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HOXB9, a gene overexpressed in breast cancer,
promotes tumorigenicity and lung metastasis
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The mechanisms underlying tumoral secretion of signaling mole-
cules into the microenvironment, which modulates tumor cell fate,
angiogenesis, invasion, and metastasis, are not well understood.
Aberrant expression of transcription factors, which has been
implicated in the tumorigenesis of several types of cancers, may
provide a mechanism that induces the expression of growth and
angiogenic factors in tumors, leading to their local increase in the
tumor microenvironment, favoring tumor progression. In this
report, we demonstrate that the transcription factor HOXB9 is
overexpressed in breast carcinoma, where elevated expression
correlates with high tumor grade. HOXB9 induces the expression
of several angiogenic factors (VEGF, bFGF, IL-8, and ANGPTL-2), as
well as ErbB (amphiregulin, epiregulin, and neuregulins) and TGF-
B, which activate their respective pathways, leading to increased
cell motility and acquisition of mesenchymal phenotypes. In vivo,
HOXB9 promotes the formation of large, well-vascularized tumors
that metastasize to the lung. Thus, deregulated expression of
HOXB9 contributes to breast cancer progression and lung meta-
stasis by inducing several growth factors that alter tumor-specific
cell fates and the tumor stromal microenvironment.

breast cancer | ErbB | TGF- | angiogenesis | epithelial to mesenchymal
transition

Multifunctional cytokines, such as TGF-p and ErbB, and
angiogenic factors secreted by the tumor and stroma initiate
a dynamic interaction between the tumor and its microenviron-
ment that modulates tumor growth and cell fates, angiogenesis,
invasion, and distal metastasis—processes critical for disease
progression. Little is known about the mechanisms underlying
tumoral secretion of these signaling molecules. Aberrantly
expressed transcription factors, implicated in the tumorigenesis of
several types of cancers, may provide a mechanism to induce the
expression of growth and angiogenic factors in tumors, leading to
their local increase in the tumor microenvironment.

The class I HOX gene family comprises 39 members with a
shared, highly conserved 61-amino acid homeodomain motif.
These genes are important regulators of development, and their
role in neoplastic transformation and tumor progression is being
increasingly recognized (1). A number of HOX genes are
expressed in the normal mammary gland. Mouse knockouts
suggest that the ninth paralogous HOX genes play a role in
mammary gland development (2). Mice homozygous for loss of
HOXB9 exhibit developmental defects and a decline in newborn
survival (3); loss of HOXA9, HOXB9, and HOXD9 impairs
branching of the breast epithelium and lobuloalveolar develop-
ment, leading to a failure to nurse pups (2). Although aberrant
expression of some HOX members has been demonstrated in
breast tumors (4-13), the functional consequence of deregulated
HOX expression in cancer progression is not well understood.

HOX genes regulate several cellular processes, including
angiogenesis and maintenance of cell fate (14-16). Epithelial-to-
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mesenchymal transition (EMT) is an embryonic morphogenetic
conversion that is recapitulated during tumor progression. Dur-
ing EMT, destabilization of the epithelium increases cell motil-
ity, suggesting that EMT promotes invasion and metastasis.
Several pathways, including those involving receptor tyrosine
kinases, and TGF-p induce EMT-associated tumorigenic pro-
cesses (17-21); thus, an interaction between the tumor and a
microenvironment enriched with growth factors may facilitate
tumor progression.

Our examination of the transcription factor HOXB9 was
stimulated by its interaction with BTG2, a cell cycle regulator
induced by the Mullerian inhibiting substance (MIS), which
inhibits breast cancer cell growth (22-24). In this paper, we
demonstrate that HOXBY is overexpressed in 42% of breast
cancers, specifically those of high histological grade, and we
define the functional consequences of elevated HOXB9
expression in both breast cancer and nontransformed mammary
epithelial cells. HOXB9 expression leads to the production of
TGF-B, ErbB ligands, and several angiogenic factors, resulting
in the induction of mesenchymal cell fate, invasion, and angio-
genesis. In mouse tumor xenograft models, HOXB9 expression
promotes increased neovascularization and tumor metastasis to
the lung. These findings suggest that HOXB9 overexpression in
breast tumors, by altering the microenvironment, induces sev-
eral tumorigenic phenotypes and promotes disease progression.

