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ABSTRACT

During tumor progression, micrometastases at their earliest stages
have been difficult to analyze qualitatively or quantitatively because of a
lack of suitably sensitive markers to discriminate small numbers of tumor
cells from normal tissue cell populations. To overcome this problem, the
EscherÃ¬chiacoli /3-galactosidase (lue/.} gene was introduced into human
EJ \\i\-rus oncogene-transfected BALB/c 3T3 cells with subsequent
injection of transfected cells into athymic nude mice. Using a chromogenic
substrate (5-bromo-4-chloro-3-indoyl-/9-D-gaIactopyranoside), the lacL-
bearing tumor cells at primary tumor sites as well as at secondary organs
stain intensely blue and can be easily distinguished from the host tissue
cells hours, days, or weeks postinjection. Staining of /acZ-bearing tumor
cells is specific and extremely sensitive in detecting micrometastatic foci
in lungs and other organs, including brain and kidney for the first time.
Stable integration of the /Â«<â€¢/and ra.v genes into cultured cells and

subsequent tumor cells was verified by Southern blot analyses. The lacL
gene appears to be a stable marker during tumor progression in vivo
based both on phenotypic (S-bromo^-chloro-J-indoyl-^-D-galactopyr-
anoside staining) and on genotypic (Southern blot analysis) evidence.
Furthermore, 5-bromo-4-chloro-3-indoyl-|9-D-galactopyranoside staining
of tumor cells can also be used together with alkaline phosphatase
staining relatively specific for endothelial cells to relate the topographies
of metastatic cells and host blood vessels in embedded sections. By using
the lac/, gene as a sensitive quantitative marker, analyses of microme-
tastasis development in the lung indicate that the ras oncogene contributes
to the metastatic phenotype in this EJ I la-ra.v model system, although
further genetic and/or phenotypic alterations appear to be necessary for
long-term growth and development into overt mÃ©tastases.These findings
demonstrate the effectiveness and sensitivity of the bacterial /Â«<â€¢/.gene

as a phenotypic marker in tumor progression studies, providing both a
qualitative and a quantitative tool in virtually any tumor system for
examining micrometastasis formation in target organs and the relation
ship of tumor cells to host organ microenvironments.

INTRODUCTION

Metastasis during tumor progression comprises a very com
plex series of interrelated steps ( 1, 2), involving not only the
intrinsic properties of the metastatic tumor variant subpopula-
tion (3) but also the specific responses of host organ environ
ments (4). The dynamics and complexities of tumor progression
make evaluation of these processes difficult at the single cell
level. Several methods have been used to "tag" metastatic cells

in order to study their fate in vivo, their interactions with host
cells, and the clonal origin of metastatic subpopulations: radio-
isotopes for evaluating organ distribution (5, 6); specific chro
mosome markers (7-9) or transfected foreign DNA sequences
(10-12) for studying the clonal origin of tumor cells; monoclo
nal antibodies against tumor cell-specific antigens for in situ
studies (13, 14); drug-resistant mutants for clonal interactions
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and dominance studies (15); and melanin-producing melanoma
cells for ease of identification of black pigments (16, 17).
Unfortunately, these markers have limitations for in vivo studies
at the single cell level and cannot be used as both a phenotypic
and a genotypic marker in a wide variety of tumor systems.

Since micrometastases may already have formed in patients
when primary neoplasms are diagnosed, it is essential to learn
more about the cell and molecular biology of micrometastasis
formation in target organs at their earliest stages. In order to
pursue this goal, we have utilized a marker gene (Escherichia
coli lacZ}) to genetically and histochemically "tag" tumor cells

in vitro, facilitating the location of these tumor cells at various
organs after their injection into athymic nude mice. The lacZ
gene codes for a Â¿3-galactosidasewith activity that is detectable
by a chromogenic substrate (18), 5-bromo-4-chloro-3-indoyl-jO-
D-galactopyranoside (X-Gal). Because the pH optimum for
bacterial /3-galactosidase is at neutral pH and therefore different
from the host lysosomal acidic /3-galactosidase activity, back
ground staining can be reduced to a minimum (19). The lacZ
gene has been utilized in cell lineage studies with general
eukaryotic expression vectors (19, 20) or as a reporter gene
with hybrid promoters to study specific gene expression during
development (21). The stability of lacZ gene expression has
been reported for both in vitro cell culture (19) and in vivo
models (i.e., transgenic mice) (21). Therefore, the bacterial lacZ
gene can be used not only as a stable, sensitive, and effective
histochemical marker for metastasis studies but also as a mo
lecular biological marker for clonal dominance studies because
of its sequence uniqueness as a prokaryotic gene.

Mutation of codons 12, 13, 59, or 61 of the p21 protein
encoded by the ras gene family (Ha-ras, Ki-ras, and N-ras) has
been associated with many human tumors (22) as well as animal
carcinogenesis in model systems (23). It has been reported that
ras oncogenes might contribute to the metastatic phenotype in
certain cell systems (24-27). In the Kirsten murine sarcoma
virus-transformed BALB/c 3T3 (KiMSV 3T3) system studied
in our laboratory, injection of the KiMSV 3T3 cells into
athymic BALB/c-HW/wwmice resulted in rapidly growing pri
mary tumors that metastasized to lungs. In most cases only
micrometastases were observed; in only a few cases were overt
lung nodules observed with evidence for rearrangement and
amplification of the v-Ki-ras oncogene (28). Although difficult
to analyze, evidence in this model system indicated that the
lungs may harbor many micrometastases and that additional
genetic alterations are required for micrometastatic cells to
develop into overt lung nodules.

To establish a micrometastasis system more readily studied
at the single cell level both qualitatively and quantitatively, the
human EJ Ha-ras oncogene-transfected BALB/c 3T3 cell was
chosen for these studies based on previous evidence for the
significance of the ras oncogenes on the metastatic phenotype

3The abbreviations used are: lacT., Escherichia coli /3-galactosidase gene;
X-Gal. 5-bromo-4-chloro-3-indoyl-(i-D-galactopyranoside; LZEJ. lacZ and EJ
Ha-raj-transfected BALB/c 3T3 cells; LZ3T3, lacZ transfected BALB/c 3T3
cells; KiMSV, Kirsten murine sarcoma virus; MuLV, murine leukemia virus;
ftpd, footpad; PBS, phosphate-buffered saline.
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in tumor progression studies in the KiMSV 3T3 model (28, 29)
and others (24-27, 30, 31). The lacZ gene construct (19) was
then introduced into the EJ Ha-ras-transfected BALB/c 3T3
cells. One positive clone (LZEJ), bearing both the EJ Ha-ius
oncogene and the lacZ marker gene, was selected for subsequent
tumor progression studies in order to demonstrate the effec
tiveness of the lacL marker in investigating micrometastasis
formation at target organs in vivo.

MATERIALS AND METHODS

Gene Constructs and Cell Lines. All cell lines were grown in Dulbec-
co's modified Eagle's medium with 250 units/ml penicillin, 250 units/

ml streptomycin sulfate, and 10% fetal bovine serum or newborn bovine
serum. The pUC EJ 6.6 plasmici (32), which contains the mutated
human Ha-ros oncogene, was introduced into BALB/c 3T3 cells (clone
A31) by the calcium phosphate precipitation technique (33). The trans
formed foci were collected and single cell clones isolated as suspensions
in methylcellulose/agar plates (34). The LZEJ cell line was then estab
lished by introducing the lacZ gene construct (pM-MuLV-SV-/acZ)
(19), as well as the selection marker pSVlneo (35), by the calcium
phosphate precipitation technique. Successful transfectants were iso
lated after 2 weeks of growth in 800 Mg/m' antibiotic (G418 sulfate)
selection medium. Resistant clones were screened for /3-galactosidase
activity and several clones were isolated that harbored the lad gene;
one particular clone with elevated enzyme activity was chosen for the
studies described in this paper. The LZ3T3 cell line was generated by
transfecting only the lacZ gene and the neo" selection marker into

BALB/c 3T3 cells by the same protocol.
Animals and Tumors. LZEJ or LZ3T3 cells (IO5 cells) were inocu

lated into athymic nude mice (BALB/c-nu/nÂ«) by s.c., i.v., or ftpd
routes of injection as indicated. Primary tumors were monitored for
development every 2-3 days. For footpad primary tumors in some
cases, the tumor-bearing leg was removed as described previously (28)
when the primary tumor achieved 1-2 cm diameter in order to permit
longer development of possible metastatic tumors. After sacrifice of
animals, portions of the primary tumor as well as major organs were
removed for histolÃ³gica! staining for /3-galactosidase activity. Another
portion of tumors and organs was dispersed into culture with 0.25%
trypsin/50 ITIMEDTA in order to recover tumor cells for DNA analyses
as described (28).

