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Epithelial-to-mesenchymal transition (EMT) plays an
important role during normal embryogenesis, and it has
been implicated in cancer invasion and metastasis. Here,
we report that Ladybird homeobox 1 (LBX1), a develop-
mentally regulated homeobox gene, directs expression of
the known EMT inducers ZEB1, ZEB2, Snail1, and
transforming growth factor b2 (TGFB2). In mammary
epithelial cells, overexpression of LBX1 leads to mor-
phological transformation, expression of mesenchymal
markers, enhanced cell migration, increased CD44high/
CD24low progenitor cell population, and tumorigenic
cooperation with known oncogenes. In human breast
cancer, LBX1 is up-regulated in the unfavorable estrogen
receptor (ER)/progesterone (PR)/HER2 triple-negative
basal-like subtype. Thus, aberrant expression of LBX1
may lead to the activation of a developmentally regu-
lated EMT pathway in human breast cancer.
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Epithelial-to-mesenchymal transition (EMT) is a process
in which epithelial cells lose characteristic epithelial
traits while gaining some properties of mesenchymal
cells. EMT is currently defined by a series of changes:
a change from characteristic cobblestone-like epithelial
morphology to a spindle, fibroblast-like shape with migra-
tory protrusions; a conversion of epithelial apical–basal
polarity to front–back polarity; acquisition of migratory
and invasive ability; and a loss of the epithelial markers
with concurrent acquisition of mesenchymal markers

(Hay 2005). EMT is a major mechanism for tissue remod-
eling during normal embryogenesis, without which de-
velopment cannot proceed past the blastula stage (Thiery
and Sleeman 2006). The development of mesoderm and
neural crest requires EMT to generate mesenchymal cells
that can migrate to distant locations for organogenesis.
EMTalso accounts for proper heart valve development and
palate fusion (Hay 2005; Yang and Weinberg 2008).

Recently, several studies have indicated that EMT
might play an important role in cancer invasion and
metastasis. Embryogenesis and metastasis share a major
obstacle that must be overcome by epithelial cells:
survival following detachment from basement mem-
brane and migration through the extracellular matrix
(ECM). EMT enables epithelial cells to overcome these
restrictions, setting the stage for physiologically pro-
grammed migration or for cancer invasion. Factors regu-
lating developmental EMT have been demonstrated to
play roles in tumor progression, including the TGFb,
WNT, and Notch signaling pathways and the Snail1
(SNAI1), Slug (SNAI2), ZEB1, SIP1 (ZEB2), TWIST1,
FOXC2, and Goosecoid (GSC) transcription factors (Yang
and Weinberg 2008). The TGFb pathway plays a crucial
role in inducing EMT in almost all major developmental
processes that depend on EMT (Thiery and Sleeman
2006). Activation of the TGFb pathway in human cancer
cell lines and in mouse tumor models can induce EMT
and promote tumor cells to invade the ECM in culture
and to metastasize to distant organs in mice (Oft et al.
1998; Janda et al. 2002). The zinc-finger transcription
factor Snail1 also plays an important role in inducing
EMT in developmental processes of mesoderm, neural
crest, and cardiac valve formation (Thiery and Sleeman
2006). Expression of Snail1 is observed in various human
tumors and has been correlated with tumor progression
and poor prognosis (Peinado et al. 2007). Thus, EMT-
associated pathways may be activated during tumorigen-
esis, although underlying mechanisms and functional
consequences remain to be fully defined.

