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ABSTRACT

Transfection of the stably diploid rat mammary epithelial cell line,
Rama 37, which yields nonmetastasizing, adenomatous tumors In synge
neic rats with HindIll-fragmented DNA from malignant or nonmalignant
human breast epithelial cell lines and the drug-resistance plasmid

pSV2neo, yields transformants with a frequency of iO@ to iO@. The
resultant cell lines form tumors with varying frequencies when injected
S.C. into the mammary fat pads of syngeneic rats. Cells transfected with

DNA from the malignant human breast carcinoma cell line, Ca2-83, or
DNA from the human pleural effusion-derived cell lines, MCF-7 or ZR
75-i, yield transformants which metastasize to lungs and/or lymph nodes

at highfrequency,whereastransfectionofHindlll-fragmentedDNAfrom
nonmetastatic human mammary epithelial cell lines, transfection of the
drug-resistance plasmid pSV2neo alone, or nonspecific DNA such as
salmon sperm DNA fails to yield transformants expressing the metastatic
phenotype. Transfectants which metastasized were reestablished in cal
tare and reinjected into syngeneic rats to confirm their metastatic prop

erties. These transfectants yield rapidly growing tumors with reduced
latent periods, which give rise to significant numbers of metastases. The
karyotype of selected transfectants after passage in vivo remains stably
diploid. Hybridization of a 32P-labeled oligonucleotide probe specific for
the humanAlu family of sequencesto DNA from these transfectants
reveals the presence of human-specific DNA sequences Integrated into the
genome. It Is suggested that transfectlon of specifIc genomic DNA se
quences from the malignant human cell lines can induce the metastatic
phenotype In the nonmetastatic Rama 37 cell line in a genetically domi
nant manner, whereas genomic DNA from the nonmetastatic cells cannot
confer metastatic properties to the Rama 37 cell line.

INTRODUCTION

Certain oncogenes or combinations of oncogenes have been re
ported to induce the metastatic phenotype when transfected into
nonmetastatic recipient cells, and the metastatic phenotype has been
sucessfully transferred from one cell type to another using either
transfection of genomic DNA from metastatic cells (1â€”8)or chromo
some-mediated gene transfer (9). However, many of the transfection
experiments carried out previously to study tumor progression to the
metastatic phenotype have used the fibroblastic NIH 3T3 cell line as
a recipient cell line and/or immunodeficient rodents as host animals to
assay transfectants for metastatic ability. Highly passaged, aneuploid
cell lines such as NIH 3T3 probably represent cells in a near-malig
nant state, and they may acquire spontaneous invasive and metastatic
ability during the period of growth required to determine their bio
logical behavior in the animal (10â€”13). Moreover, many human
carcinomas and some derivative cell lines fail to grow appreciably in
nude mice (14, 15) and rarely metastasize in such systems without
further genetic changes (16).
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In view of these problems, a completely syngeneic, carcinogen
induced rat mammary model has been developed to study breast
cancer metastasis (17). The stably diploid rat mammary epithelial cell
line, Rama 37,4 which has been single-cell cloned from a benign,
carcinogen-induced tumor in an inbred, immunocompetent Furth
Wistar rat (18), produces benign, glandular nonmetastasizing tumors
with varying degrees of cellular atypia, pathologically most closely
related to human adenomas, when reintroduced s.c. into the mammary
fat pad of syngeneic rats. We have previously reported that cotrans
fection of the Rama 37 cell line with the drug-resistance plasmids,
pSV2neo (19) or pSV2gpt (20), and DNA from the malignant rat

mammary epithelial cell line, Rama 800 (21), specifically yields some
transfectants that metastasize in vivo (22). In addition, transfection of
additional copies of the gene for the rat calcium-binding-protein,
p9Ka, can confer metastatic properties on the Rama 37 cell line (23),
whereas transfection of H-ras, polyoma large-T antigen and polyoma
middle-T antigen oncogenes do not (24, 25). The Rama 37 cell line is
also probably a suitable cell line to assay for metastasis-inducing
genes in human breast cancer cells, with the advantage being that
transfecting fragments of human DNA can be identified by the pres
ence of repetitive Alu sequences (26). This report describes the bio
logical effects of transfecting Rama 37 cells with restriction enzyme
fragmented DNA from a human breast carcinoma cell line, Ca2â€”83,
which produces the same relatively unique, pleiomorphic variants in
culture that are seen in the metastases of the patient (27), restriction
enzyme-fragmented DNA from the cell lines MCF-7 (28) and ZR
75-1 (29) isolated from metastatic pleural effusions, and DNA from
the nonmetastatic human mammary epithelial cell lines, HMT 3522
(30) and Huma 7 (31).

MATERIALS AND METHODS

Cell Culture. The culturemedia for the donor humancell lines Ca2-83
(27), HMT 3522 (30), and Huma 7 (31) were as described previously. The
recipient cell line, Rama 37, the various transfected cell lines, and the other
donor human cell lines were grown in routine medium [Dulbecco's modified
Eagle's medium, 5% (v/v) fetal calf serum, 50 ng/ml hydrocortisone, and 50
ng/ml insulin]. The lowest dose of Geneticin (GIBCO Bio-Cult, Paisley,
Scotland, United Kingdom) that caused complete cell death of the Rama 37
cells was 0.8 to 1.0 mg/ml (19).