For short-term experimental metastasis experiments. IO6LZEJ cells
were injected i.v. into either athymic BALB/c-/iu//iu mice or BALB/c
inbred mice. Mice were sacrificed 1, 3, 5, 7,9, and 12 days postinjection
and major organs were removed for quick-freezing at liquid nitrogen
temperature. Frozen tissues were then used for methacrylate embedding
(see below).

DNA Analysis. DNA was extracted from cells (1-5 x 10" cells)

collected from confluent 100-mm tissue culture dishes. After collection,
cell pellets were suspended in proteinase K buffer containing 55 mivi
Tris-HCl (pH 9.5), 110 mivi EDTA (pH 9.5), and 110 mivi NaCl.
Proteinase K (0.5 mg/ml) and sodium dodecyl sulfate (0.5% w/v) were
added to the solution and incubated at 50Â°Covernight. The solution

was extracted with phenol/chloroform several times, then chloroform
only, and finally dialyzed against RNase A buffer (50 mivi Tris-HCI-
pH 8-10 mM EOT A-10 miviNaCl) overnight at 4Â°C.RNase A (70 /jg/
ml) was added for incubation at 37Â°Cfor 1 h. The digest was extracted

with phenol/chloroform and then dialyzed against 10 m\i Tris-HCl-
(pH 8)-l mivi EDTA overnight at 4Â°C.Southern blot analysis was

performed by transferring the DNA fragments to Zeta-probe mem
branes. The membrane was prehybridized with 1 mM EDTA, 0.5 M
NaH2PO4 (pH 7.2) and 7% sodium dodecyl sulfate solution. Hybridi
zation was performed at 65Â°Cwith nick-translated probes. The mem

branes were washed with 5% sodium dodecyl sulfate and then 3%
sodium dodecyl sulfate solutions at 65Â°C(36). DNA probes used for

hybridization were as follows: (a) 1.1-kilobase Hindlll-Smal restriction
fragment of the neomycin phosphotransferase gene from plasmici
pSV2neo (35); (b) 2.0-kilobase Xbal restriction fragment of the EJ Ha

ras oncogene from plasmid pECE-EJ4; (c) 3.8-kilobase Hind\\\-Bam\\\
restriction fragment of the lacZ gene from plasmid pM-MuLV-SV-

lacZ (19).
X-Gal Staining. For staining, tissue cultured cells were rinsed with

PBS and fixed for 5 min at 4Â°Cwith 2% (v/v) formaldehyde-0.2%

(v/v) glutaraldehyde in PBS. The cells were rinsed with PBS three
times and then incubated at 37Â°Covernight in the stain solution

containing 1 mg/ml X-Gal, 5 mM potassium ferricyanide, 5 mM potas
sium ferrocyanide, and 2 mM MgCI2 in PBS. For whole-organ staining,
selected organs were removed from animals immediately after sacrifice.
After fixation in 2% (v/v) formaldehyde-0.2% (v/v) glutaraldehyde in
PBS for 40-60 min, these organ portions were rinsed with PBS three
times and incubated in the X-Gal staining solution. Nonidet P-40 and
sodium deoxycholate were added to the stain solution to final concen
trations of 0.02% (v/v) and 0.01% (w/v), respectively. After incubation
at 4Â°Cfor 24 h, the tissues were rinsed briefly with 3% (v/v) dimethyl
sulfate in PBS and then with PBS (19). Samples were stored at 4Â°Cin

0.02% (w/v) sodium azide in PBS before microscopic evaluation and
photography. Photomicrographs were obtained with a Wild M3Z dis
secting microscope and Fuji Fujichrome 64 T film.

Methacrylate Embedding. Tissues previously reacted with the X-Gal
staining solution were fixed for 2 h at 4Â°Cin 2% (w/v) paraformal-

dehyde prepared in 0. l M phosphate buffer at pH 7.4. The tissues were
rinsed with 0.1 M phosphate buffer, washed for 3 h in 0.1 M phosphate
buffer with 3% (w/v) sucrose, and dehydrated under vacuum for 10 min
sequentially in 50% and 95% (v/v) cold acetone and for 20 min in
100% cold acetone. The tissues were infiltrated with glycol methacrylate
monomer (JB-4 A) overnight at 4Â°Cunder vacuum. The samples were

transferred to embedding molds that were then filled with embedding
medium (20 ml JB-4 A, 0.5 ml JB-4 B, and 0.09 g catalyst). They were
kept under vacuum at 4Â°Cto allow polymerization (37). Sections (4 urn

thick) were cut with a glass knife on a Lipshaw 45 rotary microtome.
Sections were counterstained with 0.1% (w/v) neutral red solution and
mounted.

In order to preserve the ÃŸ-galactosidaseand alkaline phosphatase
activities after embedding, a modified protocol was used. Tissues were
fixed for 3 h at 4Â°Cin 4% (w/v) paraformaldehyde prepared in 0. l M

phosphate buffer at pH 7.4. The tissues were rinsed, incubated for 2-3
h in 0.1 M phosphate buffer with 7% (w/v) sucrose and in 15% (w/v)
sucrose for another 2-3 h, and finally dehydrated under vacuum for 10
min each in 50% and 95% (v/v) cold acetone and for 20 min in 100%
cold acetone. The tissues were infiltrated with glycol methacrylate
monomer overnight at -20Â°C.The samples were transferred to embed

ding molds which were filled with embedding medium and kept at
â€”20Â°Cfor 24-48 h in a vacuum desiccator to allow polymerization.
Serial sections (4 ^m) were collected and dried for enzyme histochem-

ical staining.
Histochemistry. For assay of fi-galactosidase activity, sections were

incubated at 37Â°Covernight (18 h) with a stain solution containing 0.5

mg/ml X-Gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocy
anide, and 2 mM MgCl2 in PBS. The slides were rinsed with water and
counterstained with 0.1 % neutral red prior to mounting. In some cases,
sections were double-stained for if-galactosidase activity and alkaline
phosphatase activity; the latter detects blood vessel locations effectively
(38). After X-Gal staining for /3-galactosidase, slides were washed with
distilled water twice and incubated for 1 h at 37Â°Cwith Burstone's

alkaline phosphatase stain solution (1 mg/ml naphthol AS-BI phos
phate, 2 mg/ml Fast Red TR in 0.1 M Tris buffer, pH 8.1) (39). If
counterstaining was required, 2% methyl green was used. Slides were
washed with water and mounted. Photomicrographs were obtained with
a Nikon Diaphot-TMD microscope.

