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Genes Involved in Breast Cancer Progression

Analysis of Global Changes in Gene Expression or Retroviral

Tagging?
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The simple observation that breast cancer develops later
in life has long suggested that more than one genetic
event is involved in its development. The genetic simplic-
ity of childhood tumors provides an interesting contrast.
Loss of a single oncogene such as the retinoblastoma
gene product (pRb) is sufficient to cause childhood eye
tumors. In contrast, although pRb loss is a frequent con-
tributor in sporadic breast cancer, pRb loss is apparently
insufficient to completely induce breast cancer.’ These
simple observations have long been the basis for the idea
that more than one cancer gene is involved in the final
tumor’s development. By inference, this idea implies that
a preneoplastic stage of cancer will lack those genes that
drive the final step in cancer development.

The field of molecular oncology is now graduating from
an era of gene discovery into an era in which we will seek
to determine how cancer genes interact. Several new
methodologies promise to help identify interacting
events. Array-based approaches show promise, but lack
the power to simultaneously demonstrate the genetic
function of the proposed interactions. Proviral tagging
initiated the discovery of oncogenes so it should not be
surprising that it may have the potential to contribute to
the next analyses of breast cancer by simultaneously
identifying interactors and providing genetic evidence
that they interact.

Histological evidence suggests that several preneo-
plastic states exist that precede invasive breast tumors.?
Such lesions provide additional support to the idea that
more than one event contributes to the final cancers.
These histological lesions include atypical ductular hy-
perplasia, atypical lobular hyperplasia, ductal carcinoma
in situ (DCIS), and lobular carcinoma in situ. These lesions
are thought to fall on a histological continuum between
the terminal duct lobular units from which breast cancers

arise, and the final invasive breast cancer. They are
thought to be preneoplastic lesions because they are
less common in specimens from patients not suffering
from breast cancer, and their presence identifies a higher
risk for subsequent development of breast cancer. An
alternative view might hold that these lesions simply rep-
resent surrogate markers that reflect cancer predisposi-
tion within a breast. In this alternative view, the lesions
themselves are not on a direct continuum between nor-
mal and invasive cells.

A direct test of the relationship between preneoplastic
lesions and the ultimate tumor awaits the development of
experimental systems that can be genetically manipu-
lated to induce a transition from a preneoplastic state into
a neoplastic state by addition or subtraction of genetic
information. Several models could be considered to ex-
plain the genetic differences between preneoplasia and
neoplasia (Figure 1). Although stochastic addition of ad-
ditional genetic events remains the dominant model in
cancer biology, other situations may be found as exper-
imental paradigms change. Clinically, identification of
mechanisms by which preneoplastic lesions transform to
invasive tumors holds the promise that we might treat
lesions in a gene-specific manner to prevent develop-
ment of the invasive phenotype at a point before the
tumor has acquired its final genetic diversity and invasive
qualities. Such a possibility is approaching reality con-
sidering the success trials of tamoxifen in patients with a
high risk to develop breast cancer.®

Recent technological developments have rejuvenated
the effort to clarify the relationship between preneoplasia
and cancer. These experiments are based on the as-
sumption that genes associated with the change from
normal to preneoplasia will be found again in the neo-
plastic tissue, if the lesions are genetically related. The
combinations of laser capture microdissection, compar-
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Figure 1.Model for genetic events that accompany the transition from
precursor to invasive tumor. The genetic interrelationships between genes
associated with progression to both preneoplasia and neoplasia are depicted
(a, b, ). Several models can be contemplated including the current paradigm
that stepwise stochastic events govern neoplastic progression.

