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Hoxb7 Inhibits Transgenic HER-2/neu–Induced Mouse Mammary
Tumor Onset but Promotes Progression and Lung Metastasis
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Abstract
Our previous studies have shown that HOXB7 mRNA is
overexpressed in f50% of invasive breast carcinomas and
promotes tumor progression in breast cancer cells grown as
xenografts in mice. In silico analysis of published microarray
data showed that high levels of HOXB7 predict a poor outcome
in HER-2–positive (P = 0.046), but not in HER-2–negative
breast cancers (P = 0.94). To study the function of HOXB7
in vivo in the context of HER-2 overexpression, we generated
mouse mammary tumor virus (MMTV )-Hoxb7 transgenic
mice, and then crossed them with MMTV-HER-2/neu transgenic mice. In the mice carrying both Hoxb7 and HER-2/neu
transgenes, Hoxb7 plays a dual role in mammary tumorigenesis. In double transgenic mice, overexpression of Hoxb7
delayed tumor onset and lowered tumor multiplicity. However, consistent with the clinical data, once the tumors
appeared, their growth was faster and metastasis to the lungs
occurred at a higher frequency. Our data show, for the first
time, that deregulated expression of Hoxb7 in mammary
tumor cells can significantly modulate HER-2/neu-oncogene
induced tumorigenesis in vivo. [Cancer Res 2008;68(10):3637–44]

Materials and Methods

Introduction
HOX genes were initially discovered in Drosophila where they
control segment identity through regulating cellular proliferation,
differentiation, and death (1). In humans, there are at least 39 HOX
genes, organized in four clusters (A, B, C, and D) located on
chromosomes 7, 17, 2, and 12, respectively (1). A potential role for
HOX genes in neoplasia was first documented in leukemia (2).
Since then, alterations in HOX gene expression have been detected
in a variety of human tumors and derivative cell lines (3–5).
Although many in vitro cell culture and xenograft injection studies
have shown that deregulated HOX genes can promote cellular
transformation and tumor progression, thus far, no evidence has
been presented that their gain or loss of function can directly cause
tumor formation in vivo (6, 7).
In recent years, a small number of studies have suggested that
HOXB7, a member of the HOX gene family, plays a role in tumorigenesis. First, frequent overexpression of HOXB7 was reported in
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melanoma, ovarian, and breast cancer cell lines, as well as primary
tumors (8, 9). Secondly, overexpression of HOXB7 in the breast
cancer cell line SKBR3 increased proliferation and angiogenesis by
up-regulating basic fibroblast growth factor (bFGF; refs. 8, 10, 11).
Recently, our data has shown that overexpression of HOXB7 in
breast cancer cells induced epithelial-mesenchymal transition
(12), a critical step for metastasis. These results pointed to a
potential oncogenic role for HOXB7 in breast cancer.
To investigate the role of HOXB7 in breast tumorigenesis in vivo,
we generated a mouse mammary tumor virus (MMTV )-Hoxb7
FVB/N transgenic mouse model where expression of Hoxb7 is
regulated by the MMTV promoter. Our preliminary data showed
that overexpression of Hoxb7 alone in this strain of mouse was
insufficient to induce tumor formation. To test whether overexpression of Hoxb7 potentiates tumorigenesis induced by other
oncogenes, we crossed the MMTV-Hoxb7 with MMTV-HER-2/neu
transgenic mice, which are known to develop mammary tumors at
6 to 12 months of age. Interestingly, we found that overexpressed
Hoxb7 in the mammary gland played a dual role in HER-2/neu–
induced tumorigenesis: it delayed tumor onset but promoted
metastatic tumor progression.