Materials. [Â«-'2P]Deoxyribonucleoside triphosphates were from

Amersham Corp., Arlington Hts., IL; tissue culture flasks were from
Becton Dickinson Labware, Oxnard, CA; Zeta probe membrane was
from Bio-Rad, Richmond, CA; fetal bovine serum and neonatal calf
serum were from Biologos Co., Naperville, IL; X-Gal, O-nitrophenyl-
/3-D-galactopyranoside, Proteinase K and restriction enzymes were from
Boehringer Mannheim Biochemicals, Indianapolis, IN; methylcellulose
(4000 cps), Permount. acetone, and microscope slides were from Fisher

' W-C. Lin and L. A. Culp. unpublished data.
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Scientific Co., Fairlawn, NJ; Dulbecco's modified Eagle's medium and

G418 sulfate were from GIBCO, Grand Island, NY; glutaraldehyde
was from Eastman Kodak Co., Rochester, NY; glycol methacrylate
embedding kit (JB-4) was from Polysciences, Inc., Warrington, PA; 4-
(2-hydroxyethyl)-l-piperazineethanesulfonic acid, RNase A, naphthol
AS-BI phosphate. Fast red TR, neutral red, methyl green, potassium
ferricyanide, potassium ferrocyanide, paraformaldehyde, and formal
dehyde were from Sigma Chemical Co., St. Louis, MO.

RESULTS
Transfection with lac'/., EJ Ha-ras Oncogene, and neoR Genes.

A Harvey ras oncogene-transfected BALB/c 3T3 clone was
obtained by calcium phosphate transfection using the activated
human EJ Ha-ras oncogene. Single "transformed foci" were

isolated from tissue culture dishes and then cloned as single
suspension colonies in methylcellulose/agar plates (34). The
lacZ gene construct (pM-MuLV-SV-/acZ) was introduced into
the EJ Ha-rai-transformed BALB/c 3T3 cells by subsequent
cotransfection with the pSV2neo plasmiti providing a selection
marker (neoR gene). Successful cotransfectants were selected in

medium containing 800 Mg/ml G418 sulfate during 2 weeks of
growth which killed all cells not incorporating the neoR gene
(35). Resistant colonies were isolated and screened for ÃŸ-galac-
tosidase activity by the X-Gal staining assay. Among many
blue-staining colonies, one particular colony (clone LZEJ),
staining intensely blue as shown in Fig. \A, was selected for the
tumor progression studies reported here. BALB/c 3T3 cells not
transfected with the lacZ gene failed to stain at all (data not
shown). The specificity of staining for the bacterial ÃŸ-galacto-
sidase activity in the X-Gal assay can be demonstrated further
by adding the competing substrate 0-nitrophenyl-/3-D-galacto-
pyranoside (40); blue staining was totally inhibited (not shown).

The stability of lacZ gene expression has been reported for
both in vitro (19) and in vivo (21) systems. It was critical to
evaluate this parameter in this tumor system, since genetic
instability in tumor cell populations is common. lacZ gene
expression in transfected LZEJ cells was stable following at
least one round of tumor growth in nude mice. X-Gal staining
can be demonstrated in both the primary and metastatic tumor
cells recovered from animals and expanded in culture. As illus
trated in Fig. IB, micrometastatic tumor cells were enriched
during many passages in vitro of kidney tissue from a mouse
given an i.v. injection of LZEJ cells and yielded uniform blue
staining, demonstrating the origin of tumor cells as the injected
LZEJ population.

An independent approach verified the origin and stability of
tumor cell populations. Since the LZEJ cell line was generated
by transfecting 3T3 cells with the human EJ Ha-ras oncogene,
as well as the prokaryotic lacZ and neoR genes, all three genes

are unique in the animal cell genome and can be used as
molecular biological markers in Southern blot analyses, as well
as for clonal composition analysis of complex tumor popula
tions.5 As shown in Fig. 2 (Lane I), no hybridization signal was
detected in parental BALB/c 3T3 cells with "P-labeled neoR-
specific probe, indicating the absence of the neoR gene in the
parental cells. The lacZ and human Ha-ras specific probes also
failed to hybridize with BALB/c 3T3 DNA (data not shown).
The bacterial neoR and lacZ sequences in both LZ3T3 and
LZEJ cells can be demonstrated in Fig. 2: Lanes 2 (neoK probe)
and 5 (lacZ probe) for LZ3T3 cells; Lanes 3 (neoR probe) and
6 (lacZ probe) for LZEJ cells. The human EJ Ha-ras gene in

5R. Radinsky and L. A. Culp. Clonal dominance during tumor progression of
viral Kirsten ras*-transformed BALB/c 3T3 cells in mixtures with v-Ki-rai~

revertanl cells, submitted for publication.

Fig. I. X-Gal staining of in nfro-cultured cells. (A) The /acZ-bearing, human
EJ Ha-ras-transformed BALB/c 3T3 cell clone (LZEJ) used for the tumor
progression experiments. Phase contrast microscopy, x 180. (B) Micrometastatic
tumor cells recovered from an in vitro culture of a kidney from a mouse given an
s.c. injection of 1 X IO5 LZEJ cells 6 weeks postinjection and in which tumor
cells have been allowed to overgrow normal kidney cells during in vitro culture.
Bright field microscopy, x 90.

LZEJ cells can also be verified using a human Ha-ras-specific
probe, since human intron sequences were retained in the
transfected construct (Fig. 2, Lane 8). This probe does not
recognize the cellular ras genes of 3T3 cells (data not shown).

Tumor cell DNA was also evaluated by Southern blot analy
sis. These three marker genes could also be detected in primary
tumor DNA (Fig. 2, Lanes 4, 7, and 9), demonstrating the
retention of all three genes during the complex selection process
of tumor development and progression. They also confirmed
the origin of tumor cells from the parental population inocu
lated into animals because of the same hybridization pattern
shown in LZEJ cells (Fig. 2, Lanes 3, 6, and 8) for the multiple
genetic markers. This evidence supports the phenotypic evi
dence for stability of lacZ staining of tumor cells by the X-Gal
assay in Fig. 1. Upon examining the gene dosage level of the
three markers, an elevated level of human EJ Ha-ras oncogene
(in vivo selective advantage; Fig. 2, lanes 9 and JO) and a
decreased level of neoR and lacZ genes (without in vivo selective

advantage) were observed; this may indicate gene amplification/
deletion in subsets of these cells as reported in a related KiMSV
3T3 model system.5

Tumor Progression of LZEJ Cells in Nude Mice Evaluated by
X-Gal Staining. After inoculation of LZEJ cells into athymic
nude mice, rapidly growing primary tumors first developed in
all animals at the s.c. site about 16-19 days postinjection (Table
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Fig. 2. Southern blot analysis of transfected cultured cells and resultant tumor
cells grown out in culture. Genomic DNA (20 fig/lane) was isolated from cultured
cells and digested with restriction endonuclease EcoR\, size-fractionated by elec-
trophoresis on 0.8% agarose gels, and transferred to a Zeta-probe membrane.
The membrane was probed with three different DNA sequences as indicated: (a)
Lanes 1-4, 1.1-kilobase (Kb) neo" probe; (b) Lanes 5-7. 3.8-kilobase lacZ probe;
(c) Lanes 8-10, 2.0-kilobase EJ Ha-ras probe, ///nrflll-digested A DNA fragments
were used as molecular weight markers as indicated in Lane M. Cell lines used
are: Lane 1. BALB/c 3T3 cells (clone A31); Lanes 2 and 5, LZ3T3 cells; Lanes
3, 6, and 8, LZEJ cells; Lanes 4, 7, and 9, primary tumor derived from LZEJ
cells injected s.c. after outgrowth in culture: Lane 10, lung metastatic nodule cells
derived from LZEJ cells injected i.v. after outgrowth in culture.

1). Pathological analyses of primary tumors derived from these
LZEJ cells revealed morphologic appearances consistent with
poorly differentiated carcinomas (data not shown). Primary
tumor development time in this system is several days longer
than that observed with the same 3T3 cells transformed with
the Kirsten murine sarcoma virus (28). However, the metastasis
patterns are similar in both this EJ Ha-ras transfection and the

v-Ki-raj transformation systems (see below). Staining of pri
mary tumor by the X-Gal assay demonstrated intense blue
staining throughout the primary tumor (Fig. 3/4), as well as any
large lung metastatic nodules that were observed in only a few
instances (Fig. 3C, large blue nodules). Although some back
ground staining was observed when the X-Gal assay was per
formed at 30Â°Cfor normal liver and kidney tissue (not shown),

this background staining was eliminated by carrying out the
reaction at 4Â°Cwithout altering the staining of tumor cells. All

organs from control animals that were not given injections
failed to show any staining (data not shown).