ative genomic hybridization, and array analyses have
started to reveal these genetic connections. Hints that a
field of genetic loss might give rise to preneoplasia came
from an analysis demonstrating loss of heterozygosity in
normal tissue adjacent to breast carcinomas.” In a later
study, simple microdissection was used to look at loss of
heterozygosity at 15 loci in 399 precursor lesions. This
study revealed synchronous changes in 45% of atypical
ductular hyperplasia, 77% of noncomedo DCIS, and 80%
of comedo DCIS.® The identification of synchronous
changes would suggest that gene a in the stochastic
model (Figure 1) indeed exists and persists through to
the final tumor. Laser capture microdissection was also
used to isolate precursor lesions in a subsequent study to
evaluate genomic instability in precursor lesions.® This
study confirmed the existence of progressive chromo-
somal instability during tumor progression. However, loss
of heterozygosity at some markers was observed only in
the component of DCIS but not in the invasive component
of the same tumors. Such a finding also adds the caveat
that putative preneoplastic lesions might actually repre-
sent arrested tumor development in which the first hit is
accompanied by a second hit that stops the tumor along
the pathway to cancer, a possibility rarely considered in
these analyses (the arrested preneoplasia model in Fig-
ure 1). In this model, not all genetic changes in a pre-
neoplastic cell are necessarily causing the preneoplasia.

Comparative genomic hybridization has been similarly
applied to the analysis of precursor lesions. However, the
genetic interrelationships became significantly more
complex when additional attention was paid to the stage
of differentiation of the precursor lesions and the accom-
panying tumors.”® These studies suggested the exis-
tence of quite separable first events that were then ac-
companied by a shared event in the transition to cancer

(Figure 1, differentiation/invasion model). In such a model
the shared event is not the first event. This possibility
should be kept in mind when considering the stochastic
model of cancer. The comparative genomic hybridization
studies specifically revealed conserved chromosomal
loss from precursor to invasive lesion, but only if tumors of
similar differentiation status were compared. For exam-
ple, well-differentiated DCIS shared genetic changes
with tubular and tubulo-lobular carcinoma, whereas
poorly differentiated DCIS shared changes with grade 3
ductal invasive carcinoma. Loss of 16g and a low aver-
age number of aberrations per case were seen in highly
differentiated invasive breast cancers and their precur-
sors. These losses of 16 were not seen in high-grade
lesions or their precursors. This more complex data set
suggests that the genetic lesions that drive the first step
to preneoplasia might also drive the state of differentia-
tion of the tumor and that the acquisition of an invasive
phenotype might be caused by genes shared across the
pathways leading to either poorly differentiated or highly
differentiated phenotypes.

The plethora of recent studies describing array analy-
ses of breast tumors suggests the potential power of
transcriptome analysis.®~'! These studies have confined
their analyses to bulk tumors in which factors including
tissue invasion by inflammatory cells often creeps into the
analysis. Given the microscopic size of breast cancer
precursor lesions, a true analysis of the transcriptome
changes accompanying breast cancer progression
awaits the application of microarrays to laser capture-
microdissected lesions. A first proof of the potential
power of this tool was recently published and further
applications to larger numbers of matched normal, pre-
neoplastic, and neoplastic samples from the same pa-
tient can be anticipated.'®

With human samples, the investigator is caught by the
problem that ‘there are lies, damn lies, and then there are
statistics.” What about animal models? The transgenic
model that received the first patent for genetically engi-
neered mice that develop cancer also provided an initial
demonstration of the complexity of breast cancer in
mice.'® Despite the provision of a single oncogene, the
myc oncogene, in every cell in the developing mammary
gland, the target tissue initially remained normal and the
mice stochastically developed mammary adenocarcino-
mas as they aged. Classically, this was explained as
owing to the need for a second collaborating event to
complement the transgenic myc gene, or perhaps a third
when myc mice and ras mice were first bred.'* Retroviral
tagging had originally revealed the world of oncogenes to
us, so it did not take long to use the mouse mammary
tumor virus (MMTV) to infect transgenic mice that had
already been seeded with the first hit. The goal was to
determine whether another random hit by insertion mu-
tagenesis could tell us about the nature of interacting
genes in a model in which hyperplasia took quite some
time to evolve to neoplasia.’®'® Int-1 and int-2 were
thereby connected as collaborating events.

