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Metastasis is one of the most important and complex 5'-phosphate (NDP) kinase in metastatic tumors or cell lves
processes in human neoplastic disease. A large number of  non-metastatic samples (Stestcal.,1991).

both positive and negative events must occur to permit a Additional evidence for the genetic modulation of metastasis

tumor cell to colonize a distant site successfully. To identify . . : X ; '
mouse strains that harbor dominant genetic modifiers of this Was obtained by a series of transfection experiments into murine

process, a strain survey was initiated utilizing a transgenic ~ Cells (Tucket al., 1990). It was determined that a variety of
mouse mammary tumor model that exhibits a high incidence ~ activated proto-oncogenes, includingR#S v-mos,v-raf, A-RAF,
of pulmonary metastases. The transgenic animal was bred to  v-srcy-fes, v-fms and p53, can induce tumorigenicity and meta-
27 different inbred strains of mice and scored for the meta- static potential when transfected into NIH-3T3 cells. However,
static organ tropism and metastatic density. Thirteen strains  when the same oncogenes were transfected into cell lines derived
‘tl\@r%?ﬁgggecﬂ Lm?%%ar?a?yﬁmagts;ﬁ:!gssI?r?géiccﬂrt]ito;edl%cgtlggirlwrs] from different strains of mice, metastatic potential, but not tumori-

: L A5ES. - . enicity, was lost (Tuclet al., 1990). This suggests that certain
were identified that altered the kinetics of induction of the glleles%resent in sgme of the inbrezi strains o??nice, either alone or

rimary mammary tumor. These strains will likely provide . Lo . :
Bseful r¥1odel syste)r/ns for the analysis of genetic int)(/ar[.)';\ctions in combination, can function as a metastasis suppressor. At present,

in the initiation and progression of mammary adenocarcino- these loci have yet to be characterized.

mas. Int. J. Cancer 77:640-644, 1998. Although the mouse has been used as a model for a number of

© 1998 Wiley-Liss, Inc. individual steps in the metastatic cascade, a mouse model for the
entire process has not been developed. This is possibly a result of

The mouse has been increasingly utilized as a model for tHt¢ fact that spontaneous metastatic mouse tumors have long
analysis of complex genetic human phenotypes (Frankel, 1998{encies (Liebelet al.,1968), and the animals may succumb to the
The mouse models of human complex traits that have beP mary tumor or require sacrifice before the metastatic process can
successfully developed to date include ethanol addiction (Belknﬁﬁ completed. In addition, the poor penetrance of the metastatic
et al., 1993), diabetes (de Gouyeet al., 1993), susceptibility to Phenotype of spontaneous mouse tumors (Liebelal., 1968)
tumorigenesis (Ghost al., 1993), kidney disease (lakouboea Would significantly complicate the analysis. A number of trans-
al., 1995), neural tube defects (Neumagiral., 1994) and obesity 9€nic animals, however, have been found to metastasize exten-
(Wardenet al., 1995). The availability of high-resolution mouseSiVely, Possibly due to the accelerated nature of the disease (Anand
genetics and the large number of well-characterized inbred straffjd!» 1994; Guyet al., 1992; Nielsoret al., 1995; Wilkieet al.,
make the mouse a powerful system for studying multigenic 94; Yanget al., 1995). Since these animals develop metastatic

quantitative trait human disease phenotypes (Frankel, 1995). isease in a heritable and highly penetrant manner, they offer the

. . . . ntial ili h r of m neti identi n
A particularly important complex disease phenotype is that @ﬁte tial to utilize the power of mouse genetics to identify and

h S ! L racterize the modifier/suppressor loci known to be present in the
tumor dissemination, or metastasis. Metastasis is one of the mg.g PR P

; DTS use genome. One particularly interesting transgenic mouse is
important aspects of neoplastic disease and one of the most po MMTV-polyoma middle T (MMTV-PyMT) transgenic animal
understood (for review, see Liotta and Stetler-Stevenson, 199 ;