Nucleic Acid Preparations. The plasmidpSV2neo(19) was obtainedfrom
Dr I. Summerhayes (ICR, London, United Kingdom) and was propagated and
isolated using standard procedures (32). High molecular weight DNA was
isolated from the various different human donor cell lines as described previ
ously (33, 34) and digested with restriction enzyme Hindlll to yield the
anticipated distribution of fragments ranging from 300 base pairs to more than

23 kilobase pairs.
Transfectlon of DNA into Cultured Cells. For transfection, exponentially

growing cultures of 106Rama 37 cells per 9-cm dish in 10 ml routine medium
were incubated for 4 h at 37Â°C(35) with 1 ml of the calcium phosphate-DNA
precipitate formed with 2.5 g.@g/mlpSV2neo DNA and 22.5 g.@g/mlrestriction
enzyme-digested cellular DNA using previously reported procedures (25).

4 The abbreviations used are: Rama, rat mammary cell line (followed by cell line

designation); Huma, human mammary cell line (followed by cell line designation); LT,
lung tumor; LNT, lymph node tumor.

2785

Induction of Metastatic Ability in a Stably Diploid Benign Rat Mammary
Epithelial Cell Line by Transfection with DNA from Human
Malignant Breast Carcinoma Cell Lines'

Barry it Davies,2 Roger Barraclough, and Philip S. Rudland3

Cancer and Polio Research Fund Laboratories, Department ofBiochemistry, University ofLiverpoo4 P.O. Box 147, Liverpool L69 3BX, United Kingdom

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/10/2785/2453809/cr0540102785.pdf by guest on 19 M

ay 2023



HUMAN DNA TRANSFECTION AND MAMMARY METASTASIS

Fig. 1. Structure of the 31-mer human-specific
oligonucleotide used in Southern hybridization cx
periments. The Alu sequence is an imperfect dimer
formed oftwo directly repeated, approximately 130
nucleotide, monomer units with a 31-base pair in
sertion in the second monomer that is missing from
the first monomer unit; this 31-base pair insertion is
unique to primates. Underline, position of the AluI
restrictionsite. Top line, the consensusAlu se
quence (Alu cons; Ref. 45). Bottom line, the se
quence of the 31-base pair region that is unique to
the second monomer of primates (46), which was
used as an oligonucleotide probe (oligo) in South
em hybridization experiments.

GOC TOG GCG TOG TTG CTC ACG CCT GTA ATC CCA GCA CTT TOG GAG

0CC GAG GPO GOT GGA TCA CCT GAG GTC AGO AGT TCA AGA CCA GCC

TOG CCA ACA TOG TGA AAC CCC GTC TCT ACT AAA AAT ACA AAA APT

hOC COG COC TOG TOG COC GCG CCT GTA ATC CCA OCT ACT COG GAG

OCT GAG OCA 00k OAk TCG CTT OAk CCC GOG

P0k GCC GAG ATC OCG CCA CTG CAC

P0k 0CC GAG ATC GCG CCA CPG CAC

AGO TOG AGO TTG CAG

T'PG CAG

TCC AGC CTG GOC GAC AGA GCG
P

Alu cone
Oligo

Alu cone
Oligo

Mu cone
Oligo

Alu cone
Oligo

Alu cone
Oligo

Alu cone
Oligo

Alu conâ€¢
Oligo

AGA CTC COT CTC A

After 24 h, the cells were passaged at a dilution of 1:10 in selection medium

(Dulbecco's modified Eagle's medium containing 1 mg/ed Geneticin). Cob
nies were visible after 10â€”14 days and were pooled and expanded to give

stocks of cells for freezing.

Tumorigenicity Studies and Assays for Metastasis. Pooled cells from up
to four transfection experiments were harvested and injected into the right

and/or left inguinal mammary fat pads of 6- to 10-week-old female Wistar

Furth rats (Ludwig-Wistar OLA strain; Olac, Banbury, Oxon, United
Kingdom) as described previously (18). All rats were observed twice weekly

throughout the subsequent 16-week experimental period and were autopsied;
the relevant tumors and tissues were fixed in Methacarn prior to histological
examination (18). Five microscopic fields from two sections of each tumor/
tissue were examined for metastases by two independent observers.
Photographs were recorded in a Reichert-Polyvar microscope. Tumor cells
from metastases were reestablished in culture by incubation with collagenase
in routine medium as described previously (25) and reinjected into the

mammary fat pads of syngeneic rats to confirm their metastatic properties.
Cytological classification of Rama 37 tumors as benign was as described
previously (18).

Karyotypes. Karyology of cell lines was determined from Colcemid-ar
rested cultures exactly as described previously (18). The mode and mean
chromosome numbers were determined from counts of at least 30 cells of
each cell line.