Ladybird homeobox 1 (LBX1) is a homeobox transcrip-
tion factor implicated in normal myogenesis and neuro-
genesis. During fetal muscle development, LBX1 is
expressed within migrating muscle precursor cells, and
it is necessary for the lateral, but not ventral, migration of
hypaxial muscle precursors. LBX1-deficient mice lack
muscles in their limbs due to a defect in migration of
muscle precursor cells along a lateral pathway to the
limbs (Brohmann et al. 2000; Gross et al. 2000). In the
CNS, LBX1 is required for proper differentiation and
specification of neurons and interneurons in the dorsal
spinal cord (Gross et al. 2002; Muller et al. 2002), for
imposing a somatosensory fate on relay neurons in the
hindbrain (Sieber et al. 2007), and for correct dorsal-
ventral patterning of the neural tube (Kruger et al.
2002). Despite these dramatic developmental pheno-
types, the mechanism of action of LBX1 is not well
defined. Here, we demonstrate that LBX1 is a potent
activator of EMT. In mammary epithelial cells, LBX1
induces characteristic molecular features of EMT and
enhanced cellular migration, and it increases the pool of
CD44high/CD24low progenitor cells, cooperating with
activated HRAS to cause tumorigenesis. Significantly,
LBX1 itself induces expression of multiple previously
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defined EMT transcriptional regulators, suggesting that
under certain circumstances it may be a master regulator
of this pathway. Analysis of LBX1 expression across
different cancers shows a correlation with the aggressive
basal-like subtype of human breast cancer.

Results and Discussion

LBX1 induces EMT in mammary epithelial cells

We screened a set of developmentally regulated genes
expressed in various embryonic migratory mesenchymal
tissues to identify novel physiological inducers of EMT
(see the Supplemental Table). Among six candidate genes
tested for their ability to induce EMT in cultured mam-
mary epithelial cells, we identified LBX1 as the most
potent inducer of this transformation. Stable expression
of LBX1 was accomplished using pools of retrovirally
infected MCF-10A cells, to avoid clonal selection bias.
MCF-10A are immortalized, nontransformed human mam-
mary epithelial cells, lacking endogenous LBX1 expres-
sion (transgene expression shown in Supplemental Fig.
S1). Compared with vector-infected cells, LBX1-expressing
cells demonstrated a dramatic change of cell morphology,
with transformation of the cobblestone-like epithelial
cells to an elongated fibroblast-like morphology with
pronounced cellular scattering (Fig. 1A). The EMT phe-
notype was confirmed by expression of characteristic
molecular markers using immunoblotting (Fig. 1B) and
immunofluorescence analyses (Supplemental Fig. S2).
LBX1-expressing cells have significant up-regulation of
the mesenchymal markers fibronectin, N-cadherin, and
vimentin, whereas the epithelial markers E-cadherin,
b-catenin, occludin, and zona occludens 1 (ZO-1) are
down-regulated. Cellular migration is also dramatically
up-regulated, as demonstrated by transwell chamber assays
in media lacking EGF (Fig. 1C). Thus, LBX1 can initiate the
characteristic EMT process in mammary epithelial cells.

Suppression of LBX1 in MDA-MB-231 cells
inhibits migration

While endogenous LBX1 mRNA level is not detectable in
parental MCF-10A cells, it is expressed in several breast
cancer cell lines (Supplemental Fig. S3), including a met-
astatic cell line MDA-MB-231 (Fig. 1D; Supplemental Fig.
S3), which has mesenchymal cell characteristics, includ-
ing a strong migratory ability. To test whether constitu-
tive LBX1 expression in MDA-MB-231 cells contributes
to their migratory phenotype, we knocked down endog-
enous LBX1 using lentivirus-driven shRNA constructs
(shLBX1). Three shRNA constructs were identified as
producing efficient knockdown of endogenous LBX1
mRNA, as confirmed by quantitative RT–PCR (qRT–
PCR) (Fig. 1E). Inhibition of LBX1 expression in MDA-
MB-231 cells using each of the three shRNA constructs
resulted in significantly reduced cell migration in trans-
well assays (P < 0.05), whereas no effect was observed with
shRNA against luciferase (shLuc) (Fig. 1F). Moreover, the
LBX1 knockdown constructs also resulted in increased E-
cadherin expression (for two shRNA constructs) and re-
duced fibronectin expression (for one shRNA construct)
(Supplemental Fig. S4). Thus, suppression of LBX1 in
MDA-MB-231 cells partially reverts the EMT process. In
addition to MDA-MB-231 cells, overexpression of LBX1
also causes similar mesenchymal morphological changes

and an increase in fibronectin in the luminal type breast
cancer cell line T47D (Supplemental Fig. S5).