AN . A ich develops mammary tumors and extensive pulmonary metas-
Although significant progress has been made in the elucidationggag (Guyet al., 1992). The MMTV-PyMT transgenic mouse
the metastatic process, a comprehensive understanding has lops synchronously appearing multifocal tumors involving all
hampered by the complexity of the process and the intricaciesgk mammary glands. Females develop palpable tumors within 60
the tumor-host interaction (Liotta and Stetler-Stevens_on,_1993).dléys of birth, independent of pregnancy. Males also develop
has become apparent that development of metastatic disease {$;&mary tumors, although with a longer latency. In addition, more
multistep process that requires both positive and negative regudsan 90% of the animals develop pulmonary metastases by 100
tory events to complete the metastatic cascade. Positive eveji§s (Guyet al., 1992). The high penetrance and extensive
include the activation of oncogenes and growth factors apfetastatic potential of this animal make it an excellent model to
induction of proteases, cellular adhesion proteins, motility factoperform genetic screens for metastasis modifier/suppressor genes.

and angiogenesis. Negative, or loss of function, events Ir‘CIUdeTo develop a model system for identification and characteriza-

inactivation of tumor suppressor genes and growth inhibitgf,\ ¢ 4ominant metastasis modifier/suppressor genes, our labora-
processes, and the loss or inactivation of metastatic suppressors

(Liotta and Stetler-Stevenson, 1993; Weéthal.,1994).

Evidence for the genetic control or modulation of metastasis was——— ) - _ _
generated from  rumber of Sudles, utizing samatic e hybrid Srat seonscr, Amercen Ceier Socfy, Srent umber REAS
fusions between non-metastatic and metastatic tumor cells (Mi %nt number: DAMD17-7077; Grant sponsor: National Institutes of Y
et al., 1996; Ramshawvet al., 1983; Welchet al., 1994). The peaith: Grant number: CA06927; Grant sponsors: MRC of Canada;
resulting hybrids, while retaining their tumorigenic potential, wereBCRI; Commonwealth of Pennsylvania.
unable to metastasize. Subsequently, a prostate cancer metastatic
suppressor locus was localized on human chromosome 11 in the-————
regign 11p11.2 and was eventually shown to be KAI1, a leukocy *Correspondence to: Fox Chase Cancer Center, 7701 Burholme Avenue,

: ; S . Ig?ﬂladelphia, PA 19111. Fax: (215) 728-3574. E-mail: kh_hunter@fccc.edu
surface glycoprotein (Donget al., 1995). Analysis of murine
melanoma and human breast cancer cell lines have also revealed
the specific down-regulation of the gene NM23, a nucleosideReceived 30 January 1998; Revised 14 March 1998
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tory has performed a genetic survey of more than 25 inbred strains. RESULTS

Virgin female transgene-positive ; Fprogeny from (MMTV-  Preliminary characterization of metastatic variables
P%MT.X ml}ar?‘d) outcrosses werg gebnerated and aged forh thers determine the variables that influence the metastatic pheno-
induction of the primary tumor and subsequent metastasis. Thefi,e 5 preliminary characterization of the effect of length of tumor
progeny were subsequently scored for metastatic target organ @{ g\ ,re “and of approximate tumor burden, on the density of
density of pulmonary metastases. Thirteen inbred strains w Imonar’y metastases was performed ' Virgin  FVBIN-
identified that demonstrated a statistically significant reduction N(MMTVPyMT) females were generated aﬁd monitored for the
the density of pumonary metastases. Unexpectedly, 10 inbrgfoo ance of the primary tumor. At diagnosis of the primary
strains were also identified that demonstrated significantly differ or, each animal was weighed, and then aged for 2070 days
latencies in the development of the primary mammary tumorg; . ! '

A - . mals were then sacrificed, and total carcass weight was
Utilization of these inbred stains and the MMTV-PyMT transgenigasermined. A crude approximate of tumor burden was de?ermined

mouse in quantitative trait and standard genetic mapping exXpell; ¢ htracting weight at sacrifice from weight at diagnosis. No
ments will likely provide novel genes for analysis of the complexz . eyia was observed in the MMTVPYMT animals: therefore, the
process of mammary tumor formation and malignant progres&cghange of weight should be a result predominantly, although not
exclusively, of tumor tissue accumulation. Pulmonary metastatic
density was determined from each animal and plotted as a function