Results

HOXB9 Expression in Breast Carcinoma. RNA in situ hybridization
of a panel of 20 paraffin-embedded breast carcinoma samples
demonstrated that HOXB9 mRNA is expressed within the nor-
mal breast epithelium; expression is restricted to the basal and
luminal cells, with no stromal expression (Fig. 14). In breast
cancer, HOXB9 expression was higher in a fraction of tumors
compared with adjacent normal glands (Fig. 14).

To further quantify HOXB9 expression in breast cancer, we
analyzed cDNAs generated from laser-captured, purified pop-
ulations of tumor cells and adjacent normal mammary epithelial
cells from 40 clinically and pathologically annotated cases of
breast cancer. The 40-patient cohort used in this study has been
described previously (25, 26), and the clinicopathologic features
of the tissue samples are shown in Table S1. Normal mammary
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Fig. 1. Expression of HOXB9 in breast cancer. (A) (Left) Normal human
breast tissues derived from reduction mammoplasty were hybridized in situ
with antisense and sense-HOXB9 probes. (Right) HOXB9 mRNA expression in
breast carcinoma and matched normal glands. The normal tissue and tumor
are indicated by closed and open arrows, respectively. S, stroma; T, tumor; N
normal. (Original magnification 400x) (B) qPCR analysis of HOXB9 expression
in microdissected breast carcinoma samples. HOXB9 mRNA was elevated in
17 patients of a 40-breast cancer patient cohort. The table shows the tissues
analyzed for each of the 17 patients (1-17) with elevated HOXB9 expression.
The level of HOXB9 mRNA in each tissue compartment within a given
patient is shown. The HOXB9 expression level in the matched normal gland
was set at 1. NA, tissue not available; N, normal.

epithelial cells and tumor cells from ductal carcinoma in situ
(DCIS) were available for 40 and 39 patients, respectively; tumor
cells from invasive ductal carcinoma (IDC) were available for 26
of these patients. Qualitative RT-PCR analysis demonstrated
HOXBY overexpression in 41% (16/39) of DCIS and in 42%
(11/26) of IDC. The fold increase in HOXB9 ranged from 4 to
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2,048 (mean, 198; median, 64) in DCIS and from 8 to 2,048
(mean, 290; median, 64) in IDC. RNA from atypical ductal
hyperplasia (ADH)-derived cells was available from three
patients, one of whom demonstrated a two-fold increase in
HOXBY compared with matched normal controls (Fig. 1B).
Elevated HOXB9 expression in breast carcinoma correlated with
tumor grade (P = 0.03, x* test), suggesting an association
between HOXB9 overexpression and progression of breast
cancer. Th Cochran-Armitage trend test confirmed a significantly
increasing trend for HOXB9 overexpression in tumors of
increasing grade (P = 0.02). Given the overexpression of
HOXBSY in invasive breast cancer, we sought to define its func-
tional properties using both breast cancer and nontransformed
breast epithelial cells.

HOXB9 Induces EMT, Cell Motility, and Angiogenesis. To test the
functional consequence of HOXBY9 overexpression in breast
cancer, we introduced a myc-tagged HOXB9 construct into
MCF10A immortalized mammary epithelial cells. Multiple
clones were generated to avoid selection bias. Whereas vector-
transfected MCF10A cells retained their epithelial character-
istics, those expressing HOXB9 (HOXB9-MCF10A) exhibited a
spindle-shaped morphology, loss of cell-cell contact, and for-
mation of actin fibers (Fig. 24, Fig. S14) reminiscent of EMT.
Cells demonstrated the loss of E-cadherin and p-catenin, and
increased expression of vimentin (Fig. 24), N-cadherin, Snail,
Twist, Zebl, and Zeb2 (Fig. S14). Similar results were obtained
with human mammary epithelial cells (HMECs) infected with a
HOXBY9-expressing lentivirus (Fig. S1B). HOXB9 expression also
was associated with increased invasion and migration (Fig. 2B).
Thus, ectopic expression of HOXBY in mammary epithelial cells
induces characteristic features of EMT.