Nucleic Acid HybridIzatIons. For Southern blot hybridizations, the high
molecular weight DNA preparations (20 p@g)were digested with HindIII, and
equal amounts of DNA were subjected to electrophoresis through 0.8% (w/v)
agarose gels. For hybridization with the the neo gene, fractionated DNA was
depurinated in 0.25% (v/v) HC1,denatured in alkali, neutralized, blotted onto
Hybond-N membranes (Amersham International, UtIle Chalfont, United King
dom), and fixed with UV light. The UV-irradiated membranes were incubated
with 5 ng/ml of a BamHI-HindIll fragment of pSV2neo containing the neo

gene and radioactively labeled with [a-32P]dCT'P to a specific activity of
1.2 X i09 cpm/@Lg by random-primed synthesis. In order to detect human

specific DNA sequences in transfected cells, fractionated DNA was depuri
nated in 0.25% (v/v) HCI and blotted onto a Zeta-probe membrane with 0.4 M
NaOH (Bio-Rad, Hemel Hempsted, Hertfordshire, United Kingdom). The
membrane was incubated with a 31-mer oligonucleotide corresponding to the
primate-specific region of the Alu sequence (Fig. 1) and end-labeled using
[â€˜y-32PJATPto a specific activity of 2.0 X i07 cpni/@g.Sizes of the cellular
DNA fragments hybridizing to the 32P-labebedDNAS were determined from
the autoradiographs of the filters by comparison with ethidium bromide
stained standards.

Animals. Animal experiments are conducted under United Kingdom Co
ordinating Committee for Cancer Research guidelines with Home Office
Project License PIL 40/00060 to Prof. Rudland in accordance with the New
YorkAcademy of Sciences Committeeon animalresearch.

RESULTS

Transfection of Rama 37 Cells in Culture and Detection of
Transfected Drug-resistance Genes. Transfection of Rama 37 cells
with pSV2neo and HindlII-fragmented human genomic DNA yielded
1- to 5 mm-diameter colonies of cells, which were visible after 10
days. Each transfection experiment yielded between 23 and 174
colonies per experiment with transfection frequencies of 0.22 to
2.10 X i0@. In parallel, control transfection experiments with no
DNA or with cellular DNA but no pSV2neo yielded no colonies, even
after 3 weeks incubation in Geneticin-containing medium. The cellu
bar morphology of the transfectants varied between predominantly
cuboidal morphology at confluency, similar to the untransfected,
parental cell line Rama 37, to a more elongated form. Some colonies
consisted of a single monolayer of cells, whereas others consisted of
multiple layers of cells which formed dense foci visible to the naked
eye. All colonies from each transfection experiment were pooled and
expanded for storage (Fig. 2). The colonies from up to four separate
transfection experiments were pooled together prior to assaying for
metastatic potential. The total number of colonies pooled was greater
in the control experiments (Bneo-R37 and Hneo-R37 transfections)
than in the experiments in which Rama 37 cells were transfected with
DNA from the malignant breast carcinoma cell lines. The transfected
cell pools retained their ability to grow in Geneticin-containing me
dium even after an extended period of growth (up to 12 passages),
whereas the parental, untransfected Rama 37 cells all died within 4
days in Geneticin-containing medium.

Incidence, Latent Period, Metastatic Ability, and Pathology of
Tumors Produced by s.c. Injection of Transfected Cells. The tm

transfected recipient Rama 37 cells produced tumors with an inci
dence of 48% and a median latent period of 33 days (Table 1). No
metastases were seen at autopsy, and this was confirmed by histolog
ical examination of selected tissues, including lung and lymph node
samples, and by the failure to reestablish tumor cells in culture from
type I collagenase-digested lung and lymph node samples. Tumors
produced by the untransfected Rama 37 cells were composed of a
mixture of well-differentiated, glandular elements consisting of cuboi
dal, epithelial-like cells surrounding central duct-like structures with
basally situated, more elongated cells at the glandular peripheries and
poorly differentiated areas consisting of spindle cells (Fig. 3a). Mi

totic figures were observed in both the spindle cells and the glandular
elements, but no aberrant mitotic figures were observed, and the cells
were cytologically benign, with uniform nuclei and minimal pleomor
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Table1 IncidenceandpathologyoftumorsproducedbyRama37 cellscotransfectedwithpSV2neoand humanDNAPhenotype

of transfected Median latent period in
Transfecting DNA cellular DNA Thmor incidencea days (range) Incidence of metastasis@' Histology of tumorcellsNone

(parentalRams37 cats) 22/46 33 (24-81) 0/20Glandular/spindlepSV2neo
alone Nonmalignant 6/15 29 (14â€”43) 0/6Glandular/spindleSalmon

sperm/pSV2neo Nonmalignant 7/11 43 (25â€”62) 0/7Cuboidal/spindleCa2-83/pSV2neo
Malignant 43/89 26 (12â€”68) 9/26c Mostly spindle cells

MCF-7/pSV2neo Malignant 32/82 27 (14â€”53) 8/16â€• Mostly spindlecellsZR-75-1/pSV2neo
Malignant 21/62 24 (20â€”43) 1/12 SpindlecellsHMT

3522/pSV2neo Nonmalignant 28/85e 24 (20â€”31) 0/20 Mostly spindlecellsHuma
7/pSV2neo Nonmalignant 17/66e@ (14..@) 0/10 Spindlecellsa

Number of tumors/number of sites injected.
b Number of animals with metastases/number of animals withtumors.C

Significantly more metastases than Rama 37 cells and HMT 3522/pSV2neo-transfected cells (P < 0.005; Fisher exact test) and Huma 7/pSV2neo-transfected cells (P < 0.01;Fisherexact

test).
d Significantly more metastases than Rams 37 cells and HMT 3522/pSV2neo-transfected cells (P < 0.001; Fisher exact test) and Huma 7/pSV2neo-transfected cells (P < 0.01;Fisherexact

test).a
Significantly less tumors than Rama 37 cells (P < 0.05; Fisher exact test).

