tumor, Co-3, which is well
differentiated, and COL-3-JCK which is poorly dif-
ferentiated were used for transplantation. After ortho-
topic transplantation of the human colon tumors on the
nude mouse colon, the growing colon tumors resul-
ted in macroscopically extensive invasive local growth
in 4 of 10 mice, serosal spreading in 9 of 10 mice,
musclaris propria invasion in 1 of 10 mice, submu-
cosal invasion in 3 of 10 mice, mucosal invasion in 3
of 10 mice, lymphatic duct invasion in 4 of 10 mice,
regional lymph node metastasis in 4 of 10 mice, and
liver metastasis in 1 of 10 mice. In striking contrast,
" after heterotopic transplantation of the human colon
tumor on the nude mouse stomach, a large growing tu-
mor resulted but with only limited invasive growth and
without serosal spreading lymphatic duct invasion, or
regional lymph node metastasis. It has become clear
from these studies that the orthotopic site, in particular
the serosal and subserosal transplant surface, is crit-
ical to the growth, spread, and invasive and metastatic
capability of the implanted colon tumor in nude mice.
These studies suggest that the original host organ plays
a critical role in tumor progression.

Established human colon and stomach tumors were
transplanted by SOI to nude mice and tested for re-
sponse to 5-FU and mitomycin-C, the standard treat-
ments for these tumors [16,18]. The tumors responded
to a dose level that was the mouse equivalent of typ-
ical clinical doses. The primary tumors responded
as would be expected in the clinic for these agents.
The SOI tumors have demonstrated a close replica- The metastases of these tumors were drug-insensitive
tion of the original tumor. Apparently the analogous Which replicates the usual clinical situation [16,18].
mouse host tissue closely replicates the original pa- It was demonstrated that antineoplastic agents can
tient micro-environment which affects tumor progres- €xhibit differential activity against metastases versus
sion and chemosensitivity. For example, an orthotopic Primary tumors in SOI models for pancreatic [19],
model of human small cell lung carcinoma (SCLC) colon [16] and stomach cancer [18]. Importantly,

Patient-derived tumors can be established by SOI with
take rates of up to 100% [1,5,62,66—70]. It has been
shown to be straightforward to expand an SOI tumor
population by serial passage to produce large cohorts
of 100 or more SOI animals with the tumor phenotype
remaining stable. Established tumors can be serially
passaged with nearly 100% efficiency [1,8,62,66—70].
Such expansion allows the SOI models to serve as
an important research and development tool. Making
large mouse cohorts with identical tumors available is
essential for drug discovery and development and has
been achieved [1,8,62,66—70].

The SOI technology is effective with a wide vari-
ety of patient cancers. We have constructed SOI
models of patient cancers of the colon [1,8], lung
[4,24,26,27], head and neck (unpublished data), pan
creas [5], stomach [4], ovarian [15], liver [37] and
breast [22]. Regardless of whether the tumors are
passaged subcutaneously or orthotopically, once im-
planted orthotopically they resemble the donor tissue
in detailed morphology, and pattern of growth and
metastatic behavior.

The SOI models solve two very major problems
in cancer research. Provision of animal models that
are more representative of clinical cancer for antitu-
mor and antimetastatic drug discovery and research.
The SOI models are also used for producing human
primary and metastatic tumor tissue, on demand, with
precisely defined characteristics and in large amounts
for study of tumor biology, diagnostics development
and pharmacogenomics studies.

H. Validation of the SOl models
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Table 1. Human patient colon cancer SOl models

Case Site Stage Grade

AC 3438 Colon T3NOMO Well diff

AC 3445 Right Colon Stage Il — T3NOMO Well diff

AC 3488 Sigmoid Colon Stage IV — T3N1M1 Poorly diff
AC 3508 Sigmoid Colon Stage IV — T3N1M1 Mod well diff
AC 3518 Sigmoid Colon Stage Il - T3N1MO Well diff

AC 3521 Cecal Area Stage Il - T2N1MO Well diff

AC 3528 Polyposis coli Stage IV — T3N2M1 (liver) Mod diff

AC 3557 Sigmoid Colon Stage Il - T2NOMO Welldiff

AC 3603 Transverse Colon Stage | — TINOMO Well diff

AC 3609 Rectal Stage Ill - T3N1IMO Mod poor diff
AC 3612 Ascending Colon Stage Il — T3NOMO Mod diff

