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ETS Transcription Factors in the Tumor Microenvironment
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Abstract: ETS factors are involved in cancer progression through transcriptional regulation of factors mediating cell
cycle, cell growth, apoptosis, cell adhesion and migration. The biological processes regulated by ETS factors are
important not only in tumor cells, but also in the surrounding cells comprising the tumor microenvironment. Additionally,
ETS factors can serve as transcriptional activators and repressors to regulate gene expression in a cell context-specific
fashion. Here we discuss recent advances in which the regulatory roles of ETS factors in stromal cells are critical during
both development and cancer. These new findings uncover the importance of ETS signaling in the stromal compartment
of tumors and shed light on new potential mechanisms of ETS factors.
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INTRODUCTION

Since their discovery almost three decades ago [1, 2],
E26 transcription specific sequence (ETS) transcription
factors have been implicated in many types of cancer.
Currently, 27 ETS factors have been identified in human and
26 in mouse [3]. Initial in vitro studies revealed the ability of
ETS factors Ets/ and Ets2 to cause transformation when
overexpressed [4]. Later etiological studies found expression
levels of ETS factors to be correlated with tumor progression
in several types of cancer, ranging from thyroid and liver
cancer to lung and breast cancer [5]. The mechanisms
responsible for the upregulation of these factors can include
gene amplification, mutation, translocation and gene fusion
[6]. At the molecular level, ETS factors can serve as trans-
criptional activators or repressors of genes regulating cell
cycle, apoptosis, cell migration and extracellular matrix
remodeling, all of which play key roles during cancer
progression [5]. The involvement of ETS factors in cancer
has been summarized in several excellent reviews [5, 7].
Here, we highlight the cell non-autonomous roles of ETS
factors from within various stromal cellular compartments
during development and during tumor progression and
metastasis. In particular, we focus on studies that use genetic
approaches to uncover the in vivo functions of ETS factors in
stromal cells.

1. STROMAL ACTION OF ETS FACTORS IN DEVE-
LOPMENT

In order to evolve into tumors, cells have to become
independent of and insensitive to growth signals, escape
apoptosis, avoid differentiation signals, recruit blood vessels,
and break through basement membranes to invade tissue and
metastasize [8]. These critical steps of cancer progression
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mimic several stages of embryonic development. Indeed,
tumorigenesis and organogenesis may utilize many of the
same genes and pathways [9]. ETS factors are involved in
several processes in which their stromal function can affect
development. For example, the function of ETS factors in
directing the formation of a complex, branched vascular
system is critical for organ development. A second example
is the role of ETS-factors in regulating sonic hedgehog
(SHH) expression during limb development [10, 11].

1.1 ETS Function In Endothelial Cells During Develop-
ment

The vascular system is formed through the processes of
vasculogenesis and angiogenesis during embryonic develop-
ment. Vasculogenesis is the process by which endothelial
cells form primitive blood vessels, while angiogenesis
involves the branching and remodeling of these primitive
vessels to form the mature vascular system [12]. ETS factors
have been shown to be expressed in angioblasts, the
mesodermally-derived precursors of endothelial cells, and
recent reviews have detailed ETS factor function in endo-
thelial cell proliferation, migration and survival necessary for
blood vessel development [13, 14].

Computational analysis identified 31 ETS-domain con-
taining genes in the Zebrafish genome. Twelve of these
genes are expressed in hematopoietic and (or) endothelial
cells during zebrafish embryogenesis (etsi, ets2, etsrp, flil,
flilb, erg, fev, gabpa, elfl, elf2, pu.l, and elk4) [15]. Studies
using the zebrafish model system have been particularly
informative in uncovering the complex role ETS factors play
in formation of the vasculature in vertebrates. For example,
one study identified four zebrafish ETS-factors expressed in
endothelial cells at early stages of development: etsrp (a
zebrafish ETS factor for which there is no mammalian
orthologue, but most closely related to E7S1 and ETS2), flil,
flilb, and etsl. Morpholino knockdown of any one of these
four factors alone resulted in a partial endothelial phenotype,
with etsrp knockdown yielding the most severe phenotype.
In contrast, knockdown of all four factors simultaneously
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resulted in near complete loss of endothelial cells and blood
vessel formation [16]. In a similar study by another group of
investigators, three ETS factors expressed in angioblasts,
etsrp, flil and erg were knocked down using a morpholino
strategy [15]. Similar results were obtained, with etsrp
knockdown resulting in the most severe phenotype; however,
knockdown of fli/ and erg together resulted in apparent
defects in angiogenesis without affecting vasculogenesis.