In silico microarray data analysis. The clinical effect of the gene
expression profiles of HOXB7 was evaluated using a published data set of
breast cancer patients (13). This data set includes 286 lymph node–negative
breast cancer patients who received no adjuvant treatment. The mean
expression value was used as the cutoff to classify HOXB7 expression as
high or low. Recurrence-free survival was estimated using the Kaplan-Meier
method and compared with log-rank tests. The HER-2 expression status
was statistically classified as described previously (14). All statistical tests
were two-sided, and differences were considered statistically significant
at P < 0.05. All analyses were performed using SAS (version 9.1) and R
(version 2.4.1).
Generation and identification of transgenic mice. The full-length
mouse Hoxb7 cDNA was amplified by PCR and inserted into a pMMTV
vector (a kind gift from Dr. Jeffrey Rosen at Baylor College of Medicine)4 to
generate the plasmid pMMTV-Hoxb7. Microinjections were performed by
the Transgenic Mouse Core Facility at National Cancer Institute. Transgenic
progeny were identified by Southern blot analysis, and PCR using genomic
DNA was isolated from a tail biopsy. In brief, the tip of the tail was cut from
4-week-old mice. The tail DNA was extracted by digesting with proteinase K
in 300 AL of lysis buffer overnight, followed by heating at 95jC for 10 min to
inactivate the enzyme. After centrifugation, 1 AL of the supernatant was
used for PCR reaction. The two pairs of primers used to detect the intact
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Hoxb7 gene were KCR1 (5¶-TTC TGG CTG GCG TGG AAA TA-3¶) and
Hoxb7.2 (5¶-GAA GCA AAG GCG CAA GAA GT-3¶) for detection of the 5¶
end sequence of Hoxb7 gene, and polyA3 (5¶-CCC AGA ATA GAA TGA CAC
CT-3¶) and Hoxb7.7 (5¶-ACA GAT CAA GAT CTG GTT TC-3¶) for detection of
the 3¶ end sequence.
Mouse breeding. The mice were housed and treated in accordance with
NIH Guide to Humane Use of Animals in Research. All surgical procedures
were approved by the Johns Hopkins University Animal Care and Use
Committee. The MMTV-HER-2/neu mice are purchased from The Jackson
Laboratory. Both MMTV-Hoxb7 and MMTV-HER-2/neu mice were on the
FVB background. The hemizygous MMTV-Hoxb7 and MMTV-HER-2/neu
mice were intercrossed to generate progeny of following genotypes:
wild type (wt), MMTV-neu, MMTV-Hoxb7, and MMTV-Hoxb7/MMTV-neu.
Age-matched virgin mice were used for phenotypic and genotypic
alterations.
Whole mount staining analysis of mammary gland. Mammary glands
were stained as previously described (15). Inguinal mammary fad pads were
excised from euthanized mice and stretched on a histologic glass slide. The
fat pads were placed in 10% formalin for at least 24 h and then defatted in
acetone for 2 d. The fat pads were rehydrated in a graded series of alcohols
to distilled water and stained with hematoxylin for 4 to 6 h. The stained
slides were washed in tap water and then dehydrated in a graded series of
alcohols and transferred to xylene, and coverslips were mounted with
Permount mounting media (Fisher Scientific). Five mice per genotype were
analyzed.
Reverse transcription–PCR analysis. Reverse transcription–PCR was
performed as described previously for the genes queried using primers
Hoxb7F2 (5¶-ACC GAG TTC CTT CAA CAT GC-3¶) and Hoxb7R2 (5¶-CCG
AGT CAG GTA GCG ATT GT-3¶; ref. 16).
Western blot analysis. Western blot analysis was done using standard
procedure (16). HER-2/neu antibody was purchased from Santa Cruz
Biotechnology, Inc.
Histologic assay. Mammary tumor formation was monitored in
nulliparous mice by weekly physical palpation. Mammary tumors and lung
tissue were harvested from mice bearing tumors for 70 d. Histologic services
were provided by the Department of Pathology at the Johns Hopkins School
of Medicine.
Tumors were graded according to the modified Elston and Ellis histologic
grading system (17). In brief, three tumor characteristics were evaluated:
tubule formation, nuclear pleomorphism, and mitotic counts. A numerical
scoring system of 1 to 3 was used to ensure that each factor was assessed
individually. The three values were added together to produce scores of 3 to
9, to which the grade was assigned as follows: grade 1, well differentiated
(3–5 points); grade 2, moderately differentiated (6–7 points); and grade 3,
poorly differentiated (8–9 points). Mitotic cells were counted in random
10 high-power fields (400) for each tumor sample. Lung metastases
identified by microscopic analysis were called ‘‘micrometastasis,’’ and the
total number of foci in a section of the entire lung was counted.
Assessment of angiogenesis, proliferation, and apoptosis. Immunohistochemical analysis was performed as previously described (18).
Angiogenesis, proliferation, and apoptotic index were assessed by immunochemical staining analysis of primary tumors using antibody against
CD34 (Dako), active caspase-3 (BD Sciences), and Ki67 (BD PharMingen),
respectively. Angiogenesis was evaluated by investigators blinded to the
identity of the mice by counting blood vessels in three areas of the section
at 200 magnification. Microvessel counts were expressed as the mean
number of vessels in the three areas. To assess proliferation and apoptotic
rate, 1,000 tumor cells were counted, and the percentage of positive staining
cells is presented in the figures.

