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Abstract
The epithelial-mesenchymal transition (EMT) is thought to be a critical step along the metastasis
of carcinomas. In addition to gaining motility and invasiveness, tumor cells that undergo EMT
also acquire increased resistance to many traditional cancer treatment modalities, including
chemotherapy and radiation. As such, EMT has become an attractive, potentially targetable
process for therapeutic interventions against tumor metastasis. The process of EMT is driven by a
group of transcription factors designated as EMT transcription factors, such as Snail, Slug, Twist,
and the recently identified T-box family member Brachyury. In an attempt to determine which of
these drivers of EMT is more amenable to targeted therapies and, in particular, T-cell–mediated
immunotherapeutic approaches, we have examined their relative expression levels in a range of
human and murine normal tissues, cancer cell lines, and human tumor biopsies. Our results
demonstrated that Brachyury is a molecule with a highly restricted human tumor expression
pattern. We also demonstrated that Brachyury is immunogenic and that Brachyury-specific CD8+
T cells expanded in vitro are able to lyse Brachyury-positive tumor cells. We thus propose
Brachyury as an attractive target for vaccination strategies designed to specifically target tumor
cells undergoing EMT.

Introduction
The phenotypic switch of carcinomas designated as the epithelial-mesenchymal transition
(EMT) has been recently proposed as a critical process during the progression of solid
tumors.1,2 During an EMT, carcinoma cells lose characteristics associated with the epithelial
phenotype, including cellular polarity, cell-to-cell contacts, and the expression of epithelial
markers, such as E-cadherin and cytokeratins, and gain a fibroblast-like morphology and the
expression of the mesenchymal-associated proteins Fibronectin and Vimentin, and various
matrix metalloproteinases (MMPs). As a consequence of this phenotypic switch, tumor cells
acquire the ability to move and to invade the surrounding tissues, properties that are
essential for their dissemination and the formation of metastases at distant sites from the
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primary tumor mass.3–6 Additionally, tumor EMT has recently been associated with the
acquisition of cancer stem cell-like features, or tumor stemness, which include the
acquisition of resistance to the conventional therapeutics chemotherapy and radiation, and
some small-molecule targeted therapies.7–9 With the identification and characterization of
signaling pathways and transcriptional regulators that play a fundamental role in this
phenotypic switch, it can be envisioned that novel strategies could be designed for the
targeting of populations of tumor cells that exhibit metastatic propensity, self-renewing
capacity, and therapeutic resistance.

Transcriptional Control of EMT
Multiple studies pertaining to the control of tumor EMT have been focused on the
characterization of a group of transcriptional regulators, designated as EMT transcription
factors, which are molecules normally involved in the control of epithelial-mesenchymal
transitions in the early embryo. During the course of tumor EMT, the levels of these
transcriptional regulators are enhanced and, as a consequence, the expression of genes
regulated by them is either repressed (epithelial markers) or enhanced (mesenchymal
markers). Examples of EMT transcription factors include the zinc finger proteins Snail10,11

and Slug,12,13 and the helix-loop-helix (HLH) transcription factor Twist.14,15 Recently, our
group identified Brachyury, a T-box transcription factor, as a novel driver of EMT in human
epithelial carcinomas. Brachyury was initially identified as a gene predominantly expressed
in human tumors vs. normal tissues by utilizing a computer-based differential display tool
for analysis of expressed sequence tags (ESTs) in the human Unigene database.16 In a
subsequent study17 we demonstrated that overexpression of Brachyury in epithelial
carcinoma cell lines induces changes characteristic of an EMT, including increased tumor
cell motility and invasiveness. Conversely, we have also shown that inhibiting Brachyury
expression in tumor cells having a more mesenchymal phenotype resulted in changes
characteristic of a mesenchymal-to-epithelial transition (MET), with loss of expression of
mesenchymal markers, gain of epithelial markers, and concurrent loss of tumor cell motility
and invasiveness. The relevance of Brachyury expression in vivo has been demonstrated in a
xenograft model with the H460 human lung cancer cell line that showed a diminished ability
to form lung metastasis as a result of Brachyury-silencing.17