In mouse genetic studies, knockout of Ew2 (Er7I)
resulted in a significant decrease in endothelial cells and
defective vasculogenesis, while overexpression resulted in
increased blood vessel formation, indicating Efv2 may be a
functional orthologue of etsrp required for vasculogenesis
[17, 18]. In addition, Etv2 was also found to collaborate with
the forkhead factor FoxC?2 to directly regulate expression of
a set of genes important for endothelial cell differentiation,
including transcription factor Mef2c [19]. However, Etv2 is
not expressed beyond E10.5 during mouse development,
suggesting that it is not required for angiogenesis [17, 20].

Genetic analysis of additional mouse orthologues of
zebrafish genes implicated in blood vessel development
failed to demonstrate strong vascular phenotypes. Mouse
knockouts of Etsl and Erg revealed no obvious vascular or
endothelial cell defects [21-23], and while F/i/ mutants were
shown to have leaky blood vessels, no obvious defects in
vasculogenesis or angiogenesis were observed [24, 25].
Additionally, compound heterozygotes of Flil and Erg
mutations had no vascular phenotype [26].

Recent work from our lab demonstrated that Ets/ and
Ets2 act in a redundant and endothelial-cell autonomous
fashion to promote embryonic angiogenesis during murine
development [27]. Using both in vivo and in vitro Cre/loxP
mediated knockout of Ets/ and Ets2 specifically in endo-
thelial cells, we observed drastically reduced vascular bran-
ching and significantly increased apoptosis in endothelial
cells. This increase in cell death could be explained by
deregulation of Bcl-xL and cIAP, critical anti-apoptosis
genes, both down-regulated in the double-knockout endo-
thelial cells [27]. In addition, Etsi/Ets2 null endothelial cells
expressed lower levels of genes encoding extracellular
proteases like Mmp9, suggesting these factors also regulate
genes necessary for endothelial cell migration, perhaps coor-
dinating cell survival and migration during angiogenesis.

One major conclusion emerging from these studies is that
ETS factor function is overlapping and redundant during
vasculogenesis and angiogenesis. The exact nature of this
overlapping or redundant function needs further clarification;
that is, the target specificity of the ETS-factors remains an
open and intriguing question. A second conclusion is that
ETS factor function is temporally regulated; for example,
with etsrp or Etv2 being more important at early stages of
cell differentiation and blood vessel formation and Etsi/Ets2
at later stages. Whether this temporal regulation is mediated
through combinations of ETS-factors via feed-forward/feed-
back loops is an interesting possibility deserving attention.

1.2. ETS Function During Limb Formation

Recent work demonstrated that the functions of Env4/
Pea3 and Etv5/Erm are required in a cell non-autonomous
fashion for correct patterning of the limb during mouse
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development [10]. Two classes of paracrine factors media-
ting limb development are Sonic hedgehog (Shh) and
fibroblast growth factors (FGFs) [reviewed in 10]. Shh is
produced from the Zone of Polarizing Activity (ZPA), a
region in the posterior mesenchyme of the limb bud. Shh is
required for the development of the anterior-posterior (A-P,
thumb to little finger) axis of the limb, and subsequently loss
of Shh activity results in fewer digits while ecotopic
expression results in more digits. FGFs from the apical
ectodermal region (AER) are required for proper develop-
ment of the limb on the proximal-distal (P-D, shoulder to
finger tip) axis. FGFs are also critical for initiating and
maintaining Shh activity in the ZPA, and Shh can indirectly
affect FGF expression and activity.

Etv4 and Etv5 are expressed in the limb bud mesenchyme
adjacent to the AER, and genetic inactivation of FGF
signaling in this mesenchyme resulted in reduced expression
of Etv4/5, indicating they may be downstream targets of FGF
in P-D development. However, ablation of both genes in
mesoderm early in development led to unexpected defects in
A-P development, resulting in development of extra digits.
This phenotype correlated with overexpression of Sh/ in the
ZPA as well as ectopic expression outside this region. Thus,
Etv4/5 act to repress Shh signaling in an FGF dependent
fashion, restricting ectopic Shh expression, but also modu-
lating the level of expression within the ZPA [10].

Whether Etv4/5 directly regulate Shh, or whether the
effect is indirect, has not been directly determined. However,
expression of a number of transcription factors known to
regulate Shh during limb development, including Handl,
Twistl, and Gli3, were not affected in the Etv4/5 null mesen-
chyme, suggesting the ETS-factor effect might be direct
[10]. Interestingly, overexpression of a dominant negative
(DN) form of Etv4 in the developing limb mesenchyme
affects both A-P and P-D limb development [11]. Given that
Ets-DN genes generally are not specific and generically
block ETS-factor function, these results suggest ETS-factors
may be acting as activators and repressors during limb
development.