AC 3624 Rectal Stage Il - T3NOMO Well diff

AC 3625 Rectal Stage Ill - T3N2MO Mod diff

AC 3653 Ascending Colon Stage Il =-T4AN2MO Well diff

we have demonstrated that very low passage patientthe original local and metastatic tumors in the patient.
colon tumors transplanted by SOI can respond to 5- These results indicate that the SOl models resemble
FU, the standard drug of treatment for this disease clinical cancer and correlate with the patient’s clinical
(unpublished data). course and should be useful for drug discovery for
A correlative clinical trial was carried out to com-  both antitumor and antimetastatic agents [14].
pare the course of stomach tumors in patients and in
SOI models after orthotopic transplantation [14]. Of |. Bone metastasis in SOl models
the twenty patient cases whose tumors grew in the
nude mice, 6 had clinical peritoneal involvement of 1. Breast cancer .
their tumor, and of these, 5 resulted in peritoneal meta- 1he mechanisms of breast cancer metastasizing to
stases in the nude mice. Of the 14 patients without Pone have been extensively studied [80-82], but re-
peritoneal involvement whose primary tumors grew Main poorly understood. One of the major impedi-
locally in the mice, none gave rise to peritoneal in- Ments is the lack of an accurate animal model [83].
volvement in the mice. Of the twenty patient cases, 5 Although human breast cancer cells injected into the
had clinical liver metastases and 15 did not. After SOI mammary fat pad of nude mice can metastasize to the
of the patient’s primary tumors, all 5 primary tumors SOft organs such as the lung and lymph nodes, spon-
from the patients with clinical liver metastases gave {@neous metastasis of non-selected tumor cell lines
rise to liver metastases in the nude mice. In contrast, t0 bone has not been reported [84-88]. Bone meta-
of the 15 primary tumors from patients without liver Stasis thus far has been achieved by injecting breast
metastases, only one primary tumor gave rise to liver cancer cells into the left ventricle [89-93] or dir-
metastases in the nude mice after SOI. There was a€ctly into the bone of nude mice [94]. An orthotopic
statistical correlation (p< 0.01) for both liver meta-  Cell-suspension model of a fgf-transformed MCF-7
stases and peritoneal involvement between patientshuman breast cancer cell line demonstrated some bone
and SOI mice. These results indicate that, after sur- Mmetastasis [87].
gical orthotopic transplantation of histologically intact We have developed a spontaneous, highly meta-
gastric cancers from patients to nude mice, the sub- Static nude mice model of human breast cancer, MDA-
sequent local and metastatic behavior of the tumor in MB-435, with SOI. Histologically intact MDA-MB-
the mice closely correlated with the course of the tu- 435 tumor tissues were implanted into the mammary
mors in the patients. The histology of both the local fat pads of female nude mice. The results showed

and metastatic tumors in the mice closely resembled €xtensive metastasis to numerous soft organs and
throughout the skeletal system in every transplanted
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animal. Orthotopic tumor growth and metastasis oc- independent human prostate cancer LNCaP sublines.
curred throughout the axial skeleton at very high The animals developed bone metastasis in 10% and
incidence (vertebra 96%, femur 88%, tibia 88%, fib- 21.5% of intact and castrated hosts, respectively, after
ula 64%, humerus 88%, sternum 76%, scapula 40%, orthotopic injection of cell suspensions [99].

