Chapter 14

Gene Signatures of Inflammatory Breast
Cancer: Epithelial Plasticity and a Cancer
Stem Cell Phenotype

Fredika M. Robertson, Khoi Chu, Sandra V. Fernandez, Zaiming Ye,
Sanford H. Barsky, and Massimo Cristofanilli

Abstract Inflammatory breast cancer (IBC) is the most lethal variant of locally
advanced breast cancer and carries with it a very low survival rate of 40 % at 5
years. IBC does not present as a lump but rather mimics characteristics of an inflam-
mation that first appears as swelling of the breast, with edema, redness, and com-
mon lymph node involvement. The physical changes in the breast are associated
with the presence of nests of aggregated tumor cells, defined as tumor emboli that
are encircled by lymphatic vessels, effectively blocking lymphatic drainage. Little
is understood about IBC, in part due to the lack of preclinical models that recapitu-
late its distinct characteristics. This chapter provides an overview of our studies that
have profiled all available preclinical models of IBC, including two new models
recently developed, to elucidate the molecular underpinnings of this lethal variant of
breast cancer. Our studies demonstrate that IBC is enriched for cells that express

FE.M. Robertson (0<]) * K. Chu * Z. Ye

Department of Experimental Therapeutics, The University of Texas MD Anderson
Cancer Center, Unit 1950, 1901 East Road, South Campus Research Building 4;
Office 3.1009, P.O. Box 301429, Houston, TX 77230-1429, USA

e-mail: frobertson@mdanderson.org

S.V. Fernandez * M. Cristofanilli
Department of Medical Oncology, Thomas Jefferson University,
Philadelphia, PA 19107, USA

S.H. Barsky
Department of Pathology, The University of Nevada School of Medicine, Reno,
NV 89557, USA

H. Schatten (ed.), Cell and Molecular Biology of Breast Cancer, 305
DOI 10.1007/978-1-62703-634-4_14, © Springer Science+Business Media New York 2013



306 F.M. Robertson et al.

CD44* and CD133* and have aldehyde dehydrogenase-1 (ALDHI1) activity,
supporting a cancer stem cell/tumor initiating phenotype, associated with a very
high metastatic potential to multiple distant organ sites. IBC has a distinct gene
signature including E-cadherin expression with associated loss of expression of
ZEBI1, a transcriptional repressor of E-cadherin. IBC is also characterized by loss of
expression of genes within the transforming growth factor-beta (TGFf) signaling
pathway, which is permissive for cohesive invasion by IBC tumor emboli. Taken
together, these studies suggest that IBC is a very distinct variant of breast cancer
characterized by epithelial plasticity, enrichment of a stem cell phenotype, and
cohesive invasion as an adaptive survival mechanism, consistent with the definition
of IBC as the most metastatic variant of breast cancer.

14.1 Introduction

Inflammatory breast cancer (IBC) is the most lethal form of locally advanced breast
cancer (reviewed in [1]). Although primary IBC is less commonly diagnosed than
other types of breast cancer, accounting for an estimated 2—5 % of all breast cancers
in the United States and an estimated 13 % worldwide, IBC is responsible for a
disproportionate number of breast cancer-related deaths (7 %) that occur each year
worldwide [2, 3].

A clinical diagnosis of IBC is based on the combination of the physical appear-
ance of the affected breast, a careful medical history, physical examination, and
pathological findings from a skin biopsy and/or needle or core biopsy to confirm the
diagnosis of carcinoma [4]. IBC does not occur as a lump but rather is characterized
by a very rapid onset of changes in the skin overlying the involved breast that
include edema, redness, and swelling in over one half to two thirds of the breast and
that may also include a wrinkled, orange peel appearance of the skin, defined as
“peau d’orange” [1, 5, 6]. The changes in the skin of the involved breast of IBC
patients are the first clinical signs of IBC and are due to the presence of tumor
emboli lodged within dermal lymphatic vessels, which is one of the classical histo-
pathological findings in IBC [7-9]. While their presence is not a requirement for a
diagnosis of IBC, approximately 75 % of IBC patients have tumor emboli, and they
serve as one of most distinctive characteristics of IBC.