Results
The expression status of HOXB7 predicts clinical outcome in
HER-2–positive breast cancer. Our previous data showed that
HOXB7 was overexpressed in the majority of invasive breast
carcinomas (12). To test whether overexpression of HOXB7 has
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clinical consequences in breast cancer, we performed statistical
analyses in silico using published microarray data on 286 lymph
node–negative breast cancers (13). Absence of any therapy, presurgery or postsurgery, permitted the evaluation of the prognostic
role of the marker, without the confounding effects of therapy (13).
In this cohort, HOXB7 expression alone did not significantly predict
clinical outcome. However, when the patients were divided into
HER-2–positive (n = 72) and HER-2–negative (n = 214) subgroups,
we found that the expression status of HOXB7 was a strong
prognostic biomarker for development of metastasis in the HER-2–
positive subgroup (P = 0.046). High HOXB7 expression in 27 of 72
HER-2–positive cancers (37%) was significantly associated with
decreased distant metastasis-free survival (P = 0.046). Compared
with HER-2–positive patients with low HOXB7 expression (n = 54)
or HER-2–negative patients (n = 214), the HER-2–positive patients
with high HOXB7 expression displayed the worst clinical outcome.
The HER-2–negative group of patients showed very similar
metastasis-free survival rate regardless of HOXB7 expression status
(P = 0.94; Fig. 1). Seventy-four of 214 HER-2–negative tumors (35%)
expressed high levels of HOXB7, which was very similar to the
percentage of HER-2–positive tumors with high HOXB7 expression
(37%). Thus, in all likelihood, HOXB7 expression is not associated
with the expression status of HER-2. These data suggested
that HOXB7 can serve as an independent prognostic marker to

