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ABSTRACT

An epithelial-mesenchymal transition (EMT) is a critical process during embryonic devel-
opment and the progression of epithelial tumors to metastatic cancers. Gene expression
profiling has uncovered the transcription factor LIM homeobox gene 2 (Lhx2) with up-
regulated expression during TGFB-induced EMT in normal and cancerous breast epithelial
cells. Loss and gain of function experiments in transgenic mouse models of breast cancer
and of insulinoma in vivo and in breast cancer cells in vitro indicate that Lhx2 plays a critical
role in primary tumor growth and metastasis. Notably, the transgenic expression of Lhx2
during breast carcinogenesis promotes vessel maturation, primary tumor growth, tumor
cell intravasation and metastasis by directly inducing the expression of platelet-derived
growth factor (PDGF)-B in tumor cells and by indirectly increasing the expression of
PDGF receptor-f (PDGFRp) on tumor cells and pericytes. Pharmacological inhibition of
PDGF-B/PDGFRp signaling reduces vessel functionality and tumor growth and Lhx2-
induced cell migration and cell invasion. The data indicate a dual role of Lhx2 during
EMT and tumor progression: by inducing the expression of PDGF-B, Lhx2 provokes an au-
tocrine PDGF-B/PDGFRS loop required for cell migration, invasion and metastatic dissemi-
nation and paracrine PDGF-B/PDGFRB signaling to support blood vessel functionality and,
thus, primary tumor growth.
© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Secondly, tumor cells undergo an epithelial-mesenchymal
transition (EMT) to gain migratory and invasive capabilities

For a cancer to progress and to metastasize it is thought that
tumors need to undergo two critical processes: First, to obtain
an adequate supply of oxygen and nutrients primary tumors
form functional vascular networks for efficient blood delivery
through a process known as angiogenesis (Folkman, 1990).

and to disseminate throughout the body and seed distant me-
tastases (Brabletz et al., 2005; Christofori, 2006; Thiery and
Sleeman, 2006). Tumor angiogenesis in most cases produces
abnormal and leaky vessels, which actually hampers tumor
perfusion (Baluk et al., 2003). Vascular maturation is thus an

Abbreviations: EMT, epithelial-mesenchymal transition; Lhx2, LIM homeobox gene 2; PDGF-B, platelet-derived growth factor.
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important process to ensure optimal tumor perfusion, usually
manifested by the recruitment of pericytes to newly formed
vessels (Mazzone et al.,, 2009). Several signaling pathways
have been implicated in pericyte recruitment to the tumor
vessel wall, including angiopoietin/Tie2 and PDGF/PDGFR
signaling (Hawighorst et al., 2002; Abramsson et al., 2003;
Furuhashi et al., 2004; di Tomaso et al., 2009; Nasarre et al.,
2009; Fagiani et al., 2011). On the other hand, an EMT usually
occurs at the invasive front of solid tumors promoting cancer
cell dissociation from primary tumors and metastatic dissem-
ination. A plethora of transcription factors have been identi-
fied as critical for an EMT and metastasis formation,
including Snail (Snail), Snai2 (Slug), Zeb1 (3EF1), Zeb2 (Sip1),
E47, Twist, goosecoid, FoxC2, DIx2, RBPjk, Yap/Taz, Sox4 and
9, NFkB, and Klf4 (Polyak and Weinberg, 2009; Thiery et al.,
2009; Yilmaz et al., 2011; Tiwari et al., 2013a,b).

We here report the increased expression of the transcrip-
tion factor LIM homeobox gene 2 (Lhx2) during EMT of normal
mammary gland and breast cancer cells and its functional role
during breast carcinogenesis, notably during tumor angiogen-
esis and tumor invasion and metastasis. Lhx2 is a member of
the LIM homeobox gene family consisting of two zinc-finger
domains (Dawid et al., 1995). It has been originally identified
in pre-B cell lines and in the central nervous system, for
example by promoting pituitary-specific expression of the
glycoprotein hormone «-subunit gene (Xu et al, 1993;
Roberson et al., 1994). Lhx2 plays a critical role in embryogen-
esis, as Lhx2-deficient mouse embryos develop liver fibrosis
and die at embryonic day E15-17 (Wandzioch et al., 2004).
Lhx2 is also essential for the development of the eye, forebrain
and erythrocytes (Porter et al., 1997). Lhx2 binds to the home-
odomain site of the M71 odorant receptor gene promoter (M71)
and is thus required for the development of olfactory sensory
neurons (Hirota and Mombaerts, 2004). By regulating the
expression of the axon guidance receptors Robol and 2,
Lhx2 modulates the establishment of specific connections of
thalamic neurons (Marcos-Mondejar et al., 2012). Further-
more, Lhx2 is critical for cortical progenitor differentiation
forebrain and neocortex development (Chou and O’Leary,
2013; Roy et al., 2013). Lhx2 is also a positive regulator of
hair formation (Rhee et al., 2006; Tornqvist et al., 2010). It
directly regulates the expression of the Sox9, Tcf7 and Lgr5
genes in hair follicle stem cells and facilitates epidermal
regeneration after injury (Mardaryev et al., 2011). Loss-of-
function experiments have revealed an essential role of Lhx2
in the regulation of posterior pituitary development (Zhao
et al.,, 2010). Besides its roles in physiological conditions,
Lhx2 is highly expressed in a variety of human cancer types,
including cancers of the stomach, germ cell, kidney, skin,
soft tissue/muscle tissue, pancreas and in glioma (Breast Can-
cer Database, http://www.itb.cnr.it/breastcancer/php/geneR-
eport.php?id=9355; Gorantla et al, 2011). However, the
functional contribution of Lhx2 to carcinogenesis has
remained elusive.

To investigate the role of Lhx2 in EMT and tumor progres-
sion, we have performed loss and gain-of-function experi-
ments in transgenic mouse models of cancer in vivo and
during TGFpB-induced EMT of cultured cells in vitro. We here
report that Lhx2 supports mammary tumor growth by
inducing tumor blood vessel maturation and functionality.

Furthermore, Lhx2 promotes tumor cell migration, invasion
and metastasis formation. Lhx2 directly induces the expres-
sion of the gene encoding for platelet-derived growth factor
B (PDGF-B) and thus promotes PDGF-B/PDGFRB signaling.
Our data demonstrate that Lhx2-induced PDGF-B/PGFRf
signaling enhances vessel maturation and tumor growth via
a paracrine mechanism and, in an autocrine manner, it pro-
motes tumor cell migration, invasion and metastasis

formation.
2. Materials and methods
2.1.  Microarray gene expression profiling

Microarray gene expression profiling was performed as previ-
ously described (Waldmeier et al., 2012).

