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Breast cancer incidence highest in the range of one
species of house mouse, Mus domesticus

THM Stewart !, RD Sage?, AFR Stewart * and DW Cameron *

tUniversity of Ottawa at Ottawa Hospital, General Site, Ottawa, Ontario, K1H 8M5, Canada; 2Department of Biological Sciences, University of California, Santa
Barbara, CA 93106, USA; *Department of Medicine and Graduate Program in Biochemistry and Molecular Genetics, University of Pittsburgh, PA 15213, USA

Summary Incidence of human breast cancer (HBC) varies geographically, but to date no environmental factor has explained this variation.
Previously, we reported a 44% reduction in the incidence of breast cancer in women fully immunosuppressed following organ transplantation
(Stewart et al (1995) Lancet 346: 796—798). In mice infected with the mouse mammary tumour virus (MMTV), immunosuppression also
reduces the incidence of mammary tumours. DNA with 95% identity to MMTV is detected in 40% of human breast tumours (Wang et al (1995)
Cancer Res 55: 5173-5179). These findings led us to ask whether the incidence of HBC could be correlated with the natural ranges of
different species of wild mice. We found that the highest incidence of HBC worldwide occurs in lands where Mus domesticus is the resident
native or introduced species of house mouse. Given the similar responses of humans and mice to immunosuppression, the near identity
between human and mouse MTV DNA sequences, and the close association between HBC incidence and mouse ranges, we propose that
humans acquire MMTV from mice. This zoonotic theory for a mouse-viral cause of HBC allows testable predictions and has potential
importance in prevention. © 2000 Cancer Research Campaign
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Human breast cancer (HBC) incidence varies worldwide (Parkifragments from two human breast carcinomas contagringgag,
et al, 1997). People moving from areas of lower to higher HBGpol and LTR genes 94% homologous to MMTV, but only 90%
incidence show a gradually acquired increase in risk. For examplapmologous to each other (Liu et al, 1999). The presence of
the Japanese moving to the USA (Ziegler et al, 1993), Soviet JeddMTV in HBC has been confirmed in two independent studies
to Israel (Iscovich and Howe, 1998) and south Asians to the UKImai, 1996; Lushnikova et al, 1998). Similarity of the complete
(Winter et al, 1999) all experience increased incidences of breagenomes among different MMTV strains in mice is also about
cancer over a period of decades. Changes in the environment &8% (Nishio et al, 1994), arguing that human MTVs are acquired
universally agreed to account for the increased risk for breastom mice. These DNA findings lend credence to earlier reports of
cancer (Hunter et al, 1997). Genetic factors (inherited mutations iNMTV-like particles (Dmochowski et al, 1969) and antibody
BRCA1 and BRCA?2) account for about 5% of HBC (Szabo andesponses to MMTV proteins (Day et al, 1981) in breast tumours.
King, 1997). Diets high in fat and xeno-oestrogens have been Strong support for humans becoming infected with MMTV
proposed to increase HBC incidence, whereas phyto-oestrogenemes from a study of laboratory personnel working with MMTV-
may have a protective effect, although none of these hypothesedgected mice. They were found to develop a specific serologic
have shown a correlation to the migration effect (Hunter et altesponse to MMTV when compared to age- and gender-matched
1996, 1997; Holmes et al, 1999). Moreover, the circumpolar Inuitontrols, most strongly to gp55, a surface glycoprotein of MMTV
have a low breast cancer incidence, half that in Canada (Miller an@ion et al, 1986). This retrospective study was prompted by
Gaudette, 1996), but have a high saturated fat diet that is low ieports of immune reactivity to MMTV in exposed laboratory
phyto-oestrogens and is contaminated with high levels of xengsersonnel (Holder et al, 1976; Wiseman et al, 1980; Lopez et al,
oestrogens (Ayotte et al, 1997). Some other, unrecognized981). Most notably was the case of a woman working with
environmental factors with oncogenic potential must explain theIMTV-infected mice. Over a 28-month period she was seronega-
geographic differences in HBC incidence. tive by enzyme-linked immunosorbent assay (ELISA) and indirect
Mouse mammary tumour virus (MMTV) is an oncogenic B- immunofluorescence, but at the 32nd month she seroconverted.
type retrovirus that causes breast cancer in mice. MMTV enWine months later a small mass in her right breast was discovered,
gene-like sequences are found in 38—40% of HBC and are 95-988tagnosed 3 months later as an infiltrating ductal carcinoma (Poon
identical to MMTV over 660 bp of sequence, but not to otheret al, 1983). From these reports and their own study, Dion et al
known human endogenous retroviruses (Wang et al, 1995). The§E986) recommended more stringent guidelines for laboratory
authors have recently extended these findings by isolating 9.9 kibntainment of MMTYV, to prevent zoonotic transmission of the
virus. The question remains how the general population acquires
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(Boursot et al, 1993; Sage et al, 1993). The taxonomy for naminTable 1  Number of feral mouse colonies for M. musculus, M. castaneus

