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STATEMENT OF THE PROBLEM STUDIED

The general aim of this project has been to obtain a better and ultimately more clinically
useful understanding of the genetic mechanisms underlying development of the normal
breast and of the initiation, progression, and spread of breast cancer. The reasoning behind
this question is as follows. The breast is a target organ for a variety of hormones. These,
together with growth/differentiation factors, regulate the activities of the mammary cell.
Unfortunately, this does not take us very far in understanding the biology of this interesting
organ. Consider the observation that other organs are also regulated by these same
signaling molecules, but develop by quite a different spatial and temporal pattern. The
mammary gland itself varies enormously between species, between individuals, and of
course in malignancy. How can this variation be accounted for, when the signals are almost
universally shared? There must exist additional layers of genetic regulation that interpret
these signals and give rise to particular patterns of development, or to neoplasia. How do
we search for these developmental regulatory genes? In organisms such as Drosophila,
where detailed genetic analysis is possible, mutations provide clues that have led geneticists
to identify gene families that act as master regulators of cell fate, determining for example,
whether a wing or an antenna will develop at a particular location. The discovery of these
regulators has had an enormous impact on thinking in biology. In this project, we have
used genetic clues from model systems, primarily Drosophila and the mouse, to determine
whether these regulatory pathways may determine the course of mammary development,
function, and neoplasia, acting perhaps through well-studied signaling pathways in the
gland.
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SUMMARY OF THE MOST IMPORTANT RESULTS

Note: for published studies reprints are provided, and for experimental details and literature the reader is
referred to these. For studies not yet published, additional detail is provided)

1. Hox Genes: Mouse: See (Friedmann et al., 1994) for details.

One intensively studied group of regulatory genes is the homeobox family, which act as
transcription factors, switching on or off groups of genes that specify the details of
developmental processes. One of the triumphs of molecular biology during the past decade
has been the discovery that these “homeobox” genes are not limited to the fly, but are
ubiquitously distributed and remarkably conserved. In the mammals, including the human,
not only do they occur in the genome, but their numbers and types are greatly amplified. It
is now well established by gene targeting in the mouse that these genes are essential for
determining many aspects of early embryogenesis, and more recently, it seems that they
may be active in the development of tissues and organs, and that their malfunctions may
contribute to cancer.

Do homeobox genes influence the breast, and if so, could they contribute to cancer?
This was the original question underlying our research, and in the early stages of this
project we discovered that many of these homeobox genes are active during the growth and
development of both the mouse mammary gland and human breast. Their patterns of
expression are frequently altered in cancer, some overexpressed, but much more often,
underexpressed or not expressed at all (Table 1). This reduced expression in cancers is
consistent with the role of Hox genes in determining cell fate and promoting differentiation
in embryonic development of various organs and tissues. Because these genes serves such
central regulatory roles, these discoveries create optimism that new insights into mammary
development will be a product of these studies, and that an entirely new class of mammary
oncogenes or tumor suppresser genes may be shown to exist. In general, it was found that
expression was present, in either the epithelium or stroma (or occasionally both) during the
periods of rapid growth, morphogenesis, and functional differentiation. Expression
generally declined during lactation. These experiments and observations are not described
in detail here, but are available in the attached reprint (Friedmann et al., 1994).

2. The cancer-related Hoxa-1 and Hoxa-2 genes

As described (Friedmann and Daniel, 1996) the expression of Hoxa-1 is of particular
interest, and to it we devoted considerable study. Hoxa-1 is not expressed in normal mouse
gland or in precancerous hyperplastic nodules. It is, however, expressed at high levels in
mammary tumors. This suggests that it may be associated with later rather than earlier
stages of cancer progression, a particularly interesting finding in that these represent in the
human the most clinically dangerous stages, when invasion and metastasis commence.

An obvious experiment was to ectopically express Hoxa-1 in normal mammary
epithelial cells and attempt to detect precancerous or malignant changes. We chose to use
the ex vivo method (Bradbury et al., 1991; Edwards ef al., 1992), in which mammary
epithelial cells are cultured by established methods and infected with a retroviral vector
containing Hoxa-1 driven by a CMV promoter. Although we were successful in obtaining
expression of a fraction of cultured cells, these cells did poorly upon transplantation and no
Hoxa-1 expressing outgrowths were obtained, despite considerable effort. It is noted in
retrospect that others have encountered similar difficulties with this method, and it appears
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to have fallen out of favor. Consequently the interesting question as to whether Hoxa-1 is
an oncogene remains open.

We have also examined the expression of the contiguous gene in this linkage group,
Hoxa-2. Expression is not detectable in normal gland, but substantial levels of transcripts
were seen in two of three tumors examined. Thus, the 3* genes of the Hoxa cluster may
prove to be particularly important to cancer initiation and progression, though it is
considered likely that they may act in a combinatorial manner and their effects may be
extremely complex.

3. Hormonal effects: Msx genes: see (Friedmann and Daniel, 1996) for details

Not all homeobox-containing genes are contained within the four mammalian Hox clusters.
. In Drosophila, msh is mainly expressed in the central nervous system and in segmented
striated muscles of the body wall. In the mouse there appear to be three distinct msh-like
genes, named Msx-1, Msx-2 and Msx-3, which are found at separate loci and are not
clustered The murine homeobox genes Msx-1 and Msx-2 are related to the Drosophila msh
gene and are expressed in a variety of tissues during mouse embryogenesis. We found the
developmentally regulated expression of Msx-1 and Msx-2 in the mouse mammary gland
and show that their expression patterns point toward significant functional roles. Msx-1
and Msx-2 transcripts were present in glands of virgin mice and in glands of mice in early
pregnancy, but transcripts decreased dramatically during late pregnancy. Low levels of
Msx-1 transcripts were detected in glands from lactating animals and during the first days
of involution, whereas Msx-2 expression was not detected during lactation or early
involution. Expression of both genes increased gradually as involution progressed. Msx-2
but not Msx-1 expression was decreased following ovariectomy or following exposure to
anti-estrogen implanted directly into the gland. Hormonal regulation of Msx-2 expression
was confirmed when transcripts returned to normal levels after estrogen was administered
to ovariectomized animals. In situ molecular hybridization for Msx-1 showed transcripts
localized to the mammary epithelium, whereas Msx-2 expression was confined to the
periductal stroma. Mammary stroma from which mammary epithelium had been removed
did not transcribe detectable amounts of Msx-2, showing that expression is regulated by
contiguous mammary epithelium, and indicating a role for these homeobox genes in
mesenchymal-epithelial interactions during mammary development. These finding are
published and details may be found there (Friedmann and Daniel, 1996). Interestingly,
Msx-1 and Msx-2 have been found in gene targeting studies to be necessary for mammary
development in early embryonic stages (Maas, personal communication).

4. The Extracellular Matrix (ECM) as Mediator of Hox Expression: see
(Srebrow et al., 1998) for details.

The stroma and ECM are known to influence morphological and functional development of
the gland, and we inquired whether the expression of certain Hox genes, expressed
postnatally and in cell lines, would be modulated by ECM. We showed the expression of
five Hox genes in cultured cells, but focused on Hoxa-1 and Hoxb-7. It was found that
culturing CIC-9 cells on basement membrane served to up-regulate Hoxb-7, whereas a
change in cell shape brought about by culturing cells on an inert substrate caused down-
regulation of Hoxa-1. It was also interesting that the expression pattern of Hoxa-1 did not
precisely match that seen in the animal, indicating an influence of cultural conditions. These
studies should permit further analysis of the molecular mechanism by which ECM
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signaling and homeobox genes may interact to influence tissue organization (Srebrow ez
al., 1998).

5. Analysis of Hoxd-10 (Lewis et al, in preparation)

Targeted disruption of Hoxd-10 produces mice with hindlimb-specific defects in gait and
adduction (Carpenter et al., 1997; de la Cruz et al., 1999). To determine the underlying
causes of this locomotor defect, mutant mice were examined for skeletal, muscular and
neural abnormalities. Mutant mice exhibit alterations in the vertebral column and in the
bones of the hindlimb. No major alterations in hindlimb musculature were observed, but
defects in the nervous system were evident. There was a decrease in the number of spinal
segments projecting nerve fibers through the sacral plexus to innervate the musculature of
the hindlimb. Deletion of a hindlimb nerve was seen in some animals, and a shift was
evident in the position of the lumbar lateral motor column. These observations suggest a
role for the Hoxd-10 gene in establishing regional identity within the spinal cord. In
addition, Dr. Carpenter described an apparent mammary defect in these mutants and
proposed a collaboration. We obtained breeding pairs of Hoxd-10 heterozygotes and began
an extensive breeding program. In addition, we have developed a small colony of athymic
mice to be used as hosts in transplantation studies of these and other engineered mice. A
germ-free surgical facility for these immunologically challenged mice has also been
established in our animal facility and is in routine use .

Hoxd-10 Expression: Temporal Pattern. The discovery of a Hoxd-10 mammary
phenotype indicated an need for detailed expression data. The data indicate robust
expression levels of the gene in the mammary gland. We investigated the normal
expression pattern of the Hoxd-10 gene by both Northern blot analysis and in situ
hybridization. We have examined gland development in homozygous mutant and age-
matched wild type control animals at many critical stages. These include: immature (5
week), mature (12-13 weeks), early pregnant (7.5 d.p.c.), late pregnant (17.5-19.5
d.p.c.), lactation (6 hours and 6 days), involution (days 2, 10 and 14), and lactation in a
second pregnancy. Significantly, the highest levels are found in late pregnancy and
lactation. This is an unusual pattern, since expression patterns of other Hox genes generally
show high levels during ductal development and early pregnancy, but low to undetectable
amounts in lactation (Table 1).

Hoxd-10 Expression: Spatial Pattern.. Expression during lactation shown by northern
analysis (Table 1) must be evaluated in light of the dilution effect resulting from large
amounts of milk protein transcripts. In our experience and that of others, even moderate
levels detected during milk secretion indicates very high steady-state transcript levels. We
have Therefore used hybridization in situ with gene-specific Hoxd-10 probes to detect
expression patterns in various stages of mammary development. In 5 week animals, Hoxd-
10 expression is concentrated in body cells of terminal end buds and is slightly reduced in
cap cells (Fig. 1A). Considerable expression is also observed in the periductal stroma of
the subtending duct. This expression pattern is maintained in mature glands which also
show reduced expression in myoepithelial cells relative to lumenal epithelial cells (Fig. 1B).
During pregnancy, lobule-alveolar cells also express Hoxd-10 (Fig. 1C and D). In late
pregnancy, alveolar epithelium begins to express at higher levels than in ducts (Fig. 1D).
Highest levels of Hoxd-10 expression are observed during lactation, in which 100% of
alveolar epithelial cells stain darkly early in the color development (Fig. 1E). During
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involution (data not shown) expression is undetectable at 2 days and returns as early as 10
days. At 14 days involution, the pattern of expression is comparable to that observed in the
mature virgin. Sense strand control hybridizations show no staining, indicating specificity
of antisense probe binding. These in situ hybridization results are generally consistent with
the northern hybridization results, but indicate much higher levels during lactation.

Hox d-10 Phenotype. Our phenotypic analysis of female mice homozygous for a disrupted
HoxD10 gene verified a conspicuous defect in lactation. Pups from early litters of mutant
females died from a lack of milk after several days of suckling, but survived if pups were
fostered with lactating wild type females (Fig. 2). Lactational failure appears to be most
pronounced in the first litter, and becomes less severe in subsequent litters, such that
multiparous breeders are able to nurse successfully. At least three hypotheses could explain
this defect: 1) glands are developmentally delayed, 2) glands are defective in lobule-alveolar
differentiation, and 3) glands are defective in functional differentiation (lactogenesis) such
that milk production and/or secretion is compromised.

A long-term breeding program has been used to permit examination of mice at all
stages of mammary development and during the lactation cycle. In addition, we have
transplanted gland from mutant females (-/-) into nude hosts, such that one inguinal cleared
fat pad is transplanted with mutant tissue and the contralateral fat pad with control gland
from littermates. This permits comparison of growth, differentiation, and lactation against
a uniform hormonal and physiological environment. This powerful approach also permitted
us to investigate the role of Hoxd-10 in mammary epithelium vs the peri-glandular stroma,
since the glands resulting from these transplants are chimeric, in which the stromal
component is always +/+.