2.2. Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed as previously described
(Weber et al., 2007; Tiwari et al., 2013a,b). In brief, crosslinked
chromatin was sonicated to achieve an average fragment size
of 500 bp. Starting with 100 pg of chromatin and 5 ug of anti-
Lhx2 (sc-19344, Santa Cruz), 1 ul of ChIP material and 1 pl of
input material were used for quantitative real-time PCR using
specific primers covering the promoter of target genes. ChIP
with unrelated IgG or primers covering an intergenic region
were used as a control. The efficiencies of PCR amplification
were normalized to the PCR product of the intergenic region.
Primer sequences are presented in Suppl. Experimental
Procedures.

2.3. Kaplan—Meier survival analysis

Kaplan—Meier survival analyses were performed on 198
lymph-node negative breast cancer patients from the TRANS-
BIG Multicenter Independent Validation Series (GSE7390)
(Desmedt et al., 2007) and 82 advanced breast cancer patients
from MSKCC published by Minn et al. (GSE2603) (Minn et al.,
2005). Tumors were separated into a high Lhx2 and low Lhx2
expressing group based on the median expression of Lhx2
(Minn database) or kmeans-clustering of Lhx2 expression
(TRANSBIG database), and the overall survival or metastasis
free survival was compared between these two patient
groups. Tumors from the Minn database were further strati-
fied into ER-negative (36 tumors) and ER-positive (46 tumors)
tumors based on the available ER status information.
Kaplan-Meier survival analysis and Cox proportional hazards
regression modeling was performed with the survival package
2.37-2 of R version 2.15.1 (www.r-project.org). Survival differ-
ences were considered statistically significant at a p-value
from the likelihood-ratio test of less than 0.05.

2.4.  Animal experimentation

All studies involving mice have been approved by the Swiss
Federal Veterinary Office (SFVO) and the regulations of the
Cantonal Veterinary Office of Basel Stadt (licences 1878,
1907, 1908).
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2.5. Statistical analysis

Statistical analysis was performed using statistical software
GraphPad Prism 5 (GraphPad Software Inc, San Diego, CA).
Statistical significance was evaluated by Student’s t-test or
Mann—Whitney test depending on the distribution of the
data. A p-value <0.05 was considered statistically significant.

3. Results

3.1 Lhx2 expression is induced during EMT and
carcinogenesis

To identify critical regulators of EMT, normal murine mam-
mary gland (NMuMG) cells (Miettinen et al., 1994; Lehembre
et al., 2008) were treated with TGFB for 10 days and changes
in gene expression were assessed. Among a large number of
genes, Lhx2 mRNA levels were significantly increased after
four days of TGFp treatment (Figure 1A). Lhx2 expression is
also induced during TGFB-induced EMT in Py2T, a murine
breast cancer cell line derived from a tumor of an MMTV-
PyMT transgenic mouse (Waldmeier et al,, 2012) and in MT
cells that have been established from a mammary tumor of
an MMTV-Neu transgenic mouse carrying conditional (floxed)
alleles of the E-cadherin gene. These cells undergo EMT upon
Cre-mediated genetic ablation of the E-cadherin gene (MTAE-
Cad) (Lehembre et al., 2008) (Figure 1A). Lhx2 mRNA levels
were not significantly increased after TGFB treatment of
NMuMG cells transiently silenced for Smad4 expression (siS-
mad4-NMuMG,) (Figure 1B), indicating that Lhx2 gene expres-
sion is regulated by canonical TGFp signaling. Finally, Lhx2
expression is induced during mammary tumor development
in MMTV-PyMT and MMTV-Neutransgenic mice and during
pancreatic B-cell carcinogenesis in Rip1Tag? transgenic mice
(Figure 1C and D).

Since Lhx2 is found expressed in variety of human can-
cers, we assessed whether increased expression of Lhx2
correlated with breast cancer progression and metastasis
in patients. Analysis of the TRANSBIG and Minn databases
of breast cancer (Minn et al.,, 2005; Desmedt et al., 2007)
revealed that high Lhx2 levels correlated with low overall
survival and distant metastasis-free survival (Figure 1E
and F). Furthermore, in breast cancers expressing
estrogen receptor (ER+), high Lhx2 levels correlated with
low bone marrow and lung metastasis-free survival
(Figure 1G and H).

3.2. Lhx2 promotes tumor growth and metastasis

The high expression of Lhx2 during EMT and in a variety of
human and mouse cancers motivated us to investigate the
functional role of Lhx2 during breast cancer progression in
MMTV-PyMT and MMTV-Neu mice. To assess whether
Lhx2 is able to promote tumor growth and malignant pro-
gression, we generated transgenic mice expressing Lhx2
and luciferase in the mammary gland (MMTV-Lhx2-IRES-
luciferase; MLhx2) (Suppl. Figure S1A). These mice did not
develop tumors and did not show any apparent abnormal-
ities. MLhx2 mice were crossed with MMTV-PyMT (MPY) or

MMTV-Neu (MN) transgenic mice to generate double-
transgenic MPY;MLhx2 and MN;MLhx2 mice expressing
Lhx2 specifically in breast tumor cells (Suppl
Figure S1B).The transgenic expression of Lhx2 led to the for-
mation of significantly more and larger tumors in both
MPY;MLhx2 and MN;MLhx2 double-transgenic mice as
compared to MPY and MN single-transgenic control mice
(Figure 2A and B). Quantitative RT-PCR analysis confirmed
abundant Lhx2 mRNA levels in the Lhx2-overexpressing tu-
mors (Figure 2C). Phospho-Histone 3 (pH3) staining of tumor
sections revealed a clear increase in the numbers of prolifer-
ating cells in MPY; MLhx2 tumors, while tumor cell
apoptosis was not affected by Lhx2 overexpression
(Figure 2D and E).

Since MN mice did not develop distant metastasis with
high incidence, metastasis formation was studied in MPY
mice only. The numbers of microscopic lung metastasis per
primary tumor weight (metastatic index) were significantly
increased in MPY;MLhx2 mice as compared to MPY mice
(Figure 3A). In addition, the numbers of cytokeratin 8/18-
positive circulating tumor cells were significantly higher in
the peripheral blood of MPY;MLhx2 mice as compared to
MPY littermate controls (Figure 3B). Grading of malignant tu-
mor progression according to (Lin et al.,, 2003) (Figure 3C)
revealed an increase in invasive carcinomas in MPY;MLhx2
double-transgenic mice (28.9 + 3) as compared to MPY
single-transgenic mice (13.5 + 1), while the incidence of ade-
nomas was reduced in MPY;MLhx2 mice (132.6 + 20) as
compared to MPY mice (253 + 30) (Figure 3D). No difference
in the incidence of hyperplasia was detected. Immunofluores-
cence staining of tumor sections showed mesenchymal N-
cadherin expression almost exclusively in the tumor stroma
in both MPY;MLhx2 and MPY tumors (Figure 3E). Epithelial E-
cadherin expression was detected with high intensities in ad-
enomas and with lower intensities in carcinomas of both
MPY;Lhx2 and MPY mice. Notably, a significant overall reduc-
tion of E-cadherin-positive staining was observed in tumors of
MPY;MLhx2 mice as compared to MPY littermate controls
(Figure 3E), consistent with the accelerated tumor progression
and increased metastatic index observed in MPY;MLhx2
tumors.