HUMAN DNA TRANSFECI'ION AND MAMMARY METASTASIS

Ca2-83/MCF-7/ZR-75-1/HMT-3522/Huma7/pSV2@pSV2n@pSV2n@pSV2p@pSV2g@pSV2n@ Salmon
alone sperm!

pSV2n@

ssn@â€”R37

Injection into
ratsand

culture of

cell lines

Ca2-LT1
Ca2-LT2
Ca2â€”LT3
(lungmeta@ases)

MCF-LT1 ZRLT1 B@T1
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pnntny)

Ca2-LNT 1
(lymphsods
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Fig. 2. Schematic diagram of the isolation of the various transfected cell lines. Rama 37 epithelial cells were cotransfected with pSV2neo and HindlII-fragmented DNA from
malignant metastatic Ca2-83, MCF-7, ZR-75-1, benign HMT 3522, or normal Huma 7 cells. These five experiments were designated Ca2neo-R37, MCFneo-R37, ZRneo-R37,
B,seo-R37 (for benign), and Hneo-R37 (for normal human), respectively. For control purposes, Rama 37 cells were also transfected with pSV2neo alone or with HindIII-fragmented
DNAfromsalmonsperm;theseexperimentsweredesignatedneo-R37andssneo-R37respectively(forsalmonsperm).Injectionof Ca2neo-R37cellsintoratsyieldedlungandlymph
nodemetastases;threelungmetastasesfromthreeseparateanimalswereculturedanddesignatedCa2-LTJ,Ca2-LT2,andCa2-LT3,andonelymphnodemetastasiswasculturedand
designated Ca2-LNT1.A lung metastasis from MCFneo-R37 cells was reestablished in culture and termed MCF-LTI, and a lung metastasis was reestablished in culture from ZRneo-R37
cells and termed ZR-LT1. A nonmetastatic primary tumor from Bneo-R37 cells was cultured and termed B Tumor 1 (B-TI).

phism. Rama 37 cells produced encapsulated tumors, although in a
few tumors this capsule was partially breached, and local invasion of
the surrounding fatty stroma of the mammary gland was observed.
However, no metastatic lesions were detected in histological sections
of lungs, lymph nodes,or otherorgansfrom the hostanimals.There
fore, the Rama 37 cell line was verified to be phenotypically benign,
producing adenomatous tumors with varying degrees of cellular
atypia in agreement with previous work (18, 22).

In control experiments, Rama 37 cells transfected with the drug
resistant plasmid pSV2neo alone and Rama 37 cells cotransfected
with salmon sperm DNA and pSV2neo (ssneo-R37; Fig. 2) produced
a similar number of tumors to the untransfected Rama 37 cells, none
ofwhich produced any metastatic lesions whatsoever (Table 1). These
tumors consisted mainly of elongated or spindle cells of benign

cytology with occasional cords or nests of cuboidal epithelial cells
reminiscent of the glandular structure of tumors produced by the
untransfected recipient cell line.

Cells cotransfected with malignant Ca2-83/pSV2neo DNA
(Ca2neoR37), MCF-7/pSV2neo DNA (MCFneoR37), and ZR-75-1/
pSV2neo DNA (ZRneo-R37; Fig. 2) collectively gave rise to tumors
in 43 of 89 (48%), 32 of 82 (39%), and 21 of 62 (34%) of animals
inoculated, respectively, incidences which were not significantly dif
ferent from the untransfected Rama 37 cells (Table 1). Similarly, the
median latent period of these tumors did not differ significantly from
the parental line (Table 1). Most of the cotransfectants produced
undifferentiated, anaplastic tumors consisting of spindle cells (Fig.
3b) or cells intermediate in morphology between cuboidal, epithelial
like cells and spindle cells (Fig. 3c). These tumors retained none of the
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Fig. 3. Histology of tumors produced by transfected cells. a, glandular primary tumor produced by the parental, untransfected Rama 37 cells consisting of a mixture of cuboidal
epithelial cells, often surrounding a central duct-like structure, and spindle cells. b, primary tumor produced by Ca2neo-R37 cells consisting ofspindle cells. c, primary tumor produced
by MCFneo-R37 cells composed of cells intermediate in morphology between cuboidal cells and spindle cells. 4 a â€œcannonballâ€•metastasis in the lungs of a rat injected with
Ca2neo-R37 cells, showing compression of the surrounding lung tissue. e@multiple micrometastatic tumor (tu) lesions in the lung tissue (lu) of a rat injected with MCFneo-R37 cells.
f, lymphnodemetastasisproducedby Ca2neo-R37cells,showingthetumorcells(tu)andlymphocytes(ly)inthenode.a, b, andc, X 230;bar,50 @m.4 e, andf@X 58;bar,
200 @m.

:: .:@

glandular elements characteristic of the parental, untransfected Rama
37 cells, although occasional groups of more cuboidal cells were

interspersed among the spindle cells in some tumors. One tumor
produced by Ca2neo-R37 cells also contained squamous epithelial
like cells arranged in multiple layers, which formed frond-like struc
tures and aberrant, sebaceous gland-like elements.