Histological analysis of the hundreds of glands derived from this study is only
recently completed. The results clearly indicate that at the morphological and histological
level, structural development of the gland proceeds normally, as does the development of
secretory lobules. However, the mammary glands from a null mouse in early lactation
morphologically resembles the glands from late pregnant mice, with normally developed
alveoli and ducts. The accumulation of milk in the lumena is dramatically reduced. This can
be seen both from gross observation of the gland and from histological section (data not
shown). The phenotype is not 100% penetrant, with some regions more normal in
appearance than others.

Our interpretation of this large amount of data is that the null mouse fails to successfully
complete the transition into lactation. To what extent this is attributable to changes is
transcription, translation, vectorial secretion, or even suckling efficiency is not known and
would be the subject of another subject. A significant contribution of this study is that it
represents the most clearly defined and dramatic phenotype yet attributable to Hox
mutations in the mammary gland. In a recent publication, (Chen and Capecchi, 1999) it
was reported that the paralogous genes Hoxa-9, b-9, and d-9 resulted in defective lactation
in triple mutants. Single genes had no apparent phenotype. In addition, the authors were
unable to furnish in situ hybridization data to establish spatial patterns of organization.
Hoxd-10 therefore shows a stronger phenotype. In addition, the results described above
now represent the most fully documented functional analysis of a Hox phenotype in the
mouse mammary gland (Lewis et al, in preparation).

6. The IRX Complex: a large new family of human homeotic genes expressed in the
breast and in breast cancer: See (Lewis ef al., 1999a) for details.

10
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To expand our studies into the area of human breast development and breast
cancer, we undertook a search for homeobox-containing genes expressed in the breast. In
addition to the expression of a daunting multitude of Hox and other homeobox genes, we
identified five members of a new family of human Iroquois-class homeobox-containing
genes (IRX genes) we cloned from a human breast cDNA library. We designated these
genes IRX after the most closely related class of homeobox genes cloned thus far from
Drosophila, the Iroquois complex (IROC) genes araucan (ara) and caupolican (caup)
(Gomez-Skarmeta et al., 1996). We cloned a full-length 1.8 kb cDNA derived from one of
these genes, IRX-2, and have characterized its expression by in sifu hybridization and
Northern analysis in several human normal and tumor samples. In Northern blot analysis,
IRX-2 gave rise to at least two transcripts, one 2.6 kb transcript that contains the
homeobox and one 3.9 kb transcript that does not. By in situ hybridization using a gene-
specific probe that recognizes both transcripts, we showed that IRX-2 is expressed almost
exclusively in lobule-alveolar and lumenal ductal epithelium of the normal breast and not in
myoepithelium or periductal stroma. We also showed that expression of IRX-2 is
maintained in three different tumor types: infiltrating ductal carcinomas (IDC), infiltrating
lobular carcinomas (ILC) and fibroadenomas (FA). In situ hybridization using a probe that
recognizes all closely related homeodomain-containing transcripts suggests that all of these
genes are likely to be expressed predominantly in breast epithelial cells. Together, these
data indicate that IRX-2 and the related Iroquois-class genes may play a role in establishing
and/or maintaining epithelial cell identity in normal and neoplastic breast. Importantly,
continued robust expression and/or misexpression of IRX-2 in mammary tumors and
hyperplasias also suggests a possible role in cell proliferation and cancer progression.
Please see the enclosed reprint for details (Lewis et al., 1999a).

7. A role for Hedgehog signaling in the mammary gland: Regulation of
homeobox and other mammogenic genes by upstream regulatory pathways.

This objective, added in the 1997 revised SOW, is a direct outcome of two of our recent
findings. First is the discovery of a mammary role for Hoxd-10, and second is cloning and
expression of the IRX gene family in the gland. In model systems such as Drosophila and
the early development of the mouse, all of these genes are regulated, at least in part, by the
hedgehog signaling pathway. An investigation of this pathway in the mammary gland was
a logical and interesting extension of this previous research. Although a great deal of
attention has recently been focused on hedgehog signaling in various developmental
systems (review (Hammerschmidt ez al., 1997), it has not been studied in the mammary
gland to our knowledge, and certainly nothing had previously been published before the
landmark paper of Lewis and colleagues (Lewis et al., 1999b).

In Drosophila, where it was first discovered and investigated in detail, a single
hedgehog ligand (Hh) is implicated in both short-range and long-range signaling through
its receptor patched (Ptc), whose activity is modified by another membrane protein, Smo.
Hedgehog signaling is mediated by cubitus interruptus (Ci), a transcription factor that
regulates downstream homeotic genes such as members of the Iroquois family (Gomez-
Skarmeta et al., 1996) decapentaplegic, wingless, and patched itself. In the fly the
hedgehog pathway has many essential functions, is active in many locations, and is
reactivated at various times in development, from early segmentation and axial patterning to
development of structures such as the wing, leg, eye, in the larva.

11
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In vertebrates the pathway is not only conserved, but new family members have
been added with a resulting increase in complexity and developmental plasticity (Fig 3). In
mammals and birds hedgehog has been expanded to include Sonic hedgehog (Shh), Indian
hedgehog (Ihh), and Desert hedgehog (Dhh), whereas Ci has been expanded to include a
family of three vertebrate transcription factors, the Gli genes, so named because of their
initial identification and cloning from a glioblastoma. In addition to Gli, Ptc has recently
been linked to both inherited and sporadic skin cancers, which include the basal cell
carcinoma, the most common human cancer. In spite of the expansion of family members,
the basic plan of the signal transduction cascade appears to be remarkably conserved.

The multiple functions of the hedgehog pathway in vertebrate development are
being studied in several laboratories and it is evident that, as in the fly, hedgehog regulation
of developmental process occurs in many locations and in many developmental periods.
One the most fully documented and elegant examples is in the developing limb, where Shh
secretion regulates patterning of the anterior-posterior axis (Marigo et al., 1996).
Numerous developmental genes have been shown to be regulated by this pathway such as
IRX, Hox, TGF-Beta, BMP, FGF, and even the recently discovered parathyroid-related-
protein (PTRP), which in gene targeting experiments has recently been shown to be
essential for embryonic growth of the mammary (Wysolmerski et al., 1998). The above list
reads like a litany of genes and cell products that are known to be important to mammary
development and cancer. If it is eventually found that the hedgehog pathway influences
only a fraction of these in the mammary gland, that will be a discovery of considerable
significance.

7a. Ptc-1: Function and expression pattern: see (Lewis et al., 1999b) for details.

This paper investigates the role of the Patched-1 (PtcI) hedgehog receptor gene in
mammary development and neoplasia. Haploinsufficiency at the PzcI locus results in
severe histological, but only minor morphological, defects in mammary glands of
heterozygous postpubescent virgin animals. Defects are mainly ductal hyperplasias and
dysplasias characterized by cellular impaction of ductal lumens. This phenotype differs
from most mutations affecting the mammary gland, in that much of the phenotype is
associated with defects in histogenesis, rather than grossly observable alterations in
morphogenesis and ductal patterning. This suggests that some of the downstream
mediators of hedgehog signaling are cell-cell and cell-ECM adhesion mechanisms.
Haploinsufficiency is conditional in that lesions are reverted during late pregnancy and
lactation but return upon involution and gland remodeling. Unlike most mouse mammary
hyperplasias and tumors, PzcI-induced lesions are not stable upon transplantation into an
epithelium-free fat pad. This transplant behavior is similar to that of human basal cell
carcinoma (BCC), which can be PtcI-induced, when transplanted into athymic mice.
Mammary expression of Pfc] mRNA is primarily epithelial and developmentally regulated.
These data demonstrate a critical mammary role for at least one component of the hedgehog
signaling network and suggest that Pzc may act as a mammary tumor suppressor gene.
Demonstrating the requirement for hedgehog signaling in the mammary gland establishes a
new paradigm for high-order genetic regulation of mammary development, function and
tumorigenesis (Lewis et al., 1999b).

7b. Gli-2: Function and expression patterns (Lewis et al: In manuscript).

Expression of Hedgehog components using RT-PCR.

12
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Expression studies of Gli-2 and Ptc-1 were extended to include all three Hh
mammalian ligands, to provide a more comprehensive overall picture of the temporal
pattern of expression of all these Hh components. Only Indian hedgehog (Ihh) was
expressed at significant levels, although low levels of Desert hedgehog (Dhh) sere also
found. These data suggest but do not prove that Ihh is the functional ligand in the
mammary gland. Indian hedgehog was shown to be expressed in wild-type mammary
gland at stages 3 week, 5 week, mature, early pregnant, late pregnant, and 4 day involuting
mammary tissue and in the 14 day embryo positive control . The round one RT-PCR
products were of the expected size (565 bp) and hybridized to an Ihh probe in a Southern
Blot of the RT-PCR products (not shown).This strong expression of Ihh is surprising in
light of the much more frequently demonstrated role in the embryo for Sonic hedgehog
(Shh).In the mammary gland, only traces of Shh were occasionally observed. Our RT-
PCR studies have been combined into a single chart, intended to give a semi-quantitative
overview (Fig. 4). Although the pattern is complex and not easily summarized, it is
apparent that highest levels of ligand (Ihh), receptor (Ptc-2), and transcription factor (Gli-
2), are found in lactation.

Spatial expression of gli-2

Gli2 was expressed exclusively in the stromal compartment during virgin stages of
mammary development and was particularly associated with actively condensing stroma at
the neck of growing terminal end buds. However, during pregnancy and lactation, Gli2
expression was both epithelial and stromal suggesting differential function during
reproductive development. This tissue compartment expression switch correlates well with
increased expression of Indian hedgehog during these stages as well as with the known
period of functional requirement of ptc1 during ductal, but not alveolar, development (Fig
5).

Disruption of gli-2 leads to severe mammary defects in both the null and heterozygote

Introduction. Gli-2 is one of three transcription factors in the vertebrates that mediate
hedgehog signaling and regulate downstream targets. Very little is known about the specific
roles of the mammalian GIi transcription factor genes (Drosophila Ci homologues) in
mediating hedgehog signaling. One recent model postulated that the GLI1 protein took on
the transcriptional activation functions ascribed to Drosophila Ci,, and that Gli-3 protein
took on the transcriptional repression function ascribed to Ci,,, with GLI2 modulating the
function of GLI1 and GLI3 in an unspecified manner (Dahmane et al., 1997). Subsequent
mutational analysis of each of the three genes was not consistent with this model in that
disruption of Gli-1 shows no detectable defects, even in homozygotes, whereas disruptions
of Gli-2 and Gli-3 are both perinatal lethal and lead to overlapping, but distinct,
developmental. These data suggest that Gl/i-2 and Gli-3 can have overlapping and
redundant function depending on the structure being examined. By contrast, a competing
model suggests the activity of GLI proteins may be regulated by proteolytic processing
similar to that observed for their Drosophila counterpart CI. Under this model, GLI
proteins may act as both transcriptional activators or repressors depending on their cleavage
state. This model is supported by recent data that different two forms of GLI2 act as a
transcriptional activator and a transcriptional repressor, (Tanimura et al., 1998). Together,
these data suggest that Gli-2 and Gli-3 are the primary transcriptional regulatory genes that
mediate expression of target genes in mammals and that, in some tissues, these two genes
can act coordinately, either in the same or opposite directions, to regulate development.
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Mice heterozygous for targeted inactivation of Gli-2. provided by C.C.Hui. Unlike
homozygous Ptc-1 mutants, which display very early embryonic lethality, Gli-2 -/-
mutants die shortly before birth. Although the mammary glands of these null mice cannot
be examined during postnatal development, we successfully “rescued” the mammary
glands by whole-gland transplants by removing the embryonic gland and transplanting it
between the skin and body wall of a host animal (in this case, immunocompromised). The
glands were allowed to develop in this wild type hormonal background for several weeks.
These transplants undergo organotypic development.

Homozygous disruption leads to severe mammary defects. Glands from wild type and Gli-
2 homozygous late-stage embryos were examined using this technique. Wild type glands

grew normally with unperturbed histoarchitecture. By contrast, glands from Gli-2
homozygous donors showed multiple defects including hyperplastic or distended ducts and
severely altered histoarchitecture that closely resembles human micropapillary ductal
carcinoma in situ (Fig.5). These transplant experiments indicate that the mammary defects
observed were intrinsic to the mammary gland and were not significantly effected by
environmental or systemic influences. In this respect, the gli-2 phenotype is simpler than
that of Ptc-1, in which the phenotype appears to reflect the interaction between the local
environment of the nude mouse and the mutated gene in the mammary gland. Another
conspicuous difference is that the gli-2 defects are even more pronounced and bizarre,
perhaps reflecting the homozygous null genotype.