D MDA-MB-231; p<0.005
shGFP

shB9

* ,/ .
0.2 +/-0.45 3.4+/-1.82 6 +/-0.84

. HOXB9-MCF10A
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Fig. 2. HOXB9 induces EMT, cell motility, and angiogenesis. (4) (Left) Morphology of MCF10A cells expressing HOXB9 protein. (Right) Expression of HOXB9,
E-cadherin, p-catenin, and vimentin in vector (V) and HOXB9 (B9)-MCF10A cells. (B) HOXB9 expression increases cell migration and invasion. Chemomigration
and chemoinvasion of vector (V) and HOXB9 (B9)-MCF10A cells were assayed in the presence and absence of chemoattractant. The mean was derived from
cell counts of nine fields. (C) HOXB9 induces angiogenesis in vivo. The dorsal air sac assay chambers contained PBS alone, vector-MCF10A (V), or HOXB9-
MCF10A (B9) cells. Arrowheads highlight newly formed vasculature with a characteristic zigzag pattern in the HOXB9-MCF10A sample. (Original magnifi-
cation 40x) The numbers under the images specify the mean number of newly formed vessels larger than 3 mm counted in each animal per experimental
group (n = 5 mice per group). (D) Knockdown of HOXB9 suppresses angiogenesis in vivo. The dorsal air sac assay chambers contained MDA-MB-231 cells
infected with shGFP or shHOXB9 (shB9). Arrowheads highlight newly formed vasculature with the characteristic zigzag pattern in the MDA-MB-231-shGFP
samples. (Original magnification 40x) The numbers specify the mean number of newly formed vessels larger than 3 mm counted in each animal per
experimental group (n =5 mice per group). (E£) RNA from vector and HOXB9-MCF10A cells and from MDA-MB-231 cells infected with shGFP and shHOXB9 was
analyzed by qPCR to determine the expression of angiogenic factors shown in the figure. The fold change in expression relative to GAPDH is shown. The level
of expression for each gene in vector-MCF10A and shGFP-MDA-MB-231 cells was set at 1.
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We then tested the effect of HOXB9 expression on tumor-
induced angiogenesis, another parameter associated with tumor
progression. We used the dorsal air sac assay in mice and
measured newly formed zigzag-patterned blood vessels >3 mm in
length, a well-characterized measure of tumor-derived angio-
genesis (27-29). Each experimental group consisted of five mice.
HOXB9-MCF10A cells displayed a dramatic induction of new
blood vessel formation, with a mean of 3.4 + 1.82 vessels formed/
chamber/mouse, compared with 0.2 + 0.45 for vector-transfected
MCF10A cells and none for PBS alone (Fig. 2C and Fig. S1C).

To determine whether the loss of HOXBY is sufficient to
suppress these phenotypes in invasive breast cancer cells, we
selected MDA-MB-231 for further study, given its high level of
HOXBY expression (Fig. S1D) and well-characterized invasive
properties. Two short hairpin (sh) HOXBY lentiviral constructs
capable of reducing endogenous HOBXY levels by ~85% were
identified (Fig. S1E, Left). MDA-MB-231 cells infected with
shHOXBY exhibited decreased migration and invasion com-
pared with those infected with shGFP (Fig. S1E). Moreover,
shHOXBY9-mediated knockdown of endogenous HOXB9 in
MDA-MB-231 cells suppressed the formation of new blood
vessels in vivo (Fig. 2D, Fig. S1C).

Consistent with the induction of angiogenesis, the expression
of several genes involved in regulation of blood vessel formation
(30), including ANGPTL2, b-fibroblast growth factor (bFGF),

IL-8, TGF-B, and VEGF, was elevated in HOXB9-MCF10A.
The expression of these genes was reduced in MDA-MB-231
cells in which HOXBY expression was knocked down with
shHOXBY (Fig. 2E). Taken together, the combination of gain of
function and loss of function model systems suggest that HOXB9
is a potent inducer of angiogenic factors and angiogenesis.