The X-Gal staining assay is extremely sensitive for detecting
small numbers of micrometastatic tumor cells. This is demon
strated in the staining of whole lungs (Fig. 3B-D, black arrows)
where extremely small staining foci could be identified. Of
particular note, micrometastases were observed for the first
time in both the brain (Fig. 3Â£,white arrowhead; Fig. 3F, open
arrows) and kidney (not shown) where other assays have failed
to detect tumor cells using the ras oncogene/3T3 system (28).
As shown in Fig. 3, D and F, at higher magnification, the
staining of very small micrometastases indicates the sensitivity
of this lacZ marker gene for detecting even the smallest foci of
tumor invasion at many organ sites throughout the animal, foci
that would otherwise be undetected by current methodologies.

Blue-staining foci at target organs can be used as a quantita
tive tool to evaluate the metastatic potential of different cell
lines at the micrometastatic level. As summarized in Table 1,
the vast majority of lung foci observed in the LZEJ cell model
(for 9 of 12 animals) were micrometastases, ranging from a few
sites at 28 days via the s.c. route to more than 60 sites at 52
days postinjection (as shown in Fig. 3D, black arrows). In
virtually all cases, these foci failed to thrive and enlarge with
increasing time in vivo. By the i.v. route, 12 lung micrometas
tases were observed 30 days postinjection (Fig. 3Ã„,black ar
rows) while variably sized lung metastatic nodules and many

Table 1 Quanlitation of metastasis formation by LZEJ cells and LZ3T3 cells by X-Gal histochemical staining
Athymic nude mice were given injections of I x IO5cells by different routes as indicated. At the indicated times postinjection of cells, athymic nude mice were

sacrificed, and major organs were removed and rinsed well with PBS. One half of each organ was used for X-Gal staining as described in "Materials and Methods."
The remaining half-portions of organs were dispersed into tissue culture for overgrowth of tumor cell populations. ND. not determined.

Latency of primary
Injection route Cell line tumor(days)S.C.

LZEJ16161919LZ3T3

2020i.V.

LZEJ21214646LZ3T3

26Cftpd

LZEJ39393940LZ3T3

2728Date

of sacrifice
(days)2835455230J3304263784270657290"986838'Lung

mÃ©tastasesMicrometastases"1X3600012633010150ND152NDNodules*00000003

small000003

large3
large001

smallBrain

micrometasiases"0041000051000110N

D31ND

" Small metastatic tumor foci only observed after X-Gal staining and with use of a dissecting microscope.
* Metastatic tumor foci visualized without histochemical staining.
c No primary tumor observed at the injection site.

Mouse died 90 days postinjection after development of large lung metastatic nodules.
f Mouse died.
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Fig. 3. X-Gal staining of whole organs
from athymic nude mice given injections of
LZEJ cells by different routes. (A) Primary
tumor (approximately 10 mm diameter) ob
tained from a mouse 4 weeks after s.c. injec
tion, x 36. (B) Lung from a mouse given an
injection at an i.v. site (tail vein), 4 weeks
postinjection. Four micrometastases can be
identified by X-Gal staining (black arrows) in
this particular region of the lung (x 36); other
regions of this same lung also demonstrated a
comparable density of X-Gal-stained tumor
foci. (C) Lung from a mouse given an i.v.
injection. 6 weeks postinjection. Three X-Gal-
staining metastatic nodules and one microme-
tastasis (black arrow) were identified in this
particular region of the lung, x 11. (Â¿>)Lung
from a mouse given an s.c. injection, 7 weeks
postinjection. Three micrometastases (black
arrows) were observed in this particular region
of the lung, x 110. Note that the magnification
in D is higher than that of B. (E) Brain from a
mouse given an injection at a s.c. site, 6 weeks
postinjection. One micrometastasis (while ar
rowhead) was identified, x 18. (F) Brain from
a mouse given a s.c. injection. 7 weeks postin-
jection. Two micrometastatic foci (open ar
rows) were identified, x 270. Note the higher
magnification in this panel.

micrometastases were found 42 days postinjection (Fig. 3C,
blue nodules and black arrows). There were a few lung metastatic
nodules observed via the ftpd route at 72 days postinjection in
a milieu of many micrometastases that failed to develop.

The control cell line LZ3T3, lacking the EJ Ha-ras oncogene,
showed some limited ability to generate primary tumors upon
injection and a few lung foci as listed in Table 1. However, the
pathology of LZ3T3 tumors was consistent with that of "fibro
sarcoma" and therefore different from the "poorly differen
tiated carcinomas" generated from LZEJ cells, implicating

different oncogenesis mechanisms with LZEJ and LZ3T3 cells.
The metastatic ability of LZ3T3 cells is considerably lower than
that of LZEJ cells by all three injection routes (Table 1).

Topography of Lung Micrometastases and Blood Vessels. To
examine interactions between tumor-progressing cells and host
tissues/cells at the single cell level, methods were developed for

examining sections of tissues using the X-Gal staining assay
alone and/or with staining assays specific for host cell types.
X-Gal-stained lung tissue from a mouse given an i.v. injection
of LZEJ cells (e.g., as shown in Fig. 3C) was embedded in
methacrylate compound and thin-sectioned as described in
"Materials and Methods." As shown in Fig. 4, blue-staining

micrometastatic cells can be identified easily in 4-fim methac-
rylate-embedded sections (Fig. 4, white arrows) when compared
to normal tissue cells which fail to stain blue with the X-Gal
assay (Fig. 4A, broad black arrow). At higher magnification, the
cytoplasmic blue staining pattern of neoplastic cells can also be
observed when 0.1% neutral red counterstaining is used to
improve color contrast and tissue detail (Fig. 4A, white arrows).
The neutral red stains all nuclei and emphasizes the contrast
between enlarged pleomorphic staining of neoplastic cells and
the smaller nuclei of host cells (Fig. 4, A and B). The sensitivity
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MICROMETASTASIS DEVELOPMENT WITH MARKER GENE

Fig. 4. Methacrylate sections of X-Gal-stained lung tissue. Lung tissue was
obtained from a mouse given an i.v. injection, 6 weeks postinjection. Three X-
Gal-staining metastatic nodules and one micrometastasis were identified as shown
in Fig. 3C. The tissue was X-Gal-stained and subsequently cut into 4-ÃŸtnsections.
/acZ-bearing cells are indicated by the white arrows in all cases and normal lung
tissue is indicated by the broad black arrow. (A) Portion of a large lung metastatic
tumor nodule. Due to the inability of X-Gal substrate to penetrate into the interior
regions of the tumor foci, nonstaining tumor cells are observed within the nodule
(black arrow) as revealed by their larger nuclei using neutral red counterstaining.
x 225. (B) A smaller lung metastatic tumor nodule, x 57. (C) An extremely
small micrometastasis containing only a few cells. X 145.

of X-Gal staining was verified further in Fig. 4C; very few blue-
staining micrometastatic cells (white arrow) are observed in
particular regions of lung sections and can be easily distin
guished from the background lung tissue (broad black arrow).