Heterozygous disruption of Gli-2 leads to focal mammary hyperplasia. Gli-2 heterozygotes

were examined at several developmental stages. Mammary hyperplasias and dysplasias are
detectable as early as 5 weeks postpartum and progress to form easily identifiable focal
lesions by 10 weeks postpartum. Histologically, advanced lesions are highly disorganized
with loosely adherent epithelial cells impacting the ductal lumen similar to the phenotype in
Ptc-1 heterozygotes. Interestingly, ducts removed from the lesions can also show dramatic
alteration of histoarchitecture while appearing normal in whole mount preparations. Here
again, as in the Ptc-I mutant, there is a disconnection between branching morphogenesis at
the organ level, which is normal in appearance, and histoarchitecture, which is severely
disrupted. Histological characterization demonstrated that misshapen ducts showed
epithelial hyperplasia similar to micropapillary ductal hyperplasias in the human breast.
Interestingly, these morphological and histological defects were not observed in
homozygous null epithelium when transplanted into a wild type stromal background. These
observations suggest a stromal (or both epithelial and stromal) function for Gli2 during
ductal development.

Conclusions. Although there are differences between the ptc-1 and the gli-2 phenotypes,
there is a gratifying degree of overlap -- to be expected in mutations in different
components of the same signaling network. The more focal lesions in gli-2 (Fig. SA) must
now be examined for their transplantability and tumorigenic potential.
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TABLE 1

Table 1. Northern blot (polyA RNA) using a gene-specific probe to Hoxd-10. Band
densities were standardized against the ribosomal protein L7.

5wk | mature | EP |LP Lact* 2day | 10day | 14 day
Invol | Invol | Invol

HoxD10 + ++ +++ | ++ ++ ND ND ND

*Expression during lactation must be evaluated in light of the dilution effect resulting from large amounts
of milk protein transcripts. In our experience and that of others, even moderate levels detected during milk
secretion indicates very high steady-state transcript levels.
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TABLE 2. Summary of homeobox gene expression in mouse mammary
gland"? (Northern Hybridization)

W [~ -] bk w0 o Ty L O -~ =2 j=g = =
i e = s <] -
2 © A & kX R I s g = <
& < Z o = & <3 I =N 3 ) °
o z a & o Z & & = = = g
a 8 2 ~ 5 ] R EER: g
@ o w ) gl g2 S = =) =
o) & @ = < WlFe &g _ ) o 2
=y o e ~ “ « 38 |5 E 9 ) Y S
— >y (1] = <o <
=3 U_g a ® )
2 R =9 =5
= =
- 2
=
2
Hoxd-3| - - - - - - - - + - - -
Hoxd-4 |} ++ ++ ++ ++ + - +++ ++ - - - -
Hoxd-8 || +++ | +++ | +++ | +++ + + +++ L ~ - - -
Hoxd-9|[ ++ ++ ++ +++ + + ++ ++ - - ~ -
Hoxd-10[| + + ++ +++ | ++ ++ ++ ++ - - - -
Hoxd-11f] - - - - - - - - - - - -
Hoxd-12}j - - - - - - - - - - - +++
Hoxc-6 || ++ ++ ++ + -~ - +++ |+ - - - -
Hoxc-8 || ++ ++ ++ + - - ++4+ |+ - - - -
Hoxb-6 || ++ ++ ++ + - -~ ++ ++ - - - -
Hoxb-7|| ++ ++ ++° + - - ++ ++ - - - -
Hoxa-1 - - - - - - - - +++ + +++ -
En-1 || ++ | ++ | ++ | ++ - — | |+ + |+ + +
En-2 - - - - - - - - - - - -
Msx-1 ++ +++ | | ++ + +++ | +++ ++ + +/~ ++
Msx-2 || +++ | +++ | +++ ++ - - + + - - - -

1. Levels are compared for each gene individually and cannot be compared between different
genes. (-) no expression detected; (+/-) very low expression; (+) low expression; (++) moderate
expression; (+++) abundant expression.

2. Levels are adjusted according to L7 loading control.
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FIGURE LEGENDS

Figure 1.Hybridization in situ with gene-specific Hoxd-10 probes. (A) Terminal end bud
and subtending duct. (B) Adult duct in virgin. (C) Early pregnancy and (D) late pregnancy.
(E) Lactating gland. (F) Sense strand control.

Figure 2, Weight gain of pups from early litters of Hoxd-10 mutant females. Pups suckled
on mutant mothers died from a lack of milk after several days of suckling, but survived if
pups were fostered with lactating wild type females.

Figure 3.(A) Hedgehog signaling in fruitfly (simplified). Known functions are depicted for
several hedgehog signaling network proteins. Activating functions are noted with
arrowheads; inhibitory interactions are noted with lines. Genes under transcriptional control
of CI are noted in italics. (B) General model for the hedgehog signaling network in the
vertebrates (simplified). Known functions are depicted for several hedgehog signaling
network proteins. Activating functions are noted with arrowheads; inhibitory interactions
are noted with lines. All network genes shown are expressed in the mammary gland.

Figure 4.Summary of in situ hybridization expression data for Ptc-1, Ihh, and Gli-2 and
correlation with phenotypic alterations in mutant strains through mammary development.
Predominant morphological features present in mammary glands at different develop
developmental stages are denoted by colored horizontal bars (upper section). Phenotypic
alterations in Ptc-1 and Gli-2knockout strains are noted by color for the altered mammary
structure(middle section). Relative expression levels in predominant mammary tissue
compartments and cell types are also shown by color (lower section).

FIGURE 5. Spatial localization of Gli-2, Thh, and Ptc-1 transcripts shown by in situ
hybridization using a gene-specific probes. The various adult developmental stages are
indicated, with the exception of involution.

Figure 6. (Upper) The Gli-2 null phenotype. A) Representative transplant gland from a
Gli-2 homozygous donor. Ducts show altered branching and unusual termini. B)
Representative transplant gland from a wild type donor showing normal branching and duct
termini. C. Histology of ducts from G/i-2 null gland showing papillary epithelial
structures. D) Histology of human micropapillary ductal carcinoma in situ. (Lower).
Histological analysis of representative mammary lesions from Gli2 heterozygotes and
comparison with a similar human lesion. Ductal lumens are noted by a blue letter L;
Adipose stroma is noted by a blue letter S. A) Whole gland preparation showning a
representative hyperplasia (red arrow) from a multiparous female and adjacent normal
appearing ductal and alveolar structures (white arrow). B) Histological section of lesion in
A. Note the epithelial and stromal proliferation and disorganization (arrow) and
eosinophilic inclusions (asterisk) (probably keratin). C) Dysplastic duct adjacent to the cell
mass in A. Duct walls appear multilayered with loosely associated cells in the lumen
(arrow). D) Lobule-alveolar hyperplasia budding off duct with multiple layers of epithelial
cells (arrow). E) Normal duct showing a single layer of epithelial cells lining the duct
(arrow). Compare with B,C and D. F) Human ductal carcinoma in situ. Compare with C.
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ABSTRACT

Homeobox-containing genes regulate embryonic developmental pro-
grams and are expressed in certain adult tissues and cancers. There has
been no report of expression in the breast. We amplified homeobox
complementary DNA from mouse mammary gland and found expression
of members from each of the four major Hox gene clusters. The regulation
of expression of two Hox genes was examined in greater depth. Hoxc-6
transcripts were present in the glands of pubescent and mature mice and
decreased during pregnancy. Levels were increased substantially follow-
ing ovariectomy, indicating possible negative regulation by steroid hor-
mones. Hox expression was studied in mammary adenocarcinomas and in
transplant lines of the benign, precancerous tissues from which the can-
cers arose. Hoxc-6 was expressed at low levels in the precancerous tissue
but was not expressed in cancers. In contrast, Hoxa-1 was expressed only
in cancers, not in normal gland or in precancerous mammary tissues,
suggesting that Hox genes may play a role in a late stage in the stepwise
development of mammary malignancies.

INTRODUCTION

Homeobox-containing genes (homeogenes) comprise a large col-
lection of developmental regulators that have aroused interest due to
their role in specifying developmental pathways in embryos. Muta-
tions in certain of these genes may result in incorrect specification of
body parts in organisms ranging from invertebrates to mammals
(1-3). Recently, interest in possible roles for homeobox genes in adult
animals has been sparked by the observation that a number of ho-
meobox genes are transcribed by more mature tissues, including
kidney (4) and hemopoietic cell lineages (5). Of particular interest is
the observation that certain cancers display altered homeobox gene
expression (6-8); misexpression of homeobox genes can transform
cells in vitro and produce tumors in mice on transplantation (9, 10).

_Thus, homeobox-containing genes may constitute a new class of

proto-oncogenes (11).

All homeobox genes have a common structural characteristic of a
box motif of about 183 bases, coding the 61 amino acid homeodo-
main. Thirty-eight murine genes containing an Antennapedia-like
homeobox have been characterized and comprise the four Hox gene
clusters. Recent work carried out with Drosophila genes encoding
comparable homeodomain sequences suggests that homeoproteins can
bind to DNA by a helix-turn-helix structure and thus probably play a
regulatory function by influencing the expression of downstream
genes (12-14). Although it is likely that these homeoproteins are
involved in important developmental processes in vertebrates, the full
extent of their influence, particularly in adults, remains unclear. One
way to gain insight into this question is to examine the pattern of
homeogene expression under normal and altered conditions, thus
identifying some of the levels at which these genes may exert effects.

The mouse mammary gland represents the most fully developed
system for the analysis of the normal and neoplastic breast, making it
an attractive model for studying the regulation of Hox gene expres-
sion. The mammary gland is unique in that most of its growth and
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morphogenesis takes place in the subadult or adult mammal, where it
is experimentally accessible. During puberty, a ductal tree is gener-
ated by epithelial growth and branching, resulting from embryonic-
like inductive interactions between mammary epithelium and mam-
mary stroma (15). The differentiative pathway of ectodermal
epithelial cells depends on their position within the growth buds; they
may become cells destined for ductal walls, milk synthesis, and
secretion, or contractile myoepithelium (16).

The development of mouse mammary tumors is a multistage proc-
ess that occurs through definable stages: normal; preneoplastic; and
neoplastic. These cell populations have biologically distinct growth
properties. Normal mouse mammary cells have a finite life span in
vivo and after five or six serial transplant generations show a dimin-
ished growth potential (17). The preneoplastic stage is represented by
the HAN® (18, 19), which represents a benign, immortalized cell
population that is morphologically similar to differentiated alveolar
cells normally found in glands of pregnant mice but does not require
lactogenic hormones for maintenance. HANs can be grown indefi-
nitely in vivo as tissue lines when serially transplanted into mammary
gland-free fat pads. Because HANs have been shown to exhibit a far
greater probability for tumor formation than the normal alveoli found
in pregnant mice (20, 19), they have been termed “preneoplastic” and
may represent an obligatory intermediate in the conversion to malig-
nancy. The availability of large amounts of premalignant tissue and of
tumors derived from it permits the simultaneous investigation of
different stages of tumor progression within a well defined cell
population.

The mammary gland appears to be a candidate target for homeobox
gene action. It represents a variety of developmental interactions and
pathway decisions as it undergoes its complex developmental cycle of
branching morphogenesis, functional differentiation, secretion, and
involution, in which master regulatory genes are likely to play a role.
The stepwise progression from normal mammary gland to malignancy
is more fully documented and is experimentally more accessible than
other animal tumors.

In this paper we report expression of Hox genes in the mammary
gland and show it to be independently regulated among the genes
examined and developmental stage specific. We further demonstrate
that expression of two Hox genes in the mammary gland responds to
hormonal secretions from the ovaries and is altered in cancer, sug-
gesting a role for homeogenes in mammary gland development and
neoplasia.