Figure 1. Expression status of HOXB7 predicts clinical outcome. The 286
lymph node–negative breast cancer patients were divided into three subgroups
based on their HER-2 expression status: All (n = 286), HER-2+ (n = 72), and
HER-2 (n = 214) groups. The mean expression value was used to set the
cutoff that classified HOXB7 expression as high or low. HER-2–positive patients
(n = 72), 27 patients with high HOXB7 expression versus 45 patients with low
HOXB7 expression; HER-2–negative group (n = 214), 74 patients with high
HOXB7 expression versus 140 patients with low HOXB7 expression. The Y axis
represents the probability of metastasis-free survival.
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identify a subgroup of HER-2–positive patients with worse clinical
outcome. Furthermore, it raised the possibility that HOXB7 may
have the potential to modulate HER-2–induced mammary
tumorigenesis.
Overexpression of Hoxb7 impairs HER-2/neu–induced
mammary tumor onset. To study the role of Hoxb7 in mammary
tumorigenesis in vivo, we generated an MMTV-Hoxb7 transgenic
mouse model (Supplementary Figs. S1–S3). Overexpression of
Hoxb7 alone was insufficient to form tumors in the MMTV-Hoxb7
transgenic mice during the 2 years of observation. Because our
clinical data analysis suggested that overexpression of HOXB7 may
render tumors aggressive and promote metastatic features in
HER-2/neu–positive breast cancer, we crossed the MMTV-Hoxb7
transgenic mice with MMTV-HER-2/neu transgenic mice carrying
the wt rat HER-2/neu gene. MMTV-HER-2/neu transgenic mice
develop mammary carcinomas and lung metastasis stochastically
with a long latency (19), suggesting that overexpression of wt HER2/neu alone is not sufficient to initiate tumorigenesis and another
genetic or epigenetic event is required for HER-2/neu–mediated
tumorigenesis. We theorized that overexpression of Hoxb7 and
HER-2/neu in mammary epithelial cells could result in an acceleration of tumorigenesis and an increase in metastatic progression
due to cooperation of the two oncogenes, or alternatively, in an
inhibition of tumorigenesis due to premature senescence and
differentiation (20, 21).
Interestingly, we found that overexpression of Hoxb7 significantly inhibited tumor onset and delayed the latency by
f6 months (231 days versus 406 days; Fig. 2A). A similar
phenotype was observed in two other Hoxb7 transgenic lines
when crossed with MMTV-HER-2/neu transgenic mice (Supplementary Fig. S4). These data suggested that overexpression of
Hoxb7 exerted a repressive effect on tumor initiation by the HER-2/
neu oncogene. Consistent with this observation, upon sacrificing
mice at 10 weeks after first palpation of the tumor, we found
significantly reduced tumor multiplicity (2.6 F 0.2 versus 1.5 F 0.1
tumors per mouse; P = 0.0002) in mice overexpressing both Hoxb7
and HER-2/neu, compared with those expressing the single HER-2/
neu transgene (Fig. 2B and C).
Overexpression of Hoxb7 modulates mammary gland
development and rescues MMTV-HER-2/neu–caused defects
in ductal elongation. It is possible that the inhibition of tumor
onset is attributable to defects in mammary gland development in
mice carrying both transgenes. Most steps of mouse mammary
gland maturation occur postnatally. This provides an excellent
system to study the function of oncogenes during mammary gland
development and during tumorigenesis, which occurs as a
consequence of a derailed developmental program. Normally, the
epithelial ductal tree begins to grow rapidly at around 3 weeks of
age upon the release of ovarian hormones. This rapid growth is
inhibited when ducts approach the edge of the fat pad at around 10
to 12 weeks of age. During pregnancy, the hormones, progesterone,
and prolactin, stimulate secondary branching and formation of
lobular alveolar structures in preparation for the production of
milk for suckling pups upon parturition. Beginning at day 3
postweaning, involution occurs and milk-producing epithelial cells
die through apoptosis (15). To examine the effects of Hoxb7 and
neu overexpression in mammary gland development, we performed whole-mount staining analysis in the mammary glands of
transgenic mice at different stages of mammary gland development
(virgin mice at 8 and 13 weeks old; pregnancy day 10 and involution
day 3).

www.aacrjournals.org

Figure 2. Overexpression of Hoxb7 inhibits HER-2/neu–induced tumor onset.
A, kinetics of tumor formation in the HER-2/neu and Hoxb7/HER-2/neu
transgenic mice. The number of tumor-free days for each group of animals is
shown. T 50 represents the time point when 50% of mice in that group developed
tumors. B, tumors harvested from two representative HER-2/neu and Hoxb7/
HER-2/neu transgenic mice showing both size and multiplicity 10 wk after first
detection of a palpable mass. C, mammary tumor multiplicity was significantly
different (P = 0.002) in the HER-2/neu versus Hoxb7xHER-2/neu mice.