The technique of retroviral tagging has generally been
more advanced in mouse models of leukemia, perhaps
because the genes identified by MMTV mutagenesis



have been less clearly linked to breast cancer and be-
cause MMTV-induced tumors differ histologically from
human tumors.' Three recent studies have again as-
serted the power of retroviral tagging, in the leukemia
world at least, in an era in which the mouse genome
sequence is now available.'™®-2° The most sophisticated
study used mice that expressed a myc transgene, but
had the usual genetic target of Moloney virus insertions,
pim-1, knocked out. These mice were infected by Ma-
loney virus to try to activate those genes that could
substitute for Pim-1 and collaborate with c-myc.'® The
insertion sites were then directly sequenced by a splink-
erette-based polymerase chain reaction system. The key
to the power of this study was the availability of the mouse
genomic sequence. The sequences tagged by the retro-
viral insertions immediately revealed the site of insertion
and a list of 52 candidate genes that could substitute for
pim-1 collaboration in myc-induced lymphomas emerged.
The list is not unlike many such lists. It contains enough
known oncogenes to suggest that the unknown genes are
worth further characterization.

Two additional studies confirmed the power of this
approach. The second study simply applied the new
sophisticated tools of inverse polymerase chain reaction,
coupled with a comparison to the Celera genome se-
quence, to identify insertion sites in B cell tumors arising
in AKXD and NFS.V mice.?° The 149 targeted genes fell
into the ras, Notch, Jak/Stat, and nuclear factor-kb path-
ways. The third study started with mice null in the Cdkn2
locus that lacked both p16™<4a and p192™ and again
infected them with Maloney murine leukemia virus. This
approach again improved the genetic power of the anal-
ysis by starting with the deletion of an entire locus in-
volved in both p53 and cyclin D/Cdk4-dependent signal-
ing to ask what events might fall in collaborating
pathways. Some old standby insertion sites were found
again including myc, pim-1, and bmi-1. Insertion into ras
and MAP kinase pathway members constituted the bulk
of the remainder. At this point, we do not know to what
extent the pathways activated by these retroviral inser-
tions are indeed specific to the proposed collaborations
and how much of their spectrum is because of any spec-
ificities of the retroviruses used. However, the accumu-
lated list of oncogenes is likely to keep investigators busy
for some time.

MMTV led the way into the world of oncogenes, but it
has always been less tractable than the murine leukemia
viruses. The cloning of an infectious MMTV that could be
engineered in vivo provided a critical first step in using
MMTV in mutagenesis.?’ Dr. Greg Shackleford and col-
leagues,'® then working in the laboratory of Dr. Harold
Varmus, used the MMTV infectious clone to infect Wnt-1
transgenic mice to demonstrate the expected collabora-
tion with int-2/fgf-3 and hst-1. Further work on the novel
insertion sites identified by insertional mutagenesis of the
Wnt-1 transgenics revealed a new fgf, fgf-8.222% The
identification of the sequences in which the retrovirus has
inserted provided the main difficulty in all of these stud-
ies. To circumvent this problem, Dr. Shackleford’s labo-
ratory®* therefore developed a retrovirus containing a
bacterial supF to allow direct selection of insertional tar-
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gets once they were cloned from tumor DNA. This virus is
equipotent in tumor induction and indeed provided a
significant advantage in isolating insertion sequences by
this rapid cloning technique before the mouse genomic
sequence became available. My laboratory’s experience
with this technique should, however, send a warning
signal to those embarking on this kind of study. We
originally showed that cyclin D1 is probably the signifi-
cant breast cancer gene located at 11913.2° We infected
MMTV-cyclin D1 mice with the supF-containing MMTV in
hopes of identifying those genes that would interact with
cyclin D1 in tumorigenesis. The MMTV-cyclin D1 mice
have some significant advantages as a model to study
neoplastic progression because they exhibit a prolonged
hyperplastic state for several months before tumor devel-
opment. However, cyclin D1 is also a key molecule that
appears to be downstream of the function of a large
number of genes including erbB2, and ras.?® Infection
of MMTV-cyclin D1 mice by the Shackleford MMTV pro-
duced no acceleration of tumorigenesis.?” Although
this might result from an inefficient infection of the mice,
the presence of multiple new exogenous proviruses in
the majority of tumors argued against it. More likely, this
result reflects the intimate involvement of cyclin D1 in the
pathways of most or all of the targets for MMTV insertion
mutations including both Wnts and Fgfs.?%2°