LBX1 directly up-regulates other EMT inducers

To address the potential relationship between LBX1 and
other transcription factors and signaling molecules im-
plicated in EMT, we tested whether LBX1 itself enhances
the expression of known EMT inducers. LBX1 dramati-
cally increased endogenous mRNA levels of transforming
growth factor b2 (TGFB2), Snail1, ZEB1, and ZEB2 in
MCF-10A cells, up to eightfold to 10-fold higher than
vector-infected cells (Fig. 2A). No detectable change was
observed in the level of TWIST1 mRNA. To test for
a direct transcriptional effect on the promoters of the
responsive EMT inducers, we transiently transfected
luciferase reporter constructs containing the presumed
proximal promoters of ZEB1 and Snail1 into HEK293
cells. Compared with the empty vector, LBX1 induced

Figure 1. LBX1 induces EMT in mammary epithelial cells. (A)
LBX1 induces morphological changes in MCF-10A cells. MCF-10A
cells were infected with vector or LBX1 retroviral expression
constructs and cultured in plastic dishes. Bar, 100 mm. (B) LBX1
induces changes of EMT markers in MCF-10A cells. Expression of
various epithelial and mesenchymal markers were analyzed by
Western blotting. (C) LBX1 enhances the migration of MCF-10A
cells. Vector- or LBX1-expressing cells were plated on top of a trans-
well chamber in media without EGF for 2 d. Images show cells
migrated to the bottom of the chamber. (D) LBX1 mRNA expression
was evaluated in MCF-10A and MDA-MB-231 cells by RT–PCR. (E)
Efficiency of knocking down LBX1 level in MDA-MB-231 cells by
shRNAs. ShRNA constructs against luciferase (shLuc) and LBX1
(shLBX1) were introduced into MDA-MB-231 cells by lentiviral
infection and relative expression of LBX1 mRNA was measured by
real-time qRT–PCR. Error bars represent mean 6 SD of triplicate
experiments. (F) Suppression of LBX1 in MDA-MB-231 cells inhibits
migration. Migration assay of MDA-MB-231 cells with shLuc or
shLBX1. Cell numbers migrated to the bottom of the chambers 6 SD
of triplicate experiments are indicated.
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increased promoter activity of threefold to fourfold and
fivefold to sixfold for ZEB1 and Snail1, respectively (Fig.
2B). We then used chromatin immunoprecipitation
(ChIP) assays to determine whether LBX1 binds in vivo
to the promoter region of these putative transcriptional
targets. For each of the four potential target genes ZEB1,
ZEB2, Snail1, and TGFB2, we used five overlapping
primer sets, covering 2-kb regions upstream of the tran-
scription start sites, to PCR-amplify genomic sequences
from immunoprecipitated formalin cross-linked chroma-
tin. For all four candidates, a promoter sequence contain-
ing the presumed LBX1-binding sequence was readily
amplified with one or more sets of primers from the
LBX1 immunoprecipitate, but not from IgG control (Fig.
2C). The full set of ChIP analyses for all five ZEB1 and
TGFB2 promoter fragments, performed in duplicate, is
shown in Supplemental Figure S6. To evaluate whether
these EMT inducers play an important role downstream
from LBX1, we performed individual and combination
siRNA knockdown experiments in LBX1-expressing cells
(Supplemental Fig. S7). Suppression of ZEB1, ZEB2, Snail1,
and TGFB2 together, but not individually, significantly
inhibited LBX1-induced migration and partially reverted
expression of EMT marker. Taken together, these results
suggest that LBX1 may be a direct transcriptional activa-
tor of ZEB1, ZEB2, Snail1, and TGFB2, four critical factors
that have been implicated in the regulation of EMT.