Research to elucidate the molecular mechanisms that underlie the rapid metasta-
sis exhibited by IBC has been hampered by the relatively rarity of the disease and an
associated lack of preclinical models that recapitulate the human disease. This chap-
ter describes the characteristics of all of the available preclinical models of IBC,
including two new models that we have developed using cells derived from IBC
patients that we have designated as FC-IBCO1 and FC-IBCO02. We describe the use
of these preclinical IBC models to validate the cancer stem cell phenotype that is a
characteristic of IBC. This chapter also describes gene profiling studies that have
elucidated genomic signatures of IBC which provide insight into the molecular basis
for the aggressive metastasis that characterize this lethal variant of breast cancer.
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14.2 Characteristics of Preclinical Models of IBC

As with non-IBC breast cancers, IBC tumors can be categorized into intrinsic sub-
types including luminal A, luminal B, ErbB2/Her-2*, and triple-negative breast can-
cers which lack ER/PR and ERBB2/Her-2. Although IBC tumors can be of any
subtype, the predominant molecular subtypes are either triple-negative or ERBB2*
tumors [10-13], which is also reflected in the preclinical models of IBC.

There are currently seven preclinical models of IBC, which include SUM149,
SUM190, KPL-4, MDA-IBC-3, Mary-X, and two newly developed models,
FC-IBCO1 and FC-IBCO02. Of these preclinical models, four of these are classified
as triple negative based on their lack of expression of ER, PR, and the ErBB2/Her-2
oncogene. The triple-negative IBC models include the most well-characterized IBC
cell line, SUM149, as well as Mary-X, FC-IBCO1, and FC-IBCO02. The remaining
IBC models, SUM190, MDA-IBC-3, and KPL-4 cell lines, all express the Her-2
oncogene. The prevalence of triple negative and Her-2* in preclinical IBC models
mirrors the prevalence of these subtypes in the tumors of IBC patients. The heat
map of the levels of expression of genes used to subtype breast cancers, including
estrogen receptor (ER), progesterone receptor (PR), and the Her-2/ERBB2 onco-
gene, in preclinical models of IBC is shown in Fig. 14.1.

Using an expanded database of IBC patient tumors, recent studies reported that
IBC patients with luminal A subtype (ER*/PR*/Her-27) have shorter, distant-
metastases-free survival intervals compared with their non-luminal IBC counter-
parts [10]. This is in direct contrast to observations in non-IBC breast cancers, in
which patients with luminal A tumors have improved survival compared to all other
subtypes of breast cancer [14]. The preclinical models of IBC are either triple
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negative or Her-2 amplified, which is reflective of the most prevalent subtypes of
this variant of breast cancer. The observation that the worst prognosis is associated
with those with a luminal A subtype of IBC underscores the need for further devel-
opment of preclinical models of IBC, which will be critical to define the molecular
basis for the observation of this differential lower overall survival of patients with
luminal A subtype IBC.

14.2.1 Characteristics of Triple-Negative Preclinical
Models of IBC

The Mary-X IBC model is a stable transplantable xenograft model developed by Dr.
Sanford H. Barsky from the primary tumor of an IBC patient with triple-negative
basal-like breast cancer [15—17]. Prior to 2011, Mary-X was the only preclinical
model of IBC that recapitulated the formation of tumor emboli and encircling lym-
phatic vessels that commonly occurs in IBC patients. Mary-X grows as xenografts
that appear red and highly vascularized (Fig. 14.2a). Examination of tumor tissues
isolated from mice bearing Mary-X reveals the presence of multiple tumor emboli
within the dermis (Fig. 14.2b, inset, and c¢), and metastasis readily occurs, primarily
in lung (Fig. 14.2d). Mary-X tumors and tumor emboli that invade into the dermal
layer of the skin (Fig. 14.2e, f) and metastatic lesions in lung (Fig. 14.2g—i) have very
robust expression of the surface glycoprotein, E-cadherin. Mary-X tumor cells can
only be optimally propagated as 3-dimensional tumor spheroids (Fig. 14.2j, k) and
have not been successfully maintained as 2-dimensional adherent cultures on plastic.
Mary-X tumor spheroids retain expression of E-cadherin (Fig. 14.21). Our gene pro-
filing studies identified only a ten gene difference between Mary-X tumor emboli
isolated by laser capture microdissection, and Mary-X tumor spheroids [18], sug-
gesting that the Mary-X tumor spheroids provide a convenient in vitro model with
which to study characteristics of tumor emboli as well as a method to determine the
ability of therapeutic agents to target tumor spheroids as surrogates of tumor emboli.