The important role of some EMT transcription factors has been acknowledged in human
cancer progression. For example, in several studies, expression of Snail has been shown to
correlate with tumor histological grade and lymph node status.11 Moreover, it has been
demonstrated that increased Snail expression in breast and ovarian cancers correlates with a
significant decrease in patient survival.18 Similarly, the expression of Slug has been shown
to correlate with disease progression; in lung, colon, and ovarian cancer, for example, low
Slug expression in the primary tumor has been correlated with decreased disease recurrence
and increased overall survival.13,19 High levels of Twist expression have also been
associated with highly invasive breast cancer,14 poor prognosis in cervical cancer,20 and
high Gleason score prostate cancer.15 The T-box transcription Brachyury has been shown to
be predominantly expressed among lung tumor tissue samples of higher stage (II–IV) as
compared to stage I tumors or normal lung tissues,17 and recently it has been identified as a
poor prognostic factor in colon cancer.21 Taken together, these results demonstrate the
importance of these transcriptional regulators of EMT in the progression of human cancer
and suggest they may offer unique opportunities as targets for future cancer treatment
modalities.
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Targeting of EMT transcription factors
Overall, the study of the phenomenon of tumor EMT is an extremely active area of cancer
research and yet, little has been done so far concerning the exploitation of this process for
therapeutic purposes. We might speculate on two major reasons accounting for the scarcity
of studies aimed at targeting EMT: (a) initiation and maintenance of EMT in various tumor
types may depend on the cooperation of multiple, redundant signaling pathways that might
require simultaneous blockade to successfully revert the tumor phenotype into a fully
epithelial one; and (b) targeting of EMT transcription factors appears largely difficult, as
transcription factors are currently regarded as “non druggable” molecules with canonical
small molecule inhibitor modalities. We thus propose the use of immunotherapeutic
modalities to specifically target the EMT transcription factors as a means to eliminate
mesenchymal-like tumor cell populations. Because of their intracellular localization, EMT
transcription factors cannot be reached by targeted modalities that depend on the expression
of the targeted molecule on the surface of tumor cells, such as monoclonal antibodies.
Unlike antibodies, T cells recognize a target irrespective of its cellular localization in the
form of short peptides presented in the context of the major histocompatibility complex
(MHC). T-cell–based immunotherapeutic approaches thus appear to be a viable option to
specifically target tumor cells that express EMT transcription factors.

Immunotherapeutic interventions against cancer are expected to elicit a long-term memory
T-cell response against the targeted antigen; in order to avoid potential autoimmune
reactions, the tissue distribution of the target is an important consideration. In the present
work, we sought to investigate the tissue distribution of the EMT transcription factors
Brachyury, Snail, Slug, and Twist in multiple human and murine normal tissues and tumor
cell lines originated from various types of carcinomas. Our results demonstrate a diverse
pattern of expression of EMT transcription factors across normal tissues, both human and
murine, as well as a diverse pattern of expression in human versus murine carcinoma cell
lines.

Expression of transcriptional regulators of EMT in human normal tissues
and tumor cell lines

Multiple studies have demonstrated the ability of transcription factors such as Brachyury,
Snail, Slug and Twist to modulate the epithelial/mesenchymal characteristics of human
carcinoma cell lines. Most of these studies have been conducted either in vitro or using
xenograft models in immune deficient mice.22,23 In addition to this newly proposed role in
promoting tumor EMT, tumor invasiveness and metastasis, each of the EMT transcription
factors Brachyury, Snail, Slug, and Twist plays anessential non-redundant ro le during
embryogenesis. Although these genes primarily function in utero, it is well appreciated that
their expression could also be maintained in some adult normal tissues. To our knowledge,
no reports exist so far on a comprehensive analysis of the expression patterns of these genes
in multiple human adult normal tissues. We believe such knowledge is critical to allow the
development of therapeutics targeting these mediators of EMT and to appreciate the
potential toxicities such treatments may generate.