At 8 weeks, the ductal tree in the wt mouse mammary gland
filled the fat pad almost completely. The mouse ductal tree of the
Hoxb7 transgenic mouse seemed very similar to that in the wt
mouse, except that there was a slightly greater level of branching.
In the HER-2/neu transgenic mouse, ductal tree development was
inhibited, confirming published findings (22, 23). The ductal tree
extended only up to the lymph node, which is located in the center
of mammary gland. Interestingly enough, in the double transgenic
mice, the phenotype in HER-2/neu transgenic mice was partially
rescued by Hoxb7, in that the mammary glands in the double
transgenic mice grew beyond the lymph node, appearing more like
the wt gland. At 13 weeks, very similar phenotypes were observed
between wt, HER-2/neu, Hoxb7, and dual transgenic mice. Again,
overexpression of Hoxb7 increased side branching and completely
rescued the HER-2/neu phenotype (Fig. 3A and B). During
pregnancy, there were no significant phenotypic differences in
the mammary gland among these mice. At the involution stage,
overexpression of Hoxb7 dramatically accelerated the involution
process (Fig. 3A and C). At involution day 3, the alveolar structure
was still intact in the wt mammary gland and some of epithelial
cells begin to mobilize into the luminal spaces of alveoli. On the
other hand, in the mammary gland of MMTV-Hoxb7 transgenic
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mice, most of the alveolar structures had already collapsed into
clusters of epithelial cells and more adipocytes seem to be refilling
the spaces. HER-2/neu is known to delay this process (24). As seen
in Fig. 3C, at this time point, the alveolar structures in the HER-2/
neu mice were largely intact and filled with milk. The phenotype of
the mammary gland of the double transgenic mice was very similar
to that in the wt mice. In a nutshell, Hoxb7 and HER-2/neu seemed
to play opposing roles in mammary gland development. These data
are consistent with our finding that Hoxb7 delayed HER-2/neu–
induced mammary tumor onset.
The apparent opposing effects of Hoxb7 and HER-2/neu on
mammary gland development prompted us to examine whether
Hoxb7 directly down-regulates the expression level of neu in
mammary epithelium. Immunochemical analysis and Western blot
analysis confirmed that the expression level of neu was not reduced
in the mammary epithelium and tumor cells from double transgenic mouse. On the contrary, the expression level of neu was
slightly higher in some of tumor cell lines derived from the double
transgenic mouse tumors (data not shown and Supplementary
Fig. S5). As expected, Hoxb7 expression was detected only in the

MMTV-Hoxb7  MMTV-HER-2/neu transgenic mammary tumor
cells (Supplementary Fig. S6). Thus, the inhibition of tumor onset
in the MMTV-Hoxb7  MMTV-HER-2/neu mice was not caused by
suppression of expression of the neu oncogene.
Overexpression of Hoxb7 promotes tumor progression and
pulmonary metastasis. Despite the delay in tumor onset in
double transgenic mice, comparison of the size of the first tumor
on each animal at a fixed time after detection showed that the
tumors in the double transgenic mice were significantly larger than
those in the MMTV-neu transgenic mice (1.6 F 0.2 versus 2.81 F
0.3 cm3 in size, P = 0.0004; Figs. 2B and 4A). By histopathology,
57.6% of double transgenic tumors were poorly differentiated with
a high histologic grade, <10% tubule formation, prominent nuclear
pleomorphism, and evidence of high mitotic index (Fig. 4B).
Similarly, in MMTV-HER-2/neu transgenic mice, 48.5% of the
tumors were of high grade. Although there was no significant
difference in the tumor grade distribution between MMTV-HER2/neu and double transgenic tumors (Fig. 4B), the MMTV-Hoxb7 
MMTV-HER-2/neu tumors showed a significantly higher mitotic
index compared with the MMTV-HER-2/neu transgenic tumors