Another indirect line of evidence suggesting a role for
ETS-factors in Shh regulation and limb development arises
from defining the regulatory element responsible for control
of Shh expression in the ZPA. Genetic studies in mouse first
identified mutations in a long range cis-regulatory sequence
located 1MB distal to the Sh/ gene that resulted in extra digit
phenotypes; similar mutations located on chromosome 7936
could be found in humans with the pre-axial polydactyl extra
digit phenotype [reviewed in 28]. This distal enhancer is
conserved from zebrafish to human and at least 12 mutations
resulting in pre-axial polydactyl have been identified.
Inspection of this element revealed it to contain multiple
conserved potential Ets core sites and at least one known
mutation overlapped with a potential ETS-binding site. Since
FGF signaling is required for activation of Shh expression, it
seems likely that ETS-factors contribute to both positive and
negative regulation of S/ in the ZPA through this element.

From these observations, we hypothesize that a set of
ETS-factors, including Etv4/5 and other yet to be identified
family members, play overlapping and redundant roles in
limb development in a fashion similar to ETS-factor function
in blood vessel development. Additional genetic experiments
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will be required to test this hypothesis. If it is correct,
comparison of ETS-family networks in these different
developmental processes will help to further define how
specificity in the large ETS-family is achieved.

2. ETS FACTORS IN CANCER STROMA

The various cellular components comprising cancer
stroma include macrophages, endothelial cells and fibro-
blasts. In addition to these cells, a non-cellular compartment
of the stroma is also present and is composed of extracelluar
matrix (ECM), growth factors and cytokines. ETS factors are
known to regulate expression of many of the non-cellular
components of tumor stroma, such as uPA, MMPs, cytokines
(e.g. TNF-a and FGF-10) and chemokines (e.g. IL-2) [29].
Therefore, it can be hypothesized that ETS factors are active
regulators in tumor stroma.

Direct genetic evidence implicating ETS factors as
important modulators in the stroma was provided by work
from Robert Oshima's lab [30]. This group demonstrated that
mammary tumor growth in the MMTV-PyMT mouse model
was restricted in mice that were homozygous for the
hypomorphic Es2*7? allele, which encodes a protein product
that is unable to be phosphorylated by Ras/ERK signaling.
Tumors from wild-type mice transplanted into mammary
glands of Ets2*7”*7* mice grew more slowly compared to
tumors transplanted into mice expressing wild-type Ets2.
Thus, the active state of Ets2 was shown to impact growth of
mammary tumors from stromal cells [30]. Analysis of
tumors from Ezs27%47? mice suggested that lower production
of extracellular matrix proteases like MMP9 correlated with
lower ETS2 activity [30]. In a follow up study, this group
specifically knocked out Ets2 in PyMT mammary tumor cells
using a loxP conditional allele of Ets2 and MMTV-Cre, and
found this deletion had no effect on tumor initiation [31]. In
contrast, generalized conditional knockout of Ets2 using
Mox2-Cre (MORE) also resulted in lower tumor growth.
Taken together, these studies support the stromal function of
Ets2 in promoting mammary tumor growth. However,
evidence implicating specific stromal cell type(s) in which
Ets2 function was required was lacking.

2.1. The Pten/Ets2 Axis in Tumor Fibroblasts

Fibroblasts are the most abundant stromal cell type in
mammary tumors. These cells have a profound effect on
tumorigenesis through regulation of ECM, epithelial cell
differentiation, inflammation and angiogenesis [32]. For
example, it was previously reported that fibroblast specific
knockout of Tgf-br (transforming growth factor beta recep-
tor) caused neoplasia in prostate and carcinoma in the
forestomach of mice [33]. We have recently showed that
disruption of Pten specifically in stromal fibroblasts, using a
Cre driven by the Fibroblast Specific Protein promoter (FSP-
cre), in the context of the MMTV-ErbB2 mammary tumor
model caused accelerated tumor growth, expanded ECM and
increased macrophage infiltration [34]. Ets2 expression was
upregulated in fibroblasts with Pten deletion, and the ETS2
protein was activated by T72-phosphorylation in both
fibroblasts and epithelial cells. Deletion of both Ets2 and
Pten in stromal fibroblasts resulted in dramatically reduced
tumor growth, as well as decreased inflammation and angio-
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genesis, in comparison to Pten deletion alone. These results
indicate that Pten can suppress mammary tumors from
stromal fibroblasts, and that Ezs2 is an important target
activated when Pten function is lost.