To study the role of Lhx2 suppression on tumor growth, we
generated mice lacking Lhx2 specifically in breast tumor cells
by crossing MPY mice with MMTV-Cre (MCre) mice and with
mice carrying conditional alleles of Lhx2 (MPY;MCre;Lhx2%f)
(Mangale et al., 2008) (Suppl. Figure S1C). We also generated
mice lacking Lhx2 expression specifically in pancreatic p-tu-
mor cells by crossing Rip1Tag2 (RT2) mice with RipCre (RCre)
mice and mice carrying conditional alleles of Lhx2 (RT2;RCre;
Lhx2%®) (Suppl. Figure S1C). Lhx2 depletion in both MPY;M-
Cre;Lhx2™® and RT2;RCre;Lhx2"® mice did neither affect tu-
mor weight nor tumor incidence, although Lhx2 expression
was profoundly reduced in Lhx2-deficient breast and p-cell tu-
mors (Suppl. Figure S2A—C). Lhx2-deficient tumors of MPY;M-
Cre;Lhx2"® and RT2;RCre;Lhx2%? mice also did not show
significant changes in tumor cell proliferation and apoptosis
(Suppl. Figure S2D—G). Even though the numbers of cytokera-
tin 8/18-positive circulating tumor cells were significantly
reduced in the blood of MPY;MCre;Lhx2%® mice as compared
to MPY littermate controls, the metastatic index was not
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significantly affected (Suppl. Figure S3A,B). In addition,
grading of tumor stages revealed no differences in malignant
tumor progression and N-cadherin/E-cadherin expression
(Suppl. Figure S3C,D) between tumors of MPY;MCre;Lhx2%/%
and MPY mice. The lack of Lhx2 expression in RT2;RCre;
Lhx2"® mice also did not significantly affect -cell tumorigen-
esis in RT2 mice (Suppl. Figure S3E,F).

Taken together, the data show that high levels of Lhx2
expression are sufficient to promote mammary tumor
growth, tumor cell intravasation and metastasis formation,
while the genetic ablation of Lhx2 expression only reduces
tumor cell intravasation, yet does not affect primary tumor
growth and metastatic incidence. Hence, additional
molecular pathways may exist that compensate for Lhx2
function.

3.3. Lhx2 enhances vessel maturation and functionality
To assess the cell-autonomous effects of Lhx2 expression,
we derived primary cell lines from tumors of MPY,
MPY;MLhx2 and MPY;MCre;Lhx2%® (MPY;Lhx2KO) mice.
In vitro proliferation assays showed that neither Lhx2 over-
expression nor Lhx2 ablation affected the growth rate of
these cells (Suppl. Figure S4A,B), suggesting that the
increased growth of primary tumors in MPY;MLhx2 mice is
a result of a cross-talk between tumor cells and the tumor
microenvironment. We thus investigated the microvascular
densities of the different genotype tumors and the matura-
tion and functionality of their tumor vasculature. Immuno-
fluorescence staining of tumor sections with antibodies
against the endothelial marker CD31 revealed significantly
reduced vessel densities and highly dilated vessels in tu-
mors of MPY;MLhx2 and MN;MLhx2 mice as compared to
MPY and MN littermates (Figure 4A,B).
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Figure 1 — Lhx2 expression is induced during an EMT, and its high expression levels correlate with poor prognosis in breast cancer patients. A.
Quantitative RT-PCR analysis of Lhx2 mRNA levels in NMuMG cells and in Py2T cells induced to undergo EMT by TGFB-treatment for the
days indicated, and in epithelial MT and mesenchymal MTE-cad cells. Shown are the fold-changes as compared to day 0 (no TGF) or epithelial
MT cells (n = 3, ™p < 0.01 Student’s #-test). B. Lhx2 mRNA levels were determined by quantitative RT-PCR in NMuMG cells transiently
transfected with siRNA against Smad4 (siSmad4) or with control siRNA (siCtr) and treated for four days with TGFB (» = 3, *p < 0.05,

*p < 0.01,"* p < 0.001 Student’s #-test). C. Lhx2 mRNA levels were determined by quantitative RT-PCR in mammary glands of normal FVB/N
mice and in tumors of MMTV-Neu and MMTV-PyMT transgenic mice (n = 5, *p < 0.05, ™p < 0.01 Mann-Whitney test). D. Lhx2 mRNA
levels were measured by quantitative RT-PCR in normal islets of Langerhans and in hyperplastic islets and tumors of Rip1Tag2 transgenic mice

(n = 5,"p < 0.001 Mann—Whitney test). E-H. Kaplan—Meier survival analysis revealed significant correlation between high Lhx2 expression

levels and poor overall survival (E) and distant-metastasis free survival (F) in breast cancer patients (TRANSBIG database). Kaplan—Meier

survival analysis also showed a significant correlation between high Lhx2 expression and low bone-marrow metastasis free survival (G) and lung

metastasis free survival (H) in ER+ breast cancer patients (Minn database).
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Vessel maturation and functionality are critical vascular
parameters influencing tumor growth (Furuhashi et al., 2004;
Mazzone et al., 2009; Cheng et al., 2013). Therefore, we co-
stained tumor sections against CD31 and the pericyte marker
NG2 and determined vessel maturation as the percentage of
NG2* per CD31" blood vessels. Tumors of both MPY;MLhx2
and MN;MLhx2 mice revealed significantly increased subsets
of NG2"/CD31" vessels as compared to MPY and MN tumors
(Figure 4A,B). To assess whether this vessel maturation coin-
cided with vessel functionality, mice were perfused with
fluorescence-labeled lectin prior sacrifice. MPY;MLhx2 tumors
contained a significantly higher number of lectin-perfused
vessels (80 + 2%) compared to MPY control tumors (30 + 3%)
(Figure 4C). Consistent with the functionality of the vessels,
tumors of MPY;MLhx2 mice exhibited significantly less hypox-
ia (2 £ 0.1%) as compared to MPY single-transgenic mice
(12 £ 1.5%) (Figure 4D). In both genotype tumors, hypoxia
was never detected in the vicinity of lectin-perfused blood
vessels (Figure 4E). Moreover, approximately 80% of NG2* ves-
sels were lectin-positive in both MPY;MLhx2 and MPY tumors

(Figure 4F), underscoring the functional connection between
vessel maturation, vessel functionality and oxygen delivery.
Tumors of MPY;MCre;Lhx2%® mice did not show any differ-
ence in vessel morphology, density or maturation (Suppl.
Figure S4C). In tumors of RT2;RCre; Lhx2"™ mice vessel den-
sity was increased, yet no alteration in vessel maturation
was observed (Suppl. Figure S4D). Together the data indicate
that transgenic expression of the transcription factor Lhx2
supports blood vessel maturation, vessel functionality and ox-
ygen delivery.