MATERIALS AND METHODS

Animals. C57BL/cr! and BALB/c mice were used for collection of the
inguinal mammary glands in all RNA preparations, with the exception of the
HANS s and the tumors which were derived from them, which are carried only
in BALB/c mice. Virgin mice were chosen randomly from multiple cages to
minimize the chances of selecting animals in a particular stage of estrus.
Thoracic glands of virgin and ovariectomized C57BL/crl mice and HANs
carried in inguinal glands of BALB/c mice were used for whole mount
histology. Tumors carried in inguinal glands of BALB/c mice were used for
section histology. Stage of estrus was determined by vaginal smears.

3 The abbreviations used are: HAN, hyperplastic alveolar nodules; poly(A)* RNA,
polyadenylated RNA; PCR, polymerase chain reaction.
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Surgery. Ovariectomy was carried out at about 5 weeks of age (animal
weight, 1617 g). The inguinal fat pads were cleared of epithelium at 3 weeks
of age by removing the portion of the gland containing epithelium and
cauterizing the necessary blood vessels and the nipple area as described (20).

Transplantation. A small piece of HAN or tumor tissue from a donor
animal was cut out and inserted into the cleared fat pad of host mice. Tissue
lines were left at least 2 months before the animals were used for tissue harvest
or as donors for extending the lines. )

RNA Preparation and Northern Hybridization. Inguinal mammary
glands were frozen in liquid nitrogen immediately after removal, and total
RNA was prepared by the guanidine isothiocynate (4 M)-cesium chloride (5.7
M) method (21). Total RNA from the glands (number and age of animals used
for each experiment is given in figure legends) was isolated. In several cases
poly(A)™ RNA was purified by oligodeoxythymidylic acid-cellulose chroma-
tography as described (22). Five ug of poly(A)* enriched RNA or 20 ug of
total RNA was electrophoresed in 1.0% agarose containing 2.3 M formalde-
hyde in 0.2 M morpholinopropanesulphonic acid-50 mM sodium acetate-5.0
mm EDTA, pH 7.0. RNA was transferred to a Nylon transfer membrane (0.45
pm Magna NT; Micron Separation, Inc.) by the established procedure of
Maniatis et al. (23). Northern hybridizations were carried out under high
stringency conditions using >*P random primed labeled (1-10 X 10° cpm/ pg)
murine Hoxa-1 and Hoxc-6 and human L7 cDNAs. Hoxa-1 fragment is ~770
base pairs, derived from the 3'-trailer sequence and does not include the
polyadenylic acid tail or the homeobox. The Hoxc-6 fragment is ~270 base
pairs, derived from coding sequence 5’ of the homeobox. Washes after hy-
bridizations were in 0.1X saline-sodium phosphate-EDTA-0.1% sodium
dodecyl sulfate at 65°C.

PCR Amplification, Cloning of Homeobox Sequences, and Sequence
Analysis. RNA was extracted from glands from subadult and pregnant mice as
described and used to make cDNA by reverse transcriptase, using oligodeoxy-
thymidylic acid as a primer. cDNA was purified by centrifuging through
Ultrafree-MC 30,000 NMWL filter unit (Millipore) and served as a template
for PCR amplification using 40 pg/ml of degenerate oligonucleotide primers.
The reaction conditions were initial denaturation at 94°C for 5 min, followed
by 30 cycles of 95°C for 1 min, 52°C for 1 min, 72°C for 3 min,
and a final incubation of 72°C for 20 min. The sequences of the degenerate
primers were (International Union of Pure and Applied Chemistry code used):
(I/L/V)YPWM, 5'-CGCGGATCCNTNTAYCCNTGGATG-3'; ELEKEF, 5'-

CGCGGATCCGARYTNGARAARGARTT-3'; KIWFQN, 5'-CCCAAGCT-.

TRTTYTGRAACCADATYTT-3'.

Similar sequences were used by Mackem and Mahon (24). PCR products
were cloned into pGEM1 and sequenced using the dideoxy sequencing method
of Sanger et al. (25)

Histology. For whole mount preparations, glands were fixed overnight in

Tellyesnicky’s fixative. They were defatted in three changes of acetone, .

hydrated through graded alcohols, stained for 2 h with hematoxylin, dehy-
drated through graded alcohols to xylene, and photographed. For histological
sections, glands were treated as described for whole mount preparations,
embedded in paraffin, sectioned at 5 wm, and mounted on slides. Sections were
deparaffinized through three changes of xylene, hydrated through graded
alcohols, stained with hematoxylin and eosin, dehydrated through graded
alcohols to xylene, and coverslipped.

Hoxa-7:

RESULTS

Detection of Candidate Homeobox Genes Expressed in the
Mouse Mammary Gland. To identify homeobox genes that are
expressed during mammary gland development, several degenerate
oligonucleotide primers were constructed from highly conserved do-
mains within and just upstream of the homeobox, and used to amplify
¢DNA from mammary glands of subadult and pregnant animals. The
PCR products yielded predominantly DNA fragments of the expected
size, which were cloned, and the DNA sequences of several individual
clones were determined. Fig. 1 shows the deduced amino acid se-
quences for representatives of Hox genes from the four clusters
[Hoxa-7, Hoxb-6, Hoxc-6, and Hoxd-12; in accordance with nomen-
clature suggested by Scott (26)]. Two Hox genes were chosen for
further study, Hoxc-6 and Hoxa-1.

Expression of Hoxa-1 and Hoxc-6 Is Independently Regulated
and Hoxc-6 Transcript Levels Are Developmentally Regulated.
Total cellular RNA was extracted from mammary glands of mice at
the onset of puberty (about 5 weeks after birth), 2 time points during
adulthood of virgin animals (8-9 weeks and 16 weeks after birth),
early pregnancy (5-8 days postcoitus), late pregnancy (16-18 days
postcoitus), and lactation. The RNA was poly(A)* enriched and
Northern blots of these RNAs were hybridized consecutively with
Hoxc-6, Hoxa-1, and L7 probes. L7 RNA was used as a control for
amount of RNA and its integrity. Fig. 2 shows the pattern of expres-

sion of the RNAs during mammary development. Hoxc-6 transcripts-

(~1.8 kilobases; Fig. 24) were readily detected in glands from pu-
bescent and mature virgin animals. Transcript levels decreased in
glands from animals that were in early stages of pregnancy and could
not be detected in a later stage of pregnancy or during lactation (the
same pattern was seen also in the BALB/c strain; data not shown).
During lactation, high levels of transcripts for milk proteins may
dilute other mRNAs, as can be seen for the L7 loading control. Hoxc-6
may therefore be expressed during lactation at higher levels than
indicated. Hoxa-1 was not detected in any of these stages of devel-
opment, even after prolonged autoradiographic exposure (Fig. 2B),
nor was it detected in normal developmental stages of the BALB/c
strain (data not shown). These different expression patterns indicate
that the two Hox genes are independently regulated and that Hoxc-6
transcript levels are developmentally regulated during the gland cycle,
declining in pregnancy.

Hoxc-6 Expression in Glands from Ovariectomized Animals
and during the Estrus Cycle. Mammary gland development is stim-
ulated by the ovarian hormones estrogen and progesterone (27-29).
These act directly on the mammary gland (30), probably by regulating
growth factors (31), and may also act indirectly through mediation of
pituitary secretions (32). In response to ovariectomy, mammary ducts
become much smaller in diameter and simpler in pattern of branching
(Fig. 3, C and D). If homeogenes have a significant role in the

FYPWMRSSGPDSKRGRQAYTRYQTLELEKEFHFNRYLTRRRRIE IAHALCLTERQIKIWFQON

Hoxb-6:

Fig. 1. Deduced amino acid sequences of ho-

meobox domains from the four Hox clusters as

amplified by PCR from c¢DNA from mammary

glands of mature and pregnant mice. The primer-
derived sequences are underlined.

Hoxc-6:

Hoxd-12:

LYPWMQRMNSCNSSSFGPSGRRGRQTYTRYQTLE LEKEFHYNRYLTRRRRME IAHALCLTEﬁQIKIWI’QN

LYPWMQRMNSHSGVGYGADRRRGRQIYSRYQTLE LEKEFHFNRYLTRRRRIEIANALCLTERQIKIWFQN

E_EE_IEELVNE FINRQKRKELSNSLNLSDQQVK IWFQN:
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Fig. 2. RNA expression of Hoxc-6 and Hoxa-1 during different developmental stages
of the mouse mammary gland. Poly(A)* RNAs were extracted from different stages of the
mammary gland development. Lanes 1-3, 13-25 virgin mice were taken; Lanes 4-5, 5-7
timed-pregnant mice were taken; Lane 6, 3 lactating animals were taken. The Northern
analysis was performed as described in “Materials and Methods.” Lane I, 5-week-old
animals; Lane 2, 8-9-week-old animals; Lane 3, 16-week-old animals; Lane 4, 5-8 days
pregnant; Lane 5, 15-18 days pregnant; Lane 6, 3-4 days lactating. Each lane contains 5
ug of poly(A)* RNA. A, Hoxc-6; B, Hoxa-1; C, L7 RNA. Arrow, ~2.5 kilobases, where
Hoxa-1 transcripts were detected in Fig. 4B.

mammary gland development, it is likely that a linkage between them
and the mammogenic hormones that are required for growth,
morphogenesis, and functional activity would be discovered.

To determine whether Hoxc-6 transcript levels are regulated by
ovarian secretions, we isolated RNA from glands of animals that had
been ovariectomized at 5 weeks of age and allowed to mature for 4
weeks after ovariectomy, a time period that was determined adequate
for the ovarian steroids to be depleted from the tissues. Fig. 34 shows

_ the result of a Northern blot hybridization with a Hoxc-6 probe,

followed by L7 loading control (Fig. 3B). In glands from ovariecto-
mized animals (Fig. 3, Lane 1) Hoxc-6 transcript levels are substan-

tially elevated compared to glands from intact virgin mice
(Fig. 3, Lanes 2 and 3). '

We also compared glands from animals that were in diestrus (low
steroid) and early estrus (high steroid). Hoxc-6 appeared to be ex-
pressed at slightly higher levels in glands from animals in diestrus
(Fig. 3, Lane 2) than in glands from animals in early estrus (Fig. 3,
Lane 3). The difference was small (13-22% as determined by densito-
metry measurements) but reproducible. Hoxa-1 transcripts were not de-
tected in glands from ovariectomized animals (not shown). These results
suggest that Hoxc-6 transcripts are down-regulated by ovarian secretions,
the candidate hormones being estrogen, progesterone, and possibly pro-
lactin, which is secreted by the pituitary and is regulated by estrogen (33).

Hoxa-1 and Hoxc-6 Expression in Preneoplastic and Neoplastic
Mammary Glands. Steroid hormones are implicated in breast cancer
(34), and our observed regulation of Hoxc-6 expression by the ovaries
suggested a possible role for these genes in mammary cancer. The
availability of precancerous tissues, and of several mammary carci-
nomas derived from them (Fig. 4, D and E), made it possible to
examine Hox expression patterns in two stages of tumor progression.

Total cellular RNA was extracted from HAN lines D1 and D2 (18).
We chose three tumors that arose spontaneously from these precan-
cerous tissues. One tumor arose from nodule D1 and was designated
D1a. Two tumors arose from nodule D2 and were designated D2a and
D24, respectively. Total cellular RNA was extracted from generation
1 of tumor Dla, generation 3 of tumor D2a, and generation 10 of
tumor D2d. RNAs from HAN transplant lines and from their tumors
were subjected to Northern blot hybridization analysis using Hoxc-6,
Hoxa-1, and L7 probes, consecutively. Hoxc-6 showed very low levels
of expression in the two HANs and was not detected in any of the tumors,
even after prolonged autoradiographic exposure (Fig. 44). In contrast,
Hoxa-1 transcripts (~2.5 kilobases) were present in high levels in all
three tumors but were not detected in glands from virgin or pregnant
animals or in either of the HANs from which the tumors arose (Fig. 4B).