For the reasons stated previously, it is essential to examine
the earliest stages of tumor progression via micrometastatic
foci development, as well as possible tumor cell and host cell
interactions. The lacL marker appears to be a suitable tool for
such analyses. Therefore, LZEJ cells were injected i.v. into
inbred BALB/c mice or athymic BALB/c nude mice and ani
mals were sacrificed soon after injection. Lung tissue from an
inbred mouse was obtained 9 days postinjection, X-Gal stained,
sectioned, and counterstained with neutral red. Fig. 5A shows
typical lung tissue without tumor cell staining. In other regions
of the same lung, blue-staining LZEJ cells can be identified
(Fig. 5, B-D, black arrows). Examination of many sections by
this approach identified only very small numbers of blue-stain
ing cells at any one site. In Fig. 5B, two single blue-staining
cells are indicated by black arrows and a proximal blood vessel

is identified (open arrow). In one region, a micrometastatic
focus was observed (Fig. 5, C and D), proximal to a possible
blood vessel (Fig. 5, C and D, open arrows). The micrometastatic
cells appear to proliferate along the structure of this blood
vessel (alternatively, many tumor cells have invaded lung tissue
at this particular site). At higher magnification (Fig. 5D), a
region of tissue disruption may be evident along the blood
vessel structure, perhaps indicating the invasion site of the
LZEJ cells. Single blue-staining LZEJ cells (Fig. 5, C and D,
black arrows) can be localized around the blood vessel in a
"lineage-like" pattern; several intense blue-staining cell clusters

were also observed (Fig. 5, C and D, broad black arrows). These
clusters might indicate growing subpopulations of metastatic
cells or sites of invasion by tumor cell emboli.

Adjacent blood vessels and their endothelial linings might
serve as exit points of tumor cells for lung invasion from the
circulation system, as well as the nutrient and growth factor
supply for proliferation of tumor cells. Therefore, it becomes
important to precisely identify blood vessels. A suitable histo-
chemical staining method was therefore developed to distin
guish tumor cells from endothelial cells. Sections were used for
/3-galactosidase staining to identify tumor cells as described
above and for alkaline phosphatase staining as a histochemical
marker for capillary and blood vessel endothelial cells (38). To
achieve effective X-Gal staining for tumor cells and to preserve
alkaline phosphatase activity, several embedding techniques
had to be tested. Only frozen sections preserved detectable ÃŸ-
galactosidase activity (not shown); however, the resolution
(>10-/tim-thick sections) is less than that of methacrylate-
embedded sections. Since /3-galactosidase activity may be lost
with the high temperatures generated during methyacrylate
polymerization, a modified embedding protocol was developed
to reduce the heat generated at the polymerization step by
placing the embedding mold at â€”20Â°C.

Using these conditions, lung tissue was obtained 12 days
postinjection of LZEJ cells i.v. into mice and 4-^m methacry-
late sections were collected, followed by double staining. Blue
staining can be readily demonstrated by the X-Gal assay (Fig.
6, black arrows and black arrowhead). Alkaline phosphatase
staining also identifies blood vessel endothelial cells in the same
sections by the red staining reaction (Fig. 6, large open arrows).
Small capillaries can also be observed in some sections (Fig.
6B, small open arrow). In most cases, micrometastatic cells
(often a single blue-staining cell) were found proximal to red-
staining blood vessels. In some instances, single cells or small
clusters of blue-staining tumor cells were observed at the inte
rior surface of the blood vessel, possibly in the process of
invading the endothelial lining (data not shown).

DISCUSSION

In this report, it has been demonstrated that the bacterial
lacZ gene is a stable and extremely sensitive phenotypic marker
for micrometastases in many different target organs. Specificity
and stability of this gene and its expression for identifying lacL-
tagged tumor cells were shown both by the X-Gal staining
reaction (Fig. 1) and by Southern blot analysis (Fig. 2) of the
primary and secondary tumor cells. This indicates not only that
the blue-staining tumor cells are derived from the originally
injected LZEJ cell population but also that they retain the
marker gene/expression after one round of growth in vivo. The
extremely high sensitivity of this marker in detecting micro
metastases was demonstrated in Fig. 3 in different target organs
(brain and kidney for the first time). Bacterial /3-galactosidase
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MICROMETASTASIS DEVELOPMENT WITH MARKER GENE

Fig. 5. Methacrylate sections of X-Gal-
stained lung tissue at an early time point. Lung
tissue was obtained from a mouse given an i.v.
injection. 9 days postinjection. X-Gal-stained,
embedded in mcthacrylate. and cut into 4 ,,m
sections. The /oc'Z-bearing LZEJ cells are in
dicated by the black arrows in all cases. (A)
Portion of lung tissue without any blue-stain
ing LZEJ cells, x 180. (B) Two blue-staining
single LZEJ cells and a blood vessel nearby
(open arrow), x 360. (C) Small micrometas-
tasis focus near a blood vessel (open arrow). A
cluster of several LZEJ cells with this focus is
indicated by the broad black arrow, x 180. (D)
A higher magnification of the same region
shown in C with a blood vessel indicated by
the open arrow. Note the disruption of the
vessel cells in this region. Another cluster of
several LZEJ cells with this focus is indicated
by the broad black arrow. X .160.

f.,.V*<

*r T s
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activity was also observed at the single-cell level upon histolog-
ical examination (Figs. 4 and 5).

When the lacZ marker is compared with other labeling
methods used in metastasis and tumor progression studies
(5-17), including phenotypic markers (radioisotopes labeling,
specific monoclonal antibodies, drug-resistant mutants, mela
noma cell lines) or genotypic markers (specific chromosome
markers, transfected foreign DNA genes), the lacZ marker in
this model provides a fast and simple way to specifically quan-
titate micrometastasis formation at target organs (as illustrated
in Fig. 3 and Table 1). It also has broad applications to metas
tasis and tumor progression studies in virtually any other tumor
cell system, since the lacL gene can be introduced into any
tumor or transformed cell line through various DNA transfer
techniques. This approach will be very useful for identifying
and developing antitumor/antimetastasis reagents not only be
cause various types of metastasizing tumor cells can be tested
but also because the detection of micrometastasis at the single-
cell level is important for pharmacological evaluation of anti-
metastasis reagents.

The laci gene can also be used as a genotypic clonal marker
in Southern blot analyses as shown in Fig. 2, making it a
multipurpose marker for studying clonal dominance and clonal
interactions in vivo and in vitro (11). A specific subclone with a
distinct phenotype can be labeled with the lacL marker and
mixed with one or more subclones with different phenotypic
markers. The /acZ-bearing cells can then be identified easily
and quickly by the X-Gal staining in vivo or in vitro, facilitating
studies on phenotypic expression/stabilization of tumor-pro
gressing properties among different clones. The /acZ-bearing
cells can also be selectively recovered through fluorescence-
activated cell sorting methods without applying additional se
lection pressure (41).

In the analyses reported here, the micrometastasis pattern in
the LZEJ 3T3 cells with transfection of the human EJ Ha-ras
oncogene is similar to that observed previously in the v-Ki-ras
metastasis model (28), suggesting that the ras oncogene can
effect invasion of the lung by a small subset of "transformed"

BALB/c 3T3 cells. However, the growth ability of these cells

at target organs is limited, except in a few exceptional cases.
The association of the metastatic phenotype in ras oncogene-
transformed cells has been reported in many other model sys
tems (24-27). Furthermore, by using inducible promoter vec
tors, the expression of the ras oncogene has been correlated
with the induction of metastatic potential (30, 31). The level of
ras p21 oncoprotein has been quantitatively related to the
metastatic potential of transformed NIH 3T3 cells (42). In this
model system, the larger metastatic foci observed in a few cases
with LZEJ cells and increased EJ Ha-ras gene dosage (Fig. 2,
Lanes 8-10) might still indicate the possible contribution of

the ras oncogene to the metastatic phenotype in this particular
system. However, ras oncogene dosage and expression level in
the LZEJ and LZ3T3 cells and their malignant derivatives
must be studied further by clonal analysis techniques in order
to carefully resolve this issue (29). The lacZ. and neoK sequences

conveniently serve as control genes (without in vivo selective
advantage) for DNA dosage comparison in the LZEJ cells and
their derivative tumor cells.