In addition to the Mary-X preclinical model of IBC, we have developed two new
models of IBC, designated as FC-IBCO1 and FC-IBC02, derived from tumor cells
isolated following thoracentesis of IBC patients who had developed metastatic pleu-
ral effusions [19, 20]. As was observed with Mary-X cells, FC-IBCO1 and FC-IBC02
cells spontaneously form 3-dimensional tumor spheroids in vitro and are optimally
propagated for short periods of time in low-adherence culture. When FC-IBCO1 and
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Fig. 14.2 (continued) layer of the skin. (d) Mary-X tumor cells form lung metastasis visible as tumor
emboli. (e) Tumor tissue isolated from Mary-X has robust expression of E-cadherin protein present in
tumor emboli in the dermis (f) and in the lungs (g-i). (j) and (k) Mary-X tumor cells isolated from
tumor xenografts spontaneously form 3-dimensional tumor spheroids when placed into low-adher-
ence culture conditions. (I) Tumor spheroids in culture retain robust expression of E-cadherin (This
figure was originally published in J Clin Exp Pathol. 2012;2:119. doi:10.4172/2161-0681.1000119)


http://dx.doi.org/10.4172/2161-0681.1000119

14 Gene Signatures of Inflammatory Breast Cancer: Epithelial Plasticity... 309

P S %
3 o TV
b
"‘; 2 ‘.-, S XY
. \.‘jbhi;'ﬁ’;‘;:' Mk o P
lung lung
- =
L

50 ym

Fig. 14.2 Histological characteristics of Mary-X preclinical model of IBC. (a) Mary-X tumor xeno-
graft grows as large tumor with visible vascularization. (b) Light micrograph of H&E-stained tumor
tissue isolated from Mary-X. Insets show the presence of tumor emboli in the dermis. (¢) Higher
magnification of Mary-X tumor tissue which contains numerous tumor emboli within the dermal
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Fig. 14.3 (a)—(c) Triple-color immunofluorescence and fluorescence microscopy identified tumor
emboli in tissues isolated from xenografts of Mary-X (a), FC-IBCO1 (b), and FC-IBC02 (c) that
express E-cadherin protein (green fluorescence) that are encircled by lymphatic vessels that selec-
tively express podoplanin (red fluorescence). Topro-3 was used to identify nuclear DNA, shown as
blue fluorescence (This figure was originally published in J Clin Exp Pathol. 2012;2:119.
doi:10.4172/2161-0681.1000119)

FC-IBCO02 tumor cells are injected into immunocompromised mice, tumors develop
within 2—-3 weeks, with the formation of IBC tumor emboli that invade into the skin
and rapid metastasis to multiple sites [19, 20]. Mary-X, FC-IBCO01, and FC-IBC02
tumor cells form tumor emboli that express E-cadherin protein (green fluorescence)
that are encircled by lymphatic vessels that express podoplanin, used as a selective
marker of lymphatic endothelium (red fluorescence) (Fig. 14.3a—c, respectively).
Topro-3 was used as a marker of nuclear DNA (blue fluorescence).

The SUM149 cell line was developed in the laboratory of Dr. Stephe Ethier and
colleagues [21, 22], and has been used for the vast majority of IBC studies. SUM 149
cells were developed from a patient with invasive ductal carcinoma prior to receiv-
ing chemotherapy. As shown in Fig. 14.1, SUM149 cells are classified as triple-
negative subtype based on the lack of ER, PR, and the Her-2 oncogene. Note that all
of the triple-negative IBC cell lines, including SUM 149, express EGFR. SUM 149
cells do not form tumor emboli when grown as xenografts in immunocompromised
mice in vivo; however, these cells do rapidly form primary tumors as well as com-
monly form metastatic lesions at multiple sites, including bone (Fig. 14.4a, b), lung
(Fig. 14.4c), lymph nodes, liver, and soft tissues when injected via the intracardiac
injection route into immunocompromised mice.