Ectopic expression of LBX1 in mammary epithelial
cells increases their CD44high/CD24low

progenitor subpopulation

Mammary epithelial cells that have undergone EMT have
been shown recently to have an increased CD44high/
CD24low population, a phenotype linked to both normal
breast stem cells and potential breast cancer progenitors
(Al-Hajj et al. 2003; Dontu et al. 2003; Sleeman et al.
2006). This is associated with an increased capacity for
mammosphere formation, an anchorage-independent
growth characteristic correlated with pluripotent progen-
itors (Mani et al. 2008). To test the effect of LBX1 on these
features of breast cancer ‘‘stemness,’’ we compared the
effect of LBX1 on MCF-10A cells with that of the pro-
totype EMT regulators Snail1 and Twist1. Flow cytome-
tric analysis of LBX1-expressing cells demonstrated
a 10-fold increase in the CD44high/CD24low population,
compared with vector-transduced cells (P < 0.001), com-
parable with the effect of Snail1 and Twist1 (Fig. 3A).
Breast progenitor cell populations have been defined most
carefully in the human mammary epithelial cell (HMEC)
assay (Elenbaas et al. 2001; Mani et al. 2008). Consistent
with our observations in MCF-10A cells, we detected
a significant increase in the CD44high/CD24low popula-
tion within LBX1-expressing HMECs (Fig. 3B). Mammo-
sphere formation assays also showed an increase in both the
size and number of mammospheres in LBX1-expressing
cells, in both MCF-10A cells and HMECs (Figs. 3C,D;
Supplemental Fig. S9). Conversely, suppression of endog-
enous LBX1 in MDA-MB-231 breast cancer cells led to
reduced growth in the specialized mammosphere media,

Figure 2. LBX1 directly up-regulates the expression of other EMT
inducers. (A) qRT–PCR showing relative mRNA expression levels of
known EMT inducers in MCF-10A cells expressing vector or LBX1.
Error bars represent mean 6 SD of triplicate experiments. (B) LBX1
acts as transcriptional inducers of ZEB1 and Snail1. HEK293T cells
were transiently cotransfected pWPI vector or pWPI-LBX1 construct
together with pGL4.15 backbone, or ZEB1 and Snail1 promoters.
Relative luciferase activity is shown. Error bars represent mean 6 SD
of triplicate experiments. (C) LBX1 binds to the promoters of ZEB1,
ZEB2, Snail1, and TGFB2 evaluated by ChIP. Antibodies against LBX1,
acetylated histone H3 (AcH3), and corresponding IgG were used in
vector- and LBX1-expressing MCF-10A cells to immunoprecipitate the
corresponding protein-bound genomic DNA. PCR products corre-
sponding to the promoter region are illustrated in the left panel.

Figure 3. LBX1 overexpression in mammary epithelial cells enhan-
ces stemness. (A) Flow cytometric evaluation of CD44high/CD24low

population in MCF-10A cells expressing vector, LBX1, Snail1, or
Twist1. Percentages of mean CD44high/CD24low population 6 SD of
triplicate experiments are indicated. (B) Flow cytometric evaluation
of CD44high/CD24low population in HMEC cells expressing vector,
LBX1, Snail1, or Twist1. Percentages of mean CD44high/CD24low

population 6 SD of triplicate experiments are indicated. (C) Repre-
sentative images of mammospheres formed by HMEC cells. Bar,
100 mm. (D) Quantification of mammosphere numbers for HMEC
cells. Error bars, mean 6 SD of triplicate experiments.
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but not under standard in vitro culture conditions
(Supplemental Fig. S10). The bFGF- and EGF-supple-
mented, serum-free mammosphere media has been
shown to selectively enhance proliferation of stem cell-
like subpopulation of cancer cells (Lee et al. 2006).
Collectively, these results indicate that LBX1 triggers
expression of markers and functional characteristics
associated with breast cancer progenitors, a feature re-
cently defined for inducers of EMT (Mani et al. 2008).