The data of Table 1 suggest that micrometastases become
established very soon after tumor cell inoculation and the
majority of them persist as small foci for long periods of time.
The heterogeneous development of metastatic foci, observed as
varying sizes of blue-staining micrometastatic nodules at the
late stage of tumor progression (Fig. 3), also supports the
argument that additional alterations are required for developing
overt metastatic foci and occur slowly and independently with
time in a small subpopulation of lung-invading tumor cells.
Further genetic and/or phenotypic alterations of ras oncogene-
bearing cells may be essential for the long-term growth and
development of secondary tumors at target organs. Intrinsic
genetic instability has been suggested as the mechanism of
progression of malignant cells (43, 44). The multiple genetic
alterations involved in progression of human colorectal carci
nomas have been demonstrated clearly by comparing the tumor
cell DNA and adjacent normal tissue DNA from pathological
sections (45). In addition to ras oncogene mutations in these
colorectal carcinomas (46), the malignant progression pheno
type (distant metastasis and tumor recurrence) is more likely to
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Fig. 6. Methacrylate sections of double-stained lung tissue at an early time
point. Lung tissue from a mouse given an i.v. injection (sacrificed 12 days
postinjection) was embedded in methacrylate at â€”20Â°Cand cut into 4-^m sections.
The /acZ-bearing LZEJ cells are indicated (black arrows) by X-Gal-staining (blue-
staining cells) and the alkaline phosphatase-staining endothelial cells of blood
vessels (red-staining cytoplasmic membranes) are indicated by the large open
arrows in all cases. (A) Portion of lung tissue showing blue-staining LZEJ cells
and the adjacent blood vessel (red) at lower magnification, x 215. (B) Two blue-
staining LZEJ cells in another region of the lung tissue and two nearby blood
vessels as well as a small capillary (small open arrow) staining red with the alkaline
phosphatase assay, x 430. (C) A small micrometastasis area. Several single blue-
staining cells and a separate cluster of LZEJ cells (black arrowhead) are indicated.
Two close-by blood vessels can be identified in this section, x 430.

occur in patients with multiple chromosome deletions in their
tumor cells (47).

It has been reported that 0-galactosidase activity is not asso
ciated with the tumorigenic phenotype (48) and retroviral vec
tors carrying the lacL gene do not result in transformation of
cells upon infection (19, 49). Therefore, lacL gene expression
is unlikely to induce oncogenesis in BALB/c 3T3 cells. The
limited tumorigenicity and metastatic potential of LZ3T3 cells
observed in our studies might be partially explained by the
transfection and methylcellulose cloning protocols used to se-

2815

lect these cells originally. It has been shown that metastatic
competence can be conveyed by the calcium phosphate trans
fection treatment (50). Also, the metastatic phenotype might
relate to the growth potential in a suspension culture system
(51), although evidence to the contrary has been obtained in
other cell systems (52).

Blood vessel angiogenesis is crucial in tumor growth and
development (53, 54) and it has been demonstrated in a trans-
genie mouse model that angiogenesis is an important step in
the transition from hyperplasia to neoplasia (55). During tumor
invasion and metastasis, circulating tumor cells must adhere to
blood vessel endothelial cells at specific organs (56, 57) and
subsequently invade their basement membranes (58, 59). The
significance of blood vessel architecture on the development of
micrometastases can now be addressed by the double-staining
protocols described in this study. As shown in Fig. 6, blue-
staining LZEJ cells and the red-staining vascular endothelial
cells can be easily identified. We are able to study the relation
ship between the metastatic cells and adjacent blood vessels at
different stages postinjection. Generally, the blue-staining cells
are observed proximal to red-staining blood vessels (Fig. 6).
Since the blue-staining LZEJ cells can be observed in the lung
very shortly (10 min) after i.v. injection (data not shown), the
adhesion process probably occurs very soon after injection, as
indicated by other studies (5, 60). However, not all the cells can
invade the vessel successfully as evidenced by the blue-staining
micrometastatic cells arresting inside the red-staining blood
vessel structure. Experiments are in progress to examine the
organ specificity and detailed interaction between micrometas
tatic cells and endothelial linings of blood vessels.

Metastatic cells may also respond to growth factors secreted
by endothelial cells upon tumor cell recognition and subsequent
immune responses (61, 62). Growth of metastatic cells in vitro
can be regulated specifically by different organ-conditioned
media or growth factors purified from such conditioned media
(63, 64). These organ-specific growth factors may be secreted
by specific endothelial cells in different organs upon tissue
injury. Damage induced by a monoclonal antibody against
endothelial cells (65) or tumor-elicited polymorphonuclear leu-
kocyes (66) enhances the number of metastatic foci at target
organs. These studies indicate the importance of endothelial
cells for organ specificity and subsequent development of mi
crometastases into overt mÃ©tastases. Recently, it has been
shown that endothelial cells in the acquired immunodeficiency
syndrome-Kaposi's sarcoma model can be stimulated by human

immunodeficiency virus-infected lymphocytes (67) and subse
quently release several growth factors essential for tumor
growth. These endothelial cells can also induce mouse Kaposi's

sarcoma-like tumors in nude mice (68, 69), demonstrating
tumorigenesis promotion by activated endothelial cells.

Similar events might also occur in the development of micro
metastases into overt metastatic nodules. The microenviron-
ments surrounding the invasive micrometastatic cells may con
tribute to the ultimate fate of such cells. The lacZ marker
provides an effective approach for studying the microenviron-
ment around micrometastatic cells during tumor progression.
Furthermore, growth factor/receptor gene expression in meta
static cells and their neighbor host cells can be studied by in
situ hybridization techniques as well as by the polymerase chain
reaction technology on extremely small numbers of cells col
lected from tissue sections after the blue-staining tumor cells
have been identified by the X-Gal assay. In this way, metastasis-
related genes and their expression can be studied at the earliest
stages in micrometastatic foci development and their surround-
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ing host cells; this also eliminates selection of cell subpopula-
tions when tumor cells need to be recovered into tissue culture
in vitro for molecular biological analysis.

ACKNOWLEDGMENTS

The authors extend appreciation to: Dr. J. R. Sanes of the Depart
ment of Anatomy and Neurobiology, Washington University Medical
Center (St. Louis) for the pM-MuLV-SV-/acZ plasmid; Dr. P. M.
Kraemer of Los Alamos National Laboratory for athymic nude mice;
Dr. Rubin Ortiz-Reyes and Mary Ann O'Riordan of the Department

of Pathology for technical assistance on tissue sections; Dr. J. Silver of
the Department of Neurosciences for use of the dissecting microscope;
Dr. H-J. Kung of this department for the pSV2neo plasmid; Dr. R.
Radinsky and Muneesh Tewari of this laboratory for technical assist
ance and suggestions.

REFERENCES

1. Fidler, I. J. Tumor heterogeneity and the biology of cancer invasion and
metastasis. Cancer Res.. 38: 2651-2660, 1978.

2. Poste, G., and Fidler, 1. J. The pathogenesis of cancer metastasis. Nature
(Lond.), 283: 139-146, 1980.

3. Fidler, I. J., and Hart. I. R. Biological diversity in metastatic neoplasms:
origins and implications. Science (Wash. DC), 277: 998-1003. 1982.

4. Nicolson, G. L. Organ specificity of tumor metastasis: role of preferential
adhesion, invasion and growth of malignant cells at specific secondary sites.
Cancer Metastasis Rev., 7: 143-188, 1988.

5. Fidler, I. J. Metastasis: quantitative analysis of distribution and fate of tumor
emboli labeled with '"l-5-iodo-2'-deoxyuridine. J. Nati. Cancer Inst., 45:
773-782, 1970.

6. Juacaba. S. F., Horak, E., Price, J. E., and Tarin, D. Tumor cell dissemination
patterns and metastasis of murine mammary carcinoma. Cancer Res., 49:
570-575, 1989.