skull 24%, rib 44%, pelvis 24% and maxillofacial
region 20%) in the SOI animals. Bone metastasis oc-
curred in 25 of 25 transplanted animals. Extensive )
metastasis also involved numerous visceral organs in- In order to understand the skeletal metastatic pattern
cluding lung, lymph node, heart, spleen, diaphragm, of non-small-_cell lung cancer, we developed a stable
adrenal gland, spinal cord, skeletal muscles, parietal Nigh-expression GFP transductant of human lung can-
pleural membrane, peritoneal cavity, pancreas, liver C€ Cell line H460 (H460-GFP) (see section K below).
and kidney. Histologically, the involved bones had "€ GFP-expressing lung cancer was visualized to
obvious osteolytic changes, mimicking clinical bone Metastasize widely throughout the skeleton when im-
metastasis in breast cancer. To our knowledge, this is Planted orthotopically in nude mice. Micrometastases
the first report demonstrating extensive spontaneousVere visualized by GFP fluoresce_nce in the contralat-
bone metastasis of human breast cancer from the or-€ra! lung, plural membrane and widely throughout the
thotopic site in nude mice. This clinically accurate SKeletal system including the skull, vertebra, femur,
model of human estrogen-receptor-negative, advancedtiPi@, Pelvis and bone marrow of the femur and tibia.
breast cancer should be of significant value for the 'S new metastatic model can play a critical role in
study and development of effective treatment of bone the study of the mechanism of skeletal and other meta-

and other metastasis of human breast cancer (An, 7 stasis in lung cancer and in screening of therapeutics
and Hoffman, R.M., unpublished data). which prevent or reverse this process [61].

3. Lung cancer

2. Prostate cancer J. Ultrametastatic SOI model of colon cancer
We have developed new models of human and animal
cancer by transfer of thAequorea victorigjellyfish An ultra-high metastatic SOl model of human colon

green fluorescent protein (GFP) gene to tumor cells cancer was established from a histologically intact
that enabled visualization of fluorescent tumors and liver metastasis fragment derived from a surgical
metastases at the microscopic level in fresh viable tis- specimen of a patient with metastatic colon can-
sue after transplantation [49,51-53,55,61] (see sectioncer [62]. The stably ultra-metastatic SOl model is
K below). We have now developed a fluorescent spon- termed AC3488UM. 100% of mice transplanted with
taneous bone metastatic SOl model of human prostateAC3488UM with SOI to the colon exhibited local
cancer. Fragments of a fluorescent subcutaneously-growth, regional invasion, and spontaneous metastasis
growing tumor were implanted by SOl in the prostate to the liver and lymph nodes. Liver metastases were
of a series of nude mice. Subsequent micro-metastasesietected by the tenth day after transplantation in all
and metastases were visualized by GFP fluorescenceanimals. Half the animals died of metastatic tumor
throughout the skeleton including the skull, rib, pelvis, 25 days after transplantation. Histological character-
femur and tibia. The central nervous system was also istics of AC3488UM tumor were poorly differentiated
involved with tumor, including the brain and spinal adenocarcinoma of colon. Mutant p53 is expressed
cord, as visualized by GFP fluorescence. Systemic heterogeneously in the primary tumor and more homo-
organs including the lung, plural membrane, liver, kid- geneously in the liver metastasis suggesting a possible
ney, adrenal gland also had fluorescent metastasesrole of p53 in the liver metastasis. The human origin of
The metastasis pattern in this model accurately reflectsAC3488UM was confirmed by positive fluorescence
the bone and other metastatic sites of human prostatestaining forin situ hybridization of human DNA. The
cancer [64]. In previous orthotopic transplant models AC3488 human colon tumor model with its ultra-
of human prostate cancer, Stephenson et al. [95], Fu high metastatic capability in each transplanted animal,
et al. [11], Pettaway et al. [96], Saito et al. [97], Rem- short latency and a short median survival period is dif-
brink etal. [98] An et al. [58] and Wang et al. [65] have ferent from any known human colon cancer model and
observed prostate cancer metastasis but only in thewill be an important tool for the study of and devel-
lymph nodes and the lung. Thalmann et al. reported opment of new therapy for highly metastatic human
a spontaneous bone metastasis model of androgen-<olon cancer [62].



Future studies will be done to develop SOI models
of CNS malignancies and pediatric tumors.

K. Stable expression of the green fluorescent protein
(GFP) in cancer cells and tissue to visualize
metastasis

The visualization of tumor cell emboli, micrometa-
stases and their progression over real-time during the
course of the disease has been difficult in current
models of metastasis. Previous studies used transfec
tion of tumor cells with theEscherichia colibeta-
galactosidase (lacZ) gene to detect micrometastase
[100,101]. However, detection of lacZ requires ex-
tensive histological preparation, and therefore it is
impossible to detect and visualize tumor cells in vi-
able fresh tissue or the live animal at the microscopic
level. The visualization of tumor invasion and mi-
crometastasis formation in viable fresh tissue or the
live animal is necessary for a critical understanding of
tumor progression and its control.