MATERIAL AND METHODS of either tumor period (defined as number of days between

Mice diagnosis and sacrifice) or tumor burden. In agreement with

The FVB/N-TgN(MMTVPYMT) transgenic mouse utilized wasPrevious studies (Liebekt al., 1968), no significant correlation
the 634 line developed in the laboratory of W. Muller. I/LnJ, C58/JVith tumor period and pulmonary metastatic density was observed
ST/J, KK/HiJ, BUB/BnJ, NOD/LtJ, MOLF/Ei, SWR/J, AKR/J, (data not shown). In contrast to previous reports (Liekelal.,
CBA/CaJ, NZW/LacJ, DBA/1J, DBA/2J, 129/J, P/J, SEA/GnJ1968), a weak correlation was observed=(0.49), however,
A/J, LP/J, CE/J, RF/J, C57BL/10J, NZB/B1NJ, FVB/NJ andpetween approximate tumor mass and pulmonary metastatic den-
C57BR/J mice were purchased from the Jackson Laboratory (B4 (Fig. 1).
Harbor, ME). CAST/Ei was a kind gift from Dr. M. Brilliant, Fox train survey
Chase Cancer Center (Philadelphia, PA). C57BL/6JNIcr, BALB? ) Lo . . .
cAnNlcr and C3H/HeNicr mice were purchased from the Labora- 1© identify inbred mouse strains that harbor dominant genetic
tory Animal Facility of the Fox Chase Cancer Center. Tail biopsi odifiers of mammary gland carcinogenesis and progression, the
were taken from weanlings to screen for germline transmission Y TVPYMT animal was bred to 27 different inbred strains of
the transgene. The MMTVPyMT was detected by PCR amplific221Ce- The inbred strains from different branches of the mouse
tion with the following primers: 5AAC GGC GGA GCG AGG phylogenetic tree and ferally derived strains were selected to

AAC TG-3': 5'-ATC GGG CTC AGC AAC ACAAG-3 maximize the probability of detecting strain-specific variations.
’ ' Transgene-positive femalgg-from each cross were monitored for

. the appearance of the primary tumor and then aged approximately

Strain survey 40 days to permit metastatic progression. The approximate tumor
FVB/N-TgN(MMTVPyMT) males were bred to females fromburden was calculated as described above. Three phenotypes were

each of the inbred strains. Female transgensovifere screened by scored for each animal: tumor latency, metastatic target organ and
palpation 3 times a week for the presence of the primary mammatgnsity of metastases. No strain-specific variation in metastatic
tumor. The location of the tumor and the weight of the animal wergrgan was observed. Significant variation was observed in the
recorded. The animals were examined for an additional week Ittiency of the primary tumors (Table I) for a number of strains. Two
confirm diagnosis and then aged for 40 days post-diagnosisstvains, I/LnJ and C58/J, demonstrated statistically significant
permit development of metastases. After 40 days, the animals watgeleration (20.6 and 17.8 days earlier, respectiyehy; 10-15
sacrificed by carbon dioxide inhalation; total carcass weight wasd 1010, respectively) of the primary tumor compared with the
determined, autopsies performed, and the lungs harvested FMB/N-TgN(MMTVPyMT) animal. Seven additional strains dem-

histological examination. onstrated statistically significant delays=e7? days, compared with
FVBI/N, in the appearance of the primary tumor (C57BL/6JNIcr,
Histological analysis NOD/LtJ, SWR/J, AKR/J, BUB/BNnJ, ST/J, KK/HiJ and MOLF/Ei;

_ —6
Tissues were fixed in 10% paraformaldehyde, embedded Rn- _0'01 _10 ): o -

paraffin, serial sectioned and hemotoxylin-eosin stained. For theHistological examination of the lungs was performed utilizing a
determination of pulmonary metastatic density, 3 coronal nok€ic@ QS00MC Image Analysis System to quantitate the number of
adjacent sections of both lungs, each separated by 100 pm, wafiastases in each sample. The results were normalized to the
prepared from each animal. The slides were examined with a LeR&0unt of lung tissue scored to reduce errors due to variations in
M420 Macroviewer with an Apozoom lens under>d@nagnifica- sample sizes on each slide. Since a weak correlation between the
tion with the objective 10 cm above the stage. Three fields wefgmber of metastases and the amount of primary tumor tissue was
scored for each slide, for a total of 9 fields per animal. PulmonafiPserved (Fig. 1), the density of metastases (defined as the number
metastatic density was determined utilizing a Leica Q500M@ Mmetastases per unit area of lung) was normalized to the
Image Analysis System. All slides were read blind, and analysiProximate tumor burden. The resulting data, termed the meta-