Oncogenic cooperation by LBX1

Twist proteins have been shown recently to cooperate
with activation of the Ras pathway in promoting even
more profound characteristics of EMT and initiation of
tumorigenesis (Ansieau et al. 2008). To investigate the
functional properties of LBX1 in a tumorigenesis mod-
el, we coexpressed it with an activated form of HRAS
(HRASV12) in MCF-10A cells. Cell morphology in LBX1 +
HRASV12-infected cells was dramatically different than
seen with either construct alone, with prominent elon-
gated spindle-shaped cells (Supplemental Fig. S11). Anal-
ysis of mesenchymal and epithelial cell markers showed
a cooperative effect of LBX1 and HRASV12 in inducing
characteristic features of EMT (Fig. 4A): N-cadherin in-
duction was higher in LBX1 + HRASV12 cells relative to
either LBX1 alone or HRASV12 alone, and most striking
was the complete loss of epithelial markers E-cadherin
and ZO-1 in LBX1 + HRASV12 cells. Thus, these two
constructs appear to work together in inducing a more
complete EMT phenotype. We further tested their ability
to cooperate in generating tumors following subcutane-
ous inoculation into nude mice (Fig. 4B). None of four
mice injected with MCF-10A cells expressing vector,
LBX1, or HRASV12 alone developed tumors at 3 mo. In
contrast, four out of four mice inoculated with cells
expressing LBX1 + HRASV12 cells gave rise to tumors
within 1 mo. LBX1 + HRASV12 cells demonstrated even
more migratory activity in transwell assays than cells
expressing either construct alone (Fig. 4C). Similar co-
operative effect with LBX1 was also evident with ErbB2,
a growth factor receptor commonly overexpressed in
human breast cancer (Fig. 4C; Supplemental Fig. S12).
For instance, in three-dimensional (3D) Matrigel culture,
dramatic differences were evident: LBX1-expressing
MCF-10A cells formed smaller acinar structures than
vector-infected cells, whereas HRASV12-expressing cells
formed larger 3D structures with preserved boundaries
and failure to invade into the Matrigel (Fig. 4D). Remark-
ably, MCF-10A cells expressing both LBX1 and HRASV12

showed a prominent invasive phenotype, forming multi-
ple cellular protrusions extending into the Matrigel (Fig.
4D). The invasive phenotype displayed by cells coex-
pressing LBX1 and ErbB2 was further evident in Matrigel/
collagen 3D assay (Fig. 4D), which highlights the ability
of cancer cells to invade through collagen (Xiang and
Muthuswamy 2006). Taken together, these results dem-
onstrate potent cooperation between LBX1 and charac-
teristic oncogenes in promoting EMT and invasive
properties correlated with tumorigenesis.

LBX1 expression is associated with invasive human
breast cancer

Although LBX1 is physiologically expressed during neural
and muscle differentiation, database screening indicated

that its expression is more prevalent in breast cancer than
in cancers of neural or muscle origin. Indeed, RNA in situ
hybridization for LBX1 in 14 human breast cancers
demonstrated high-level expression in nine tumors, but
not in surrounding normal breast epithelium (Supple-
mental Fig. S13). Interestingly, in one breast tumor of the
triple-negative subtype (negative for estrogen receptor
[ER], progesterone [PR], and Her2), which had adjacent
foci of histologically high-grade and low-grade tumor,
LBX1 expression was only present within the invasive
lesion (Fig. 5A). To address a possible correlation between
LBX1 expression and other known prognostic markers in
breast cancer, we interrogated a large published data set,
including 251 clinically annotated cases of breast cancer
for which RNA microarray and protein immunohisto-
chemistry (IHC) data are available (Miller et al. 2005).
LBX1 expression in these breast cancers was significantly
correlated with advanced tumor grade (grade III) (P =
0.0023), mutant p53 status (P = 0.00056), negative ER
(P = 0.038), and PR status (P = 0.0023) (Fig. 5B). The cor-
relation between LBX1 expression and adverse prognostic
markers was also evident when analyzing p53 mutant-like