ErbB Receptor Activation Is Required for HOXB9-Induced Cell Motility.
We next set out to identify the modulators and mechanisms
responsible for the tumor-associated phenotypes observed in
HOXB9-expressing cells. Consistent with the involvement of
activated ErbB receptors in EMT and invasion (31-33), the
expression of several ErbB ligands was elevated in HOXBY-
MCF10A cells. Semiquantitative RT-PCR analysis demonstrated
an increase in neuregulin (NRG)-1 and -2, epiregulin (ERG),
and amphiregulin (ARG) mRNA in HOXB9-MCF10A cells
(Fig. 34). To determine whether these ligands are transcriptional
targets of HOXBY9, ChIP assays were performed on MCF10A
cells infected with either LacZ- or V5-tagged HOXB9-expressing
lentivirus. These ChIP assays identified HOXB9 protein binding
to a stretch of DNA on the ARG and ERG promoters (Fig. 3B),
which contain putative HOX-binding sites (Fig. S24), suggesting
that these differentially induced ligands are indeed transcrip-
tional targets of HOXB9. Although NRG-1 and -2 promoters
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Fig. 3. Suppression of ErbB and Akt activation inhibits HOXB9 enhanced cell motility. (A) Expression of NRGs, ERG, and ARG is increased in HOXB9-MCF10A
cells. GAPDH is shown to control for equal loading. (B) ErbB ligands are transcriptional targets of HOXB9. MCF10A cells infected with LacZ and V5-tagged
HOXB9 lentiviruses were analyzed by ChIP with anti-V5 and control IgG antibodies. Total lysates were used as controls for input. Precipitated DNA was sub-
jected to PCR using primers spanning the promoter region containing the putative HOX-binding sites. (C) (Left) HOXB9 expression is associated with increased
ErbB receptor phosphorylation. Proteins from vector and HOXB9-expressing cells were analyzed for activation of ErbB1, ErbB2, and ErB3, and Akt by Western
blot. The lysates were also probed for total protein. (Right) Inhibition of ErbB receptor phosphorylation abolishes Akt phosphorylation. HOXB9-MCF10A cells
were treated with 10 pM ErbB receptor tyrosine kinase inhibitor (ErbBR-TKI) for 2 h, and proteins were analyzed by Western blot to monitor ErbB receptor and
Akt phosphorylation and total ErbB receptor and Akt levels. (D) Suppression of ErbB receptor and Akt phosphorylation is associated with abrogation of cell
migration. Migration of ErbBR-TKI-treated HOXB9-expressing MCF10A cells was assayed. The mean was derived from cell counts of nine fields.
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also contain putative HOX sites (Fig. S24), binding of HOXB9
to the sites shown (Fig. 3B) could not be detected.

Because ErbB ligands are elevated in HOXB9-MCF10A cells,
we tested the activation state of the ErbB receptor tyrosine
kinases (RTKs) using phosphospecific antibodies against the
respective subunits. ErbB2 and ErbB3 phosphorylation was
markedly elevated in HOXB9-MCF10A cells, wheereas the
phosphorylation of ErbB1 was not significantly altered (Fig. 3C,
Left). Consistent with activation of the ErbB pathway, down-
stream Akt phosphorylation also was elevated in HOXB9-
MCF10A cells (Fig. 3C, Left).

Treatment of cells with an ErbB kinase inhibitor (34, 35)
effectively suppressed ErbB receptor and Akt phosphorylation
(Fig. 3C, Right), suggesting that Akt phosphorylation is driven by
activated ErbB receptors. Moreover, the ErbB inhibitor effec-
tively suppressed the migration and invasion of cells (Fig. 3D),
supporting an important role for this pathway in HOXB9-
mediated motility. The PI3 kinase inhibitor, LY29004, exhibited
a similar effect, consistent with Akt phosphorylation being the
key intermediate in this RTK-dependent pathway (Fig. S2B);
however, the morphological and molecular features of HOXBY-
induced EMT were not reversed by inhibition of the RTK
pathway (Fig. S2C). Thus, increased signaling through the ErbB-
Akt axis induced by HOXB9 promotes cell motility, but
not EMT.