the evolutionary lineages of mice is contentious, some Ca”imand M. domesticus from different localities sorted by number of endogenous
. ’ R ‘MMTV copies and compared to inbred M. domesticus strains

them three subspeciesMf musculugBoursot et al, 1993), while

others treat them as three separate species, ndMnélymesticus, M. musculus M. castaneus M. domesticus M. domesticus
M. musculusandM. castaneu¢Sage et al, 1993). We use the full- (inbred)
species taxonomy because it emphasizes the distinctiveness ” 12 3 13 13
these different mice. The native ranges of the three species ¢, ..,

non-overlapping, and where they meet there are comparativecopy no.

narrow zones of hybridization (Sage et al, 1993). Broadly o 7 1 2 0
speakingM. musculuganges from central Europe east to Chinal-2 g i ‘71 12

and JapanM. castaneusoccurs from southern China to central 3-8

Iran, andVl. domesticu$ives from western Iran to western Europe. ] _ ]

M. domesticusnice also expanded their range to North and SOUtlEaCh feral mouse colopy was e;tabllshed from at least one pair of breeding

America. Australia. New Zealand and Hawaii via shios sailin founders caught at a given locality (Cohen and Varmus, 1979; Callahan et al,
' ' 1 ship 01982, 1986; Jouvin-Marche et al, 1992; Imai et al, 1994). Data for inbred

from western European ports. Inbred laboratory mice have mostsirains are from Kozak et al (1987). The modal number of endogenous

M. domesticusgenes (Callahan, 1996), although some inter-MMTV lociin feral M. musculusis 0, for M. castaneus is 1-2, and for M.

breeding withM. musculusmported from China and Japan has domesticus is 3-8. Feral M. domesticus mice are significantly more likely to
occurred (Blank et al 1986) have 3-8 endogenous loci than the other feral mice (P = 0.011 by Fisher’s

t test).
MMTV has been studied mostly in inbred strains of miceexaC e

(Traina-Dorge and Cohen, 1983). What little is known about
MMTV in wild mice suggests that it is common and exists in everhost range (Golovkina et al, 1994), we expect that mouse popula-
greater diversity than in inbred mice (Callahan et al, 1986). Thgons with more endogenous loci will have more kinds of infec-
virus occurs either as independent exogenous infectious particl§ous MMTV.
that cause mammary tumours or as a part of the rodent’s germline Since mouse species differ in their numbers of proviral loci and
genome (endogenous provirus). Exogenous virus was detectedperhaps in the frequency of exogenous infections, we asked
about 50% ofM. domesticusmice from Southern California whether HBC incidence differs in the lands of the three species of
(Rongey et al, 1973) and in 43% M musculusrom Moscow  mice.
(Pogossiantz, 1956). Data on the presence of exogenous virus in
M. castaneusnice are lacking.