3.4. Lhx2 promotes tumor cell migration and invasion

Lhx2 is induced during EMT in both normal (NMuMG) and
transformed mammary epithelial cells (Py2T and MTAE-cad;
Figure 1A). To address the cell-autonomous role of Lhx2 dur-
ing EMT, we further isolated primary tumor cell clones from
MPY;MLhx2-overexpressing tumors (MPY;MLhx2 #965 and

#983) and from Lhx2-depleted tumors of MPY;MCre;Lhx2f/f
mice (MPY;MLhx2KO #791 and #794). The efficiency of Lhx2
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Mann—Whitney test). C. Lhx2 mRNA levels were determined by quantitative RT-PCR in tumors of 12 week old MPY;MLhx2, MN;MLhx2 and
MPY, MN littermate control mice (n = 3, *p < 0.01 Mann—Whitney test). D. The proliferation rates in tumors of MPY;MLhx2 and MPY

control mice were determined by immunofluorescence staining with anti-phospho-histone-3 (pH3) antibody. Numbers of pH3-positive cells per

DAPI area are indicated (n = 5, ™p < 0.01 Mann—Whitney test). Scale bars =

100 pm. E. Apoptotic cells were visualized by

immunofluorescence staining with antibodies against cleaved caspase-3 (green) in tumors of MPY;MLhx2 and their respective littermate MPY
controls. Numbers of cleaved caspase-3-positive cells per DAPI area were determined (n = 5).
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(*p < 0.05 Mann—Whitney test). B. Average numbers of circulating tumor cells in the peripheral blood of MPY;MLhx2 and MPY littermate
control mice are displayed (*p < 0.01 Mann—Whitney test). C. Histological sections of MPY mice exemplifying the grading stages (hyperplasia,
adenoma and carcinoma) of tumors in MPY;MLhx2and MPY mice are shown. Scale bar = 100 pm. D. The incidence of tumor grades

(hyperplasia, adenoma and carcinoma) in MPY;MLhx2 and MPY control mice are shown as number of microscopic fields of tumor sections per

mouse for the particular grading stages (10 mice for each genotype). E. Immunofluorescence microscopy analysis of changes in the localization and
expression levels of the EMT markers E-cadherin (green) and N-cadherin (red) in tumor sections from MPY;MLhx2 and the respective MPY
littermate control mice. E-cadherin and N-cadherin positive area per DAPI area were calculated (n = 5, ™p < 0.01 Mann—Whitney test). Scale

bar = 100 pm.

overexpression and silencing and the genotype of the cell
lines were verified by immunoblotting and PCR analysis,
respectively (Suppl. Figure S5A,B). Primary tumor cell lines
isolated from tumors of MPY single-transgenic mice were
used as controls (MPY #967 and #844) (Suppl. Figure S5A,B).
Immunofluorescence staining revealed low levels of Lhx2
localization in the nucleus of MPY cells (Suppl. Figure S5C).
MPY;MLhx2 cells displayed both nuclear and cytoplasmic dis-
tribution of Lhx2, and a comparable localization of endoge-
nous Lhx2 at lower amounts was observed in MPY cells
treated with TGFB for ten days. As expected, Lhx2 was

undetectable in MPY;MLhx2KO cells (Suppl. Figure S5C).
Immunoblotting confirmed the induction of Lhx2 expression
by treatment of MPY cells with TGFp for ten days and the com-
plete lack of Lhx2 expression in MPY;MLhx2KO cells (Suppl.
Figure S5D). These cell lines were used in transwell migration
and Matrigel invasion assays to assess whether Lhx2 expres-
sion affects cell migration and invasion. Forced expression
of Lhx2 in MPY;MLhx2 cells showed a significant increase of
both cell migration and invasion (Figure 5A). Similar results
were observed in Py2T cells and MT cells forced to express
Lhx2 by stable transfection (Py2T-Lhx2 and MT-Lhx2 cells)
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Figure 4 — Lhx2 promotes tumor vessel maturation and functionality. A, B. Immunofluorescence staining with antibodies against CD31
(endothelial cells; green) and against NG2 (pericytes; red) on tumor sections of MPY;MLhx2 (A), MN;MLhx2(B) and MPY, MN littermate
control mice are shown. Scale bar = 100 pm. Numbers of blood vessels per DAPI area were calculated. Each data point represents data from a
single mouse. Vessel maturation was determined as percentage of NG2-positive per CD31-positive vessels (n = 5, **p < 0.01 Mann—Whitney
test). C. Immunofluorescence staining with antibodies against CD31 (red) on tumor sections from MPY;MLhx2 and control MPY mice previously
perfused with FITC-lectin (green). Scale bar = 100 pm. Vessel perfusion was quantified as the percentage of FITC-lectin perfused vessels of the
total number of CD31-positive blood vessels per analyzed tumor area (n = 5, ™p < 0.01 Mann—Whitney test). D. Sections of MPY;MLhx2 and
control tumors were stained for CD31 (green) and hypoxyprobe (red) and the percentages of hypoxic area per DAPI area were determined (» = 5,
*p < 0.05 Mann—Whitney test). Scale bar = 100 pm. E. Immunofluorescence micrographs of tumor sections of FITC-lectin-perfused (green)
MPY;MLhx2 and MPY control mice stained with antibodies against hypoxyprobe (red) are shown (n = 5). Scale bar = 100 pm. F. Tumor sections
from FITC-lectin-perfused (green) MPY;MLhx2 and MPY control mice were co-stained with antibodies against NG2 (red). Arrows indicate areas
of NG2/lectin co-localization. Scale bar = 100 pm. Percentages of NG2-positive per lectin-positive blood vessels are indicated (n = 5).

(Figure 5B,C). In NMuMG cells constitutively overexpressing MT-Lhx2 cells and their corresponding control cells (Suppl.
Lhx2, only migration was increased (Suppl. Figure S5E); these Figure S5F—H).

cells did not invade in Matrigel. Cell proliferation assays Converse to Lhx2 overexpression, depletion of Lhx2
revealed no alteration between MPY;MLhx2, Py2T-Lhx2 and revealed a significant reduction of both migration and
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invasion of MPY;MLhx2KO cells (Figure 5D), in Py2T cells tran-
siently expression siRNAs against Lhx2 (treated for ten days
with TGFB) (Figure 5E) and in MTAE-cad cells stably expressing
shRNAs against Lhx?2 (Figure 5F). In NMuMG cells silenced for
Lhx2 and treated for ten days with TGFp, migration was signif-
icantly decreased (Suppl. Figure S6A). Loss of Lhx2 expression
did not affect cell proliferation of MPY cells (Suppl. Figure S6B).
In addition, Annexin-V staining showed no difference in the
extent of apoptosis between Py2T-siLhx2, MTAE-cad-shLhx2
and NMuMG-siLhx2 and siControl-transfected cells (Suppl.
Figure S6C).