7. Frost, P., Kerbel, R. S.. Hunt, B., Man, S., and Pathak, S. Selection of
metastatic variants with identifiable karyotypic changes from a nonmetastatic
murine tumor after treatment with 2'-deoxy-5-azacytidine or hydroxyurea:

implications for the mechanisms of tumor progression. Cancer Res., 47:
2690-2695,1987.

8. Hu, F., Wang, R-Y., and Hsu. T. C. Clonal origin of metastasis in B16
murine melanoma: a cytogenetic study. J. Nati. Cancer Inst., 78: 155-163,
1987.

9. McMorrow, L. E., Wolman, S. R., Bornstein, S., and Talmadge, J. E.
Irradiation-induced marker chromosomes in a metastasizing murine tumor.
Cancer Res., 48: 999-1003. 1988.

10. Talmadge, C., Tanio, Y., Meeker, A., Talmadge, J.. and Zbar, B. Tumor
cells transfected with the neomycin resistance gene (neo) contain unique
genetic markers useful for identification of tumor recurrence and metastasis.
Invasion Metastasis, 7: 197-207, 1987.

11. Kerbel, R. S., Waghorne, C., Korczak, B., Lagarde. A., and Breitman, M. L.
Clonal dominance of primary tumours by metastatic cells: genetic analysis
and biological implications. Cancer Surv., 7: 597-629, 1988.

12. Itaya, T., Judde. J-G., Hunt. B., and Frost, P. Genotypic and phenotypic
evidence of clonal interactions in murine tumor cells. J. Nati. Cancer Inst.,
81:664-668, 1989.

13. Schlimok, G., Funke, I., Holzmann. B., Gottlinger, G., Schmidt, G., Hauser,
H., Swierkot, S., Warnecke, H. H., Schneider. B., Koprowski, H., and
Reithmuller, G. Micrometastatic cancer cells in bone marrow: in vitro detec
tion with anti-cytokeratin and in vivo labeling with anti-17-lA monoclonal
antibodies. Proc. Nati. Acad. Sci. USA. 84: 8672-8676, 1987.

14. Sheth, N. A., Doctor, V. M., Sampat, M. B., Grade, S. V., Arbatti. N. J.,
and Sheth, A. R. Inhibin-like materialâ€”an immunohistologic marker for
prostatic origin of mÃ©tastases.Cancer Lett., 36: 93-98, 1987.

15. Miller, B. E., Miller, F. R., Wilburn, D., and Heppner, G. H. Dominance of
a tumor subpopulation line in mixed heterogeneous mouse mammary tumors.
Cancer Res., 48: 5747-5753. 1988.

16. Fidler, I. J. Selection of successive tumour lines for metastasis. Nat. New
Biol., 242: 148-149, 1973.

17. Ishikawa, M., Fernandez, B., and Kerbel, R. S. Highly pigmented human
melanoma variant which metastasizes widely in nude mice, including to skin
and brain. Cancer Res., 48: 4897-4903, 1988.

18. Pearson, B., Wolf, P. L., and Vazquez, J. A comparative study of a series of
new indolyl compounds to localize tÃ-galactosidasein tissues. Lab. Invest.,
12: 1249-1259, 1963.

19. Sanes, J. R., Rubenstein. J. L. R., and Nicolas, J-F. Use of a recombinant
retrovirus to study post-implantation cell lineage in mouse embryos. EMBO
J., 5: 3133-3142, 1986.

20. Gray, G. E., Glover, J. C., Majors, J., and Sanes, J. R. Radial arrangement
of clonally related cells in the chicken optic tectum: lineage analysis with a
recombinant retrovirus. Proc. Nati. Acad. Sci. USA, 85: 7356-7360, 1988.

21. Goring, D. R., Rossant, J., Clapoff, S., Breitman, M. L., and Tsui, L-C. In
situ detection of /3-galactosidase in lenses of transgenic mice with a y-

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

SO.

crystallin//ocZ gene. Science (Wash. DC), 235:456-458, 1987.
Bos. J. L. ras oncogenes in human cancer: a review. Cancer Res., 49: 4682-
4689, 1989.
Barbacid, M. ras genes. Annu. Rev. Biochem., 56: 779-827, 1987.
Thorgeirsson, U. P., Turpeenniemi-Hujanen. T., Williams, J. E., Westin, E.
H.. Heilman, C. A., Talmadge, J. E., and Liotta, L. A. NIH/3T3 cells
transfected with human tumor DNA containing activated raÃoncogenes
express the metastatic phenotype in nude mice. Mol. Cell. Biol., 5: 259-262,
1985.
Bradley. M. O., Kraynak, A. R., Storer, R. D., and Gibbs. J. B. Experimental
metastasis in nude mice of NIH 3T3 cells containing various ras genes. Proc.
Nati. Acad. Sci. USA, 83: 5277-5281, 1986.
Vousden, K. H., Eccles, S. A., Purvies. H., and Marshall, C. J. Enhanced
spontaneous metastasis of mouse carcinoma cells transfected with an acti
vated c-Ha-ras-I gene. Int. J. Cancer, 37:425-433, 1986.
Collard, J. G., Schijven, J. F., and Roos. E. Invasive and metastatic potential
induced by ras-transfection into mouse BW5147 T-lymphoma cells. Cancer
Res., 47: 754-759. 1987.
Radinsky. R., Kraemer, P. M., Raines, M. A., Kung, H-J., and Culp, L. A.
Amplification and rearrangement of the Kristen ras oncogene in virus-
transformed BALB/c 3T3 cells during malignant tumor progression. Proc.
Nati. Acad. Sci. USA, 84: 5143-5147, 1987.
Radinsky, R., Kraemer, P. M., Proffitt, M. R., and Culp, L. A. Clonal
diversity of the Kristen-ras oncogene during tumor progression in athymic
nude mice: mechanisms of amplification and rearrangement. Cancer Res.,
48: 4941-4953, 1988.
Egan, S. E., McClarty, G. A., Jarolim, L., Wright, J. A., Spiro, I., Hager,
G., and Greenberg, A. H. Expression of H-ras correlates with metastatic
potential: evidence for direct regulation of the metastatic phenotype in KIT1 â€¢
and NIH 3T3 cells. Mol. Cell. Biol., 7: 830-837, 1987.
Harewood, K. R., Wilson, D. S., Higdon, R. C., Tsaparikos, K. E., and
Brunson, K. W. Regulated expression of the human mutant ras gene after
transfection of BALB/c mouse embryo fibroblast cells. J. Nati. Cancer Inst.,
Â«0:122-126.1988.
Tabin, C. J., Bradley, S. M., Bargmann, C. I., Weinberg, R. A., Papageorge,
A. G., Scolnick, E. M., Dhar, R., Lowy, D. R., and Chang, E. H. Mechanism
of activation of a human oncogene. Nature (Lond.), 300: 143-149, 1982.
Graham, F. L.. and van der Eb, A. J. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology, 52: 456-467, 1973.
Risser, R., and Pollack, R. A nonselective analysis of SV40 transformation
of mouse 3T3 cells. Virology, 59:477-489, 1974.
Southern, P. J., and Berg, P. Transformation of mammalian cells to antibiotic
resistance with a bacterial gene under control of the SV40 early region
promoter. J. Mol. Appi. Genet., /: 327-341, 1982.
Church, G. M., and Gilbert, W. Genomic sequencing. Proc. Nati. Acad. Sci.
USA,Â«/: I991-I995. 1984.
Pretlow, T. P., Grane, R. W., Goehring, P. L., Lapinsky, A. S., and Pretlow,
T. G., II. Examination of enzyme-altered foci with -y-glutamyl transpeptidase,
aldehyde dehydrogenase, glucose-6-phosphate dehydrogenase, and other
markers in methacrylate-embedded liver. Lab. Invest., 56: 96-100, 1987.
Kabat, E. A., and Furth, J. A histochemical study of the distribution of
alkaline phosphatase in various normal and neoplastic tissues. Am. J. Pathol.,
77:303-343, 1941.
Burstone, M. S. Histochemical comparison of naphthol AS-phosphates for
the demonstration of phosphatase. J. Nati. Cancer Inst., 20: 601-615, 1958.
Higuchi, S., Suga, M., Dannenberg, A. M., Jr., and Schofield, B. H. Histo
chemical demonstration of enzyme activities in plastic and paraffin embedded
tissue sections. Stain Technol., 54: 5-12, 1979.
Nolan, G. P., Fiering, S., Nicolas, J-F., and Herzenberg, L. A. Fluorescence-
activated cell analysis and sorting of viable mammalian cells based on .;-i>
galactosidase activity after transduction of Escherichia coli laci. Proc. Nati.
Acad. Sci. USA. 85: 2603-2607, 1988.
Hill, S. A., Wilson, S., and Chambers, A. F. Clonal heterogeneity, experi
mental metastatic ability, and p21 expression in H-ros-transformed NIH 3T3
cells. J. Nati. Cancer Inst., 80: 484-490, 1988.
Nowell, P. C. Mechanism of tumor progression. Cancer Res., 46: 2203-
2207. 1986.
Nicolson, G. L. Tumor cell instability, diversification, and progression to the
metastatic phenotype: from oncogene to oncofetal expression. Cancer Res.,
47: 1473-1487, 1987.
Fearon, E. R., Hamilton, S. R., and Vogelstein, B. Clonal analysis of human
colorectal tumors. Science (Wash. DC), 238: 193-197, 1987.
Bos, J. L., Fearon, E. R.. Hamilton, S. R., Verlaan-de Vries, M., van Boom.
J. H., van der Eb, A. J., and Vogelstein, B. Prevalence of ras gene mutations
in human colorectal cancers. Nature (Lond.), 327: 293-297, 1987.
Vogelstein. B., Fearon, E. R.. Kern. S. E.. Hamilton, S. R., Preisinger, A.
C., Nakamura, Y., and White, R. Allelotype of colorectal carcinomas. Science
(Wash. DC), 244: 207-211, 1989.
Brandt, A. E. Glycosidases and blood carbohydrates. In: G. Freeman and H.
Milman (eds.). Markers of Chemically Induced Cancer, pp. 79-85. Park
Ridge. NJ: Noyes Publications, 1984.
Price, J., Turner, D., and Cepko, C. Lineage analysis in the vertebrate nervous
system by retrovirus-mediated gene transfer. Proc. Nati. Acad. Sci. USA, 84:
156-160, 1987.
Kerbel, R. S., Waghorne, C., Man, M. S., Elliott, B., and Breitman, M. L.
Alteration of the tumorigenic and metastatic properties of neoplastic cells is
associated with the process of calcium phosphate-mediated DNA transfec
tion. Proc. Nati. Acad. Sci. USA, 84: 1263-1267, 1987.