DISCUSSION

This paper describes the expression of several Hox gene members
in the mouse mammary gland; it is likely that other Hox genes, as well
as homeogenes outside the Hox clusters, are transcribed in one or
more of the mammary developmental stages. In this initial report,

Fig. 3. RNA expression of Hoxc-6 in the mammary
gland in response to different levels of steroids.
Northern analysis was performed as described in
“Materials and Methods.” Lane 1, mammary gland
RNA from ovariectomized mice. Sixteen mice
were ovariectomized at 5 week of age and allowed
to mature to 9 weeks prior to glands collection.
Lanes 2-3, the stage of estrus of 5-week-old mice
was determined by vaginal smears; Lane 2, RNA
from glands of 3 animals in diestrus (fow steroid);
Lane 3, RNA from glands of 6 animals in early
estrus (high steroid). Each lane contains 20 ug of
total RNA. A, Hoxc-6; B, L7, C and D, whole
mount preparations of glands from an ovariecto-
mized C57/Bl mouse (C) and an intact mature
virgin C57/Bl mouse (D) Arrows, epithelial duct
showing a decrease in ductal diameter and a sim-
plification of ductal patterning in response to ovar-
iectomy. Bar, 1 mm.
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Fig. 4. Hoxa-1 and Hoxc-6 expression in pre-
neoplastic and neoplastic mammary outgrowths.
RNA was isolated from hyperplastic alveolar nod-
ules (18) that were serially transplanted in BALB/c
gland-free fat pads and from spontancous carcino-
mas that arose from these nodules and were subse-
quently transplanted. Lane I, HAN D2; Lane 2,
tumor D2a; Lane 3, tumor D2d; Lane 4, HAN D1.
Lane 5, tumor D1a; Lane 6, mammary gland RNA
from 15-18 days pregnant animals; Lane 7, mam-
mary gland RNA from mature virgin animals.
Northern analysis was performed as described in
“Materials and Methods.” Each lane contains 20 pg
of total RNA. (A) Hoxc-6. (B) Hoxa-1.(C)L1. (D)
5-um section of HAN D1. (E) 5-um section of
tumor Dla. Like the C57/BI strain, expression of
Hoxa-1 could not be detected in normal develop-
mental stages of the BALB/c gland (data not
shown). Bars, 45 pum.

rather than carry out a large scale survey of the 38 known Hox genes,
we chose to examine two genes from different clusters, Hoxa-1 and
Hoxc-6, in sufficient depth to determine whether their expression
patterns might suggest a functional role in mammary development or
neoplasia. The criteria we chose were expression patterns that were:
(a) regulated by developmental stage; (b) responsive to mammogenic
hormones, or (c) altered in prencoplastic or neoplastic tissues.

Hoxa-1 is not expressed in the normal gland, while Hoxc-6 is
expressed during mammary development. Expression of Hoxc-6 is
related to the developmental stage of the gland, with declining tran-
script levels observed in response to pregnancy. The data show that
homeogene expression is not simply uniform or constitutive. Al-
though homeobox gene expression has not been reported previously in
the mammary gland, Wnt proto-oncogene expression in the mammary
gland has been documented (35). The Drosophila homologue of
Wat-1 is the segment polarity gene wingless, which is known to
regulate the homeobox-containing gene engrailed (36).

The mammary gland is an endocrine target organ of considerable
complexity, in which hormones of reproduction drive the gland
through its cycles of growth, secretory differentiation, lactation, and
postweaning involution. Primary among these hormones are the ovar-
ian steroids. Genes regulating tissue-specific responses to these hor-
mones must be downstream of the primary steroid response elements,
and it is reasonable to suppose that if Hox genes play a role in the
mammary gland, their activity will be linked to this primary endocrine
regulation. This was tested by examining glands from ovariectomized
animals and glands from animals at different time points during the
estrus cycle. Hoxc-6 expression was greatly increased following ovar-
jectomy. Transcript levels appeared to be slightly reduced during early
estrus, a small but reproducible effect that supports the ovariectomy
results by indicating an inverse relationship between ovarian steroids
and Hoxc-6 transcript levels.

At least two essential alterations occur during the development of
mammary cancers in mice, the acquisition of immortality at the
preneoplastic (HAN) stage, and the acquisition of cellular autonomy
at the neoplastic stage (18). Like normal cells, preneoplastic HANs
are growth-inhibited by the presence of nearby normal mammary
epithelium and remain as discrete nodules. They are also unable to

grow normally in ectopic sites, requiring mammary adipose tissue. -
Tumor cells, on the other hand, are able to overgrow normal mam-
mary tissues and have escaped growth dependence on mammary
stroma. Our results show that with respect to the expression of Hoxc-6
and Hoxa-1, the preneoplastic stage of mammary tumor progression is
similar to the normal mammary gland, whereas tumors derived from
these tissues show elevated expression of Hoxa-1 but not Hoxc-6.

Hox gene expression, in general, affects cell growth, differentiation,
and fate (37). In vertebrate embryos, Hox genes are associated with
maintenance of the proliferative state in the developing limb, while
overexpression in cultured myoblasts induced the transformed pheno-
type (10). It has been shown that overexpression of Hoxa-1 in NIH-
3T3 or 208-F cells leads to transformation, enabling the cells to grow
and form foci in soft agar (11). On injection of cells overexpressing
Hoxa-1 cells into athymic mice, the mice developed tumors as early
as 12 days postinjection. More examples showing that deregulated
homeogene expression leads to aberrant cell proliferation are recently
available (38, 7). These and other correlative studies make the case
that certain homeobox genes may constitute a new family of onco-
genes (11). Our results are in accord with these data and extend the
possible roles of homeobox genes to regulation of the mammary gland
in the subadult and mature animal.

The perturbation of cell fate-determining switches may reasonably be
expected to play a role in the acquisition of cell autonomy in the
progression of cells to malignancy. Many of the known oncogenes are
thought to alter early stages in the malignant progression, affecting the
cell cycle or participating in the immortalization process. Our data show
misexpression of Hoxa-I in malignant but not benign immortalized
precancerous tissues, suggesting that Hoxa-1 and perhaps other ho-
meobox genes may play a role in the latter stage of tumor progression as
cells acquire the ability to invade ectopic sites and establish dispersed
metastatic colonies.
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ARTICLES

Expression of Hoxa-1 and Hoxb-7 Is Regulated
by Extracellular Matrix-Dependent Signals
in Mammary Epithelial Cells

Anabella Srebrow,! Yael Friedmann,? Ali Ravanpay,' Charles W. Daniel,> and Mina J. Bissell*

"Lawrence Berkeley National Laboratory, Berkeley, California 94720
2Department of Biology, University of California, Santa Cruz, California 95064

Abstract Homeobox-containing genes encode transcriptional regulators involved in cell fate and pattern
formation during embryogenesis. Recently, it has become clear that their expression in continuously developing adult
tissues, as well as in tumorigenesis, may be of equal importance. In the mouse mammary gland, expression patterns of
several homeobox genes suggest a role in epithelial-stromal interactions. Because the stroma and the extracellular
matrix (ECM) are known to influence both functional and morphological development of the mammary gland, we asked
whether these genes would be expressed postnatally in the gland and also in cell lines in culture and whether they could
be modulated by ECM. Using a polymerase chain reaction-base strategy five members of the Hox gene clusters a and b
were shown to be expressed in cultured mouse mammary cells. Hoxa-1 and Hoxb-7 were chosen for further analysis.
Hoxb-7 was chosen because it had not been described previously in the mammary gland and was modulated at different
stages of gland development. Hoxa-1 was chosen because it was reported previously to be expressed only in mammary
tumors, and not in normal glands. We showed that culturing the mammary epithelial cell lines SCp2 and CID-9 on a
basement membrane (BM) that was previously shown to induce a lactational phenotype was necessary to turn off
Hoxb-7, but a change in cell shape, brought about by culturing the cells on an inert substratum such as polyHEMA, was
sufficient to downregulate Hoxa-1. This is the first report of modulation of homeobox genes by ECM. The results provide
a rationale for the differential pattern of expression in vivo of Hoxa-1 and Hoxb-7 during different stages of develop-
ment. The culture model should permit further in-depth analysis of the molecular mechanisms involved in how ECM
signaling and homeobox genes may interact to bring about tissue organization. J. Cell. Biochem. 69:377-391, 1998.
© 1998 Wiley-Liss, Inc.

Key words: homeobox; mammary gland; morphogenesis; basement membrane; gene expression

Extracellular matrix (ECM) profoundly influ-
ences cellular form and function during embryo-
genesis, as well as in the adult organism [Adams
and Watt, 1993; Martins-Green and Bissell,
1995; Ashkenas et al., 1996}. This is particu-
larly well documented for the mouse mammary
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gland, in which epithelial cells and the sur-
rounding ECM interact dynamically through-
out development [Bissell and Hall, 1987]. Unlike
other organs, the mammary gland undergoes
most of its growth and morphogenesis in the
subadult and adult animal, and certain stages
of the postnatal gland exhibit embryonic-like
features [Sakakura et al., 1979; Cunha et al.,
1992]. Regulation of pattern formation, cell dif-
ferentiation, and epithelial-stromal interactions
takes place after completion of embryogenesis,
and recurs during each cycle of pregnancy, lac-
tation, and involution. During branching mor-
phogenesis in virgin animals, the ECM at the
edge of the stroma influences end-bud develop-
ment and ductal branching [Silberstein et al.,
1992]. An intact basement membrane (BM) is
required for epithelial morphology and func-
tional differentiation during pregnancy and lac-
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tation [Aggeler et al.,, 1991; Sympson et al.,
1994]. Finally, after weaning, involution is com-
pleted only if the BM is degraded by matrix
metalloproteinases (MMPs) [Talhouk et al.,
1992}, an event that triggers programmed cell
death, allowing the gland to return to its rest-
ing state [Strange et al., 1992; Boudreau et al.,
1995].

A continuing, consistent body of work has
demonstrated that the ECM plays a key role in
mammary epithelial cell differentiation in cul-
ture as well [for review, see Roskelley et al.,
1995]. Primary mouse mammary cultures, as
well as various cell lines established from the
glands of pregnant animals [Danielson et al.,
1984; Schmidhauser et al., 1990; Desprez et al.,
1993], when placed on a reconstituted BM, un-
dergo a morphogenic process that leads to the
formation of polarized three-dimensional struc-
tures similar to the alveoli observed in vivo
[Aggeler et al., 1991]. These spheroids are able
to synthesize and vectorially secrete large
amounts of milk proteins in the presence of
lactogenic hormones [Li et al., 1987; Barcellos-
Hoff et al., 1989].

From Drosophila to mammals, homeobox-
containing genes have been identified as mas-
ter regulators of cell fate and pattern formation
during development [McGinnis and Krumlauf,
1992; Kenyon, 1994; Krumlauf, 1994; Lawrence
and Morata, 1994]. These genes are character-
ized by a highly conserved 183-bp sequence
encoding a 61-amino acid domain (homeodo-
main), which includes a helix-turn-helix DNA-
binding motif [Gehring et al., 1994]. Despite
extensive literature on their role in embryogen-
esis, their expression in the adult has been
reported only recently in a few tissues, includ-
ing kidney, intestine, testis, and the mammary
gland [Wolgemuth et al., 1987; James and Ka-
zenwadel, 1991; Wolf et al., 1991; Friedmann et
al., 1994]. Furthermore, their regulation and
function in these tissues is poorly understood.

In the mouse mammary gland, the expres-
sion of Hoxc-6 is differentially regulated during
postnatal development and is influenced by
mammogenic hormones. Hoxc-6 transcripts are
present in normal glands and absent in mam-
mary neoplasia. By contrast, Hoxa-1 is detected
only in mammary tumors of epithelial origin,
but not in the normal gland or in precancerous
outgrowths [Friedmann et al., 1994].

We hypothesized that a regulatory crosstalk
may exist between some homeobox genes and

the ECM and that this interaction may play a
role in different stages of mammary gland devel-
opment. To test this hypothesis, we used degen-
erate primers and reverse transcription-poly-
merase chain reaction (RT-PCR) and identified
several Hox genes that are expressed in two cell
lines isolated from a functional mouse mam-
mary cell strain that are ECM responsive
[Schmidhauser et al., 1990; Desprez et al., 1993].
Here, we focus our studies on the expression
and regulation of Hoxa-1 and Hoxb-7 for the
reasons described in the summary. The former
was previously identified only in mammary ad-
enocarcinomas [Friedmann et al., 1994] and
the latter has not been described previously in
the mammary gland. This report shows that
functional nontumorigenic mammary cells cul-
tured on tissue culture plastic express these
genes, but a reconstituted BM suppresses the
expression of both genes. The mechanism of
suppression, however, differs between Hoxa-1
and Hoxb-7 such that their mode of expression
in vivo in normal gland and in tumors may be
explained by ECM-dependent signals.