To enhance the resolution of the visualization of
micrometastases in fresh tissue, we have utilized the
green fluorescent protein (GFP) gene, cloned from the
bioluminescent jellyfisthequorea victorig102—116].
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L. GFP-expressing macro- and micrometastases of
CHO-K1 in nude mice in SOI models

Nude mice were implanted with 1-mfmcubes of
GFP-CHO-K1 tumor into the ovary and were sacri-
ficed at four weeks [49]. All mice had tumors in the
ovaries. The tumor had also seeded throughout the
peritoneal cavity, including the colon, cecum, small
intestine, spleen, and peritoneal wall. The primary
tumor and peritoneal metastases were strongly fluor-
escent. Numerous micrometastases were detected by
fluorescence on the lungs of all mice. Multiple mi-
crometastases were also detected by fluorescence on

the liver, kidney, contralateral ovary, adrenal gland,

Soara—aortic lymph node, and pleural membrane at the

single-cell level. Single-cell micrometastases could
not be detected by standard histological techniques.
Even multiple-cell small colonies were difficult to de-
tect by hematoxylin and eosin staining, but they could
be detected and visualized clearly by GFP fluores-
cence. Some colonies were observed under confocal
microscopy. As these colonies developed, the density
of tumor cells was markedly decreased in the center of
the colonies.

M. Patterns of lung tumor metastases of human lung
tumors visualized by GFP expression in SOl models

GFP has demonstrated its potential for use as a markerPrimary tumor grew in the operated left lung in all

for gene expression in a variety of cell types [103,104].
The GFP cDNA encodes a 283 amino acid polypeptide
with molecular weight of 27 kD [105,106]. The mono-
meric GFP requires no othé&equoregproteins, sub-
strates, or cofactors to fluoresce [107]. Recently, GFP

mice after SOl of human lung tumor GFP-ANIP-
973. GFP expression allowed visualization of the
advancing margin of the tumor spreading in the ip-
silateral lung. All animals explored had evidence of
chest wall invasion and local and regional spread.

gene gain-of-function mutants have been generated byMetastatic contralateral tumors involved the medi-

various techniques [108,110]. For example, the GFP- astinum, contralateral pleural cavity, the contralateral
S65T clone has the serine-65 codon substituted with visceral pleura. While the ipsilateral tumor had a
a threonine codon which results in a single excita- continuous and advancing margin, the contralateral
tion peak at 490 nm [108,109]. Moreover, to develop tumor seems to have been formed by multiple seed-
higher expression in human and other mammalian ing events. These observations were made possible by
cells, a humanized hGFP-S65T clone was isolated GFP fluorescence of the fresh tumor tissue [51,52].
[111]. The much brighter fluorescence in the mutant Contralateral hilar lymph nodes were also involved as
clones allows for easy detection of GFP expression in well as cervical lymph nodes shown by GFP expres-
transfected cells. sion. A cervical lymph node metastasis was brightly
We have isolated 50 GFP transfectants of human visualized by GFP in fresh tissue [51,52]. When

and animal cancer cells that are stalnlevitro andin
vivo [49,51,52]. The transfectants are highly fluores-
centin vivo in tumors formed from the cells. Using

these fluorescent transfectants, orthotopic-transplant

animal models [26,61,64,112] were utilized for visu-
alizing the metastatic processes in fresh tissue down to
the single cell level that heretofore was not possible.

non-GFP-transfected ANIP-973 was compared with
GFIP-transformed ANIP-973 for metastatic capability
similar results were seen [51].