Figure 4. Oncogenic cooperation by LBX1. Cell lines were gener-
ated by sequentially infecting MCF-10A cells with retroviral pBabe
vector (vector), pBabe-LBX1 (LBX1), and lentiviral pMSCV-HRASV12

construct (HRASV12 or LBX1 + HRASV12). ErbB2-overexpressing
MCF-10A cells were infected with pBabe-vector (ErbB2) or pBabe-
LBX1 (ErbB2 + LBX1). (A) Immunoblotting of cell lysates for differ-
ent EMT markers. (B) Cells (5 3 106) were subcutaneously grafted
into Swiss nude mice. The number of mice developing tumors is
indicated. The boxes illustrate the injection area at 3 mo. (C)
Transwell migration assays (2 d). (D) Cells were cultured in 3D
culture (3D) on Matrigel for 4 d or 3D invassion assay on Matrigel/
collagen mix for 6 d. Bars, 100 mm.
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tumors defined by their microarray expression profile
analysis (P = 2.1e � 06). Since no ERBB2/HER2 protein
expression data are available for this breast cancer data
set, we analyzed mRNA expression of ERBB2/HER2,
together with the IHC-verified ER/PR status, to define
the subset of cancers characterized as ER/PR/HER2 ‘‘tri-
ple negative.’’ Clinically, this breast cancer subset is
known to be associated with higher tumor grades, poor
response to chemotherapy, and an unfavorable prognosis.
Indeed, higher LBX1 mRNA levels were present in triple-
negative tumors (P = 0.0017). Taken together, these data
suggest that aberrant expression of the developmentally
regulated EMT inducer LBX1 is associated with more
invasive subtypes of human breast cancer.

Concluding remarks

During normal muscle development, LBX1 is expressed
specifically in hypaxial muscle precursors derived from
dermomyotomes and it is indispensible for these precur-
sors to migrate over long distances to form most of the
skeletal muscles in the limb (Mennerich et al. 1998;
Gross et al. 2000). Lbx1�/� mice lack most appendicular
muscles, except for some forelimb flexors and hindlimb
extensors. Diaphragm and tongue muscles, which do not
involve extensive precursor migration, still form in these
mice (Franz et al. 1993; Gross et al. 2000). These observa-
tions have implicated LBX1 in cellular migration, but have

not determined whether LBX1 expression is itself a cause
or result of EMT transformation. Our results indicate that
LBX1 can indeed function as a driver for EMT.

The regulation of EMT involves a complex network of
signaling molecules and transcription factors, presum-
ably linked to the precise temporal and spatial require-
ment of EMT in specific cell types at precisely coordinated
times during development. Key environmental signals
transduced through the TGFb, WNT, Notch, and receptor
tyrosine kinase pathways are thought to lead to the
activation of the transcriptional regulators Snail1, Slug,
ZEB1, ZEB2, TWIST1, FOXC2, and Goosecoid that in
turn program suppression of epithelial proteins and up-
regulation of mesenchymal proteins. The observation
that LBX1 directly up-regulates expression of several
EMT-inducing transcription factors raises the possibility
that it may function as an upstream or ‘‘master’’ regula-
tor. In this context, it is interesting that Snail1, Slug,
TWIST1, and ZEB2 are all involved in neural crest
formation (Yang and Weinberg 2008), while LBX1 medi-
ates cell fate determination in specific regions of the CNS
(Gross et al. 2002; Kruger et al. 2002). A similar hierarchy
may exist during myogenesis where LBX1, itself regulated
by the Scatter factor/hepatocyte growth factor (SF/HGF)
and c-MET pathways, may integrate different environ-
mental cues to guide and maintain the migration of the
muscle precursor cells to the distal limbs (Brohmann
et al. 2000; Gross et al. 2000). The integrative role
proposed for LBX1 in normal neural and muscle differen-
tiation makes it a particularly interesting candidate for
a role in mediating EMT during tumorigenesis by core-
gulating its targets.