2816

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/9/2808/2443591/cr0500092808.pdf by guest on 19 M

ay 2023



MICROMETASTASIS DEVELOPMENT WITH MARKER GENE

51. Li, L., Price, J. E., Fan, D., Zhang, R-D., Bucana, C. D., and Fidler, I. J.
Correlation of growth capacity of human tumor cells in hard agarose with
their in vivo proliferative capacity at specific metastatic sites. J. Nati. Cancer
Inst., Â«/:1406-1412, 1989.

52. Nicolson, G. L., Lembo, T. M., and Welch, D. R. Growth of rat mammary
adenocarcinoma cells in semisolid clonogenic medium not correlated with
spontaneous metastatic behavior: heterogeneity in the metastatic, antigenic,
enzymatic, and drug sensitivity properties of cells from different sized colo
nies. Cancer Res., 48: 399-404, 1988.

53. Folkman, J., and Klagsburn, M. Angiogenic factors. Science (Wash. DC),
2.75:442-447, 1987.

54. Weiss, L., Orr, F. W., and Honn, K. V. Interactions between cancer cells and
the microvasculature: a rate-regulator for metastasis. Clin. Exp. Metastasis,
7:127-167,1989.

55. Folkman, J., Watson, K., Ingber, D., and Hanahan, D. Induction of angio-
genesis during the transition from hyperplasia to neoplasia. Nature (Lond.),
JJ9.-58-6I, 1989.

56. Auerbach, R., Lu, W. C., Pardon, E., Gumkowski, F., Kaminska, G., and
Kaminski, M. Specificity of adhesion between murine tumor cells and capil
lary endothelium: an in vitro correlate of preferential metastasis in vivo.
Cancer Res., 47: 1492-1496, 1987.

57. Pauli, B. U., and Lee, C-L. Organ preference of metastasis: the role oforgan-
specifically modulated endothelial cells. Lab. Invest., 5Â«:379-387, 1988.

58. McCarthy, J. B., Basara, M. L., Palm, S. L., Sas, D. F., and Furcht, L. T.
The role of cell adhesion proteinsâ€”laminin and fibronectinâ€”in the move
ment of malignant and metastatic cells. Cancer Metastasis Rev., 4:125-152,
1985.

59. Liotta, L. A.. Rao, C. N., and Wewer, U. M. Biochemical interactions of
tumor cells with the basement membrane. Annu. Rev. Biochem.. 55: 1037-
1057, 1986.

60. Fisher, B., and Fisher, E. R. The organ distribution of disseminated "Cr-

labeled tumor cells. Cancer Res., 27: 412-420, 1967.
61. Gasic, G. J. Role of plasma, platelets, and endothelial cells in tumor metas

tasis. Cancer Metastasis Rev., 3: 99-116, 1984.
62. Ryan, U. S. Endothelial Cells, Vol. 2, pp. 3-270. Boca Raton, FL: CRC

Press, Inc., 1988.
63. Naito, S.. Giavazzi. R., and Fidler, I. J. Correlation between the in vitro

interaction of tumor cells with an organ environment and metastatic behavior
in vivo. Invasion Metastasis, 7: 16-29, 1987.

64. Cavanaugh, P. G., and Nicolson, G. L. Purification and some properties of
a lung-derived growth factor that differentially stimulates the growth of
tumor cells metastatic to the lung. Cancer Res., 49: 3928-3933, 1989.

65. Kennel, S. J., Lankford. T. K., Ullrich, R. L.. and Jamasbi, R. J. Enhance
ment of lung tumor colony formation by treatment of mice with monoclonal
antibodies to pulmonary capillary endothelial cells. Cancer Res., 48: 4964-
4968, 1988.

66. Welch, D. R., Schissel, D. J., Howrey, R. P., and Aeed, P. A. Tumor-elicited
polymorphonuclear cells, in contrast to "normal" circulating polymorpho-

nuclear cells, stimulate invasive and metastatic potentials of rat mammary
adenocarcinoma cells. Proc. Nati. Acad. Sci. USA. 86: 5859-5863, 1989.

67. Nakamura, S., Salahuddin, S. Z., Biberfeld. P., Ensoli, B., Markham, P. D.,
Wong-Staal, F., and Gallo, R. C. Kaposi's sarcoma cells: long-term culture
with growth factor from retrovirus-infected CD4*T cells. Science (Wash.
DC), 242: 426-429, 1988.

68. Salahuddin, S. Z., Nakamura, S., Biberfeld, P., Kaplan, M. H., Markham,
P. D., Larsson, L., and Gallo, R. C. Angiogenic properties of Kaposi's
sarcoma-derived cells after long-term culture in vitro. Science (Wash. DC),
242:430-433, 1988.

69. Ensoli, B., Nakamura, S., Salahuddin, S. Z., Biberfeld, P., Larsson, L.,
Beaver, B., Wong-Staal, F., and Gallo, R. C. AIDS-Kaposi's sarcoma-derived

cells express cytokines with autocrine and paracrine growth effects. Science
(Wash. DC), 243: 223-226, 1989.

2817

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/9/2808/2443591/cr0500092808.pdf by guest on 19 M

ay 2023