14.2.2 Characteristics of Her-2 Expressing Preclinical Models
of IBC

The SUM190 IBC cell line was also developed from a patient with invasive ductal
carcinoma prior to receiving chemotherapy [21], has amplified Her-2 [21, 22], and
proliferates at a much slower rate compared with SUM149 cells, with a doubling
time of ~42 h. However, when SUM190 cells are cultured under low-adherence
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Fig. 14.4 Identification of sites of metastasis in SUM 149, SUM 190, and MDA-IBC-3 preclinical
xenograft models of IBC. (a) and (b) Luciferase-based images of the presence of metastatic lesions
detected at 21-60 days following injection of SUM149 cells (5% 10°) tagged with a luciferase
bioluminescent tag into mammary fat pads of NOD. Cg-Prkdc*¢ I12rg™!™/SzJ mice, identifying
multiple sites of metastasis of SUM149 to scapula, humerus, tibia, and pelvis. (¢) Images of the
presence of lung metastasis following injection of SUMI149, SUM190, MDA-IBC-3, and
MDA-MB-231 cells that were tagged with a luciferase bioluminescent tag, detected by biolumi-
nescent signal in cells within isolated lungs (This figure was originally published in J Clin Exp
Pathol. 2012;2:119. doi: 10.4172/2161-0681.1000119)

conditions which supports formation of tumor spheroids and then injected into
immunocompromised mice, SUM190 produces primary tumors as well as meta-
static lesions, primarily to the lung but this occurs less frequently (Fig. 14.4c).
KPL-4 is an additional IBC cell line derived from tumor cells isolated from pleural
effusion of a patient with inflammatory skin metastasis [22]. KPL-4 cells have 15-fold
amplification of Her-2. When grown as xenografts, KPL-4 cells induced cachexia,
which is associated with production of interleukin-6 (IL-6) [23-25], leading to the
use of this model to examine the effects of therapeutic agents that block IL-6 produc-
tion [23-25]. More recently, the KPL-4 model has been used to demonstrate the ben-
efit of combining trastuzumab (Herceptin®;, Genentech, South San Francisco, CA)
with fluoropyrimidines or a taxane in circumstances where trastuzumab resistance
has developed [26, 27]. Due to the very high passage number of KPL-4, this cell line
is less commonly used in studies to identify the molecular basis of IBC.
MDA-IBC-3 cells were developed from an IBC patient with pleural effusion by
serial transplantation [28]. MDA-IBC-3 cells express Her-2, and although they have
a very slow doubling time (~76 h) when cultured as adherent cultures on plastic sub-
strates, they readily form tumor spheroids when placed in low-adherence conditions
and grow as xenografts when injected into immunocompromised mice. In our hands,
MDA-IBC-3 cells form primary tumors but very rarely form metastatic lung tumors
(Fig. 14.4c); however, they do not form tumor emboli when grown as xenografts.
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14.3 1IBC Is Enriched for Cells with a Cancer Stem Cell
Phenotype