Collectively, MCFneo-R37 cells and Ca2neo-R37-transfected cells
gave rise to a significant number of metastases compared with the
parental, untransfected Rama 37 cells, and the benign HMT 3522/
pSV2neo DNA (Bneo-R37)-transfected and the normal Huma
7/pSV2neo DNA (Hneo-R37)-transfected cells (Fig. 2; Table 1). The
most common site of metastasis was the lungs; large cannonball
metastases were observed (Fig. 3d), which compressed the surround
ing lung tissue as they expanded to form nodules, as well as smaller
micrometastatic lesions less than 1 mm in diameter (Fig. 3e). Two
tumors produced by Ca2neo-R37 cells metastasized to the right axil

lary lymph node; one of these metastatic lesions had replaced over
one-half of the volume of the lymph node (Fig. 3f). In addition, one
tumor produced by ZRneo-R37-transfected cells metastasized, giving
rise to multiple lesions in the lungs. Nonneoplastic perivascular and
peribronchial aggregations of lymphocytes were common in many of
the lung tissues examined. However, lymphocyte aggregations were
distinguishable from tumor cells by virtue of their nuclei, which were
more uniform with condensed chromatin, and they were generally less
tightly packed together than tumor cells in metastatic deposits. Suspected
lesions detected by histological examination were confirmed by success
fully re-establishing tumor cells in culture from primary cultures of
tissues containing these lesions. In order to eliminate contaminating host
cells, such as fibroblasts, which grow for a limited span in culture, these
primary cultures were grown for several passages in Geneticin-containing
medium. Only those tissues which contained histologically identifiable
lesions produced permanently growing cell lines in culture.
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Table 2 Incidence and pathology of tumors produced by reinfection of
from primary tumors and metastasescells

culturedMedian

latentTumor
period in days Incidence of

Ã§@115a incidence@' (range) metastasescHistology

of
@orcellsCa2-LT1

23/29d 5 (_)e 6/18@Spindlecells(Lung
metastasis)

Ca2-LT2 2g/7@8g 6 (4@)e3/@4Mixedh(Lung
metastasis)

Ca2-LT3 18/31 7(4@9)e4/13kMixed@'(Lung
metastasis)

Ca2-LNT1 27/29g 7(5@@13)e 5/16k.Mixed'(Lymph
nodemetastasis)

ZR-LTI 16/23 7(57)e 7/12@Spindlecells(Lung
metastasis)MCF-LT1

24124g 6 (_)e3/20Spindle/(Lung
metastasis)intermediate

cellsB-Ti
18/18g@ (9@12)e 0/18Spindlecells(Non-metastatic

primary)

HUMAN DNA TRANSFECI1ON AND MAMMARY METASTASIS

they were derived (Table 2). Ca2-LT1, Ca2-LT2, Ca2-LNT1, and
MCF-LT1 cells also gave rise to a significantly greater number of
tumors than the untransfected Rama 37 cells (Table 2).

Cells cultured from a nonmetastatic primary tumor produced by
HMT 3522/pSV2neo DNA-transfected cells, designated B-Ti (Fig.

2), also produced significantly more tumors (P < 0.01; Fisher exact
test) with a reduced latent period (P < 0.001; Mann-Whitney U test)
than untransfected Rama 37 cells. These cells reproducibly failed to
metastasize in all animals injected, consistent with the parental tumor
from which they were derived (Table 2).

Most of the tumors produced by reinjection of cultured tumor cells
were poorly differentiated and extremely rapid-growing with necrotic
cores consisting almost entirely of undifferentiated spindle cells or
cells intermediate in morphology between cuboidal and spindle cells.
However, a variety of unusual metaplastic differentiation patterns
were also observed, which were not seen in the original transfected
cell tumors. For example, 1 of 28 tumors produced by Ca2-LT1 cells,
1 of i8 produced by Ca2-LT3 cells, and 1 of 27 tumors produced by
Ca2-LNT1 cells contained large mononuclear and giant multinucle
ated cells (Fig. 4c). Aberrant differentiation to squamous and seba
ceous gland-like elements was evident in 2 of 27 tumors produced by
Ca2-LNT1 cells (Fig. 4d), and 1 tumor produced by Ca2-LT1 cells
and 1 tumor produced by Ca2-LT3 cells contained cartilaginous
elements (Fig. 4, e and f).

Karyotypes. The untransfected Rama 37 cells were verified to be

diploid with a mean and mode chromosome number of 42. The mode
and mean chromosome number of the transfected cell lines analysed
was 42 Â±1 (Table 3). The diploid chromosome number for Rattus
norvegicus is 42. The cell lines analysed were all, therefore, diploid
within the error of the measurements.

Detection of Transfected Neo Gene and Human-specific DNA
Sequences. In Southern hybridization experiments, the pattern of
pSV2neo sequences integrated into the genome of transfected cells
was unique for each transfected cell pool (Fig. 5a). A major hybrid
izing fragment of approximately 5.6 kibobase pairs was obtained in all
three transfected-cell pools analyzed; this fragment corresponded to
the size of the pSV2neo plasmid. Multiple weaker bands of larger and
sometimes smaller sizes in the range of 16 kilobase pairs down to less
than 2 kibobase pairs were also obtained; these weaker bands varied in
intensity (Fig. Sa, Lanes 1, 2, and 4). The more intense bands
probably corresponded to amplified copies and the faintest bands to
single-copy flanking fragments. There was no hybridization of neo to
DNA from the parental, untransfected Rama 37 cells, even after
exposure of the film for 3 weeks (Fig. 5a, Lane 3).