Figure 3. Effects of Hoxb7 and neu overexpression on mammary gland development. A, inguinal mammary fat pads were excised from virgin mice at ages of
8 and 13 wk, pregnant mice at day 10, and involuting mice at day 3. The whole-mount staining analyses were performed as described previously (15). Vir., virgin;
Preg., pregnant; Invo., involution. B, analysis of branching of mammary gland whole mounts of 13-week-old virgin mice under the dissecting microscope. All side
structures, including secondary/tertiary ductal branches, were counted in three fields per gland (n = 4 animals per group), and the average numbers are presented in the
figure. *, P < 0.05. C, H&E-stained section of representative mammary glands at day 3 of involution. Scale bar, 50 Am.
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Figure 4. Overexpression of Hoxb7 promotes tumor
growth. A, mammary tumor volume was significantly
different (P = 0.004) in the HER-2/neu and
Hoxb7/HER-2/neu transgenic mouse. The tumors
were harvested at 10 wk after the first detection of a
palpable mass. Tumor volume was calculated using
the formula: V (cm3) = [(length) / 2  (width)2].
In each group, tumor volumes of only the earliest
detectable tumors were compared. B, the grade
distribution of tumors harvested from animals at 70 d
after the initial tumor palpation. H&E-stained
sections of tumors harvested from HER-2/neu and
Hoxb7/HER-2/neu animals. Both tumors are
poorly differentiated carcinomas. The nuclear size in
the double transgenic tumors showed large
variations. Tumors were graded according to the
modified Elston and Ellis histologic grading system.
Arrows indicate the mitotic cells. C, the number of
mitotic cells counted on the H&E-stained tumor
sections. Thirty-three randomly selected tumors from
each group were analyzed. Mitotic cells were
counted in 10 random high-power fields (400) in
each tumor sample. The Y axis represents the total
mitotic cell number of 10 counted fields for each
sample.

(35.2 F 9.7 versus 24.2 F 5.6 mitotic cells in 10 randomly selected
fields, P = 0.006; Fig. 4C).
Furthermore, upon microscopic examination of multiple organs,
we saw that 42.4% of MMTV-HER-2/neu transgenic mice harbored
micrometastasis in the lung. In contrast, a comparatively higher
number (66.7%) of double transgenic mice harbored micrometastasis in the lung (Fig. 5A and B). The average number of
micrometastases per lung section in the double transgenic mice
was more than twice that in the HER-2/neu transgenic mice
(4.7 F 1.1 versus 1.9 F 0.5 lung foci per mouse; Fig. 5C). These data
suggested that Hoxb7 promoted the formation of pulmonary
metastatic lesions. No metastases were found in other organs in
either MMTV-HER-2/neu or double transgenic mice.
Effects of Hoxb7 overexpression on angiogenesis, apoptosis,
and proliferation in primary tumor cells. To gain an understanding of how Hoxb7 promoted tumor progression and metastasis, we examined the angiogenesis, cell death, and cell proliferation
rate in the primary tumors. Overexpression of HOXB7 in breast
cancer cell line SKBR3 cells was shown to promote angiogenesis and
proliferation by up-regulating bFGF and a variety of proangiogenic
factors (8, 10, 11). We examined the expression levels of bFGF in the
primary tumors. The expression levels of bFGF were found to be
augmented in double transgenic mice tumors compared with that in
MMTV-HER-2/neu tumors (Supplementary Fig. S7). Angiogenesis
were then assessed by anti-CD34 immunochemical staining of
tumors from transgenic mice (Fig. 6A). Immunohistology showed
that there was no significant difference in vascularization between
MMTV-HER-2/neu and MMTV-Hoxb7  MMTV-HER-2/neu mice
tumors. Similarly, no significant difference in apoptotic death rate
between these two types of tumors was found by immunochemical
staining assay with an antibody against active caspase-3 (Fig. 6B). In
contrast, we found that the tumors from the double transgenic mice
had a much higher rate of proliferation compared with tumors
arising in MMTV-HER-2/neu transgenic mice (40.7 F 3.8% versus
64.8 F 3.6%; P < 0.001; Fig. 6C). Therefore, promotion of cell
proliferation was most likely a major mechanism of action of Hoxb7
in the late stages of tumor progression.