was performed by a single operator to minimize operator bias. TREC index, was averaged for each inbred strain combination and
mach()) used is av)z;ilablegupor? request. P compared with the FVB-TgN(MMTVPyMT) by Studentigest to

determine statistical significance (Table Il). Thirteen inbred strains
. demonstrated statistically significant reduction of the density of
Northern blot analysis pulmonary metastases compared with the FVB-TgN(MMTVPyMT)
RNA was isolated from primary tumor tissue using RNAeaspgarent strain, with reductions ranging from 2- to 25-fold. Only one
Maxi Kit (Qiagen, Santa Clara, CA), following the manufacturer'strain, AKR/J, demonstrated a consistent, although not statistically
protocol; 15 ug of total cellular RNA per sample were fractionategignificant, increase in the density of pulmonary metastases, of
on 1% formaldehyde gels, stained with EtBr, and transferred &pproximately 3-fold.
Hybond-N" (Amersham, Arlington Heights, IL) by capillary ) .
transfer. Probes were labeled with the Prime-It kit (Stratagene, £@alysis of transgene expression
Jolla, CA) and hybridized in Church’s solution, as described by To determine whether the change in latency of the primary tumor
Church and Gilbert (1984). or the change in pulmonary metastatic density could be correlated
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Ficure 1 — Effect of approximate tumor mass, as measured by change in weight, on metastatic index. FVB/N transgenic females were aged for
various periods after diagnosis of the primary tumor and sacrificed; approximate tumor burden and pulmonary metastatic densities were then

determined. The data were entered into the program Cricket Graph v. 1.3.2 and analyzed as a scatterplot, and a best fit line was calculated.

with level of transgene expression, Northern blots were performestcurring to explain the wide variance observed in metastatic
Total cellular RNA from representative primary tumors fromability. Since tumor period did not significantly influence the
animals were fractionated on formaldehyde gels and hybridizeldnsity of metastases observed, 40 days after diagnosis of the
with PyMT and B-actin probes. No correlation of increasecprimary tumor was selected for the experimental endpoint.

transgene expression with decreased latency or reduction Ofrpe second variable that might influence the measured meta-
metastatic index was observed (Fig. 2). In fact, a slight decrease;jiic ability was the approximate total tumor mass. A previous

transgene expression was observed in the I/LnJ and C58/J¢kqy had not demonstrated a correlation with the number of
tumors analyzed, suggesting that the decreased latency was d%i?astases and the amount of spontaneously arising primary
additional modifier genes, rather than a direct effect of transgepe

expression. ors (Liebeltet al., 1968). We performed preliminary experi-

ments to determine whether there might be a correlation in this
transgenic model. In contrast to the previous study, a weak
DISCUSSION correlation was observed. A possible explanation of the correlation

Our study was designed to identify dominant genetic modifidfould be that the greater the potential target tissue, the greater the
alleles that modulate the ability of tumors to metastasize. SevePspbability Of_ successful!y completing the multiple steps requ|red
variables that might influence the metastatic phenotype, includiff Metastatic progression. Therefore, all the determination of
length of tumor exposure and approximate tumor mass, weRetastatic density index was normalized to approximate tumor
analyzed in FVB/N-TgN(MMTVPyMT) animals to determine themass to account for this weak correlation. The tumor mass utilized
appropriate endpoint and analytical methods. As expected, Hothis study is only an approximation. Due to the number of
significant correlation was observed between the length of ting@imals involved in our study, it was not feasible to dissect all the
exposed to the tumor (defined as number of days between diagndigigor tissue from each of the more than 400 animals studied. Since
of primary tumor and sacrifice) and the density of pulmonar§achexia was not observed in the FVB/N parent or any of the
metastases. This suggests that although the expression of abteross progeny, we believe that the change in weight of the
MMTVPyMT transgene is likely sufficient to induce the primaryanimals between primary diagnosis and sacrifice is predominantly
tumor, transgene expression does not provide all the additiokie to tumor tissue, with 2 notable exceptions. These are the F
signals or events required for metastatic progression. Since pibgeny of the cross to I/LnJ and C58/J. I/LnJ and C58/J develop
these animals are presumably expressing the transgene vpittmary tumors prior to achieving adult size, and therefore the
identical temporal kinetics, random secondary events must tmor burden as measured reflects both tumor tissue and normal