The presence of human-specific DNA sequences in transfected
cells re-established in culture from metastatic lesions was detected by
Southern hybridization. A 31-mer end-labeled oligonucleotide probe
directed against the primate-specific region of the human Alu se
quence (Fig. 1) hybridized specifically to human DNA (Fig. 5b). After
exposure of the ifim for 4 h at room temperature, strong hybridization
occurred to control human DNA from the HMT 3522 cell line to a
variety of fragments of all sizes throughout the genome (Fig. Sb, Lane
1); this is consistent with the ubiquitous distribution ofAlu sequences
in human DNA, which make up 3â€”6%of the human genome (26).
Weak hybridization bands were also seen in lanes containing DNA
from the metastatic transfectants; these bands were more clearly seen
after exposure of the film for a longer period (Fig. 5b, Lanes 2â€”3).A
high molecular weight band of approximately 23 kibobase pairs or
greater was obtained in DNA from ZR-LT1 cells (Fig. Sb, Lane 3).
The Ca2-LT3 cell line possessed a larger number of integrated hu
man-specific DNA sequences. The Alu oligonucleotide probe hybrid
ized to a variety of discrete DNA fragments from this cell line,
ranging in size from approximately 18 kilobase pairs to approximately
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a Nomenclature of cell lines; see Fig. 2.

b Number of tumors/number of sites injected.

C Number of animals with metastases/number of animals with tumors.

d Significantly more tumors than Rams 37 cells (P < 0.05; Fisher exact test).

a Significantly shorter latent period than Rama 37 cells and the original transfected cell

pool from which cells derived (P < 0.001; Mann-Whitney U test).
tSignificantly more metastases than Rama 37 cells and B-Ti cells (P < 0.05; Fisher

exact test).
g Significantly more tumors than Rams 37 cells (P < 0.01; Fisher exact test).
h Tumors consisted mainly of spindle cells or cells intermediate in morphology

between cuboidal cells and spindle cells. One tumor contained large mononuclear and
giant multinucleated cells, and one tumor contained cartilaginous elements.

STumors consisted mainly of spindle cells or cells intermediate in morphology be

tween cuboidal cells and spindle cells. One tumor contained large mononuclear and giant
multinucleated cells, and two tumors contained squamous elements.

J Significantly more metastases than Rama 37 cells and B-Ti cells (P < 0.01; Fisher

exacttest).

The cells cotransfected with HMT 3522 DNA and pSV2neo
(Bneo-R37) or Huma7 DNA and pSV2neo (Hneo-R37; Fig. 2)
collectively gave rise to significantly fewer tumors than the paren
tab, untransfected Rama 37 cells (P < 0.05; Fisher exact test; Table
1). Tumors produced by Bneo-R37 and Hneo-R37 cotransfectants
consisted mainly of loosely packed elongated or spindle cells of
benign cytology. However, four tumors produced by Bneo-R37-
transfected cells contained squamous elements, and one tumor
produced by these cells contained areas of fatty degeneration.
Histological examination revealed that all tumors produced by
Bneo-R37 and Hneo-R37 cells failed to metastasize to lungs or
lymph nodes in syngeneic rats; this was confirmed by the failure to
grow tumor cells in culture from these tissues (Table 1).

Incidence, Latent Period, Metastatic Ability, and Pathology of
Tumors Produced by Reinjection of Cultured Metastases. Meta
static tumor cell lines reestablished in culture were assayed for the
stability of the metastatic phenotype. Moreover, cells cultured
from a nonmetastatic primary tumor were reinjected into fresh
animals to check that these cells did not acquire metastatic prop
erties following passage in vivo and an extensive period of growth
in vitro (Fig. 2). All cells cultured from secondary LTs and LNTs
(Fig. 2) retained the ability to metastasize (Table 2; Fig. 4, a and
b). A significant number of metastases were produced by Ca2-LT1,
Ca2-LT3, and Ca2-LNT1 cells (P < 0.05; Fisher exact test) and
ZR-LT1 cells (P < 0.01; Fisher exact test) compared with untrans
fected Rama 37 cells and tumors produced by reinjection of B-Ti
cells from a nonmetastatic primary tumor (Table 2). Ca2-LT2 and
MCF-LT1 cells also retained the ability to metastasize, although
the incidences of metastases did not achieve significance (Table 2).
Cells cultured from metastases all produced tumors with a dramat
ically reduced latent period, which was significantly shorter than
the parental Rama 37 cells and the original cell poo1 from which
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Celllineâ€•BehaviorModeMeanSDRangeRama

37
Ca2-LT2
Ca2-L1'3
Ca2-LNT1
MCF-LT1Benign

Metastatic
Metastatic
Metastatic
Metastatic42

42
42
42
4242

41
41
43
422.5

3.5
2.2
2.4
3.138â€”47

34-48
38-46
39-47

36â€”47aNomenclature;see Fig. 2.
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Fig. 4. Histology of tumors produced by reinjection of cultured metastases. a, multiple metastatic lesions in the lungs of an animal injected with Ca2-LT2 cells. b, liver metastasis
produced by Ca2-LTI cells showing the metastatic tumor (t) and the parenchymal liver cells (Ii). c, large mononuclear cells (arrow) and giant multinucleated cells (g) in a tumor
produced by Ca2-LT3 cells. 4 squamous elements (sq) and sebaceous gland-like elements (se) in a tumor produced by Ca2-LTI cells. e, tumor produced by Ca2-LT3 cells showing
the early stages of differentiation to cartilaginous elements. Note the wider separation of the cells in the cartilaginous area compared to the surrounding spindle cells (s), the deposition
of anintercellularmatrix,andtheformationof lacunae(arrow).f@a morewell-differentiatedareaofcartilageinthesametumorasshownine. Notethecompressionof thesurrounding
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2 kibobase pairs (Fig. Sb, Lane 2). No hybridization was obtained to
DNA from the parental, untransfected Rama 37 cells (Fig. 5b, Lane
4). However, some hybridization oftheAlu oligonucleotide probe was

found to DNA from all the transfected cell lines analyzed and from all
of the transfected cell lines subsequently reestablished in culture.