www.aacrjournals.org

Discussion
In this study, we have established and characterized a mouse
model to study the role of Hoxb7 in mammary tumorigenesis. To
our knowledge, we have, for the first time, shown that a
deregulated HOX gene plays a critical role in the formation and
progression of solid tumors in a genetically engineered mouse
model. An unpredicted and intriguing finding was that overexpression of Hoxb7 inhibited MMTV-HER-2/neu–induced tumor
onset but, once tumors were formed, promoted tumor progression
and metastasis. Our results further supported previous studies that
overexpression of HOXB7 in human breast cancer cells increased
cell proliferation rate and promoted tumor progression (11). In line
with these findings, our clinical data also showed that HER-2–
positive tumors with high levels of HOXB7 showed a higher rate of
metastasis and a poorer survival outcome.
One of the surprising findings in this study was that overexpression of Hoxb7 in the dual transgenic mice delayed HER-2/
neu–induced tumor onset. At present, we can only speculate on the
mechanisms underlying this phenomenon. Inhibition of tumorigenesis by overexpression of other oncogenes was reported
recently in a few transgenic mouse models and cell culture systems
(20–22, 25–27). There is growing recognition that overexpression of
oncogenes can lead to premature growth arrest as a protection
against tumor development (28). For example, overexpression of
Ras or HER-2/neu in primary cultured cells induced premature
senescence and differentiation (21, 22), whereas overexpression of
oncogenic MYC triggered apoptosis (29). Only the cells which
escape the oncogene-induced failsafe mechanism could eventually
be transformed to form tumors. Recent studies have suggested
that these escaping cells are most likely stem cells or precursor
cells, which may truly be the targets of oncogenic transformation
(20). In our double transgenic MMTV-Hoxb7  MMTV-HER-2/neu
mice, we speculate that overexpression of Hoxb7 in primary
mammary epithelium triggered premature cellular differentiation,
senescence, and/or apoptosis to eliminate large numbers of MMTVHER-2/neu target cells and thereby protected the gland against
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MMTV-neu–induced tumorigenesis. In line with this proposed
differentiation/senescence function of Hoxb7, the MMTV-Hoxb7
mice display an accelerated involution process, during which
most of differentiated epithelial cells die through apoptosis but
some of epithelial cells survive (30). This surviving epithelial cell
population, named ‘‘parity-induced mammary epithelial cell
population,’’ serve as alveolar progenitors in subsequent pregnancies and are likely to be the cellular targets of transformation in
MMTV-HER-2/neu transgenic mice (30, 31). Whether overexpression of Hoxb7 specifically eliminated this cell population warrants
further investigation. If so, it could provide a rational explanation
of why Hoxb7 expression inhibited HER-2–induced tumor onset.
Another possibility is that Hoxb7 may directly or indirectly
interfere with HER-2/neu signaling pathways. This hypothesis is
supported by the fact that overexpression of Hoxb7 rescued the
MMTV-HER-2/neu caused defects in ductal elongation. It is known
that overexpression of neu impedes ductal growth accompanying
puberty (22, 23). This phenotype seems to be contradictory to the
role of neu in promoting cellular proliferation during tumorigenesis.
Recently, it was proposed that in the pubertal MMTV transgenic
mice neu too has dual but opposing effects: it promotes ERadependent proliferation in the hyperplastic tissue but causes premature differentiation with a concomitant decrease in ERa-dependent