Studies using the Mary-X preclinical model of IBC made the initial seminal obser-
vation that 3-dimensional tumor spheroids derived from Mary-X tumor tissue have
characteristics in common with embryonal blastocysts including expression of tran-
scription factors OCT-4, NANOG, and SOX-2, which are all associated with stem
cell self-renewal and embryonic pluripotency, as well as addiction to NOTCH3 [29].
Mary-X spheroids were also shown to express markers of cancer stem cells charac-
terized by the presence of CD44*/CD24~"°% and the presence of cells positive for
aldehyde dehydrogenase-1 activity (ALDH1) and that express CD133. Additional
evidence offered in support of IBC being enriched for cells with a cancer stem cell
phenotype came from the demonstration that Mary-X tumor cells expressed genes
within stem cell signaling pathways such as NOTCH3 and as few as 100 Mary-X
tumor cells could recapitulate the IBC phenotype of tumor emboli formation within
the skin. This study also reported that the stem cell phenotype exhibited by Mary-X
was also exhibited by the lymphovascular emboli of human IBC cases regardless of
the molecular subtype of the tumor, which was the first indication that IBC may be
a tumor type enriched for cells with a stem cell phenotype [29]. Following these
studies in the Mary-X preclinical model of IBC, Charafe-Jauffret et al. demonstrated
that IBC is enriched for cells with a cancer stem cell phenotype based on detection
of ALDHI positive cells [30], which supports the clinical observation that IBC is a
disease characterized by resistance to chemotherapy, early disease recurrence,
metastasis, and poor clinical outcomes [31]. Our studies were the first to describe
the bipotency of IBC tumor cells and also illustrated the self-renewal potential of
these IBC tumor cells [32]. The results of our analysis of preclinical models of IBC
revealed the presence of cancer stem cell marker CD44, which is expressed primarily
by the triple-negative IBC models (Fig. 14.5a, b) and expression of CD133 by
Mary-X and FC-IBC02 models of IBC (Fig. 14.5c) [32, 33]. These studies demon-
strate that the triple-negative models of IBC are highly enriched for cells with a
cancer stem cell phenotype compared to the Her-2* models of IBC. We are currently
using these preclinical models of IBC to define the effectiveness of agents that
may target cancer stem cells, with the goal of moving the best candidates into
clinical trials.

The expression of cancer stem cell markers coincides with the metastatic capa-
bilities of the preclinical models of IBC. Each of the seven preclinical IBC cell
systems grows as orthotopic tumors when implanted into the mammary fat pad and
grows as xenografts when injected into the hind flank, with robust tumor emboli
formation in the dermal lymphatics by Mary-X, FC-IBCO1, and FC-IBC02
(Fig. 14.3) [33], which we did not observe in the other preclinical IBC cell systems.
Additionally, we have found that all of the preclinical models of IBC form meta-
static lesions at multiple sites (Fig. 14.4a—c).
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Fig. 14.5 Flow cytometric detection of cancer stem cell surface markers. (a, b) Flow cytometric
detection of CD44/CD24 expressed by (a) SUM 149, Mary-X, FC-IBCO1, and FC-IBCO02 cells and
(b) SUM190 and MDA-IBC-3 cells. (¢) Flow cytometric detection of CD133 expression by
Mary-X and FC-IBCO2 cells (This figure was originally published in J Clin Exp Pathol. 2012;2:119.
doi: 10.4172/2161-0681.1000119)
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14.4 Gene Signatures of IBC

As we have described above, the primary pathological hallmark of IBC is the
presence of tumor emboli, which are multicellular aggregates of cells that invade
into the dermal lymphatics and retain an epithelial phenotype, characterized by
expression of E-cadherin (Figs. 14.2 and 14.3) [7-9, 15, 18, 33, 34]. With the goal
of identifying other genes that may be associated with E-cadherin, we evaluated
expression of genes involved in cell—cell aggregation and the adherens junctions.
Based on whole unbiased transcriptional analysis of preclinical models of IBC, we
validated the expression of CDH 1, which encodes for E-cadherin with the exception
of KPL-4 cells. We found that E-cadherin expression coincided with the expression
by IBC tumor models of a cassette of genes including gamma (y) catenin/JUP,
p120/delta (8) catenin, and DSC2 (Fig. 14.6a). Collectively, these genes regulate the
tight homotypic aggregation of tumor cells, forming adherens junctions [35, 36],
such as occurs in the cell aggregates that comprise IBC tumor emboli [33, 34].
Figure 14.6b shows the Western blot results of studies evaluating the presence of
E-cadherin, DSC2, y-catenin/JUP, and p120/3 catenin proteins in all of the preclini-
cal models of IBC.

The observation that E-cadherin is retained in IBC cells is, at first glance, para-
doxical to the current hypothesis that invasion and metastasis occurs with the loss of
E-cadherin, as part of the process of the epithelial-mesenchymal transition (EMT)
[37, 38]. The loss of E-cadherin during EMT favors a mesenchymal motile pheno-
type that is associated with acquisition of characteristics of cancer stem cells regu-
lated by transcription factors such as TWISTI [39]. In contrast, previous studies in
models of IBC using dominant negative molecular approaches or neutralizing anti-
bodies demonstrated that inhibiting the function of E-cadherin effectively blocked
the invasion and survival of IBC tumor cells in vitro [15] and diminished the integ-
rity of tumor emboli in vivo [15, 40]. Although E-cadherin has been demonstrated
to be necessary for survival of IBC tumor cells, little is known about the transcrip-
tional program that supports the retention of E-cadherin while exhibiting a program
of accelerated metastasis.