Table 3 Karyotypes

DISCUSSION

Direct evidence for integration of the neomycin-resistance gene and
transfected human-specific DNA sequences in the transfected cell
lines has been obtained from Southern hybridization experiments. The
pattern of integration of the neo gene suggests that multiple copies of
the pSV2neo plasmid integrate, probably as barge, concatameric
structures. Identification of human-specific DNA sequences has
been accomplished by hybridization of an oligonucleotide directed
against the primate-specific region of the Alu sequence (36). The
probe, Blur-8 (26), which has been used to identify human-specific
DNA sequences in a mouse genetic background (1), was found to
cross-hybridize with rat DNA (37). However, an oligonucleotide
that is directed to a sequence that is unique to the second monomer
of primate Alu repeats, which has also been successfully used to
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amplify human DNA from hybrid cells containing rat and human

chromosomes (36), was found to hybridize to human DNA
specifically in the present experiments and not to rat genomic DNA.
The presence of discrete bands of human DNA of variable intensity
in genomic DNA samples from the cultured metastatic transfected
cells suggests that a number of human DNA fragments of different
copy numbers are stably incorporated into the genome of the recipient
transfected cells. Moreover, any protein-coding genes in this trans
fected human DNA may be expressed and functional in the recipient
cells in a manner analogous to the neomycin-resistance gene.

The mean tumor incidence of cells transfected with human DNA
varied from 48% (43 of 89) for Ca2-83/pSV2neo cotransfectants to
26% (17 of 66) for Huma 7/pSV2neo cotransfectants. These values
are considerably less than the 91% incidence of tumors produced by
Rama 37 cells cotransfected with Rama 800 DNA and pSV2neo. In
these previous experiments, transfection of DNA into cells increased
the ability of cells to form tumors in syngeneic rats (22). It is highly
likely that some of the transfected human DNA encodes cell surface
proteins or histocompatability antigens which are expressed in vivo.
The immune system of the host rat may recognize these human
proteins as foreign and eliminate these cells.

Transfection of HindIII-fragmented DNA from the malignant
breast carcinoma cell line Ca2-83 or from the metastatic pleural
effusion-derived cell lines MCF-7 and ZR-75-1 yields some variants
expressing the metastatic phenotype, whereas transfection of DNA
from the nonmalignant HMT 3522 and Huma 7 human cell lines,
cotransfection of similarly fragmented Salmon sperm DNA, or trans
fection of the drug-resistance plasmid pSV2neo alone fails to yield
any transfectants with metastatic properties. The pattern of metastatic
spread, at least to the lungs and lymph nodes in Ca2-83/pSV2neo

cotransfectants, is consistent with the distribution of metastases in the
patient from which the Ca2â€”83donor cell line was established (27).
The detection of metastatic lesions using histological techniques has
been confirmed by a second method, that of culturing tumor cells from
all organs containing these lesions. Only those tissues which con
tained histologically identffiable metastases produced stable, perma
nently growing cell lines when cultured. In contrast to results obtained
in other experimental systems (4, 38), cell lines reestablished in
culture from tumors and metastases in the present experiments re
tamed the ability to grow in Geneticin-containing medium and did not
lose the integrated plasmid sequences during passage in vivo. In
addition, the cell lines re-established in culture from metastatic lesions
contain integrated human-specific DNA sequences. The loss of trans
fected plasmid sequences in the former experiments may be due to
chromosomal deletions or nondisjunctions within the highly aneu
ploid recipient tumor cell lines chosen for transfection. Since the
metastatic lesions retained the histological appearence of the primary
tumor and the ability to grow in Geneticin-containing medium, it may
be inferred that the metastatic lesions are derived from the primary
transfected-cell tumor and do not arise spontaneously in situ.

When cells reestablished in culture from metastatic lesions were
injected into fresh groups of rats, the metastatic ability of Ca2-LT1,
Ca2-LT3, Ca2-LNT1, and ZR-LT1 cells proved to be reproducible
and significant in comparison with the untransfected Rama 37 cells
and B-Ti cells cultured from a nonmetastatic primary tumor. These
latter two cell lines failed to acquire the ability to metastasize when
transplanted into a second group of animals (Table 2). Although
metastatic lesions were also detected in some animals injected with
Ca2-LT2 and MCF-LT1 cells, the frequencies of metastasis were not
high enough to achieve statistical significance. This is probably be

cause the tumors produced by these cells had a very short latent period
and very rapid growth rate in vivo, which necessitated early killing of
the animals. When re-introduced into fresh animals, three of the
representative transfected cell lines (Ca2-LT2, Ca2-LT3, and Ca2-
LNTI) can give rise to a range of well-differentiated, metaplastic
pathological features including large mononuclear cells, giant
multinucleated cells, sebaceous gland-like elements, and cartilaginous
elements not observed in tumors produced by the original transfected
cell pool from which they have been derived. Such metaplastic dif
ferentiation patterns have been identified previously in Rama 37 cells

cotransfected with DNA from the malignant rat mammary epithelial
cell line Rama 800 (39) and in Rama 37 cells transfected with a
plasmid construct containing the p9Ka gene (23). Their appearance
appears to be associated with the rat cells acquiring metastatic prop
erties. However, it is possible that the expression of metaplastic
differentiation patterns is a passenger effect due to genetic instability
brought about by integration of the transfected DNA sequences into
the genome of the recipient cells.