Figure 5. Hoxb7 transgene increases the frequency of pulmonary metastasis in
the double transgenic mice. A, H&E-stained sections of lung from HER-2/neu
and Hoxb7/HER-2/neu animals at 10 wk after the initial tumor palpation.
Asterisks indicate lung metastasis. B, bar graph of number of animals harboring
lung metastasis. C, comparison of the number of micrometastatic foci in the lung
per animal in the two groups showed significant differences (P = 0.03 by the
unpaired Student’s t test).
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proliferation during normal ductal morphogenesis (22). Hoxb7 is
normally expressed in virgin mammary gland, but its function in
ductal morphogenesis is as yet unknown (32). Rescue of the MMTVHER-2/neu caused phenotype by Hoxb7 during mammary gland
development suggested that Hoxb7 may partially block HER-2/neu
signaling pathways at this stage. To compensate for this effect, only
the cells with relatively high levels of neu expression escaped the
suppressive restriction imposed by overexpression of Hoxb7 and
became transformed. Consistent with this notion, we observed that
the expression levels of neu are slightly higher in double transgenic
mouse tumors compared with MMTV-HER-2/neu tumors.
Upon detection, we observed that the double transgenic mouse
tumors grew faster and were more aggressive. Examination of angiogenesis, cell proliferation, and apoptosis in these tumors revealed
that the cell proliferation rate was significantly higher in double
transgenic mice. However, overexpression of Hoxb7 had no dramatic
effects on angiogenesis and cell death. It has been reported that
overexpression of HOXB7 in human breast cancer cells promoted
proliferation and angiogenesis in mouse xenografts by up-regulating
bFGF and other proangiogenic factors (10, 11). In this study, as
well, the expression levels of bFGF were relatively higher in double
transgenic mice. However, contrary to previous reports, similar
immunochemical staining did not reveal increased vascularization
in Hoxb7/HER-2/neu tumors. These differences are most likely
attributable to the different model systems used in these studies.
To our knowledge, this is the first report that dysregulation of
HOX gene expression in a genetically engineered animal model
dramatically modulated the process of tumor onset and progression. Despite numerous reports of misexpressed HOX genes in a
variety of cancers, the loss or gain of HOX gene expression in
genetically engineered animals is generally insufficient to cause
tumor formation (6, 7). This has led to an argument whether
dysregulated HOX gene expression is the cause or consequence of
cancer (6). Our results clearly show that HOX genes played a
critical role in the multistep process of tumor formation. In
addition, we found that the function of Hoxb7 in carcinogenesis
seems to be dependent on the physiologic setting. Because factors
governing these steps in neoplastic transformation in vivo are
largely unknown, it is hard to predict whether other HOX genes will
behave in a similar manner or whether HOXB7 will play a dual role
in carcinogenesis in other organs as well. Two opposing functions
of HOXB7 are supported by other studies in different cellular
contexts. On the one hand, it has been reported that HOXB7
exhibited transforming ability in NIH3T3 fibroblasts, a cell line
prone to transformation (33). On the other hand, HOXB7 overexpression in hematopoietic stem cells promoted myeloid differentiation (34) and, in multipotent mesenchymal cells, promoted
differentiation to smooth muscle cells (35). In yet another study,
HOXB7 overexpression in immortalized normal ovarian surface
epithelium cells failed to promote anchorage-independent growth,
although increased proliferation and reduced contact inhibition
were observed (9). These data suggest that elevated HOXB7 expression levels may be associated with higher proliferative activity in
tumors, rather than representing a step in the transformation
process. These results are consistent with our data that overexpression of Hoxb7 alone was insufficient to cause tumor
formation in the mouse mammary gland. However, the possibility
that HOXB7 functions in cell transformation by acting in
cooperation with other oncoproteins cannot be excluded.
In summary, overexpression of Hoxb7 in the mammary gland of
transgenic mice was insufficient to cause tumor formation but
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Figure 6. Analysis of angiogenesis, apoptosis,
and proliferation in MMTV-neu and Hoxb7/neu
tumors. The immunochemical staining analysis
was performed as described in Materials and
Methods. A, angiogenesis was assessed by
counting blood vessels after immunostaining with
an anti-CD34 antibody. A total of 33 pairs of
tumors were analyzed. The average blood vessel
index was presented by counting the number of
blood vessels at 200 magnification. The arrows
indicate representative blood vessels in both
MMTV-neu and Hoxb7/neu tumors. B, apoptotic
rate was analyzed by immunostaining analysis
with antibody against active caspase-3. The
arrows indicate positively staining cells. One
thousand cells per tumor were counted at 400
magnification, and the average percentage of
positive cells was presented. C, proliferation rate
was assessed by immunochemical staining
analysis. Fifteen pairs of randomly selected
HER-2/neu and Hoxb7/HER-2/neu transgenic
tumors were immunohistochemically examined
using the anti-Ki67 antibody. One thousand tumor
cells per tumor were counted, and the percentage
of Ki67-positive cells was calculated. Arrows
indicate some of the positive cells.

dramatically affected HER-2/neu –induced tumorigenesis. It
inhibited HER-2/neu–induced tumor onset while it promoted
tumor growth and metastasis. Further studies aimed at understanding the mechanisms underlying this unusual phenotype have
the potential to lead to identification of a novel target for breast
cancer diagnosis and treatment.
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