Mouse species differ in the numbers of endogenous MMTVMATER““'s AND METHODS
proviral loci, with M. musculusand M. castaneushaving the  The distribution in the number of endogenous MMTV loci in feral
fewest andM. domesticushaving the mostR < 0.02, Table 1). mouse colonies was compared for all known published reports and
Laboratory colonies of feral mice have been established fromanked in two categories: 0 complete locus and 1-2 loci in one
different geographic locations. Descendants of these MWild category, and 3-8 loci in the other. The proportion of observations
musculusnice collected at six Asian (Callahan et al, 1982; Imai etin the different categories was compared to the distribution
al, 1994) and one Czech locality had no (0) complete locusxpected from random occurrence using Fisher’'s exact test and
(Callahan et al, 1982; Jouvin-Marche et al, 1992). At two Asiarwas considered significant at tRe< 0.05 level.
localities (Imai et al, 1994) and two Czech localities mice had 1-2 HBC incidence per 100 000 (world age-standardized incidence
loci, and at one Austrian locality mice had 2 loci (Jouvin-Marcherate by site), taken from Parkin et al (1997) was compared between
et al, 1992)M. castaneusnice from three Asian localities had 0 different countries grouped according to the natural range of their
locus (Taiwan), 1-2 loci (Indonesia) and 3 loci (Malaysia) respecresident species of house mouse (Boursot et al, 1993; Sage et al
tively (Imai et al, 1994). Most wildi. domesticusnice assayed 1993). Two geographic regions were considered: western and
have been from North America, where this species was introducezistern Europe, where a clear dichotomy in the native ranges of the
from Europe. Colonies were established from feral mice from sixifferent species of house mice exists, and the rest of the world,
Delaware—Maryland localities (Callahan et al, 1986), fourwhereM. domesticusias been introduced in many countries by
California localities (Cohen and Varmus, 1979), and two localitiesolonization from European sailing ships. Means of HBC inci-
in Morocco (Callahan et al, 1982). One North American and onglence were compared by independent samples T test using the
Moroccan colony had no complete endogenous locus, 1-2 lostatistical program SPSS and considered significant & ¢h@.05
were found in one Moroccan and three North American coloniedevel.
and seven North American colonies had 3-5 loci. The number of
endogenous loci ranges from 3 to 8 in the classical inbred StrairﬁESULTS
(Kozak et al, 1987). Wildl. domesticusnice from Europe have
apparently never been genotyped. However, the high numbers bf Europe there is an abrupt change in the distributiomof
loci in their North American descendants and in the classical lagomesticusand M. musculus with a well characterized narrow
strains suggests that Europ@dndomesticusvill also have higher  hybrid zone that runs through central Europe (Sage et al, 1993).
average numbers of proviral loci thih musculusnice. Since the  Figure 1A shows the western European distributioMoiomes-
exogenous infectious particles appear to evolve repeatedly frofitus the eastern European distribution Mf musculusand the
different endogenous viruses (Doolittle et al, 1989; Brandtharrow hybrid zone (Sage et al, 1993). Figures 1B and 1C show
Carlson et al, 1993), and because exogenous virus can recombiie¢ HBC incidence (Parkin et al, 1997) in land$/ofdomesticus
with endogenous virus to generate a novel variant with broadenegand M. musculus HBC incidence is 54% higher in western
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European lands d¥l. domesticushan eastern European lands of
M. musculus This difference is statistically highly significant
(P < 0.001, see Table 2). HBC incidence data published in 1969
for these same countries (Doll, 1969) show that the same relative
difference has been maintained over 30 years (data not shown).
Cancer incidence in Finland is higher than expected fdavl.an
musculudand (Table 2)M. musculusnice in Finland were shown
to have nuclear DNA of. musculusut mitochondrial DNA of
M. domesticugPrager et al, 1993), suggesting that MMTWbf
domesticuamice might also be in Finland, explaining the high
incidence in Finland.
In Table 3, HBC incidence (Parkin et al, 1997) in other lands
havingM. domesticugs compared to regions wheve domesticus
is not found. Here too the incidence rates stay higk 0.001),
even though the environments of these foreign lands vary enor-
mously in temperature, rainfall, and native biota. The potential
oncogenic factor for high HBC incidence common to most of the
world is the presence &f. domesticuand its MMTV. We would
emphasize that these strong correlations do not demonstrate cause,
but demand an explanation.

DISCUSSION

A frequently cited explanation for a high incidence of HBC is
standard of living. However, the relatively high standard of living
in Taiwan, Japan, Hong Kong and Singapore does not equate with
a high incidence of HBC, quite the contrary. The age standardized
rate (ASR) for Taiwan is 17 (Chie et al, 1995), Japan, 26; Hong
Kong, 34; and Singapore, 39 (Parkin et al, 1997). In contrast, we
show that a high incidence of HBC is found in the range of one
mouse species.

Many parallels in mouse and HBC oncogenesis and pathology
exist. First, in the mouse, MMTV itself does not carry a trans-
forming oncogene but acts as an insertional mutagen with several
proviral insertion loci (Nusse, 1991Wntl and Wnt3 are two
genes that cause mammary tumours in mice, when activated by
MMTV. In women, the related gen&gnt2 Wnt4andWnt7bare
associated with abnormal proliferation in human breast tissue

C Incidence (Huguet et al, 1994). The human homologue of maNs¢10h
shown to cooperate with FGF3 in the development of MMTV-
N. Ireland —>» induced mouse mammary carcinomas, is upregulated in human
Belgium ——>> breast carcinomas (Bui et al, 1997). These observations are
compatible with the effect of an insertional mutagen in women.
Netherlands———_ Second, breast cancer oncogenesis in the mouse is stimulated by
celand —3 T-cell immune reaction to the superantigen of MMTV (Wei et al,
Fral?;li—) 1993). _A direct effgc_:t of MMTV s_uperantigen is a p_rofound and
Eng|and\> unamblguous specific T-cell deletion, based predominantlyfpn V
Swizerland > expression. Human T-cells also respond to MMTV-encoded super-
S;;er:gﬂgj “<<—Finland antigen with \B restriction (Labrecque et al, 1993). Third,
T immunosuppression decreases the incidence of murine breast

cancers (Stewart and Heppner, 1997). Similarly, fully immuno-

(————Moldova i . . .
Portugal ———>» suppressed women (those receiving cyclosporin, azathioprine and