The fact that Lhx2 regulates tumor cell migration and inva-
sion motivated us to investigate the functional contribution of
Lhx2 to an EMT. In contrast to the epithelial morphology of
MPY cells, Lhx2-expressing MPY;MLhx2 tumor cells exhibited
an elongated, mesenchymal-like morphology (Figure 6A).
However, when compared to MPY cells treated for ten days
with TGFB, MPY;MLhx2 cells were not as elongated. Immuno-
fluorescence microscopy analysis for various EMT markers
demonstrated a critical role for Lhx2 in EMT. Similar to MPY
cells induced to undergo an EMT by TGFB treatment, the
forced expression of Lhx2 in MPY;MLhx2 tumor cells led to a
loss of E-cadherin and ZO1 expression and localization at
the cell membranes (Figure 6A). Conversely, expression of
the mesenchymal markers N-cadherin and vimentin was
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induced in MPY;MLhx2 cells, similar to their expression in
TGFB-treated MPY cells (Figure 6A). Comparable results were
obtained in Py2T-Lhx2 cells (Suppl. Figure S7A,B), suggesting
that Lhx2 overexpression induces a cadherin switch and at
least a partial EMT.

We next analyzed whether Lhx2 is critically required for an
EMT to occur. MPY;MLhx2KO and control cells were treated for
ten days with TGFB to undergo an EMT. Even though we did
not observe changes in cell morphology, immunofluorescence
staining for EMT markers revealed a maintenance of E-cad-
herin and ZO1 expression and a failure to induce the expres-
sion of the mesenchymal markers N-cadherin and vimentin
in TGFB-treated MPY;Lhx2KO cells as compared to TGFB-
treated MPY cells (Figure 6B). These data were confirmed in
Py2T-siLhx2 cells transiently knock-down for Lhx2 (Suppl.
Figure S7C,D).

A pro-invasive function of Lhx2 was further observed in 3D
Matrigel cultures. While epithelial Py2T and MT cells grew as
epithelial spheres, TGFp-treated Py2T cells and MTAE-cad
mesenchymal cells showed substantial invasion into Matrigel
(Figure 6C,D). Notably, siRNA and shRNA-mediated depletion
of Lhx2 expression in the mesenchymal cells repressed cell in-
vasion and reinstalled the epithelial growth pattern. These re-
sults indicate that Lhx2 is able to induce cell migration and
invasion and exerts critical functions during an EMT.
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Figure 5 — Lhx2 promotes mammary tumor cell migration and invasion. A—F. Lhx2-overexpressing cells or cells depleted in Lhx2 expression and

their respective control cells were seeded into migration or invasion Boyden chambers in the absence or presence of TGFB and allowed to pass
through the membrane pores for 24 h along an FBS gradient. Cells that passed through the membrane pores were stained with DAPI and then
counted (n = 3, * < 0.05, *p < 0.01, **p < 0.001 Student’s r-test): (A) MPY:Lhx2 and MPY; (B) Py2T-Lhx2 and Py2T; (C) MT-Lhx2, MT
and MTAE-cad; (D) MPY;MLhx2KO and MPY; (E) Py2T-siLhx2_1, Py2T-siLhx2_2 and Py2T-siCtr; (F) MTAE-cad-shLhx2_A, MTAE-cad-

shLhx2_B and MTAE-cad-siCtr.


http://dx.doi.org/10.1016/j.molonc.2013.12.009
http://dx.doi.org/10.1016/j.molonc.2013.12.009
http://dx.doi.org/10.1016/j.molonc.2013.12.009

MOLECULAR ONCOLOGY 8 (2014) 401—416 409

3.5. Lhx2 regulates tumor cell migration and invasion
via PDGF-B/PDGFRg signaling

The PDGF-B/PDGFRB signaling pathway has been previously
shown to stimulate cell migration and invasion in a variety
of non-transformed and transformed cell types (Koyama
et al., 1994; Thommen et al., 1997; Yu et al., 2001; ten
Freyhaus et al.,, 2006; Abouantoun and MacDonald, 2009).
Moreover, PDGFR signaling has been shown to play a critical
role during EMT and the metastatic process (Jechlinger et al.,
2006). The expression of PDGF-A and B and PDGFRp was also
found substantially upregulated during TGFB-induced EMT
in NMuMG cells (Lehembre et al., 2008). Hence, by using
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quantitative RT-PCR and immunoblotting we examined the
expression of the respective PDGF ligands and receptors in
both Lhx-2 overexpressing and Lhx2-silenced primary tumor
cells. PDGF-B expression was increased in MPY;MLhx2 and
decreased in MPY;Lhx2KO cells (Figure 7A and Suppl
Figure S8A—C). This effect was independent of TGFB. Of the
PDGFR family members, ten days of TGFB treatment induced
only PDGFRB protein and mRNA expression in an Lhx2-
independent manner (Figure 7A and Suppl. Figure S8C).
PDGFRp expression did not require canonical TGFp signaling,
since siRNA-mediated ablation of Smad4 had no effect on
TGFB-induced PDGFRp expression (Suppl. Figure S8D). The
data indicate that PDGF-B expression is induced during EMT
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Figure 6 — Lhx2 promotes EMT. A, B. Analysis of EMT marker expression in MPY;MLhx2 and MPY control cells (A) and MPY;MLhx2KO and

MPY control cells (B) in the absence or presence of TGFp as indicated. Phase contrast microscopy images and immunofluorescence staining with