Using a similar strategy, our group inactivated an Ets2-
loxP allele with FSP-cre in the context of the well-charac-
terized MMTV-PyMT mammary tumor model. Fibroblast
specific Ets2 inactivation did not alter mammary gland
development in mice without the PyMT oncogene. However,
deletion of Ets2 in fibroblasts caused a significant reduction
in tumor size in MMTV-PyMT animals (F.L. and M.C.O.,
manuscript in preparation). Pathological characterization
showed that the absence of Ets2 in fibroblasts caused
reduced epithelial tumor cell proliferation and delayed tumor
progression. We also confirmed the results of Oshima’s
group [31], finding that deletion of Ets2 in the mammary
epithelial cells had no effect on tumor growth or progression
(F.L. and M.C.O., manuscript in preparation).

Gene expression profiling of tumor fibroblasts with or
without Ets2 defined a tumor specific transcription program
modulated by Ets2. This program included genes promoting
angiogenesis and ECM remodeling, in particular extra-
cellular proteases and protease inhibitors (F.L. and M.C.O.,
manuscript in preparation). The majority of these genes were
downregulated when Ets2 was deleted, and importantly, the
majority of genes were deregulated in a tumor-specific
fashion. One representative gene revealed by this analysis
was matrix metalloprotease 9 (MMP9), which is involved in
the turnover of gelatin, type IV collagen (basement mem-
brane) and other components of the ECM. Degradation of
ECM may facilitate cancer cell migration and metastasis
[35]. MMP9 can also release growth factors such as
VEGF ¢4 from binding with ECM molecules thus promoting
angiogenesis [36]. Ets2 regulated Mmp9 gene expression
directly, and disruption of E#s2 in tumor fibroblasts reduced
MMP9 gene expression that subsequently caused decreased
protease activity in vivo, as measured by fluorescent in situ
zymogen assays. Such transcriptional regulation appears not
to be limited to mouse models, as demonstrated by a survey
of protein levels of ETS2 and MMP9 in human tumor tissue
arrays, which revealed a significant correlation between the
two molecules. These data indicate ETS2 in tumor fibro-
blasts might be controling a program that promotes sufficient
new blood vessel formation necessary for cancer cells to
thrive.

In support of this hypothesis, loss of E#s2 in the PyMT
model led to decreased localization of active VEGF g4,
reduced activation of VEGF receptor signaling in tumor
endothelial cells, and overall decreased tumor angiogenesis
[34]. Importantly, tumor fibroblasts expressing Ets2 have the
ability to stimulate angiogenesis in a matrigel plug assay
much more efficiently than fibroblasts lacking Ezs2 (F.L. and
M.C.O., unpublished data).

Three conclusions can be drawn from these studies. First,
the studies show that Ets2 regulates an oncogenic gene exp-
ression program in tumor stromal fibroblasts that indirectly
promotes tumor growth. This role of Ets2 is specific to the
stroma since FEts2 is apparently dispensable for tumor
progression in epithelial tumor cells. These data support the
notion that in epithelial tumor cells, Ets2 function is redun-
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dant with other ETS-family members and/or collaborating
transcription factors while its role in the tumor stroma is
unique. Thus, Ets2 represents an example of a class of genes
with activities restricted to tumor stromal fibroblasts. The
activation of an Ets2 stromal fibroblast-specific expression
program represents one mechanism by which the tumor co-
opts the microenvironment to serve in its progression to
malignancy.

Secondly, the consequences of inactivating this Ets2-
driven stromal program remain tumor specific, sparing
normal development of the mammary gland. Finally, the
Ets2 mechanism involves the activation of a gene expression
program that leads to remodeling of the ECM and increased
angiogenesis. Targeting the tumor vasculature remains an
attractive therapeutic target. However, current strategies in
which single molecules such as VEGF are targeted have
failed clinically. These results indicate that the changes in
tumor angiogenesis observed in vivo are likely regulated by
the cumulative action of many Ets2-target genes acting in
concert. Defining and targeting the pathway hubs controlled
by Ets2 provides an alternative strategy that should be more
effective at altering multiple cell-cell and cell-matrix
interactions required for tumor angiogenesis.