Activation of TGF-p Contributes to Both HOXB9-Induced EMT and Cell
Motility. Along with the ErbB ligands, TGF-p, a well-known
regulator of EMT (36, 37), is also induced in HOXB9-expressing
cells. Thus, we explored whether TGF- activation influences the
EMT phenotype, complementing the effect of ErbB signaling
observed in HOXB9-MCF10A cells. Expression of TGF-f1 and
TGF-p2 was elevated in HOXB9-MCF10A cells (Fig. 44). The
increase in TGF-f2 was coincident with increased HOXB9
binding to the promoter regions harboring HOX-binding sites
(Fig. S2D). Because no consensus HOX-binding sites could be
identified in a region 2 kB upstream of the TGF-p1 promoter,
ChIP assays were not performed.
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Fig. 4. TGF-p activation contributes to EMT and increased motility of HOXB9-
MCF10A cells. (A) Expression of TGF-1 and TGF-B2 is increased in HOXB9-
MCF10A cells. GAPDH is shown to control for equal loading. (B) (Left) HOXB9
expression is associated with increased Smad2 phosphorylation. Proteins from
vector (V) and HOXB9 (B9)-MCF10A cells were analyzed for phospho-Smad2
and total Smad2 protein. (Right) HOXB9-MCF10A cells were treated with
10 pM LY364947 for 24 h. Proteins were analyzed for phospho-Smad2 and total
Smad2 levels. (C) HOXB9-MCF10A cells were treated with 10 uM LY364947, and
total protein was analyzed for E-cadherin, fibronectin, and vimentin expres-
sion. (D) Migration and invasion of LY364947-treated HOXB9-MCF10A cells
was assayed.

Hayashida et al.

Consistent with TGF-f activation, phosho-Smad2 expression
was elevated in HOXB9-MCF10A cells (Fig. 4B). Suppression of
TGF-p receptor signaling using the inhibitor 1.Y364947 sup-
pressed Smad2 phosphorylation (Fig. 4B), without affecting the
expression of TGF-p1 and TGF-p2 (Fig. S2E). Treatment with
LY364947, an inhibitor of TGF-f receptor signaling, induced
epithelial morphological changes (Fig. S2E), along with reex-
pression of E-cadherin and suppression of fibronectin and
vimentin (Fig. 4C). Like ErbB inhibitors, suppression of TGF-f
signaling also reduced the migration and invasiveness of
HOXB9-MCF10A cells (Fig. 4D). This indicates that the
induction of ErbB ligands and TGF-f expression by HOXB9
activates two critical signaling pathways implicated in trans-
formation to mesenchymal cell fate: cellular motility and invasive
properties of human cancer.

HOXB9 Expression Promotes Tumor Growth and Distal Metastasis.
Although HOXBY was able to induce phenotypes associated with
tumor progression, MCF10A cells expressing HOXB9 were unable
to grow on soft agar or form tumors when injected into nude mice,
suggesting that HOXBY itself lacks the ability to induce neoplastic
transformation. To investigate whether HOXB9 enhances tumori-
genesis, we stably introduced the activated G12V H-Ras allele
into HOXB9-MCF10A cells and investigated their ability to form
tumors upon s.c. inoculation into mice. H-Ras mutations are rare in
human breast cancer, but activation of the Ras pathway is an
essential characteristic of RTK activation and as such is a valuable
model for growth factor receptor-mediated oncogenesis. As
expected, vector-MCF10A and HOXB9-MCF10A cells were not
tumorigenic. MCF10A cells expressing activated H-Ras alone
gave rise to small palpable tumors. In contrast, animals inocu-
lated with HOXB9 + H-Ras-MCF10A cells rapidly developed
very large tumors (n = 8 mice per group; Fig. 54).

Proliferating cell nuclear antigen (PCNA) staining of tumors
demonstrated a significantly higher proliferation rate in H-Ras
+HOXB9 tumors compared with tumors expressing H-Ras alone
(Fig. 5B). The HOXB9 + H-Ras tumors were more vascularized
than tumors generated from H-Ras-MCF10A cells (Fig. 5C).
Moreover, 50% of animals harboring HOXB9 + H-Ras-MCF10A
tumors demonstrated metastatic nodules in the lungs, whereas
none of the H-Ras-MCF10A tumors metastasized (P = 0.038; Fig.
5D, Fig. S3).