We performed gene profiling to evaluate the genes associated with the process of
EMT that were expressed by preclinical models of IBC (Fig. 14.7a). We found that
the expression of CDH1, which encodes for E-cadherin, was accompanied by a loss
of the zinc finger E-box binding homeobox gene, ZEBI, a transcriptional repressor
of CDH]I (Fig. 14.6a), which we validated by Western blot analysis (Fig. 14.7b). In
contrast, the preclinical models of IBC expressed transcription factors SNAII and
SNAI2 and TWISTI (Fig. 14.7a) that are known to be involved in maintenance of a
stem cell phenotype [33]. To validate the loss of ZEB1 in IBC, we used laser capture
microdissection techniques to specifically isolate IBC patient tumor emboli from
six samples of IBC core biopsies and four samples taken from skin punch biopsies
and also performed laser capture microdissection of tumor emboli taken from the
Mary-X preclinical model of IBC. These studies demonstrated the loss of ZEBI in
tumor emboli and in primary tumor biopsy tissues, which was mirrored by the loss
of ZEBI in IBC cell lines (Fig. 14.6c, Table 14.1).
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Fig. 14.6 Analysis of genes and proteins associated with cell-cell aggregation in preclinical mod-
els of IBC. (a) Heat map showing expression of genes involved in cell-cell aggregation in preclini-
cal models of IBC. (b) Western blot analysis of proteins involved in cell-cell aggregation in
preclinical models of IBC (This figure was originally published in J Clin Exp Pathol. 2012;2:119.
doi: 10.4172/2161-0681.1000119)

Taken together, the gene signature and phenotypic characteristics that we have
defined suggest that IBC exhibits characteristics of epithelial plasticity, where the
tumor cells retain an epithelial phenotype through E-cadherin expression, while
simultaneously expressing markers consistent with cells with a cancer stem cell
phenotype and the associated expression of the transcription factors TWISTI,
SNAII, and SNAI2. The triple-negative IBC cells also express VIM, which encodes
for vimentin, usually associated with the process of EMT.

While the process of EMT has become an accepted dogma, there is currently a
controversy about how necessary this process is to invasion and metastasis, with
very few examples of EMT identified in human tumor specimens. Recent studies
suggest that EMT is not required for metastatic spread, but more often the cells
express cancer stem cell markers regulated by transcription factors while maintain-
ing an epithelial phenotype [41]. These observations are consistent with our result
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Fig. 14.7 Analysis of EMT-associated genes and proteins in preclinical models of IBC. (a) Heat
map showing expression of genes involved in EMT in preclinical models of IBC. (b) Western blot
analysis of ZEBI1 and vimentin proteins in preclinical models of IBC compared with non-IBC
breast tumor cell lines. (¢) Gene expression of ZEB! in IBC tumor cells, non-IBC tumor cells, and
tissue from primary tumor biopsy obtained from six IBC patients isolated by laser capture micro-
dissection and in tissues isolated from tumor emboli isolated from skin punch biopsies of four IBC
patients isolated by laser capture microdissection (This figure was originally published in J Clin
Exp Pathol. 2012;2:119. doi: 10.4172/2161-0681.1000119)

Table 14.1 Statistical

analysis of the comparative Non- IBC

differences in ZEBI gene Cells IBC Cells IBC Cells IBC CORE
expression from cells and

IBC patient tissues from VS VS VS Vs

studies shown in Fig. 14.7

IBC Cells IBC CORE IBC EMBOLI |IBC EMBOLI

P<0.0007 P<0.004 N.S. N.S.