Nude mice were implanted in the left lung by SOI
with 1-mn?® cubes of human H460-GFP tumor tis-
sue derived from the H460-GFP subcutaneous tumor
[61]. The implanted mice were sacrificed at three to
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four weeks at the time of significant decline in per- the liver surface. Furthermore, we observed a small
formance status. All mice had tumors in the left lung. population of single cells that persisted over the 11-
All tumors (8/8) metastasized to the contralateral lung, day observation period, which may represent dormant
and chest wall. Seven of eight tumors metastasized to cells with potential for subsequent proliferation. This
the skeletal system. It was determined that the verteb- study demonstrated the advantages of GFP-expressing
rae were the most involved skeletal site of metastasis, cells, coupled with real-time high resolution video-
since 7 of 8 mice had vertebral metastasis. Three of microscopy, for long-ternn vivo studies to visualize
seven mice had skull metastases visualized by GFP.and quantify sequential steps of the metastatic process.
Metastasis could also be visualized in the tibia and GFP-transfected murine mammary adenocarcinoma
femur marrow by GFP fluorescence. The tumor lodged cells inoculated into various sites of the rat were visu-
in the bone marrow and seemed to begin to involve the alized colonizing various organs by video microscopy
bone as well. All of the experimental animals were [114].
found with contralateral lung metastases [61]. Extens-
ive and widespread skeletal metastasis, visualized by P. Transgenic mouse models of cancer
GFP expression, were found in approximately 90% of
the animals explored. Thus, the H460-GFP SOI model Examples of transgenic mouse cancer models are
revealed the extensive skeletal metastasizing potentialoutlined below for comparison with SOl models:
of lung cancer. Such a high incidence of skeletal meta-
stasis could not have been previously visualized before 1. Breast cancer
the development of the GFP-SOI model described here Stewart et al. [115] and Sinn et al. [116] developed
which provided the necessary tools. transgenic mice in which expression of thengcor
v-Ha-+as oncogenes or both were targeted to mam-
N. Bone and vi_scer_al metastasis_ of human prostate mary tissue using the MMTV (mouse mammary tumor
cancer PC-3 visualized by GFP in SOl models virus) long terminal repeat promoter. Both lines of
mice, MMTV-myc [115,116] and MMTV-ras [116],
were found to have mammary tumors after several
months of life. In lines with both oncogenes, tumors
developed more rapidly than either of the single trans-
genic lines[116]. In one strain, all surviving F1 female
progeny that inherited the MTYiycfusion gene de-
veloped breast tumors at 5 to 6 months of age during
their second or third pregnancies [115]. The tumors
in the double transgenics arose in a stochastic fashion,
as solitary adenocarcinomas or as monoclonal B cell

Five of five mice developed strongly fluorescent or-
thotopic tumors. Three of five tumors metastasized to
the skeletal system. The skeletal metastasis included
the skull, rib, pelvis, femur, and tibia. All the tumors
metastasized to the lung, pleural membrane and kid-
ney. Four of five tumors metastasized to liver and two
of five tumors metastasized to the adrenal gland. In
two mice, cancer cells or small colonies were seen in
the brain and in one mouse a few cells were in the
spinal cord by GFP fluorescence [64].

lymphomas [116].
0. In vivo videomicroscopy to follow steps of Mice expressing the polyomavirus middle T-
metastasis antigen (MTAgQ) under the control of the MMTV

promoter/enhancer (MMTV-MTAg mice) had syn-
We took advantage of stable GFP-transfected cells chronous multifocal mammary adenocarcinoma with
for monitoring and quantifying sequential steps in the a short latency period and a high rate of metastasis
metastatic process [113]. Using GFP-CHO-K1, the to lung. Not all tumors in MMTV-MTAg mice are
visualization of sequential steps in metastasis within uniform or synchronous. All mice with established
mouse liver, from initial arrest of cells in the microvas- primary mammary tumors did not have metastatic
culature to the growth and angiogenesis of metastasesdisease [117,118].
were quantified by intravital videomicroscopy. In- MMTV- neutransgenic mice overexprassuin the
dividual, non-dividing cells, as well as micro- and mammary epithelium and develop focal, frequently
macrometastases could clearly be detected and quantimetastatic mammary adenocarcinoma after a relat-
fied, as could fine cellular details such as pseudopodialiively long latency period [119].
projections, even after extended periodsimfvivo A transgenic mouse strain was constructed with
growth. The GFP-fluorescent tumor cells had pref- the mammary tumor virus LTR/myc fusion gene.
erential growth and survival of micrometastases near The glucocorticoid inducible eayctransgene led to an