We further explored the tumorigenic potential of HOXB9
using GFP-expressing MDA-MB-231 cells in which endogenous
HOXBY9 was knocked down with ShHOXB9. Knockdown of
HOXBY led to decreased tumor size (Fig. S44), a significant
decrease in proliferation (Fig. S4B), reduced tumor vascularity
(Fig. S4C), and metastasis to lung (Fig. S4D). Thus, HOXB9
expression is a potent enhancer of tumorigenesis and plays a role
in the formation of large, vascularized, invasive tumors, capable
of metastatic spread to the lung.

Discussion

We have demonstrated frequent HOXB9 overexpression in
invasive human breast cancer and have dissected its effect using
gain of function studies in nontransformed mammary epithelial
cells, as well as loss of function analyses in breast cancer cells
expressing endogenous HOXB9. HOXB9 induces cell fate
alteration, cellular motility, angiogenesis, and lung metastasis.
Our observation that HOXBY is overexpressed in 42% of
human breast tumors is consistent with the deregulation of other
HOX genes (4-13), although only limited insight is available into
the functional and molecular consequences of HOX gene
alterations in cancer. Analysis of HOXB9-dependent phenotypes
suggests that deregulated HOXB genes may be involved in
reprogramming cancer cells toward a more mesenchymal and
potentially more invasive state by tumoral production and
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Fig. 5. HOXB9 expression promotes tumor growth, angiogenesis, and distal
metastasis to the lung. (A) MCF10A cells expressing activated H-Ras alone or
activated H-Ras + HOXB9 were inoculated s.c. into mice; the mean change in
tumor volume + SD for each group is shown (n = 8 mice per group). (B)
HOXB9-expressing tumors exhibit a higher proliferation index. Tumors from
the two groups were stained with antibody to the proliferation marker
PCNA. The mean number of PCNA-positive cells + SD per field is shown (n =
10 fields). (C) HOXB9+activated-Ras tumors exhibit increased vascularization.
Vessels are indicted with arrowheads. Quantification of vessels by CD31
staining is shown below. (Original magnification 200x) (D) HOXB9 expres-
sion promotes lung metastasis. Lungs of activated H-Ras+HOXB9 tumor-
bearing mice (50%) demonstrate micrometastases, whereas none of the
animals (0%) bearing activated H-Ras tumors show signs of lung metastasis.
The GFP-expressing cell clusters in the lung were visualized under a dis-
secting microscope. The right panel shows a higher-magnification image of
the inset. (Original magnification 40x).

secretion of several growth factors that alter the microenviron-
ment so as to favor tumor progression (Fig. S5).

In addition to cell autonomous changes, such as EMT and
motility, HOXB9 enhanced angiogenic recruitment by tumor cells,
a key component of tumor-stromal interactions associated with
invasiveness. The degree of angiogenesis induced by HOXB9, as
assessed by the dorsal air sac assay, is comparable to that reported
in other studies (27, 28). HOXB9-mediated angiogenesis is cor-
related with the induction of bona fide angiogenic factors VEGF,
bFGF, TGF-p, ANGPTL2 and IL-8, which are involved in pro-
liferation and differentiation of endothelial cells, smooth muscle
cells and fibroblasts, integration of survival signals, regulation of
vascular permeability, and cell-matrix interactions (30). Multiple
HOX-binding sites are present in the promoters of ANGPTL2,
IL-8, VEGF and bFGF, suggesting that these genes are likely
targets of HOX proteins; whether they are directly influenced by
HOXBY itself remains to be tested. Nonetheless, our findings
support the conclusion that HOXB9 overexpression enriches the
microenvironment with angiogenic factors that initiate a broad
angiogenic program, enabling tumor vascularization and distal
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metastasis (Fig. S5). Our results also identify HOXB9 as an
effector of breast cancer metastasis to the lung, an observation
consistent with a recent report of HOXB9 promoting metastasis of
lung adenocarcinoma (38).