Table was originally published in J Clin Exp Pathol. 2012;
2:119. doi: 10.4172/2161-0681.1000119

demonstrating simultaneous robust expression of E-cadherin and other genes asso-
ciated with tight homotypic aggregation while maintaining a stem cell phenotype
associated with the expression of transcription factors that is involved in mainte-
nance of the stem cell characteristics [33, 34].
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14.5 IBC Characterized by Loss of TGFp Signaling in IBC

One of the growth factors known to induce the process of EMT is transforming
growth factor-beta (TGFp) [42]. Recent studies demonstrated that TGF is a key fac-
tor in the reversible regulation of motility by single cells, which in its absence, allows
cells to revert to a process that has been defined as “cohesive invasion™ [43]. Our gene
profiling studies demonstrated that, in addition to retention of E-cadherin, preclinical
models of IBC have a loss of expression of genes involved in TGFf signaling
(Fig. 14.7, Table 14.2), which is consistent with our collaborative studies reporting
similar changes in IBC patient tumor tissues [10]. Since IBC tumor cells are charac-
terized by formation of highly motile aggregates of tumor cells that migrate and
invade into the dermis as a collective unit, it is perhaps not surprising that IBC is
characterized by a loss of genes within the TGFp signaling pathway and gain of
genes such as SMADG6 and RUNX3 (Table 14.2), which suppress the process of EMT
induced by TGFp. The simultaneous retention of an epithelial phenotype with a lack
of TGFp signaling activation in IBC may be the molecular basis for the ability of
aggregates of tumor cells to migrate into lymphatic vessels, as we have demonstrated
occurs in the Mary-X, FC-IBCO01, and FC-IBCO2 preclinical models of IBC [19, 20,
33] and as has been demonstrated in IBC patient skin punch biopsy tissues [1, 7-9].

Table 14.2 List of genes showing the relative difference in expression of genes within the TGF
signaling pathway in preclinical models of IBC

Symbol Gene name Fold changes

INHBA Inhibin, beta A 1.2581344902386116
BMPRI1B Bone morphogenetic protein receptor, type IB 1.2714285714285716
VDR Vitamin D (1,25- dihydroxyvitamin D3) receptor 1.292483660130719
TGIF TGFB-induced factor homeobox 1 1.2964509394572026
MAPKI13 Mitogen-activated protein kinase 13 1.3747680890538034
TLX2 T-cell leukemia homeobox 2 1.3917525773195878
MAP2K6 Mitogen-activated protein kinase kinase 6 1.4218749999999998
Smad6 SMAD family member 6 1.5411764705882354
MAPKI11 Mitogen-activated protein kinase 11 1.6130952380952381
Runx3 Runt-related transcription factor 3 2.760330578512397
PAI-1 Serpin peptidase inhibitor, clade E —3.0973451327433628
GSC Goosecoid homeobox -3.021276595744681
Bcl-2 B-cell CLL/lymphoma 2 —2.1538461538461537
MAPKI12 Mitogen-activated protein kinase 12 —1.7128712871287128
Runx2 Runt-related transcription factor 2 —1.5742753623188408
TGFB1 transforming growth factor, beta 1 —1.5596868884540114
AMHR2 Anti-Mullerian hormone receptor, type 11 —-1.5166666666666666
Nkx2.5 NK2 homeobox 5 —-1.5108225108225108
TCF Hepatocyte nuclear factor 4, alpha —1.5104895104895106
BMP2K BMP2 inducible kinase —1.4548872180451127

Table was originally published in J Clin Exp Pathol. 2012;2:119. doi: 10.4172/2161-0681.1000119
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Interestingly, the same study reporting the loss of TGFp signaling as permissive
for cohesive invasion demonstrated that tumor cells exhibiting collective invasion
due to a lack of TGFp signaling invaded into lymphatic vessels but were incapable of
hematogenous metastasis [43]. This is the pattern of metastatic spread exhibited in
IBC, which favors lymphatic dissemination leading to locoregional recurrence prior
to the occurrence of systemic metastasis. Collectively, the results of our gene profil-
ing studies are consistent with observations that IBC tumor emboli primarily invade
into dermal lymphatic vessels, providing a route of metastasis to local lymph nodes,
which is the pattern of disease progression that is commonly observed in IBC patients.
Our studies suggest that IBC tumor cells display plasticity in their gene signature that
allows them to retain the epithelial phenotype, while modulating specific signaling
pathways that program them to a specific lymphatic route of metastasis. Based on the
high degree of plasticity exhibited in IBC tumor cells, it may be that they are capable
of expressing genes within different signaling pathways, depending upon whether
they display a propensity for a lymphatic or blood-borne route of metastasis.