351

increased incidence of breast, testicular, and lympho- an embryonal carcinoma of the testis at 5 months
cytic (B-cell and T-cell), and mast cell tumors [120].  and another developed a malignant lymphoma at the
age of 9 months [125]. Of 35 homozygote anim-
2. Prostate cancer als, 26 (74%) developed neoplasms by 6 months of
A recombinant probasin (PB)-SV40 Tag (T anti- age. Some tumors appeared before 10 weeks of age,
gen) transgenic mouse was developed [121,122]. and tumor occurrence increased rapidly between 15
These transgenic animals were termed TRAMP (trans- and 25 weeks of age [125]. Multiple primary neo-
genic adenocarcinoma mouse prostate) [121,122]. In plasms of different origin were observed in 9 of the
TRAMP mice, expression of the PB-Tag transgene 26 homozygote mice with tumors. Malignant lymph-
is restricted to the dorsolateral lobes of the prostate. omas were found in 20 of 26 animals. Sarcomas also
TRAMP mice have high-grade PIN (prostatic intrae- occurred with some frequency. There were seven hem-
pithelial neoplasia) and/or well-differentiated prostate angiosarcomas, three undifferentiated sarcomas, and
cancer by the age of 10-12 weeks [123]. TRAMP mice one osteosarcoma. Only one female mouse developed
spontaneously develop invasive primary tumors that a mammary adenocarcinoma [125].
routinely metastasize to the lymph nodes and lungs It can be clearly seen that the transgenic mouse
and less frequently metastasize to the spinal column, models of breast, prostate and colon cancer do not re-
kidneys, and adrenal glands [122]. Hind limb paraple- flect human clinical cancer as do the SOI models. For
gia was observed in a single TRAMP mouse at the age example, the transgenic breast cancer models to not
of 22 weeks. Histological examination of decalcified metastasize to the bone; the prostate cancer transgenic
sections of the spine at the level of the thoracolumbar model metastasized to the bone in only one reported
vertebrae demonstrated that the spinal canal was filledanimal; the colon cancer transgenic model did not
with metastatic tumor. The tumor appeared to have metastasize to the liver, and in the p53 knockout mod-
destroyed the spinal cord through pressure atrophy els only one animal had breast cancer. The SOl models
rather than by invasion and destruction of the adja- thus offer unique and critically important features for
cent vertebral bone as typically seen with osteolytic antitumor and antimetastatic drug discovery.
metastatic tumors [122]. Lymph node metastases were
found in 31% (5 of 16) of TRAMP mice between
18 and 24 weeks of age. Pulmonary metastases wereMaterials and methods
found in 4 of 11 (36%) by 24 weeks. A metastasis in
the kidney has been found in one mouse at 12 weeks.A. General construction of models
Two metastases to the adrenal gland were found [122].
At 30-36 weeks of age, 100% of TRAMP animals 1. Mice
have primary tumors and metastatic disease [122,123].Four-to-six-week old outbred nu/nu mice of both
sexes are used for the orthotopic transplantation. All
3. Colon cancer the mice are maintained in a pathogen-free environ-
The Smad3 gene was inactivated in mice by ho- ment. Cages, bedding, food and water are autoclaved
mologous recombination. Homozygous mutants were and changed regularly. All the mice are maintained
viable and spontaneously formed colorectal adeno- in a daily cycle of 12 hour period of light and
carcinomas [124]. Between 4 and 6 months of age, darkness. Bethaprim Pediatric Suspension (contain-
the Smad3 mutant mice became moribund with the ing sulfamethoxazole and trimethoprim) is added to
colorectal adenocarcinomas. The colorectal cancersthe drinking water. Mice are periodically sent to the
penetrated through all layers of the intestinal wall and University of Missouri to test for pathogens. All an-

metastasized to lymph nodes [124]. imal studies were conducted in accordance with the
principles and procedures outlined in the National
4. p53 knockouts Institutes of Health Guide for the Care and Use of

Homozygote p53-deficient mice, and normal litter- Laboratory Animals under assurance number A3873-
mates (with wild-type p53 genes) were monitored for 1.