MATERIALS AND METHODS
Cell Culture

CID-9 cells [Schmidhauser et al., 1990] were
derived from the mouse mammary cell strain
COMMA-1-D [Danielson et al., 1984] by an
enrichment of the epithelial subpopulation. As
a result, the percentage of cells able to produce
B-casein in response to ECM and lactogenic
hormones was increased from 8 to more than
43. Homogeneous epithelial cells, SCp2, were
isolated from the heterogeneous CID-9 cell line
by limiting dilution cloning. SCp2 do not de-
posit their own BM, but more than 90% of these
cells are able to produce -casein in response to
an exogenous BM-like ECM or purified laminin
and lactogenic hormones [Desprez et al., 1993].

Each cell line was routinely grown in a mix-
ture of Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F12 medium (F12) (1:1)
(GIBCO-BRL, Grand Island, NY) containing
5% heat-inactivated fetal bovine serum (FBS)
(Sigma, St. Louis, MO); insulin, 5 pg/ml (Sigma);
and gentamicin, 10 pg/ml (UC, San Francisco).
At the onset of the experiments, 5 X 10? cells/
cm? were plated on different substrata in
DMEM-F12 medium supplemented with insu-
lin, 5 pg/ml (Sigma), and the lactogenic hor-
mones hydrocortisone, 1 pg/ml (Sigma) and pro-
lactin, 3 pg/ml (National Institute of Diabetes

* N\
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and Digestive and Kidney Disease, Bethesda,
MD), as well as 0.25-2% FBS. After 24 h, the
medium was replaced with serum-free DMEM—
F12 plus insulin and lactogenic hormones, and
the cells were maintained under these condi-
tions for the times indicated for each experi-
ment.

For studies on the influence of cell prolifera-
tion on Hoxa-1 expression, the medium was
changed to serum-free DMEM-F12 plus hydro-
cortisone and prolactin (as indicated above),
but with increasing amounts of insulin, 0, 0.25,
1.25, or 5 ng/ml, 24 h after plating. Cells were
maintained for another 24 h. This included a
12-h labeling period with 5-bromo-2'-deoxyuri-
dine (BrdU), as described below.

Cell Proliferation Assay

DNA synthesis was measured by BrdU incor-
poration using a BrdU Labeling and Detection
Kit (Boehringer Mannheim, Germany). Cells
were incubated with 10 pM BrdU for 12 h, and
labeled nuclei were detected according to the
manufacturer’s instructions with the addition
of a blocking step before the incubation with
anti-BrdU antibody. Blocking was performed
by incubating with 0.1% bovine serum albumin
(BSA), 10% goat serum in 1X phosphate-buff-
ered saline (PBS) for 1-2 h. Nuclear labeling
indices were determined by counting at least
300 cells from randomly selected visual fields
and calculating the percentage of cells with
labeled nuclei.

Substrata

When indicated, 100-mm tissue culture plates
were precoated with 1-2 ml of reconstituted
BM-like ECM purified from the mouse Engel-
breth-Holm-Swarm tumor (EHS matrix). EHS
or “factor-free” EHS was prepared as described
by Kleinman et al. [1986] or was obtained from
Collaborative Biomedical Products (Matrigel)
(Collaborative Research, Waltham, MA).

For studies on the influence of cell shape and
of eytoskeleton, tissue culture plates were coated
with the nonadhesive substratum poly(2-hy-
droxyethylmethacrylate) (polyHEMA) (Sigma)
as described by Folkman and Moscona [1978]
and Roskelley et al. [1994], using an initial
concentration of 10 mg/ml in 95% ethanol be-
fore drying.

Animals

For RNA preparation, CD-1 mice were used
as a source of normal mammary glands. Hyper-
plastic glands and tumors were collected from
transgenic animals made in a CD-1 back-
ground. For involuting glands, pups were
weaned at 9 days after birth; the next day was
counted as day 1 of involution. C57Bl/cr]l mice
were also used in parallel with CD-1 mice and
yield similar results as the CD-1 mice. Thoracic
glands of virgin and pregnant C57BL/cr] mice
were used for in situ hybridization.

RNA Isolation, cDNA Synthesis, and PCR
Amplification

Mouse mammary glands were frozen in lig-
uid nitrogen immediately after removal. Total
RNA was prepared using TRIzol reagent
(GIBCO-BRL) according to the manufacturer’s
instructions. Total RNA from cultured cells was
prepared as described by Chomezynski and Sac-
chi [1987].

Poly A* mRNA was purified from 1 mg total
RNA from cultured cells by chromatography on
oligo(dT)-cellulose column as described by Ma-
niatis et al. [1989]. cDNA was synthesized from
5 ng poly A* RNA using cDNA Synthesis Sys-
tem Plus (Amersham, Cleveland, OH), follow-
ing the manufacturer’s instructions. One-tenth
of the cDNA obtained was heated for 10 min at
95°C and then combined with a set of degener-
ate oligonucleotide primers at a concentration
of 1 pM each, 10 pl of 10X PCR buffer II (Perkin
Elmer), 2 mM MgCl,, 200 unM each dNTP, and
2.5 units of Taq DNA polymerase (Perkin Elmer)
in a total volume of 100 ul and amplified by
PCR. The reaction was carried out for 35 cycles
with the following profile: 95°C, 1 min, 40°C, 1
min, and 70°C, 30 s.

The following degenerate primers were used
(the code is used according to the International
Union of Pure and Applied Chemistry): ELEKEF:
5'-CGCGGATCCGARYTNGARAARGARTT-3' or
5-GGAATTCCGARCTNGARAARGARTT-3';
KIWFQN: 5'-CCCAAGCTTR-TTYTGRAACCA-
DATYTT-3’; WFQNRR: 5'-CGGGATCCCGNC-
GRTTYTGRAACCA-3'.

Similar sequences were used to amplify Hox
genes by Friedmann et al. [1994], Levine and
Schechter [1993], Frohman et al. [1990], and
others. Restriction endonuclease sites were
added at the 5’ ends of the primers to facilitate
cloning of PCR products.
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Cloning and Identification of PCR Products

The PCR product (~130 bp) was digested
with the corresponding restriction endonucle-
ases (BamHI, EcoRI, HindIII; from NEB Bio-
labs, Beverly, MA), size purified from an
ethidium bromide-agarose gel with QIAEX kit
(Qiagen, Chatsworth, CA) and ligated into di-
gested-vector pBluescript KS II (Stratagene,
La Jolla, CA). Miniprep DNA was prepared
from individual colonies, checked for the pres-
ence of the 130-bp insert, and sequenced using
the Sequenase version 2, DNA Sequencing Kit
(U.S. Biochemicals, Cleveland, OH) according
to the manufacturer’s instructions. Sequences
were compared with nucleotide databanks em-
ploying various programs of the GCG (Genetics
Computer Group, Madison, WI) sequence analy-
sis software package.

Northern Blot Analysis

Aliquots of 20-25 pg total RNA purified as
described above were resolved on 1% agarose/
2.3 M formaldehyde gels by electrophoresis.
RNA was then transferred by capillary blot
onto nylon membranes (Hybond-N, Amersham
or Magna NT, MSI, Westboro, MA) as indicated
by Maniatis et al. [1989]. Hybridization of the
membranes was carried out in 50% formamide,
5X Denhardt’s reagent, 4 X SSPE, 20 mM KPO,
(pH 6.5), 1% sodium dodecyl sulfate (SDS) and
10% dextran sulfate. Hoxa-1 and Hoxb-7 mouse
c¢DNA fragments were labeled with 32P-dCTP
by random primed (REDIPRIME Kit from Am-
ersham). Hoxa-1 fragment was ~770 bp, de-
rived from the 3’ untranslated region (a gift
from Dr. Chris Wright, Vanderbilt School of
Medicine, Nashville, TN). Hoxb-7 fragment was
~550 bp, derived from coding sequence 3’ of the
homeobox plus 3' untranslated region. This
fragment was generated by PCR using the fol-
lowing primers: direct primer 5'-AACCTCAG-
GACCGGGAACCACCG-3’ and reverse primer
5'-GAGGCTCGTGAATAGGACCTAG-3'. None
of these probes includes either the homeobox or
the polyadenylic tail. Final post-hybridization
washes were done in 0.1X SSPE-0.1% SDS at
65°C. The filters underwent subsequent hybrid-
ization with a probe for 28S ribosomal RNA, for
internal standardization. Bands on autoradio-
graphs were scanned and analyzed by densitom-
etry with Image 1.44 software from the Na-
tional Institutes of Health (NIH).

Tissue Sections and In Situ Hybridization

Mammary glands from virgin and pregnant
mice were fixed for 3 h in 4% paraformaldehyde/
PBS, dehydrated through graded series of etha-
nol to xylene, and then embedded in paraffin
wax; 7-pm sections were cut and mounted on
siliconized glass slides. In situ hybridization
was performed as described by Friedmann and
Daniel [1996]. A ~640 bp fragment correspond-
ing to 269-bp 5’ noncoding plus 390 bp coding
sequence of Hoxb-7 ¢DNA (lacking the ho-
meobox) was amplified by PCR and cloned into
the EcoRI site of pBluescript KSII multiple
cloning site (Stratagene). Two independent
clones, carrying the fragment in the sense or
antisense orientation with respect to the T7
promoter, were selected and used for the genera-
tion of Hoxb-7 digoxigenin-labeled RNA probes.
Transcription reactions were done with DIG
RNA labeling Kit (Genius 4, Boheringer Mann-
heim) according to the manufacturer’s instruc-
tions.

The primers used for PCR amplification were
1896: 5'-GGAATTCCCAAT-CCGCAGAGCTCG-
3'; and 2535: 5'-GGAATTCCAAGTTACTCTCG-
GCCGCCA-3'. Assigned numbers correspond
to nucleotide position on the mRNA (accession
number X06762). Restriction sites were added
to facilitate cloning.

RESULTS

Homeobox Gene Expression in Cultured Mouse
Mammary Cells

In our initial search for homeobox-containing
genes in breast cells, we chose a functional but
heterogeneous mouse mammary cell line, CID-9
[Schmidhauser et al., 1990, 1992], which is
composed of both epithelial and stromal-like
populations. This was because the expression
of certain homeobox-containing genes (e.g.,
Msx-1 and Msx-2) has been shown to depend on
epithelial-mesenchymal interactions [Jowett et
al., 1993; Pavlova et al., 1994; Friedmann and
Daniel, 1996]. CID-9 cells undergo morphologi-
cal and functional differentiation in response to
a laminin-rich BM and lactogenic hormones.
The process can be evaluated by assessing the
formation of three-dimensional alveolar-like
structures and the synthesis and secretion of
milk proteins by a large fraction of the epithe-
lial cells.
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To identify which Hox genes may be ex-
pressed in CID-9 cells, degenerate oligonucleo-
tide primers were used in PCR to amplify cDNA
from cells that were either proliferating or un-
dergoing differentiation. The primers were de-
signed based on the amino acid sequence of two
highly conserved regions within the homeodo-
main of different members of the Hox family.
The same strategy has been used successfully
in other systems such as mouse intestinal epi-
thelium [James and Kazenwadel, 1991], gold-
fish retina [Levine et al., 1993], erythroleuke-
mia cells [Takeshita et al., 1993], pancreatic
cells [Rudnick et al., 1994], and mouse mam-
mary gland [Friedmann et al., 1994], as well as
in the identification of known and new mem-
bers from other gene families, such as protein
kinases [Blaschke et al., 1991] and pou-pro-
teins [He et al., 1989].

Electrophoretic analysis of PCR products
showed a band of the expected size (~130 bp)
which was cloned, and several individual colo-
nies were randomly chosen and sequenced. Us-
ing this approach, we were able to identify five
known members of the Hox gene family ex-
pressed in mouse mammary cells in culture:
Hoxa-1, Hoxa-5, Hoxb-7, Hoxb-8, and Hoxb-9,
all belonging to clusters a and b respectively,
according to the nomenclature suggested by
Scott [1992] (Table D).

Hoxa-1 and Hoxb-7 were chosen for further
characterization for the reasons described. To-
tal RNA was extracted from subconfluent cul-

tures of CID-9 cells grown on tissue culture
plastic and the expression of Hoxa-1 and Hoxb-7
was confirmed by Northern blots. We detected
one Hoxa-1 transcript of approximately 2.5 kb
and two Hoxb-7 transcripts of 1.6 and 1.4 kb
(Fig. 1A). These are in agreement with the sizes
described in previous reports [Friedmann et al.,
1994; Meijlink et al., 1987].