In this issue of The American Journal of Pathology, Chat-
terjee and colleagues®® have now applied insertion mu-
tagenesis to identify genes collaborating with p53 in mu-
rine mammary adenocarcinomas. This work, from the
laboratory of Dr. Archibald Perkins, started with their
earlier demonstration that a dominant oncogenic version
of p53 could collaborate with erbB2 in mammary tumor-
igenesis.®" In that initial publication they experienced the
same frustration as my own laboratory in that MMTV-
erbB2 did not collaborate with MMTV infection. Because
erbB2 is upstream of cyclin D1, the similarity to our failure
to demonstrate MMTV interactions with cyclin D1 may be
for similar reasons. By this reasoning, erbB2 may also
similarly function to regulate most of the genetic path-
ways that are targeted by MMTV, all of which function to
regulate the cyclin D1/Cdk4/pRb pathway. In this “silk
purse out of a sow’s ear” interpretation of two negative
results, the erbB2 > ras > MAP kinase pathway provides
the same kind of oncogenic signal as Wnt-1 and the Fgf
family that are usually targeted by MMTV insertions so
MMTV infection adds nothing to the genetic abnormalities
already present in the tumors. Moreover, it would suggest
that p53 activation might be the second event needed for
tumorigenesis by all of them. The logical next step was
therefore to infect the MMTV-p53'72™ mice with MMTV.

Perseverance in the face of unanticipated difficulty
provides an additional satisfying element of the current
study. Rather than using the infectious clone of MMTV,
these authors simply crossed their mice to C3H/He,
which will result in infection of the progeny by the milk-
borne MMTV of the C3H/He mice. This approach imme-
diately complicated matters because of strain differences
in the mice. The results of the initial breeding revealed an
F1 shortening of tumor latency compared with the paren-
tal FVB-based p53 result. However, tumor latency was
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not different between the infected transgenics and the
infected nontransgenics, a huge problem if one wants to
identify collaborating oncogenes. The authors chose to
forge ahead based on the consideration that a hidden
suppressive effect of the FVB strain itself might be con-
founding their results. Indeed, one generation later the
p53-expressing infected mice developed tumors more
rapidly than the MMTV-infected strain alone. The exis-
tence of a mammary adenocarcinoma-suppressive effect
in the FVB strain of mice is an important result in its own
right, because this is the standard strain for most trans-
genic experiments. Nevertheless, the important result lies
in the p53-interactors revealed by the MMTV insertions.

The infection scheme used by Chatterjee and col-
leagues® should identify genes that can complement
p53 function. By their earlier failure to accelerate MMTV-
erbB2 with MMTV infection, some of the insertions in the
p53 strain should therefore still be the usual MMTV inser-
tion sites. Satisfyingly, Wnt-1, Wnt3, Wnt10b, Fgf4, and
Fgf8 indeed reappeared in this study. More satisfyingly, a
new set of insertion sites appeared. A Blast search of the
public databases gave them an intriguing list of their own.
Their insertion sites included CD44, a novel member of
the cadherin family, a number of new transcription fac-
tors, as well as members of both the Notch and nuclear
factor-kb signaling pathways. They discuss the implica-
tions of these genes in their own article.

Where will these studies go next? Although retroviral
insertions provide an immediate test of function implied
by their acceleration of tumorigenesis, their relevance to
human cancer remains an open question. The Annapolis
meeting of mouse and human pathologists'” recently
concluded that features of mammary adenocarcinomas
caused by MMTV-driven transgenes expressing the ac-
tual human genes involved in breast cancer were histo-
logically close to the human diseases they sought to
model. However, fundamental differences exist. For ex-
ample, mice seem particularly susceptible to loss of the
alternative reading frame of the Cdkn2 locus that en-
codes p19°FF in mice and p142FF in humans.®2 Human
tumors far more frequently exhibit abnormalities of the
p 164 transcript in that same locus.®® This may well
represent a fundamental difference in the oncogenic wir-
ing in the two species. Thus, as we move forward to
identify the genetic interactions that govern the second or
third steps in breast tumor progression, a method that
continuously checks for conservation between mouse
and human, but that uses the genetic power of the
mouse, may help us to sharpen our focus on members of
the long lists of potential oncogenic events emerging
from both array analyses and insertional mutagenesis
studies. The prize should be to identify those events that
are significant in the human disease.
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