While loss of E-cadherin has been associated with the phenotypic program of EMT
characterized by increased motility and invasion similar to that of fibroblasts [37, 38],
the ability to revert from a mesenchymal phenotype back to an epithelial phenotype is
now believed to be necessary for colonization to form distant metastasis. Using the
triple-negative breast cancer cell line MDA-MB-231, one study demonstrated that the
microenvironment of the lung induced reexpression of E-cadherin associated with
what was defined as mesenchymal-to-epithelial reverting transition (MErT) [44]. This
phenotypic change of the MDA-MB-231 cells, which usually have a mesenchymal
cell phenotype, was associated with altered cell behavior and was critical to their sur-
vival at the sites of metastasis. A recent review pointed out that there are a number of
tumor types including IBC, ovarian carcinoma, and glioblastoma, which all exhibit an
accelerated program of metastasis and are characterized by retention of E-cadherin
and exhibiting cohesive invasion. These studies suggested that the role of E-cadherin
in metastasis may be currently unappreciated [45].

Thus, the apparent dichotomy of the gene signatures of IBC that includes expres-
sion of transcription factors involved in maintenance of a stem cell phenotype while
retaining an epithelial phenotype may be explained by the extreme plasticity exhib-
ited by IBC tumor cells as one of their adaptive mechanisms for survival and accel-
erated rates of metastasis to multiple sites. We have identified the lack of ZEBI
expression and the loss of genes involved in the TGFf signaling pathway that induce
EMT, with expression of genes that suppress TGFf—mediated EMT to be character-
istic of all of the preclinical models of IBC. Additionally, the lack of ZEB1 expres-
sion, a known transcriptional repressor of E-cadherin, may be the molecular basis
for the retention of robust E-cadherin expression in IBC, which we have previously
demonstrated to be associated with the presence of microRNA 200c, which regu-
lates E-cadherin expression [34]. Additionally, our gene profiling studies also dem-
onstrated that preclinical models of IBC express a specific repertoire of transcription
factors, including Snail and TWIST], that allows maintenance of a cancer stem cell
phenotype, which may confer a survival advantage in the face of chemotherapy and
radiation as well as conferring a tumor initiating capability [33, 34].
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14.6 Conclusions

Taken together, the simultaneous expression of genes in IBC that support an epithe-
lial phenotype with suppression of expression of genes associated with a mesenchy-
mal phenotype such as ZEBI and TGFf allows IBC tumor emboli to migrate as
aggregates of cells into lymphatic vessels, providing a conduit for IBC tumor emboli
to rapidly colonize regional lymph nodes. This program of simultaneous gain and
loss of specific gene programs may be the basis for the metastatic phenotype exhib-
ited in IBC patient, which is recapitulated in preclinical models of IBC, especially
those that are triple negative and can be accurately characterized by a high degree
of epithelial plasticity.

Collectively, our studies are among the first to identify that retention of E-cadherin
expression in preclinical models of IBC was associated with the suppression of
genes within the TGFf signaling pathway and lack of or low expression of the ZEB1
transcription factor that are both known to be involved in the process of EMT
(Fig. 14.8). These results are among the first to shed light on molecular mechanisms
underlying the retention of E-cadherin observed in IBC patient tumors and on a
signaling pathway that supports the retention of an epithelial phenotype, in the face
of enrichment of cells with a cancer stem cell phenotype and a program of
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Fig. 14.8 Pathway map of genes within the TGFp signaling pathway in preclinical models of IBC,
with upregulated genes shown in red and downregulated genes shown in green (This figure was
originally published in J Clin Exp Pathol 2:119. doi: 10.4172/2161-0681.1000119)
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accelerated metastasis that is consistent with the disease in a patient with an IBC
diagnosis. The observations for the suppression of expression of genes within the
TGFp signaling pathway are consistent with results of gene profiling of IBC patient
tumors [11]. Collectively, these data provide first-time evidence that IBC is charac-
terized by a signature of epithelial plasticity with enrichment for cancer stem cells,
similar to the observations made in collaborative studies in IBC patient tumors.
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