Expression and Localization of Hoxa-7 and
Hoxb-7 In Vivo

The expression of Hoxa-I1 in the mammary
gland was studied previously by Friedmann et
al. [1994]. Whereas no expression was detected
in the normal gland and hyperplastic alveolar
nodules (HANSs), this gene was found to be
expressed in mouse mammary adenocarcino-
mas generated from serially transplanted
HANS. Thus, the expression of Hoxa-1 in func-
tionally normal cells in culture was surprising
and suggested either the absence of regulatory
suppressors or the presence of inducers in cul-
ture.

Expression of Hoxb-7 in mammary tissue had
not been studied previously. We carried out
Northern blot analysis of different stages of
mouse mammary gland development in normal
mice. Total RNA was isolated from mammary
glands of several mature virgin (70 days of age);
midpregnant (13 days postcoitus); lactating (2,
5, and 9 days) and involuting (2, 5, and 9 days)
animals. Only one transcript, of approximately

TABLE I. Alignment of Amino Acid Homeodomain Sequences Corresponding to Drosophila
Anntenapedia Gene (D), and Mouse Hox Genes (m) Detected in Cultured

Mammary Cells by RT-PCR*
]
Antp (D) RKRGRQTYTRYQTLELEKEFHFNRYLTRRRRIETAHALCLTERQIKIWF QNRRMKWKKENK
Hoxa-1 (m) PNAV-TNF-TK-LT}- -~~~ e eKeme—A==Voe—AS-Q-N-T-Vh-—————- L —Q--RE-
Hoxa-5 (m) G-—-A-TA-———— e e e Semmprm D--
Hoxb-7 (m) = = —c—eemmmmeem——b o et L B e niataiat
Hoxb-8 (m) “Reeee S e ] L--P-—=—=Ke==—VS—mmGom 1 N
Hoxb-9 (m) SRKK—CP—-—K-——————————L-—M——-——D——H—V—RL—N—S———VE ——————— b—M——M-—

—>

I‘kPCR AMPLIFICATION PRODUCT ‘L—|

*Boxed areas correspond to conserved regions among members of the Hox complex; arrows, degenerate oligonucleotide

primers used in the amplification reactions.
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Fig. 1. Expression of Hoxa-1 and Hoxb-7 in culture and of
Hoxb-7 during mammary gland development. A: Northern blot
analysis of total RNA from subconfluent monolayers of mouse
mammary cells (CID-9) consecutively probed with 32P-labeled
Hoxa-1 and Hoxb-7 cDNA fragments. Arrows, observed tran-
scripts. Approximate sizes are indicated (in kilobases) on the left
side of the panel. B: Northern blot analysis of Hoxb-7 mRNA in
the mammary gland. Northern blot analysis of total RNA from
glands of 70 days virgin (V) mice; 13 days pregnant (P); 2, 5, and
9 days lactating (L) mice; and, 2, 5, and 9 days involuting (1)
mice. The same blot was sequentially hybridized with Hoxb-7,
B-casein and 28S rRNA probes. Please note that the expression
of Hoxa-1 was shown previously to be absent in vivo [Friedman
and Daniel, 1994]; see also Figure 5.

1.6 kb, was detected throughout development
with higher expression in glands of virgin ani-
mals, decreasing during pregnancy, practically
absent during lactation, but increasing again
up to day 9 of involution by which time the
gland had reached a resting state (Fig. 1B).
Thus, the expression of Hoxb-7 and full differen-
tiation of the mammary gland, achieved during
lactation, are inversely correlated.

To examine which cell type is responsible for
the expression of Hoxb-7 in this tissue, we per-
formed in situ hybridization with antisense and
sense Hoxb-7 RNA probes. By this technique,
Hoxb-7 mRNA was detected in the epithelial
compartment of the glands of virgin animals.
Some stromal cells in the vicinity of the ducts in
glands from virgin animals also appeared to
express this gene, but it was at considerably
lower levels than the epithelium (Fig. 2A). In
the glands of pregnant animals, reduced expres-
sion of Hoxb-7 was detected by Northern blot,

but some of the ductal structures were shown to
be strongly positive for Hoxb-7 by the in situ
technique (Fig. 2C). Hoxb-7 expression was ab-
sent in the epithelial cells of the gland from
lactating animals (not shown).

Expression of Hoxa-1 and Hoxb-7 in Mammary
Cells in Culture Is Downregulated
by an Exogenous BM

We had shown previously that cultivation of
primary mammary epithelial cells on an exog-
enous BM matrix (EHS) (see under Materials
and Methods) leads to induction of a near nor-
mal lactating phenotype [Aggeler et al., 1991].
We had also shown that two mammary cell
lines CID-9 and SCp2 (see under Materials and
Methods) turn on milk protein genes and un-
dergo similar morphogenesis on such sub-
strata. We therefore asked whether cultivation
on EHS would also recapitulate the loss of
these Hox genes observed in the lactating gland
in vivo.

The two cell lines were cultured in the pres-
ence of lactogenic hormones either on EHS,
where they acquire a three-dimensional organi-
zation, or directly on tissue culture plastic,
where they form a flat, two-dimensional mono-
layer (Fig. 3A). Cells were harvested at differ-
ent time points after plating, and total RNA
was extracted and analyzed by Northern blot.

Hoxb-7 and Hoxa-1 transcripts were down-
regulated in mammary cell lines plated on EHS
(the same result was found in growth “factor-
free” EHS). While this effect could be observed
as early as 12 h after plating (not shown), it
became more pronounced after 24 h and was
sustained for approximately 72 h, the latest
time point studied (Fig. 3B, B’, C, C'). Down-
regulation of these Hox genes preceded expres-
sion of milk protein genes in the cell lines (data
not shown). This finding is interesting in a
number of respects: it indicates that BM can
downregulate both Hoxb-7 and Hoxa-1, but it
also indicates that either the BMs surrounding
the epithelial cells of mammary glands from
virgin and pregnant animals are different from
the BM surrounding the lactating glands or
that the epithelial cells have a different spacial
relationship to the underlying BM (see under
Discussion). The EHS matrix clearly mimics
the latter. Furthermore, Hoxa-1 appears to be
subject to a less stringent regulation than
Hoxb-7 in vivo because it is suppressed in all
normal epithelia at all stages of development.
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Fig. 2. Localization of Hoxb-7 mRNA in the mammary gland by in situ hybridization. Sections of mammary glands
from mature virgin (A,B) and early pregnant mice (C,D) were hybridized with Hoxb-7 sense (B,D) or antisense (A,C)
riboprobes. Please note that while some ducts were expressing Hoxb-7 (C), the total expression was much lower in
pregnant; lactating gland was negative (not shown). Scale bar = 100 pm.

Nevertheless, when EHS matrix was dried or
cross-linked to confer a rigid structure [Chen
and Bissell, 1989], neither Hoxb-7 nor Hoxa-1
was downregulated (not shown). This means
that malleability of the substratum, and of the
matrix molecules themselves, may be impor-
tant in suppressing these Hox genes.

Signal Transduction by “Cell Shape” Versus
Specific ECM Ligands

When mammary epithelial cells are placed
on EHS, ECM-dependent changes in morphol-
ogy precede ECM signaling through cell surface
receptors, and the latter is dependent on the
former [Roskelley et al., 1994]. Whereas EHS
can provide both morphological and functional
cues, culturing cells onto the nonadhesive sub-
stratum polyHEMA [Folkman and Moscona,
1978] induces only the “cell shape” response;
that is, cells round up and cluster, but do not
deposit, a functional endogenous BM, judged by
the lack of B-casein expression and full differen-
tiation [Roskelley et al., 1994] (Fig. 4A). Using
the epithelial cell line SCp2, which is unable to
deposit its own BM, we were able to separate
the consequences of a change in cell shape and
cytostructure (which would lead to altered sig-
naling) from ECM biochemical signaling on
Hoxa-1 and Hoxb-7 expression.

SCp2 cells were plated either on tissue cul-
ture plastic or on polyHEMA-coated dishes in
the presence of lactogenic hormones. RNA was
extracted at different times after plating and
was analyzed by Northern blot.

Hoxa-1 transcript levels were markedly re-
duced in SCp2 cells plated on polyHEMA-
coated dishes, compared to the level on tissue
culture plastic. By contrast, Hoxb-7 expression
was not altered when the cells were clustered
on polyHEMA (Fig. 4B). The pattern of expres-
sion of both genes persisted regardless of the
length of culturing (from 24 to 72 h). This
finding shows that inhibition of Hoxa-1 expres-
sion depends primarily on epithelial cell shape
modulated, in vivo, by the stroma and BM at
any stage of the gland’s development, whereas
Hoxb-7 requires additional signaling from the
ECM. It is tempting to suggest that the regula-
tion of expression of Hoxa-1 depends on a puta-
tive “shape response element,” whereas Hoxb-7
gene expression relies on an ECM-response ele-
ment [Schmidhauser et al., 1992; Roskelley et
al., 1995].

Not surprisingly, this response to the micro-
environment was abrogated in mammary tu-
mor cells. A mammary tumor generated in
transgenic animals [Sympson et al., 1995] ex-
pressed high levels of Hoxa-1 (Fig. 5A), as re-
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Fig. 3. Influence of an exogenous BM-like ECM on the expres-
sion of Hoxa-1 and Hoxb-7 in cultured mouse mammary cells.
A: Morphology of CID-9 cells (a,b) and SCp2 cells (c,d) cultured
for 2 days on a reconstituted BM (EHS) (a,c) or on tissue culture
plastic (b,d). Scale bar = 200 pm. B: Northern blot of total RNA
from cells cultured as described above for 3 days. Two Hoxb-7
transcripts (B) and one Hoxa-T1 transcript (C) were identified
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(arrows). The same blots were stripped and rehybridized with a
probe for 285 rRNA. Autoradiographs were scanned and ana-
lyzed densitometrically. Hoxb-7 (B') and Hoxa-1 (C') expres-
sion values were standardized against the corresponding value
for 285 rRNA. Graphs show average values and standard devia-
tions (s.d.) from at least three independent experiments. White
bars, ECM/EHS; black bars, PLASTIC.
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Fig.4. Influence of cell shape on the expression of Hoxa-1 and
Hoxb-7 in SCp2 cells. A: Morphology of mouse mammary
epithelial cells (SCp2) cultured as nonadherent clusters on
polyHEMA-coated dishes (a) or as a monolayer on tissue culture
plastic (b). Scale bar = 200 pm. B: Northern blot of total RNA
from cells cultured under conditions mentioned above. The
same blot was probed consecutively for Hoxa-1, Hoxb-7 and
28S rRNA.

ported for other mammary tumors by Fried-
mann et al. [1994]. A highly tumorigenic cell
line (TCL-1) derived from this tumor [Lochter
et al., 1997] was cultured on tissue culture
plastic, on a reconstituted BM or on poly HEMA-
coated dishes (Fig. 5B). RNA was extracted and
analyzed by Northern blot. The expression level
of Hoxa-1 was slightly higher in TCL-1 cells
than in the other two functional cell lines,
whereas Hoxb-7 was expressed at considerably
lower levels in the tumor cell line (data not
shown). Hoxa-1 was downmodulated in CID-9
and SCp2 cells under these conditions (as we
described above). Furthermore, its expression
not only was not suppressed in TCL-1 cells
cultured on an exogenous BM or on polyHEMA,
but it was slightly increased compared to the
level of expression on tissue culture plastic
(Fig. 5C; cf. a and b with ¢).

1 Hoxa-1

“ 0] pcasein

relative expression of Hoxa-1

Fig. 5. Expression of Hoxa-1 mRNA in normal mammary
gland, in a mammary adenocarcinoma and in a derived mam-
mary tumor cell line (TCL-1). A: Total RNA from glands of 70
days virgin (V); 13 days pregnant (P); 2, 5, and 9 days lactating
(from left to right, L) and 2, 5, and 9 days involuting (from left to
right, 1) mice, as well as from a mammary tumor from stromely-
sin-1 transgenic mice (T) was analyzed by Northern blot. The
same blot was sequentially hybridized with Hoxa-7, B-casein,
and 285 rRNA probes. B: TCL-1 cells cultured on a reconstituted
BM (a), on polyHEMA-coated dishes (b), or on tissue culture
plastic (c). Scale bar = 200 pm. Total RNA from TCL-1 cells
cultured on the above mentioned substrata was analyzed by
Northern blot. Graph C shows relative expression values for
Hoxa-1 transcript standardized against the corresponding 285
rRNA band. The plotted values represent the average of three
independent experiments, and s.d. are shown: a, EHS; b, poly-
HEMA,; c, plastic.