antibodies against E-cadherin and ZO1 (epithelial markers) and N-cadherin and vimentin (mesenchymal markers) are shown. Scale bars = 50 pm.
C, D. Untreated Py2T cells or Py2T cells transiently transfected with siRNAs against Lhx2 (Py2T-siLhx2_1, Py2T-siLhx2_2) or control siRNA
(Py2T-siCtr) in the absence or presence of TGFp (C) and MTAE-cad cells stably expressing shRINAsaginst Lhx2 (MTAE-cad-shLhx2_A,
MTAE-cad-shLhx2_B) or control shRNA (MTAE-cad-shCtr) and untreated MT cells (D) were grown in three-dimensional Matrigel, and
analyzed by phase contrast microscopy and by phalloidin (red) and DAPI (blue) immunofluorescence staining. Scale bars = 50 pm.
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Figure 7 — Lhx2 induces tumor cell migration and invasion via PDGF-B/PDGFRB signaling. A. Immunoblotting analysis of PDGF-B and
PDGFRB in lysates of MPY;MLhx2, MPY;MLhx2KO and MPY control cells in the presence and absence of TGFP as indicated. Immunoblotting
against actin was used as loading control. B. Chromatin immunoprecipitation of MPY;MLhx2 cells treated with antibodies against Lhx2.
Precipitated DNA fragments corresponding to Pdgfb promoter sequences were detected by quantitative PCR to assess Lhx2 occupancy at this
region. Fold changes are shown in comparison to a PCR reaction with primers specific for an intergenic region. ChIP of promoter sequences of the
known Lhx2 target genes Sox9 and Lgr5 were used as positive controls and CTGF1alb gene served as negative control. C. Boyden chamber
migration and invasion assays were performed on MPY;MLhx2 and MPY control cells treated for 24 h with the PDGFR inhibitor AG1296 and
with TGFB as indicated (» = 3, *p < 0.01 Student’s #-test). D. Phase contrast micrographs of MPY;MLhx2 and MPY control cells treated with
AG1296 and TGFB as indicated. Scale bar = 50 pm. E. Expression of the EMT markers E-cadherin, ZO1, N-cadherin and vimentin were
analyzed by immunofluorescence microscopy with MPY;MLhx2 and MPY control cells treated with AG1296 or TGFp as indicated. Scale
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in an Lhx2-dependent manner, while PDGFRB expression is
upregulated independent of Lhx2 and canonical TGFB
signaling. Quantification of PDGF-B levels by ELISA revealed
a significant increase of PDGF-B protein in MPY;MLhx2 cells
supernatant compared to MPY;Lhx2KO and MPY control cells,
while PDGF-B protein levels were significantly reduced in su-
pernatants of MPY;Lhx2KO cells (Suppl. Figure S8E).

To test whether the Pdgfb gene is a direct transcriptional
target of Lhx2, we performed chromatin immunoprecipitation
(ChIP) followed by quantitative PCR to determine whether
Lhx2 can directly bind the Pdgfb gene promoter. Indeed, ChIP
with antibodies against Lhx2 in MPY;MLhx2 cells resulted in
the precipitation of promoter sequences of Pdgfb but not of
Pdgfrb (Figure 7B). The known Lhx2 target genes Sox9 and
Lgr5 were used as positive controls (Mardaryev et al., 2011)
and the CTGFlalb promoter as negative control. Comparable
results were found in NMuMG cells induced to undergo EMT
and to upregulate Lhx2 expression by the presence of TGFp
(Suppl. Figure S8F). In addition, gene expression profiling anal-
ysis performed on NMuMG cells stably expressing Lhx2 or
transiently depleted in Lhx2 expression revealed increased
and decreased PDGF-B mRNA expression, respectively
(Suppl. Table). These data indicate that Lhx2 directly regulates
the expression of the Pdgfb but not of the Pdgfrb gene.

To test the hypothesis that Lhx2 regulates cell migration
and invasion during an EMT by inducing PDGF-B expression,
we treated MPY;MLhx2 cells for 24 h with the PDGFRB tyrosine
kinase inhibitor AG1296. Both cell migration and invasion
were significantly reduced in MPY;MLhx2 cells treated with
AG-1296 as compared to control-treated MPY;MLhx2 cells
(Figure 7C). It is noteworthy that AG1296 did not reduce cell
migration of TGFB-treated MPY cells, suggesting that, in addi-
tion to the Lhx2-mediated expression of PDGF-B, other path-
ways are activated during TGFp-induced EMT that promote
cell migration. Cell proliferation was not affected by PDGFRB
activity repression (Suppl. Figure S9A). Immunoblotting anal-
ysis confirmed the inhibition of PDGFRB phosphorylation by
AG1296 (Suppl. Figure S9B). Phase contrast microscopy
revealed that MPY;MLhx2 cells treated with AG1296 exhibited
a more epithelial-like phenotype as compared to control-
treated MPY;MLhx2 cells and to TGFpB-treated MPY cells
(Figure 7D). However, AG1296 treatment did not efficiently
repress TGFp-induced EMT in MPY cells, again suggesting
that TGFB may induce other pathways in addition to Lhx2-
mediated PDGF-B signaling. Imnmunofluorescence microscopy
analysis confirmed the reversion of the mesenchymal pheno-
type of MPY;MLhx2 cells into a more epithelial behavior: the
epithelial markers E-cadherin and ZO1 displayed increased
immunofluorescence staining in AG1296-treated cells, and
the mesenchymal markers N-cadherin and vimentin showed
decreased expression (Figure 7E).

Notably, addition of recombinant PDGF-B to MPY;Lhx2KO
cells reinstalled TGFB-induced cell migration and invasion
that had been lost by the genetic ablation of Lhx2 (Figure 7F)

without affecting cell proliferation (Suppl. Figure S9C). Recom-
binant PDGF-B also led to an activation of PDGFRB, as indi-
cated by increased phosphorylation of PDGFRB (Suppl.
Figure S9D). While E-cadherin and ZO-1 expression and local-
ization was not substantially affected by recombinant PDGF-B,
the mesenchymal markers N-cadherin and vimentin showed
increased expression in recombinant PDGF-B-treated cells
(Figure 7G).

In conclusion, the results indicate that Lhx2 promotes tu-
mor cell migration and invasion by directly inducing PDGF-B
expression and by stimulating PDGF-B/PDGFR@ signaling.

3.6. PDGF-B/PDGFRg signaling is required for Lhx2-
mediated tumor growth and metastasis

We next assessed whether Lhx2-mediated PDGF-B expression
also played a role in Lhx2-mediated tumor growth and metas-
tasis formation. Immunostaining of histological tumor sec-
tions revealed high expression of PDGF-B by MPY;MLhx2
tumor cells and decreased levels in MPY;Lhx2KO tumor cells
as compared to MPY controls (Suppl. Figure S10A). As reported
by previous studies (Sugimoto et al., 2006; Cooke et al., 2012),
PDGFRB was found mainly localized on NG2'pericytes
(Suppl. Figure S10B).