TABLE | — EFFECT OF MATERNAL GENOTYPE ON PRIMARY TUMOR LATENCY
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Average Median age Change in pvalue

Maternal gen laten laten

atemal genotype  latency days) ey ySPve
I/LnJ 37.32 6.84 36 —20.60 2.17E-16
C58/J 40.11 6.82 39 —17.81 3.66E11
LP/J 51.25 17.29 50 —6.67 0.45
129/3 53.58 1243 515 —4.34 0.20
AlJ 53.83 1240 52 —4.09 0.39
BALB/cAnNIcr 56.44  9.96 58 —1.49 0.43
C3H/HeNilcr 57.80 13.10 58 -0.12 0.80
FVB/N 57.92 993 57 0.00 1.00
DBA/2J 59.44 12.03 59 151 0.84
NZB/B1NJ 59.64 7.86 61 1.72 0.68
C57BR/cdJ 59.88 11.42 625 1.95 0.73
C57BL/10J 60.31 1154 59 2.38 0.66
CEN 60.45 7.05 61 2.53 0.51
RF/J 61.20 8.23 64 3.28 0.56
SEA/GnJ 61.25 9.09 615 3.33 0.29
P/J 61.47 7.28 62 3.55 0.22
DBA/1J 64.00 11.59 62 6.08 0.19
NZW/LacJ 64.00 1151 68 6.08 0.18
C57BL/6JINIcr  64.44 10.54 66 6.51 0.01
CASTI/Ei 65.17 9.56 66 7.24 0.17
NOD/LtJ 66.65 9.53 69 8.73 3.95H3
CBA/Cal 66.67 13.08 68.5 8.74 0.07
SWR/J 66.74 14.46 67 8.82 9.71B3
AKR/J 68.54 11.74 67 10.62 0.01
BUB/BNnJ 69.64 7.64 685 11.72 1.64B4
ST/ 7400 8.79 77 16.08 2.69B6
KK/HiJ 76.00 12.25 76 18.08 7.28805
MOLF/Ei 80.63 16.78 83.5 22.70 7.3883

TABLE Il — EFFECT OF MATERNAL GENOTYPE ON PULMONARY
METASTATIC DENSITY

Metastatic

vatemalgenoype MEGIAE s o, X puelue
FVBIN
FVB/N 3.58E-08 4.60E-08 45 1.00 1.00E£00
RF/J 8.63E-10 1.93E-09 5 0.02 ND
C58/J 1.38E09 2.19E-09 17 0.04 9.43E06
C57BR/cdJ 2.35E09 4.16E-09 16 0.07 1.52E04
NZB/B1NJ 2.68E-09 3.82E-09 23 0.07 1.82E05
1/LnJ 2.94E-09 6.15E-09 18 0.08 2.37E05
DBA/2J 4.30E-09 6.64E-09 14 0.12 5.02E05
KK/HiJ 6.09E-09 6.71E-09 13 0.17 1.19E04
MOLF/Ei 7.086-09 8.61E-09 5 0.20 ND
SEA/GnJ 8.39E09 1.12E-08 23 0.23 2.82E04
NZWi/LacJ 1.24E-08 2.01E-08 10 0.35 0.02
CE/ 1.27E08 1.42E-08 11 0.35 6.17E03
ST/ 1.37E-08 2.01E-08 11 0.38 3.47E04
C57BL/6JNIcr 1.47E08 3.28E-08 34 0.41 0.02
P/J 1.58E-08 1.14E-08 15 0.44 9.64E03
DBA/1J 1.66E-08 4.09E-08 10 0.46 0.21
NOD/LtJ 1.68E-08 1.40E-08 19 0.47 0.02
Ald 2.00E-08 2.16E-08 6 0.56 0.18
C3H/HeNilcr 2.02E-08 2.48E-08 20 0.56 0.08
SWR/J 2.46E-08 3.93E-08 21 0.69 0.30
CBA/Cal 2.94E-08 2.36E-08 12 0.82 0.51
BUB/BnJ 4.35E-08 3.39E-08 14 1.22 0.50
129/J 4.47E08 3.21E-08 12 1.25 0.13
BALB/cAnNlcr 4.51E-08 2.72E-08 18 1.26 0.33
C57BL/10J 6.71E08 8.58E-08 13 1.87 0.23
CAST/Ei 6.75E-08 9.61E-08 5 1.89 0.51
AKR/J 1.09E-07 1.12E-07 13 3.04 0.07
LP/J 0.00E-00 0.00E+00 3 ND