spontaneous neoplasms [125]. Wild-type mice (95 an-

imals) by the age of 9 months did not develop tumors. 2. Specimens

By 9 months, only 2 of 96 heterozygote animals de- Fresh surgical specimens are kept in Earle’s MEM at
veloped tumors. One heterozygote mouse developed4°C and obtained as soon as possible from hospitals.
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Transplantation should take place within 24 hours of 2. Prostate cancer

surgical excision. Before transplantation, each spe- Tumor fragments are prepared as for colon and breast
cimen is inspected, and all necrotic and suspected tumors. Two tumor fragments (1 n¥nare implanted
necrotic tumor tissue is removed. To take into ac- by SOI in the dorsolateral lobe of the prostate. After
count tumor heterogeneity, each specimen is equally proper exposure of the bladder and prostate following
divided into 5 parts, separated and each part is sub-a lower midline abdominal incision, the capsule of the
sequently cut into small pieces of about 1 fsize. prostate is opened and the two tumor fragments are in-
Tumor pieces for each transplantation are taken from serted into the capsule. The capsule is then closed with
5 parts of each specimen equally. In our experience, a an 8-0 surgical suture. The incision in the abdominal

typical colon tumor specimen of 1-2 grams provides wall is closed with a 6-0 surgical suture in one layer
sufficient material for initial surgical orthotopic im-  [11,64,65].

plantation of more than 20 mice. Additional SOI

models of this same tumor can subsequently be gener-3_ |.ung cancer

ated by a single passage using SOI. It should be notedthe mice are anesthetized by isoflurane inhalation.
that patient tumors are routinely passaged orthotopic- The gnimals are put in a position of right lateral decu-
ally to produce large cohorts. One hundred mice or piy,s with four limbs restained. A 0.8 cm transverse
more can be readily transplanted in the first passagejncision of skin is made in the left chest wall. Chest
which are more than sufficient for treatment studies.  3,scles are separated by sharp dissection and costal
. . . and intercostal muscles are exposed. A 0.4-0.5 cm in-
B. Examples of surgical orthotopic implantation tercostal incision between the third and fourth rib on
(SOn the chest wall is made and the chest wall is opened.
1. Colon cancer The left lung is taken up with a forceps and tumor frag-
Colonic transplantation For transplantation, nude Ments are sewn promptly into the upper lung with one
mice are anesthetized, and the abdomen is sterilizedSuture. The lung is then returned into the chest cavity.
with iodine and alcohol swabs. A small midline in- 'N€ incision in the chest wall is closed by a 6-0 sur-
cision is made and the colorectal part of the intestine 9ical suture. The closed condition of the chest wall is
is exteriorized. Serosa of the site where tumor pieces €xamined immediately and if a leak exists, it is closed
are to be implanted is removed. Eight pieces of 1- py addltlon.al sutures. After closing t_he chest walll, an
mm? size tumor are implanted on the top of the animal intrathoracic puncture s made by using a 3-m_| syringe
intestine. An 8-0 surgical suture is used to penetrate 21d 25G% needle to withdraw the remaining air in the
these small tumor pieces and attach them on the wall _chest cavity. After the withdrawal of air, a completely
of the intestine. The intestine is returned to the ab- Inflated lung can be seen through the thin chest wall of
dominal cavity, and the abdominal wall is closed with the mouse. Then the skin and chest muscle are closed
7-0 surgical sutures (Figure 1). Animals are kept in a With @ 6-0 surgical suture in one layer [61] (Figure 2).

sterile environment. Tumors of all stages and grades )
can be utilized [1]. C. Cohorts of transplanted animals for treatment

Intrahepatic transplantation An incision is made Cohorts of over 100 SOI models have been construc-

through the left upper abdominal pararectal line and t€d from many SOl models. The “take rate” for trans-
peritoneum. The left lobe of the liver is carefully ex- Plantation after the first passage is generally 100%.
posed and the liver is cut about 3 mm with scissors. Cohorts of 100 mice per case can be easily constructed

Two to three tumor pieces of 1-2 ninsize are put
on the nude mouse liver and attached immediately

with double sutures using 8-0 nylon with an atraumatic D- Determination and characterization of
needle. After confirmation that no bleeding is occur- Xenografted tumors

ring, the liver is then returned to the peritoneal cavity.
The abdomen and skin are then closed with 6-0 bac
silk sutures [30].