Hoxa-1 Regulation and Cell Cycle Progression

Many nonmalignant cells, including primary
mammary epithelial cells, CID-9 and SCp2 cell
lines, when cultured on a BM gel or on poly-
HEMA, where cells are prevented from attach-
ment and spreading, undergo growth arrest
[Folkman and Moscona, 1978; Petersen et al.,
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1992; Desprez et al., 1995]. By contrast, when
these cells are allowed to spread on tissue cul-
ture plastic or on other substrata, they con-
tinue to proliferate for several days, even in the
absence of serum [Boudreau et al., 1996]. If the
observed downregulation of Hoxa-1 in SCp2
cells on polyHEMA-coated dishes was related
to an inhibition of cell-cycle progression, the
absence of regulation in malignant cells could
be due to an inability to suppress growth in
these cells, even when they are grown on a
reconstituted BM.

SCp2 cells were allowed to spread onto tissue
culture plastic and then maintained for 24 h in
the absence or presence of increasing concentra-
tions of insulin (0-5 pg/ml), which was previ-
ously shown to be required for the growth of
these cells. DNA synthesis was determined by
BrdU incorporation (Fig. 6A). Despite a dra-
matic decrease (from 60% to <10%) in cell cycle
progression observed in the absence of insulin
(Fig. 6B), the expression of Hoxa-1 was, in fact,
slightly increased (Fig. 6C). This finding indi-
cates that suppression of Hoxa-I expression in
nonmalignant mammary epithelial cells cul-
tured on polyHEMA is modulated by the change
in cell shape rather than by a change in growth
rate. The fact that mammary epithelial cells do
not express Hoxa-1 in either virgin or preg-
nancy states supports this conclusion. This find-
ing also indicates that the inability of tumor
cells to downregulate Hoxa-I as a result of
clustering is not related to their loss of growth
control, but to their inability to appropriately
respond to the microenvironment [Petersen et
al., 1992].

DISCUSSION

The mammary gland retains the plasticity to
undergo repeated cycles of growth, morphogen-
esis and functional differentiation at the onset
of each pregnancy. Furthermore, mammary epi-
thelial cells are capable of recapitulating these
morphogenic events when cultured under
proper conditions [Barcellos-Hoff et al., 1989;
Aggeler et al., 1991]. These observations lead to
the idea that specific regulatory molecules must
exist that are able to sense and integrate the
variety of signals emanating from the cell’s
microenvironment (i.e., neighboring cells, ECM,
growth factors, hormones) and process them in
a coordinated manner so as to ensure the main-
tenance of cell fate and tissue identity. Ho-
meobox-containing genes appear to be good can-

didates for the orchestration of this complex
developmental phenomenon, in which form and
function are dynamically intertwined.

Several homeobox-containing genes have
been observed to display an altered pattern of
expression in some malignancies when com-
pared with the corresponding normal tissues
[Cillo et al., 1992; De Vita et al., 1993]. More-
over, misregulation of certain homeotic genes
can lead to cellular transformation in cul-
ture, as well as tumor formation in vivo [Aber-
dam et al., 1991; Song et al., 1992; Maulbecker
and Gruss, 1993]. These observations suggest
that in addition to their role in embryo-
genesis, homeobox-containing genes may play
an important role both in controlling cell differ-
entiation and in the multistep process of tumori-
genesis.

Experimental evidence suggests that many
of homeotic genes are involved in the regulation
of morphoregulators, such as adhesion mol-
ecules. For example, Hoxc-6, Hoxb-8, and
Hoxb-9 can regulate N-CAM promoter activity
in cotransfection experiments [F.S. Jones et al.,
1992, 1993]. Overexpression of Hoxd-3 alters
the adhesive properties of a human erythroleu-
kemia cell line (HEL), along with an increase in
integrin olIIbB3 [Taniguchi et al., 1995] and
Evx-1, a homeobox-containing gene outside the
Hox cluster, activates the tenascin-C (cytotac-
tin) promoter [Jones et al., 1992].

What regulates the homeotic genes them-
selves is less understood. In the mouse mam-
mary gland, Hoxc-6, Msx-1, and Msx-2 expres-
sion are regulated by mammogenic hormones
[Friedmann et al., 1994, 1996]. The latter fur-
ther appear to play a role in stromal-epithelial
interactions. However, it is difficult to decipher
molecular mechanisms and interconnections be-
tween the regulatory pathways in vivo. We used
a number of culture conditions developed in our
laboratory to investigate broad signals that im-
pinge on regulation of Hoxa-1 and Hoxb-7, and
which could not be studied easily in vivo. While
a change in cell shape alone was sufficient to
suppress Hoxa-1 expression, it was not enough
for Hoxb-7 where the BM itself was also re-
quired for downregulation. This effect may be
attributed to either a direct signal generated by
a particular ECM ligand present in EHS prepa-
rations, ECM-dependent modulation of growth
factors produced by the cells themselves [Streuli
et al., 1993; Lin et al., 1995], formation of an
endogenous BM as a result of the cultivation in
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A

Fig. 6. Downregulation of Hoxa-7 in
SCp2 cells is not due to a decrease in
the rate of cell-cycle progression.
A: Cell proliferation assay. SCp2 cells
cultured with 5 pg/ml of insulin (a,b) or
in the absence of insulin (c,d). Nuclear
DAPI staining (a,0) and detection of
incorporated BrdU by indirect immuno-
fluorescence (b,d). Scale bar = 50 pm.
B: Percentage of BrdU-positive SCp2
cells cultured with increasing concen-
trations (0, 0.25, 1.25, 5.0 pg/ml) of C
insulin over 24 h. C: Northern blot
analysis of Hoxa-1 expression in SCp2
cells cultured as indicated above. Only
those insulin concentrations that led to
different cell proliferation indices are
shown. The same blot was sequentially
hybridized with Hoxa-1 and 285 rRNA
probes. Note that levels of Hoxa-7 may
be even lower in growing cells and not
as the result of the absence of growth.

exogenous EHS [Petersen et al., 1992] or the
acquisition of secretory epithelial polarity ob-
served only when cells are plated onto this
malleable substratum. As mentioned previ-
ously, dried EHS, which becomes rigid and pro-

%BrdU positive cells

0 025 125 5.0
Hg/ml Insulin

0 025 50

Hoxa-1

28S

motes cell attachment and spreading [Chen
and Bissell, 1989], did not suppress the expres-
sion of either Hox genes studied, supporting the
conclusion that changes in cytostructure may
be necessary.
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It is interesting to note that the suppression
of Hoxa-1 and Hoxb-7 in CID-9 and SCp2 mam-
mary cells, mirrors the expression patterns of
several milk proteins studied in our laboratory.
The functional lactational phenotype is ac-
quired by a hierarchy of ECM-dependent sig-
nals [Lin and Bissell, 1993; Roskelley et al.,
1995]. A change in cell shape (“rounding”), in
the absence of specific ECM signaling, leads to
cessation of growth, reorganization of the cyto-
skeleton, changes in nuclear morphology and
concomitant expression of the iron-binding pro-
tein lactoferrin [Roskelley et al., 1994, 1995].
This step is also sufficient to suppress Hoxa-1
expression. A second level of complexity is re-
quired for the expression of B-casein. In this
case, not only a cell shape change, but also
biochemical signaling through B-integrin is nec-
essary to induce B-casein expression and pro-
moter activity [Streuli et al., 1991; Roskelley et
al., 1994}. Additional morphogenic signals asso-
ciated with cell-cell junctions, polarity, and
three-dimensional organization are needed to
turn on the expression of whey acidic protein
(WAP) [Chen and Bissell, 1989; Lin et al., 1995].
The regulation of Hoxb-7 appears to have char-
acteristics in common with both B-casein and
WAP. Although a BM overlay that induces
B-casein expression [Roskelley et al., 1994] also
modulates Hoxb-7 on tissue culture plastic, the
same overlay does not suppress Hoxb-7 expres-
sion when applied to cells that were already
preclustered on polyHEMA-coated dishes (data
not shown). This finding suggests that a change
in polarity may also be required for downregula-
tion of this gene. Clustered cells on polyhema,
although rounded and growth arrested, do not
form hemidesmosomes and are not polar. Which
mechanism is, in fact, involved is currently
under investigation.

The pattern of expression of Hoxb-7 in the
mammary gland in vivo is intriguing. It is ex-
pressed in the epithelial cells of virgin animals,
but transcript levels decrease appreciably
through pregnancy and become virtually ab-
sent during lactation. As the gland involutes,
expression increases until the gland is remod-
elled by day 9 of involution. It is therefore
reasonable to suspect that Hoxb-7 may indeed
play a role in remodeling and in reestablishing
ductal branching. The expression of this homeo-
gene in the virgin gland at a time when ductal
branching is occurring would be consistent with
this hypothesis. The expression of Hoxb-7 in

the glands of both virgin and pregnant animals
in vivo, despite the presence of a visible BM,
may be attributable to differences in composi-
tion and structure of the ECM, the balance and
the composition of integrins and/or other micro-
environmental regulators. Also, it is important
to note that the mammary gland is a double-
layered tube in which myoepithelial cells are
localized between the epithelium and the BM.
It is known that the relation of the epithelial
and myoepithelial cells changes as a function of
developmental stage. Thus, one other possibil-
ity may be that in the gland of virgin and
pregnant animals, the epithelium may be only
in occasional contact with the BM, while in
lactation the shape of the myoepithelial cell
changes allowing a more direct contact between
the epithelium and the BM [J.L. Jones et al.
1997; J.C. Jones et al. 1991; Emerman and Vogl
1986].

Our finding that Hoxb-7 is suppressed in
culture when a BM-like ECM is present further
supports the “lactational” phenotype of these
cells in culture [Aggeler et al., 1991]. Further-
more, the expression of Hoxb-7 in cells plated
on tissue culture plastic is consistent with the
“involuting” phenotype of cells on this substra-
tum. CID-9 and SCp2 cells on plastic apoptose
when they reach confluence [Boudreau et al.,
1995], have little or no milk protein expression
but express tenascin [Jones et al., 1995] and
Houxb-7 (this study).

Two different transcripts corresponding to
Hoxb-7 can be detected in mammary epithelial
cells cultured on plastic, whereas only one is
observed in normal mammary gland. Although
different alternative-spliced variants have been
reported for several Hox genes [Lopez, 1995],
the absence of one isoform in the tissue and its
presence in culture is intriguing and warrants
further investigation in order to understand its
biological significance as well as the molecular
mechanisms that regulate its expression.

The fact that epithelial cells on tissue culture
plastic express Hoxa- 1, while the normal breast
epithelium in vivo never does indicates that
plastic substratum is an abnormal microenvi-
ronment for these cells. We know that cells on a
flat or rigid substrata express and secrete many
growth factors [Streuli et al., 1993; Lin et al.,
1995] and inappropriate ECM components such
as tenascin [P.L. Jones et al., 1995]. This find-
ing also indicates that expression of Hoxa-1
need not be limited to the malignant phenotype
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only. SCp2 cells do not form tumors when in-
jected into nude mice [S. Galosy, P.Y. Desprez,
and M.J. Bissell, unpublished results) and
downregulate Hoxa-1 on polyHEMA-coated
dishes and on a reconstituted BM. This regu-
lated expression contrasts with the lack of regu-
lation observed in tumor cells. Hoxa-I may thus
be expressed in those tumors that have lost
their ECM (“shape”) responsiveness. This would
be consistent with the observation that most
human mammary carcinoma cell lines and pri-
mary cultures established from tumor biopsies
were unresponsive to their microenvironment
when grown within a BM [Petersen et al., 1992;
Howlett et al., 1995; Weaver et al., 1995].

The availability of functional mammary epi-
thelial cell lines and the existence of differences
in the modulation of Hoxa-1 and Hoxb-7 could
be used to further explore the nature of the
regulatory pathways upstream and downstream
of Hox genes in mammals as an alternative to
genetic manipulations in the intact organism.
These experiments are in progress.
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