Of all the developmentally regulated candidate genes
tested here, LBX1 was the most potent inducer of EMT
in human mammary epithelial cells, with characteristic
changes in cell morphology and migratory potential,
down-regulation of epithelial markers, and up-regulation
of mesenchymal markers. Recently, EMT in breast epi-
thelial precursors has been linked to ‘‘stemness,’’ a phe-
nomenon defined by expression of the CD44high/CD24low

stem cell signature, and the ability to generate anchorage-
independent colonies in serum-free media, called mam-
mospheres (Mani et al. 2008). It is uncertain whether
EMT truly reverts epithelial cells to a more primitive
cell fate or whether it induces a cellular program that
shares certain functional properties with stem-like pro-
genitors. However, its potential impact on cancer is
illustrated by the striking tumorigenic cooperation
evident by inducing an EMT-driven cell fate, together
with proliferative signals exemplified by activated
HRAS. In all of these properties, LBX1 appears to func-
tion as an important driver of EMT and its tumorigenic
potential.

While further studies will be required to define the
contribution of LBX1 across the diverse forms of human
cancer, the striking correlation between its aberrant ex-
pression and the high-grade, p53 mutant, ER/PR/HER2
triple-negative, so-called ‘‘basal-like’’ breast cancers is
consistent with a role in this particularly invasive sub-
type. Basal-like carcinomas account for up to 15% of all
breast cancers, most frequently affecting young women,
and are noteworthy for their high rate of distant metastasis
to brain and visceral organs, and their unfavorable prog-
nosis (Nielsen et al. 2004; Calza et al. 2006; Reis-Filho and
Tutt 2008). Of note, basal-like breast carcinomas have

Figure 5. LBX1 expression level is associated with invasive subtype
of human breast cancer. (A) Human breast tumor sample examined
by hematoxylin and eosin stain (H&E) and in situ hybridization for
LBX1 (LBX1). The left panel shows low magnification H&E-stained
tumor. Higher magnification of the adjacent low-grade and high-
grade tumor regions is shown in the right panel for H&E (histology)
and in situ hybridization with probes against LBX1 mRNA. (B)
Microarray analysis in human breast tumors for correlation of LBX1
expression level with different known prognostic factors. Relative
expression of LBX1 mRNA level was compared in different groups
according to tumor grade, P53 mutation status, P53 pathway status,
estrogen receptor, progesterone receptor, and triple-negative status
by box plotting. P-values analyzed by Kruskal-Wallis test were
indicated.
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generated considerable interest as a distinct subset
thought to originate from normal basal/myoepithelial cells
of the breast, and EMT markers have been correlated
preferentially with such cell types (Sarrio et al. 2008).
The up-regulation of LBX1 and its associated EMT cellular
program may therefore reflect a lineage-specific property
in a partially invasive subset of breast cancer.

Materials and methods

Constructs

The human LBX1 ORF was cloned into pBabe or pWPI expression vectors

as a BamHI–EcoRI fragment. The HRasV12 pMSCV-IRES-GFP construct is

a generous gift from Patrick Humbert. Mouse Snail1 and Twist1 proteins

were expressed in pBabe vector. One-kilobase sequence fragments up-

stream of human Snail1 (�1078 ; �79) and ZEB1 (�1079 ; �80) tran-

scription start site were cloned into pGL4.15 luciferase reporter vector

(Promega). shRNAs targeting the human LBX1 and control luciferase were

from the RNAi consortium at the Broad Institute.

Transwell migration assay

Cells (1 3 105) were plated without EGF on 8-mm pore size Transwell

filters (Corning) in 3D medium as described (Debnath et al. 2003). Assays

were stained and quantified after cells migrated for 48 h. For MDA-MB-

231 cells, 0.3 3 105 cells were used in the assay for 24 h.

Real-time qRT–PCR

RNA was isolated using RNeasy Mini kit (Qiagen) and used for real-time

qRT–PCR using SYBR Green in an ABI PRISM 7500 sequence detection

system with 96-block module and automation accessory (Applied Bio-

systems). GAPDH was used as an internal control gene. All samples are

analyzed in triplicate. The primer sequences are listed in the Supplemen-

tal Material.
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