Mallorca———»
Spain ———_2
Sicily 4 « Czech Rep.
--tPoland,Romania . T )
Slovenia,Ukraine Figure 1(A) Western European distribution of M. domesticus (heavy
< Estonia stippling), the eastern European distribution of M. musculus (light stippling)
Latvia and the narrow hybrid zone (hatched) where both species are found (Sage
Belarus et al, 1993). The boundary of M. domesticus and M. musculus distribution is
X Lithuania poorly known in central Scandinavia (?). (B, C) HBC incidence per 100 000
annotated for each country. Incidence for N. Ireland, Belgium, Portugal,
M domesticus lands M musculus lands Moldova, Romania, Ukraine and Lithuania are from Doll (1969). All other

values are from Parkin et al (1997)
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Table 2 HBC incidence (Parkin et al, 1997) per 100 000 (world age-standardized incidence rate by site)
in western European lands of M. domesticus, lands intersected by the hybrid zone, and eastern
European lands of M. musculus

Lands of M. domesticus Lands of the hybrid zone Lands of M. musculus
Spain (9) 462 Croatia 37 Belarus 30
W. Germany (Saarland) 62 Yugoslavia 43 Latvia 34
Ireland 64 Slovenia 46 Estonia 36
England & Wales 69 E. Germany 48 Slovak Republic 39
Switzerland (8) 692 Norway 54 Poland (3) 402
Italy 72 Austria (Tyrol) 65 Czech Republic 45
France (8) 752 Sweden 73 Finland 65
Iceland 79 Denmark 73
Netherlands 80

64.5 + 13.61 53.6 +13.52 41.8 +10.06
Mean * s.d.

aValues are weight means of incidence at multiple localities within a given country (number of localities
indicated in parentheses). Difference between breast cancer incidence in lands of M. domesticus and M.
musculus, P < 0.001, by independent-samples t-test.

Table 3 HBC incidence (Parkin et al, 1997) per 100 000 (world age-standardized incidence rate by site) in lands where
M. domesticus is the resident native or introduced species of house mouse compared to lands inhabited by M.
musculus, M. castaneus and other mice

Lands of M. domesticus Lands inhabited by other mice
Algeria 10 South Korea 7
Ecuador 27 Thailand (2) 122
Costa Rica 29 Taiwan 17°
Peru (2) 312 Vietnam 18
Columbia 39 India (5) 212
Brazil (3) 443 China (2) 262
Puerto Rico 46 Japan (6) 262
Argentina 60 Circumpolar Inuit 34¢
Australia 67
Canada 7
New Zealand 77
Israel 7
USA (11) 792
Uruguay (Montevideo) 93
Hawaii 97

66.0 £ 27.14 21.7+8.12
Mean * s.d.

aValues are weight means of incidence at multiple localities within a given country (number of localities indicated in
parentheses). Difference between breast cancer incidence in lands of M. domesticus and other mice, P < 0.001, by
independent-samples t-test. "Data are from Chie et al (1995). °Data are from Miller and Gaudette (1996). There are no
mice of the genus Mus in the circumpolar Inuit environment (Forsyth, 1985).

steroids) show a 44% reduction in the incidence of breast cancéntimate commensal, since the beginnings of agricultural societies
but a significant increase in many other cancers (Stewart et ah the Near East (Auffray et al, 1988). The existence of regulatory
1995), supporting a parallel immune promotion of breast cancefood standards allowing up to two pellets of rodent excreta per pint
oncogenesis in humans and mice. These observations support airwheat (US pt = 551 cihconfirm the presence of mice in the
hypothesis, given the finding of MMTV DNA in 38-40% of HBC modern human food chain (Gecan et al, 1980).

(Wang et al, 1995). A number of ‘new’ human diseases associated with rodents
The possibility of a rodent-borne virus causing this majorhave recently been described (Mills and Childs, 1998). Many
human disease and accounting for almost half of its incidencsajor human diseases have shifted to us from our domesticated

should not be surprising nor unexpected. Almost 20 years aganimals. Antibodies to intracytoplasmic A-type particles of
Day et al (1981) drew this same conclusion from the geographi®MTV have been found in domesticated mammals (Zotter, 1983),
variation in immunological responses to antigens of MMTYV in thesuggesting cross-species infectivity of MMTV. MMTV has been
sera of patients with breast cancer. Precedence for the hypothest®own to replicate in cultured cells of rat, cat, dog, mink and
that retroviruses cause human cancers exists. For example, huntarman breast cancer (Lasfargues et al, 4971®76®, 1979;
T-cell leukaemia virus (HTLV-1) is associated with adult T-cell Ringold et al, 1977; Howard and Schlom, 1980). Breast-fed
leukaemia (Tajima and Cartier, 1995). There is evidence thahfants of mothers who subsequently develop breast cancer are
HTLV-1 was acquired by zoonotic infection from rats and micenot at higher risk of developing the disease (Titus-Ernstoff et al,
(Fukui et al, 1983)M. domesticudas lived with humans, as an 1998), suggesting that an oncogenic human virus is not vertically
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