In another experimental system, it was demonstrated that cotrans
fection of a stable, subdiploid epithelial cell line with pSV2neo and
genomic DNA from a malignant cell line yielded metastatic cells with
an increase in modal chromosome number from 38 to 66, indicating
that the genome of the transfected cells had become unstable (3). In
the present experiments, it is unlikely that such gross genomic insta
bility is responsible for expression of the metastatic phenotype be
cause the modal chromosome number of transfected Rama 37 cells
has remained diploid (42 Â±1), even for those transfectants which
were passaged in vivo as tumors and which still metastasized. It is also
unlikely that other nonspecific mechanisms, such as introduction of
exogenous DNA causing genomic rearrangement that inactivates
functioning host genes or allows expression of genes that have not
hitherto been expressed in the recipient cell, are responsible for the
induction of metastatic ability in the present experimental system
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a b
Fig. 5. Detection of the transfected neo gene and human-specific DNA sequences in

transfected cells by Southern hybridization. a, high molecular weight DNA was digested
with Hind!!!, size-fractionated, and transferred to a nylon filter. Filters containing samples
(20 g.@g)of digested DNA from benign Bneo-R37 cells (Lane 1), metastatic Ca2neo-R37
cells (Lane 2), untransfected Rama 37 cells (Lane 3), and metastatic ZRneo-R37 cells
(Lane 4)were incubated with a HindIII-BamHI fragment of pSV2neo labeled with 32P to
a specific activity of 1.3 X i09 dpm4@g.32Pthat hybridized was detected by autoradiog
raphy for 24 h at â€”70Â°Cwith an intensifying screen. b, high molecular weight DNA was
digested with HindlII, size-fractionated by agarose-gel electrophoresis, and transferred to
a nylonmembrane.Filterscontainingsamples(20gig)of digestedDNAfromthehuman
cell line HMT3522(Lane1), the metastatictransfectedcell linesCa2-LT3(Lane2),
ZR-LTi (Lane 3), and untransfected Rams 37 cells (Lane 4) were incubated with a
[y-32P] end-labeled oligonucleotide to the primate-specific region of the Alu sequence
(Fig. 1). 32Pthat hybridized was detected by autoradiography for 4 h at room temperature
(Lane 1) or 4 days at â€”70Â°Cwith an intensifying screen (Lanes 2, 3, and 4). The sizes
of standardnucleicacidsare shownin kibobasepairs(kbp).
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similar work from other groups. For example, transfer of the meta
static phenotype has also been demonstrated in NIH 3T3 cells trans
fected with DNA from a small cell carcinoma of the lung (4), genomic
DNA from a cutaneous squamous cell carcinoma (5), mouse bladder
carcinoma cells after transfection with DNA from liver metastases of
a human colon carcinoma (6), nonmetastatic mouse fibrosarcoma cells
by transfection of genomic DNA from a highly metastatic mouse
melanoma cell line (7), and from malignant mammary epithelial cells
to a subdiploid benign epithelial cell line from a well-differentiated
skin tumor (3). Since the metastatic phenotype can be induced by
DNA transfection in all these various systems, this lends weight to the
idea that dominantly acting genetic elements are important in regu
lating metastatic behavior in addition to â€œmetastasissuppressersâ€•such
as the E-cadherin and nm23 genes (41, 42).

No novel metastasis-inducing gene has yet been identified by the
process of DNA transfection. But NIH 3T3 cells transfected with

DNA from malignant human tumors expressing the metastatic phe
notype contained activated H-ras or N-ras genes (8), and amplifica
tion of the H-ras oncogene was found in metastatic variants produced
by transfection of genomic DNA from a human squamous cell carci
noma (5). It is unlikely that an activated H-ras oncogene is respon
sible for expression of the metastatic phenotype in the present trans
fection experiments because when Rama 37 cells are transfected with
a plasmid construct containing an activated form of the ras oncogene,
EJ-ras-i, they fail to yield any metastases. However, one metastasis
inducing gene in our mammary transfection system is that for the rat
calcium-binding protein p9Ka (23, 43, 44). Using immunocytochem
istry techniques, we have now found that antiserum to p9Ka strongly
stains metastatic tumors produced by the Ca2neo-R37, MCFneo-R37,
and ZRneo-R37 cell lines but not tumors produced by the untrans
fected Rama 37 cells.5 It is possible, therefore, that a human sequence
homologue to the rat p9Ka gene is transferred in our experiments.
Since the induction of the metastatic phenotype in this system appears
to be associated with the acquisition of a specific set of human DNA
sequences, it is clearly of considerable interest and importance in the
future to isolate and identify such sequences.
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