IMetastatic index, number of metastases/lung ared)fumor burden.

12 3 4 5 6 7 8 9 10
R TR e
. W -

Ficure 2 — Northern blot analysis of representative primary tumor
samples. Lane 1: SEA/GnJ; lane 2: C57BL/6JNIcr; lane 3: NZB/B1NJ;
lane 4: DBA/2J; lane 5: C57BR/J; lane 6: I/LnJ; lane 7: C58/J; lane 8:
ST/J; lane 9: MOLF/EI; lane 10: FVB/N. The DBA/2J and MOLF/Ei
samples are degraded.

Thirteen different inbred strains were identified that had a
statistically significant reduction in the metastatic index. The
strains derive from many different branches of the mouse phyloge-
netic tree, suggesting the existence of multiple modifier genes.
Additional evidence for the presence of multiple metastasis modi-
fier genes or alleles can be inferred from the variance of the
phenotype, ranging from between 2.5- to 25-fold reduction in
average metastatic index compared with FVB/N. The broad range
in reduction of metastatic index is most likely explained by
multiple genes that were segregated into the various strains during
the genesis of inbred mice. One strain, AKR/J, demonstrated a
consistent approx. 3-fold increase in the metastatic index. This
result is not statistically significant with the number of animals
analyzed to date, but it is trending toward statistical significance.
The AKR/J outcross is currently being repeated to generate enough
animals to determine whether this result is significant. If signifi-
cant, this inbred strain would be very useful for the discovery and
analysis of dominant metastatic enhancers. Three additional strains,
LP/J, RF/J and MOLF/EI, also demonstrated a tendency toward a
statistically significant reduction of metastases. However, since the
number of animals scored was smallyalues were not calculated.
Outcrosses with the MOLF/Ei are being continued to evaluate the
significance of the result. The LP/J and RF/J lines have been
discontinued due to breeding difficulties.

Unexpectedly, in addition to dominant effects on the metastatic
index, variations in the age of onset were also observed for a
number of strains. The ;Fprogeny of 2 outcrosses (I/LnJ and
C58/J) had significantly shorter latency periods than the FVB/N
parent. Eight additional strains had an increased latency, of
approximately a week or greater. The most likely explanation for
this variation would be alterations in the transgene expression, as
was observed comparing other transgenic lines (&wal., 1992).
Northern blot analysis of the tumors from thegfogeny analyzed
so far, however, does not demonstrate significant differences in
levels of expression. Another possibility would be that the different
genetic backgrounds are affecting the temporal expression of the
transgeneln situ hybridization and immunohistochemical strate-
gies are currently being developed in our laboratory to address this
question.

The metastasis modifier genes detected in our study are likely to
be generally applicable, not specific to the PyMT transgene model.
In contrast to what has previously been proposed, our data suggest
that expression of the PyMT transgene does not provide all the
signals required for metastatic progression (Ritl@hal., 1997).

The wide variance in metastatic phenotype between genetically
identical animals and the correlation of tumor mass with metastatic
density suggest that additional events must occur to permit
successful tumor dissemination. These events are likely to be

growth. Complete dissection of the tumors from a number of thespecific to the multiple events required to implement the metastatic
animals demonstrates that the metastatic index would only pathways successfully, rather than the tumor induction mechanism
altered by 2-fold, still resulting in a highly significant reduction irand are therefore more likely to represent truly genetic interactions
the density of pulmonary metastases.

in human neoplastic disease. Ultimately, however, similar types of
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