kCompIete autopsy with histological examination is
performed on all mice at time of death. All of the
major organs are examined carefully and routinely
sampled, along with any tissues showing gross abnor-
malities.
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E. Evaluation of growth and metastasis of well as the whole skeleton are explored. The fresh
orthotopically transplanted tumors samples are sliced at approximately 1 mm thickness
and observed directly under fluorescence microscopy.
The mice are autopsied and analyzed histologically The samples are also processed for histological exam-
for the presence of local growth and metastases uponination for fluorescence in frozen sections. The slides
sacrifice after they become moribund. Mice are killed are then rinsed with phosphate-buffered saline (PBS)
if they develop signs of distress. For example, in the and then fixed for 10 minutes at@ in 2% formalde-
colon tumor models the distress symptoms include a hyde plus 0.2% gluteraldehyde in PBS. The slides are

decline in performance status and weight loss due to washed with PBS and stained with hematoxylin and
cachexia or drug treatment. At autopsy, the colon and eosin using standard techniques.

all peritoneal organs, lymph nodes, liver and lungs

are resected and processed for routine histological 3. Microscopy

examination for tumors after careful microscopic ex- Light and fluorescence microscopy are carried out us-
amination. Metastases are considered to have occurredng a Nikon microscope equipped with a Xenon lamp
if at least one microscopic metastatic lesion is found power supply. A Leica stereo fluorescence microscope
in any of the animals. The growth of locally grow- model LZ12 equipped with a mercury lamp power
ing tumors is determined by caliper measurement of supply are also used. Both microscopes have a GFP
the locally growing tumor which is possible for colon filter set (Chroma Technology, Brattleboro, VT). An
tumors, since the body wall is so thin, and by weigh- MRC-600 confocal imaging system (Bio-Rad) moun-
ing the tumors that are removed at autopsy. Caliper ted on a Nikon microscope with an argon laser is
measurements of the primary tumor can also allow de- also used. Photomicrographs are processed for bright-
termination of tumor regression. The primary tumoris ness and contrast with Image Pro Plus, Version 3.0,
weighed at autopsy. software (Media Cybernetics, Silver Springs, MD).

1. Isolation of stable high expression GFP tumor cells

The GFP expression vector RetroXpress vector pLEIN References

IS purchased from CLONTECH Laboratories, Inc. 1. Fu X, Besterman JM, Monosov A, Hoffman RM: Models of

(Palo Alto, CA). The pLEIN Vvector expresses en- human metastatic colon cancer in nude mice orthotopically
hanced green fluorescent protein (EGFP) and the neo- constructed by using histologically-intact patient specimens.
mycin resistance gene on the same bicistronic mes- X IF:’W; N?ﬂ A%ad Sci UDSAK88;39I3‘F1;>S-9:4§' 199& W Extenci

: ; . . Fu X, Theodorescu D, Kerbel RS, Hoffman RM: Extensive
sage which contalns ?n IRES site [61’64]' For GF_P multi-organ metastasis following orthotopic on plantation of
gene transduction, 20%-confluent cancer cells are in- histologically-intact human bladder carcinoma tissue in nude
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vested by trypsin/EDTA 72 hours post-infection, and model of human lung cancer constructed orthotopically with
. . . . . intact tissue via thoracotomy in immunodeficient mice. Int J

subcultured at a ratio of 1:15 into selective medium Cancer 51: 992-995, 1992

which contains 20Q.g/ml of G418. The level of ge- 5. Fu X, Guadagni F, Hoffman RM: A metastatic nude-mouse

neticin (G418) (Life Technologies, Grand Island, NY) model of human pancreatic cancer constructed orthotopically

e _ _ from histologically-intact patient specimens. Proc Natl Acad
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pressing GFP are isolated with cloning Cy"nders (Bel' 6. Hoffman RM: Patient-like models of human cancer in mice.

Art Products, Pequannock, NJ) by trypsin/EDTA and Current Perspectives on Molecular & Cellular Oncology
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gins to deC"n_e ar_]d the systemic organs are removed. g Fy X, Herrera H, Kubota T, Hoffman RM: Extensive liver
The orthotopic primary tumor and all major organs as metastasis from human colon cancer in nude and scid mice
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