We examined the relative mRNA expression levels of Brachyury, Snail, Slug, and Twist in
panels of commercially available cDNAs generated from histologically normal human adult
tissues, by real-time PCR as previously described.17 As shown in Figure 1A, Brachyury has
a very restrictive pattern of expression among human normal tissues, being undetectable in
most tissues examined. The highest level of Brachyury mRNA expression was detected in
normal testis, followed by lower levels in spleen and small intestine (3- and 4-fold lower,
respectively, than the testis). Unlike Brachyury, mRNA encoding for the transcription
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factors Snail, Slug, and Twist is detected in almost all of the human normal tissues evaluated
here. The median expression for Snail, Slug, and Twist among human normal tissues was
approximately 103- 104-fold higher than the median expression for Brachyury across the
same tissue panels (Figure 1B–D). These data are in agreement with previous reports
demonstrating detectable levels of mRNA encoding for Snail, Slug and Twist in many adult
normal tissues.24–26 For example, the expression of human Snail was previously
demonstrated in adult heart and lung and, at lower levels, in adult brain, liver and skeletal
muscle.25 Similarly, the expression of Twist has been previously reported in mesodermally
derived human adult normal tissues, including the heart and skeletal muscle.26 Altogether,
these observations seem difficult to reconcile with studies showing positive correlations
between Snail, Slug, and Twist expression and human tumor progression. In this regard, it is
important to point out that the high expression of Snail, Slug, and Twist mRNA observed in
normal tissues may be due to their selective expression in a particular subset of cells, and
their pattern of expression may be best examined by further assessing protein expression by
immunohistochemistry analysis. Moreover, the expression of mRNA could not necessarily
correspond to that of protein expression, as multiple microRNAs are now being identified
that could potentially inhibit protein translation.27,28

In addition to evaluating the expression of Brachyury, Snail, Slug, and Twist mRNA across
multiple human normal tissues, we also examined their level of expression in a number of
human lung and colon cancer cell lines. We observed high Brachyury levels in the H226 and
H460 lung cancer cell lines and relatively high levels in the SW480 and SW620 colon
cancer cell lines, as compared to the expression observed in normal human tissues (Figure
1A). Although Snail and Slug mRNA were detected in almost all tumor cell lines analyzed,
the levels of expression were not enhanced when compared to the median expression across
normal tissues (Figures 1B–C). Most human cancer cell lines analyzed here resulted
negative for Twist mRNA expression (Figure 1D). Hence, regarding the restricted
expression in normal tissues, Brachyury appears to bean appealing target among the EMT
transcription factors evaluated here.

Expression of transcriptional regulators of EMT in murine normal tissues
and tumor cell lines

Although the majority of studies involving EMT have been performed with human cancer
cell lines, EMT has also been shown to play an important role in tumor progression in
syngeneic murine tumor models. The 4T1 breast cancer model for example has been used to
demonstrate the importance of Twist in the ability of breast tumor cells to metastasize to the
lungs.14 In the TRAMP model of spontaneous prostate cancer,29 Snail expression has been
shown to correlate with loss of E-cadherin expression and increase in tumor stage.30 In a
doxycycline-inducible HER2/neu model of breast cancer,31 it has been shown that Snail
mediates an EMT and it is upregulated in recurrent tumorsas compared to primary
tumors. 32

It is clear that additional murine models of EMT must be established to help in assessing the
feasibility and effectiveness of targeting the EMT process as a strategy to reduce the
metastatic spreading and resistant phenotype of tumor cells. In murine studies similar to our
studies in human tissues and tumor cell lines, we examined the expression of Brachyury,
Snail, and Twist in numerous normal murine tissues and tumor cell lines. As with human
normal tissues, Brachyury mRNA was undetectable or expressed at very low levels in most
normal murine tissues analyzed (Figure 2A). However, unlike with human carcinomas, the
majority of mouse tumor cell lines were also negative for the expression of Brachyury. The
exceptions were the embryonal teratocarcinoma cell lines NF-1 and P19, which showed
significant expression of Brachyury, an observation consistent with Brachyury being a gene
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normally expressed along embryonic development.33 Similar to our results with human
tissues and cell lines, Snail mRNA was detected at comparable levels across all murine
normal tissues and tumor cell lines assayed. Twist mRNA was expressed at relatively low
levels in many normal murine tissues, and we observed an increased expression in most
murine tumor lines analyzed, up to 60-fold, compared to the median expression across all
murine normal tissues. Twist expression was predominant in the murine TRAMP prostate
cancer cell lines.29,34 The lack of endogenous Brachyury expression in the majority of
murine cancer cell lines assayed here suggests that it may not be an appropriate target for
pursuing murine preclinical studies. Instead, Twist is differentially expressed between
murine tumor cell lines and normal tissues and may be employed as a model target antigen
in preclinical murine studies aimed at evaluating the utility of targeted modalities against
EMT.