The induction of ErbB ligands and TGF- by HOXBY (Fig.
S5) points to additional pathways that are critical to both cell
autonomous growth and tumor-stromal interactions. Among the
ErbB receptors, ErbB2 and ErbB3 are highly phosphorylated in
HOXB9-MCF10A cells. ErbB3 is the predominant activator of
PI3 kinase and Akt signaling (39, 40). ErbB receptors regulate
the proliferation and migration of several types of epithelial cells
including those of the mammary gland, and ErbB2 and ErbB3
heterodimers have been implicated in enhanced cell migration
and invasiveness (41, 42). The ability of an ErbB receptor
inhibitor to suppress endogenous baseline phosphorylation of
ErbB receptors and Akt in HOXB9-MCF10A cells, and also to
abrogate their invasive phenotype, strongly supports the impor-
tance of ErbB activation by HOXB9 for this phenotype. TGF-f
appears to be involved in both cell migration and EMT induction
by HOXBY, as demonstrated by the use of TGF-p inhibitors. Our
results thus identify distinct components of the HOXB9 phe-
notype resulting from the induction of ligands that activate well-
defined signaling pathways with diverse cellular consequences.

Although HOXB9 induces several tumor-associated pheno-
types, it does not transform mammary epithelial cells. Thus,
aberrant expression of HOXB9 in breast cancer is likely to be a
tumor progression factor, rather than a tumor-initiating event.
This is consistent with the association of HOXB9 overexpression
in human breast cancer with increasing tumor grade. Supporting
this model, MCF10A cells coexpressing activated H-Ras and
HOXB9 form large, invasive tumors, unlike those expressing
mutant H-Ras alone. Ras mutations are infrequent in breast
cancer (<5%), yet pathologic activation of Ras in breast cancer can
be achieved by overexpression of growth factor receptors that
signal through Ras (43, 44). Thus, aberrant HOXBY in human
breast cancer may enhance the oncogenic effects of activated
ErbB2, EGFR (ErbB1), and other RTKs implicated in breast
tumorigenesis. Therapeutic agents targeting ErbB2 alone have a
dramatic effect on breast cancers harboring amplification of the
ErB2/HER?2 gene, but their benefit in tumors lacking such specific
oncogene lesions is less evident. Indeed, for breast cancers over-
expressing HOXBY (and possibly other breast cancer—associated
HOX genes as well), a more complex but coordinated pattern of
growth factor signaling dependencies may be activated. Combined
suppression of ErbB, TGF-p, and possibly additional signaling
pathways to target this coordinated program may be required for
effective tumor inhibition.

Materials and Methods

Cell Culture. Culture conditions used for the maintenance of cell lines and
generation of HOXB9-MCF10A clones are described in S/ Materials
and Methods.

Western Blot Analysis. The antibodies used for detection are described in S/
Materials and Methods.

RNA Analysis. PCR conditions and primer sequences used for detection of
transcripts are described in S/ Materials and Methods.

Cell Migration and Invasion Assays. In vitro chemomigration and chemo-
invasion assays are described in S/ Materials and Methods.

In Situ Hybridization. The HOXB9 probe used for in situ hybridization (ISH) and
the protocols used for detection are described in S/ Materials and Methods.

Patients, Breast Carcinoma Samples and HOXB9 Expression Analysis. All human
breast cancer samples were collected in accordance with protocols approved
by the Massachusetts General Hospital Human Research Committee. The
breast tumor cohort used to quantify HOXB9 expression in laser capture
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microdissected cells, and the tumor samples used for analyzing HOXB9
expression by ISH, are described in SI Materials and Methods.

Mouse Dorsal Air Sac Assay. The mouse dorsal air sac assay was performed as
described in SI Materials and Methods.

Chromatin Immunoprecipitation Assay. The protocol used for ChiP is described
in SI Materials and Methods.

Tumorigenicity in Mice. All animals were cared for and experiments performed
in this facility in accordance with American Association for Laboratory Animal
Science guidelines following protocols approved by Massachusetts General
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Knockdown of HOXB9 in MBA-MB-231 Cells. Knockdown of HOXB9 expression
in MDA-MB-231 cells was done as described in S/ Materials and Methods.
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