Previously, PDGF-B expression by tumor cells has been
associated with increased pericyte abundance and increased
tumor growth (Abramsson et al., 2003; Guo et al., 2003;
Furuhashi et al., 2004) and with vessel maturation and perfu-
sion of tumor vessels (Mazzone et al., 2009). We thus exam-
ined whether PDGF-B/PDGFRp signaling is responsible for
the increased blood vessel maturation and functionality
(Figure 4A,C) and for the accelerated tumor growth and malig-
nancy found with MPY;MLhx2 tumors (Figures 2A and 3A).
MPY and MPY;MLhx2 mice were treated for 21 days with Ima-
tinib, an inhibitor of PDGFRp and also of the tyrosine kinase
activities of BCR-Abl and c-Kit. In comparison to PBS placebo
control, Imatinib significantly reduced tumor growth in
MPY;MLhx2 double-transgenic mice, while tumor growth in
single-transgenic = MPY mice remained unaffected
(Figure 8A). Staining of tumor sections for pH3 revealed a
decrease in proliferating cells in Lhx2-overexpressing tumors
treated with Imatinib (Suppl. Figure S10C). Cleaved caspase-3
staining of tumor sections showed no alteration in the rates of
apoptosis between the groups (Suppl. Figure S10D). Immuno-
fluorescence staining against CD31 revealed increased
numbers of blood vessels in Imatinib-treated as compared to
PBS-treated MPY;MLhx2 mice, and the percentage of NG2+
mature vessels was significantly lower in the Imatinib-
treated MPY;MLhx2 group (Figure 8B). Furthermore, lectin
perfusion experiments showed a significant reduction of
perfused vessels in the Imatinib-treated MPY;MLhx2 tumors,
accompanied by a significant increase in tissue hypoxia
(Figure 8C and D) and VEGF-A mRNA expression (Suppl.
Figure S10E). Hypoxia was never found in close vicinity of

bar = 50 pm. F. Boyden chamber migration and invasion assays were performed on MPY;Lhx2KO and MPY control cells treated with TGFp for
ten days and with recombinant (r)PDGF-B for 48 hours (n = 3, *p < 0.05,"p < 0.01 Student’s #-test). G. Immunofluorescence microscopy
analysis was performed for the expression of E-cadherin, ZO1, N-cadherin and vimentin on MPY;Lhx2KO and MPY control cells treated with

recombinant (r)PDGF-B and T'GFp as indicated. Scale bar = 50 um.
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Figure 8 — PDGF-B/PDGFRB signaling is required for Lhx2-mediated tumor growth and metastasis. A. MPY;MLhx2 and MPY mice were
treated for 21 days with Imatinib or PBS-vehicle and sacrificed at the age of 12 weeks. Tumor weights (mg) were measured and plotted as
cumulative data points from each individual mouse (**p < 0.001 Mann—Whitney test). B. Immunofluorescence staining for CD31 (green) and
NG2 (red) of tumor sections of MPY;MLhx2 and MPY mice that have been treated with Imatinib or PBS control. Arrows indicate sites of co-
localization. Scale bar = 100 pm. Numbers of blood vessels and the percentages of mature vessels are indicated (» = 5, *p < 0.01
Mann—Whitney test). C. Vessel functionality was assessed by immunofluorescence staining with CD31 (red) on tumor sections of FITC-lectin
perfused (green) MPY;MLhx2 and MPY mice treated with Imatinib or PBS. Arrows indicate sites of co-localization. Scale bar = 100 pm. Vessel
perfusion was quantified as described in Figure 4C (n = 5, ™p < 0.01 Mann—Whitney test). D. Sections of tumors of MPY;MLhx2 and MPY
mice treated with Imatinib or PBS were stained for CD31 (green) and hypoxyprobe (red), and the hypoxic area was determined as described in
Figure 4D (n = 5, *p < 0.05 Mann—Whitney test). Scale bar = 100 pm. E. Metastasis in lungs of MPY;MLhx2 and MPY mice treated with
Imatinib or PBS were detected by H&E staining of lung sections. The metastatic index was calculated as described in Figure 3A (n = 10,

*p < 0.01 Mann—Whitney test). F. Percentages of tumor grades (hyperplasia, adenoma and carcinoma) per MPY;MLhx2 and MPY mouse treated
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lectin-perfused vessels in all experimental groups (Suppl.
Figure S10F), underscoring the importance of vessel function-
ality for oxygen delivery.

We next analyzed the effects of the inhibition of PDGFRB-
signaling on metastasis formation. MPY;MLhx2 tumor-
bearing mice treated with Imatinib displayed significantly
less lung metastasis as compared to PBS-treated MPY;MLhx2
mice (Figure 8E). In addition, tumor grading revealed a
decreased incidence of carcinomas and an increased inci-
dence of adenomas in MPY;MLhx2 tumors treated with Imati-
nib as compared to tumors of PBS-treated MPY;MLhx2 mice
(Figure 8F). No difference in lung metastasis and tumor stag-
ing was observed between Imatinib and PBS-treated MPY tu-
mors (Figure 8E and F).

Together, the data indicate that, by directly inducing Pdgfb
gene expression, Lhx2 mediates autocrine and paracrine
PDGF-B/PDGFRp signaling and promotes an EMT and tumor
invasion and blood vessel maturation and functionality,
respectively. Both pathways cooperate to accelerate primary
tumor growth and to promote malignant tumor progression
and metastasis formation.

4. Discussion

Hallmarks of EMT are frequently observed at the invasive
front of various solid tumors (Brabletz et al., 2005; Huber
et al.,, 2005; Christofori, 2006; Thiery and Sleeman, 2006;
Trimboli et al., 2008; Usami et al., 2008; Vergara et al., 2010).
Here, we have identified the transcription factor Lhx2 as a

i: autocrine:
migration
invasion
metastasis

ii: paracrine:
vessel maturation
vessel perfusion

G@

pericyte

tumor cell

o
endothelial cell

Figure 9 — A working model of Lhx2-induced tumor progression.
Canonical TGFB signaling induces the expression of Lhx2 in tumor
cells. Concomitantly, PDGFRP expression in tumor cells is
upregulated independently of Lhx2 by non-canonical TGFB
signaling. Lhx2 directly induces expression of PDGF-B which in turn
activates PDGFRB signaling via two mechanisms: (i) tumor cell-
produced PDGF-B binds to PDGFRB on tumor cells and promotes
tumor cell migration and invasion in an autocrine signaling pathway
and (ii) PDGF-B binds PDGFRp expressed on pericytes in a
paracrine manner and promotes blood vessel maturation and
functionality leading ultimately to an improved delivery of oxygen and
nutrients and thus to increased tumor growth.

critical factor during EMT in both normal murine mouse
mammary cells (NMuMG) and in murine breast cancer cell
lines (Py2T, MTAE-cad, MPY). Elevated expression of Lhx2 is
also found in a variety of human malignancies (Breast Cancer
Database,  http://www.itb.cnr.it/breastcancer/php/geneRe-
port.php?id=9355) (Gorantla et al., 2011) and correlates with
poor prognosis of breast cancer patients (this work). However,
the functional role of Lhx2 during EMT, tumor progression and
metastasis has remained elusive.

We show that the expression of Lhx2 is induced by canon-
ical TGFp signaling. Gain and loss of function experiments in
cultured cell lines reveal that Lhx2 exerts a critical role in
EMT and tumor progression. Forced expression of Lhx2 in-
duces partial EMT and cell migration and invasion in normal
mammary epithelial cells and in breast cancer cells.
Conversely, the genetic ablation of Lhx2 expression leads to
a delay in EMT and reduced cell migration and invasion.