Selective expression of Brachyury in human tumor vs. normal tissues
We have demonstrated increased Brachyury expression in human carcinoma cell lines as
compared to normal tissues. To ascertain the clinical relevance of Brachyury as a potential
target, we measured the Brachyury mRNA expression in tumor biopsies from 80 lung cancer
patients and histologically normal tissue adjacent to tumors from 16 individuals. Forty-two
of80 (52.5%) lung tumor tissues and only 2/16 (12.5%) normal adjacent lung tissues had
detectable Brachyury mRNA levels (Figure 3). In a previous report, we demonstrated a
positive correlation between Brachyury expression and lung tumor stage; Brachyury mRNA
was expressed in more lung tumor tissue samples from stages II, III, and IV (30 of 48
[62.5%]) than samples from stage I disease (12 of 32 [37.5%]).17 These observations
suggested that Brachyury potentially associates with lung tumor progression, making it an
interesting target for the treatement of lung cancer, particularly in the more aggressive stages
of disease. As can be seen in Figure 3, the expression of Brachyury mRNA in lung tumor
tissues varied from undetectable to levels that approximately spanned a 4-log range.
Interestingly, when comparing the levels of expression in the lung clinical samples and the
various tumor cell lines of lung origin used for experimental preclinical studies, a
comparable range of Brachyury expression can be observed (Palena, unpublished
observations). These results strongly suggest that available human tumor cell line models
reflect the heterogeneity seen in patients and may be useful in developing strategies
attempting to target the EMT process.

EMT and cancer stem cells
In addition to promoting tumor spreading and metastasis, it has been proposed that EMT
may also confer ontumor cells a cancer stem cell-like phenotype. 8 Cancer stem cells (CSCs)
are a relatively new concept in tumor biology; theyare thought to represent a small fraction
of tumor cells with the capacity for self-renewal, and whose progeny comprise the bulk of
the tumor mass.35 In addition to their self-renewal capacity, CSCs are also more resistant to
traditional cancer treatments and several studies have recently demonstrated that
conventional treatments would select for tumor cells with a CSC phenotype.36–39 CSCs are
commonly identified based upon their expression of a few molecules designated as “stem
cell markers” (Table 1). In breast and prostate cancer, for example, cell populations
expressing CD44high/CD24low appear to be enriched for CSCs.40 The surface glycoprotein
CD133 in lung, pancreas, prostate, and colon cancer,41–44 or enhanced Aldehyde
dehydrogenase 1 (ALDH1) activity in breast, lung, and colon cancer45–47 have also been
used as markers for CSCs. In addition, the transcription factors Nanog, Oct4, and Sox2 have
been used for identification of CSCs in prostate, breast, colon, pancreas, and lung
cancer.48–50 Altogether, it can be said that currently available phenotypic markers of CSC
are tumor type-dependent, and in many cases the CSC phenotype should be confirmed
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utilizing functional assays such as tumorosphere formation efficiency. Moreover, from the
point of view of designing specific therapies to target CSCs in human cancer, the expression
of these markers has also been demonstrated in normal adult tissues, normal stem and/or
progenitor cells, 51–56 a fact that would preclude their use as potential therapeutic targets.

As mentioned above, recent reports support the notion that cells that have undergone an
EMT share many characteristics with CSCs, including an increased capacity for self-
renewal, and increased resistance to chemotherapy.57–59 Although further studies are
necessary, we hypothesize that, in the absence of definitive markers for CSCs, the
identification of tumor cells that have undergone an EMT in human tumor tissue samples
may be useful in selecting patients whose tumors may be enriched for populations with stem
cell-like features. The restrictive pattern of Brachyury expression in normal tissues and its
known association with tumor EMT may allow it to act not only as a surrogate marker of
tumor cells with stem-cell like features but also, more importantly, to utilize it as an
effective target for eliminating stem-cell–like cancer cells.

Brachyury as a target for cancer vaccine approaches
To function as a viable target for a cancer vaccine a tumor-associated antigen (TAA) must
(a) have a very restricted expression profile in normal adult tissues, (b) have an increased
expression in tumor cells, and (c) be able to induce an immune response. Unlike Snail, Slug,
and Twist, we have demonstrated that Brachyury expression is very limited in normal
human tissues as assessed by real-time PCR16,17 and confirmed by immunohistochemical
detection of Brachyury protein (Palena, unpublished observations). We were also able to
demonstrate a significant increase in the expression of Brachyury in human carcinoma cell
lines and human tumor tissues (Figures 1, 3, and previous observations).16,17 Previously we
have been able to demonstrate that Brachyury is immunogenic in humans, as one can expand
Brachyury-specific CD8+ cytotoxic T cells capable of killing Brachyury-expressing tumor
cells in an HLA-restricted manner (Figure 4)16. It is important to note that, in the H441 lung
cancer cell line shown in Figure 4, Brachyury expression is slightly lower than the median
expression seen among lung tumor tissue samples (Figure 3), suggesting that a T-cell
response directed against Brachyury will be able to target tumor cells perhaps initiating the
process of Brachyury-mediated EMT and therefore exhibiting low levels of expression of
the target protein.