We also report elevated Lhx2 expression during multistage
carcinogenesis in the MMTV-PyMT (MPY) and MMTV-Neu
(MN) transgenic mouse models of breast cancer and in the
Rip1Tag?2 (RT2) transgenic mouse model of pancreatic B-cell
carcinogenesis. Transgenic expression of Lhx2 in mammary
epithelial cells does not lead to any mammary gland abnor-
malities, indicating that Lhx?2 itself is not an oncogene. How-
ever, the transgenic expression of Lhx2 in tumor cells of
MPY and MN mice leads to faster tumor growth and in MPY
mice to increased tumor invasion and to higher numbers of
circulating tumor cells and lung metastases. This is accompa-
nied by increased tumor cell proliferation without any effect
on tumor cell survival. The increased lung metastasis
observed as a consequence of enhanced Lhx2 expression
could well be secondary to the concomitant increased prolif-
eration in response to Lhx2 expression. On the other hand, ge-
netic depletion of Lhx2 in tumor cells of MPY and RT2 mice has
no major influence on tumor growth and malignant progres-
sion. Only the number of circulating tumor cells in the periph-
eral blood of MPY mice is reduced by the depletion of Lhx2
expression. These data suggest that Lhx2 has the capacity to
promote primary tumor growth, tumor invasion and metas-
tasis formation, yet that these functions may be redundant
in complex animal models and that it may share its pro-
tumorigenic activities with other factors and signaling path-
ways. The expression levels of Lhx2 by tumor cells may thus
be crucial for the outcome of tumor progression. Such dose-
dependent effect on tumor growth has been previously re-
ported for other transcription factors (Kuzmanov et al., 2012).

Since the transgenic expression of Lhx2 promotes primary
tumor growth in vivo, but does not affect cell proliferation
in vitro, we have investigated how the tumor microenviron-
ment promotes tumor growth in vivo. Well-known parameters
to influence tumor progression are microvessel density
(Weidner et al, 1991) and blood vessel maturation
(Furuhashi et al., 2004; Mazzone et al., 2009; Cheng et al.,
2013). We find that Lhx2-overexpressing tumors contain less
but larger and more dilated vessels. Notably, the majority of
these vessels are covered with NG2-positive pericytes, a matu-
ration process required for vessel functionality (Huang et al.,
2010; Gibby et al., 2012). Indeed, lectin perfusion experiments
demonstrate higher vessel functionality in Lhx2-expressing
tumors. Improved vessel perfusion leads to a reduction in
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tumor hypoxia and decreased VEGF-A expression, probably
the main cause for the diminished angiogenesis observed in
Lhx2-overexpressing tumors. Moreover, hypoxia is never
observed in the proximity of NG2-positive, mature blood ves-
sels, emphasizing the relevance of vessel maturation for
optimal oxygen supply (Gibby et al., 2012). Therefore, we
conclude that Lhx2-mediated enhanced vessel maturation
leads to improved vessel perfusion, increased oxygen and
nutrient delivery, finally resulting in enhanced tumor growth.

PDGF family members are well-known to regulate vessel
maturation in vivo (Abramsson et al., 2003; Lin et al., 2003; di
Tomaso et al., 2009; Kuzmanov et al., 2012). As reported for
other mouse models of cancer (Sugimoto et al., 2006; Cooke
et al,, 2012), PDGFRB is most profoundly expressed on NG2-
positive pericytes. However, we also observe expression of
PDGFRp in cancer cells. Indeed, pharmacological interference
with PDGFR-signaling by Imatinib in MPY;MLhx2 mice results
in a repression of vessel maturation, vessel perfusion and pri-
mary tumor growth.

PDGF family members are also known to play critical roles
in cell migration and invasion (Koyama et al., 1994; Thommen
et al, 1997; Yu et al, 2001; ten Freyhaus et al., 2006;
Abouantoun and MacDonald, 2009). Gain and loss of function
experiments in conjunction with gene expression profiling
and ChIP analysis demonstrate that Lhx2 directly induces
the transcriptional activation of the Pdgfb gene. Hence, with
the upregulated expression of Lhx2 during EMT and tumor
progression, PDGF-B levels are directly increased as well. As
reported previously in other cell types (Jechlinger et al., 2003;
Boucher et al., 2007), we find that the expression of PDGFRS,
the cognate receptor of PDGF-B, is also induced during EMT,
however, in an Lhx2-independent manner. Pharmacological
inhibition of Lhx2-induced PDGF-B/PDGFRS signaling reduces
breast cancer cell migration and invasion, while the addition
of recombinant PDGF-B rescues cell migration and invasion
in cells lacking Lhx2 and thus PDGF-B expression. Hence, Pdgfb
appears one of the mostimportant target genes of Lhx2 to pro-
mote tumor cell migration and invasion. In accordance with
our data, PDGF-B/PDGFRp signaling has been reported as crit-
ical for EMT and for human medulloblastoma cell migration
and invasion (Jechlinger et al., 2006; Abouantoun and
MacDonald, 2009).

In accordance with the critical role of PDGF-B/PDGFRB
signaling in tumor cell migration and invasion in vitro, also
carcinoma formation in the primary tumor tissue and lung
metastasis is repressed in MPY;MLhx2 mice treated with Ima-
tinib. A similar repression of experimental breast tumor pro-
gression and metastasis by Imatinib and a correlation of
high PDGFRa and B expression in human breast cancers
have been reported previously (Jechlinger et al., 2006). Howev-
er, genetic ablation of Lhx2 expression as well as treatment
with Imatinib have no effect on tumor growth and tumor pro-
gression in single-transgenic MPY mice, supporting the notion
that PDGF-B/PDGFRS signaling is critical for Lhx2-mediated in-
duction of tumor cell migration and blood vessel maturation,
yet that other pathways, independent of Lhx2 and PDGF
signaling, may exist.

In conclusion, we demonstrate for the first time a func-
tional contribution of the transcription factor Lhx2 to malig-
nant breast cancer growth and metastasis. By directly

inducing transcriptional activity of the Pdgfb gene in cancer
cells, Lhx2 employs PDGF-B/PDGFRp signaling for two pro-
tumorigenic pathways: (i) in an autocrine loop PDGF-B/
PDGFRp signaling promotes partial EMT, tumor cell migration
and invasion, intravasation and metastasis formation, and (ii)
in a paracrine manner PDGF-B/PDGFRP signaling supports
blood vessel maturation and functionality and primary tumor
growth (Figure 9). The fact that Lhx2 expression shows a sig-
nificant correlation with clinical outcome of breast cancer pa-
tients underscores its relevance in human disease. Finally, the
pleiotropic role of Lhx2-induced PDGF-B/PDGFRp signaling
during tumor progression makes it an attractive target for
further investigations that potentially may lead to the devel-
opment of new cancer therapies.
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