Conclusions
The process by which epithelial carcinoma cells acquire a mesenchymal phenotype (EMT)
is being characterized as a critical step in tumor metastasis, as a promoter of tumor
dissemination and acquisition of resistance to chemotherapy, radiation, and some small
molecule inhibitors. As such, targeting of EMT represents a potentially novel approach not
only in treating metastatic disease, but also in alleviating therapeutic resistance. However,
targeting of master drivers of the EMT process, i.e., transcription factors, is still seen as a
very difficult approach. The use of vaccine-based strategies in whicha specific T-cell
immune response can be elicited against a driver of EMT appears as one of a few viable
options for the elimination of mesenchymal-like tumor cells. Promising results with the use
of vaccines for the therapy of solid tumors, including the recently approved Sipuleucel-T60

as well as PSA-TRICOM (Prostvac)61 for the treatment of prostate cancer, support the
development of an immunotherapeutic approach against EMT. As we have discussed here,
the tumor-restricted pattern of expression of the transcription factor Brachyury and its
proven immunogenicity make it an appealing protein for a cancer vaccine strategy targeting
EMT. Such treatments will presumably have low toxicities and one can envision their future
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use for therapeutic purposes in the neoadjuvant or adjuvant settings and, in the long term,
perhaps in the pre-neoplastic and/or preventive settings.
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Figure 1. Relative mRNA expression of four EMT mediators in human normal tissues and
carcinoma cell lines
Real-time PCR was performed for Brachyury (A), Snail (B), Slug (C), and Twist (D) in a
multi-tissue, commercially available cDNA panel library (Clontech), and several human
lung and colon carcinoma cell lines as previously described.17 All values are expressed as a
ratio to the endogenous control GAPDH.
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Figure 2. Relative mRNA expression of three EMT mediators in murine normal tissues and
tumor cell lines
Real-time PCR was performed for Brachyury (A), Snail (B), and Twist (C) in a panel of
normal murine tissue cDNAs (Clontech) and several murine tumor cell lines. The following
TaqMan probes (AB Biosystems) were used: Brachyury (Mm01318249_m1), Snail
(Mm00441533_g1), Twist (Mm00442036_m1). All values are expressed as a ratio to the
endogenous control GAPDH as previously reported.17
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Figure 3. Relative mRNA expression of Brachyury in lung tumor biopsies, normal adjacent
tissues and several human lung and colon carcinoma cell lines
Relative Brachyury mRNA expression in a commercial panel of cDNAs (Origene
TissueScan qPCR Arrays) generated from 80 lung tumors at various stages of disease (I–
IV), along with 16 histologically normal lung tissues adjacent to the tumor. All values and
the median for each group are expressed as a ratio to the endogenous control GAPDH.
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Figure 4. Lysis of Brachyury positive tumor cells by Brachyury-specific T cells
Brachyury-specific human T cells were expanded from the blood of normal donors and
utilized in vitro for lysis of H441 (HLA-A2+/Brachyury+), SW1463 (HLA-A2+/Brachyury
−), NCI-H460 (HLA-A2− Brachyury+) or AsPC-1 (HLA-A2−/Brachyury−) carcinoma cell
lines. (Reprinted with permission from the American Association for Cancer Research; see
reference 16)
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Table 1

Stem Cell Markers Identified in Human Tumors and/or Tumor Cell Lines

Marker(s) Tumor Type Ref.

CD44high/CD24low Breast, Prostate 7,62

Aldehyde dehydrogenase 1 (ALDH1) activity Breast, Lung, Colon 44–46

CD133 Lung, Prostate, Colon, Pancreas 41–43,63

Nanog, Oct4, Sox2 Prostate, Breast, Colon, Pancreas, Lung 48–50
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