2.2. Ets2 in Tumor Associated Macrophages

In addition to stromal fibroblasts, tumor associated
macrophages (TAMs) have also been implicated in tumor
progression [37-39]. Within the tumor stroma, distinct sub-
populations of macrophages are speculated to individually
contribute to tumor progression by mediating distinct pro-
cesses such as angiogenesis, invasion, and immunosup-
pression [40]. PyMT animals carrying homozygous null
mutations of CSF-1 (op), a well-known growth factor invol-
ved in macrophage survival, proliferation and differen-
tiation, had no obvious defects in tumor initiation, incidence
or tumor size. However, these op animals developed far less
invasive and metastatic carcinoma than those carrying the
PyMT transgene only [41].

CSF-1 signaling in macrophages has been shown to
activate the MAPK pathway and downstream transcription
factors, including Ets/ and Ets2 [42]. To evaluate whether
Ets2 is an important downstream factor of CSF1-R signaling
in TAMs, genetic inactivation of Ets2 was achieved using
LysMCre transgenic mice. In these mice, Cre expression is
under the control of the macrophage-specific lysozyme
promoter [43]. Similar to observations by Pollard and
colleagues [41], macrophage Ets2 ablation in the PyMT
model did not result in a significant difference in primary
tumor burden. However, there was a significant decrease in
both the number and size of mammary tumor cell metastatic
lesions to the lung [44].

Cancer metastasis to secondary sites involves several
stages, including intravasation, homing, extravasation and
colonization at the secondary site [45]. To determine if
macrophage Ets2 has an important function at the metastatic
lung site, we performed tail-vein injection experiments using
a highly metastatic mouse mammary tumor cell line (MET-
1) [46]. Recipient mice lacking Ets2 in macrophages had
fewer and smaller metastatic lesions growing in the lungs
compared to their wildtype littermates, suggesting the
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reduced metastasis phenotype in transgenic models was at
least in part due to loss of Ets2 function in macrophages in
the lung [44]. Gene expression profiling performed on
isolated TAMs revealed a program of Ets2? regulated gene
expression that was also tumor specific, but entirely distinct
from the tumor fibroblast targets. As an example, MMP9
expression was not affected in TAMs. Instead, Ets2 targets
were predominantly repressed in TAMs. In particular,
approximately 15 well-annotated negative regulators of
angiogenesis were suppressed in TAMs, including Thbsl,
Thbs2, Timpl and Timp3. Using a set of 133 human genes
corresponding to the Ets2 TAM profile, including many of
these antiangiogenic genes, we were able to retrospectively
predict disease free survival in patients from two human
breast cancer microarray data sets [44].

The metastatic spread of tumors that are resistant to
conventional therapies remains the leading cause of cancer
deaths. While the influence of the microenvironment, par-
ticularly macrophages, on tumor growth and metastasis has
long been recognized, relatively little is known of the gene
pathways and mechanisms in macrophages that promote the
dispersion and growth of metastatic tumor cells. The results
of our mouse model demonstrate that Efs2 in tumor
macrophages functions to promote angiogenesis and growth
of lung metastases without significantly affecting primary
tumor burden. Thus, Ets2 represents a metastasis enhancer
that functions in a tumor cell non-autonomous fashion to
promote metastasis without affecting primary tumor burden,
as opposed to genes termed metastasis suppressors that
attenuate metastasis without affecting primary tumor growth.

3. CONCLUSIONS

Tumor stroma is heterogeneic and complex. Different
resident cells and other non-cellular components contribute
to cancer progression at various stages and through differing
mechanisms. From lessons learned from studying develop-
ment, ETS factors can act in a temporally regulated, but
often redundant manner to affect cell differentiation and
development. In contrast, studies in tumor models suggest
that targeting single ETS-factors can have profound effects
on tumor growth and spread in a cell non-autonomous
fashion (Fig. 1). Why E#s2 is not redundant in the tumor
stroma is not entirely clear. Perhaps as is the case for Efv2 in
blood vessel development, the explanation is temporal: Ets2
may act first in a cascade that leads to a stromal fibroblast
able to support tumor growth through multiple mechanisms.
Another possibility is that tumor development and progre-
ssion is a process that depends on rapid evolution and thus
bypasses the safeguards that ordered, redundant gene action
supplies.

An interesting finding is that Ets2 can act from different
cell compartments to regulate different genes that orchestrate
tumor growth and metastasis in complementary fashion. In
fibroblasts, Ets2 regulates pro-angiogenic genes, while in
macrophages it represses anti-angiogenic genes. The end
effect is to synergistically increase angiogenesis necessary
for tumor growth and spread.

However, there are still several key questions that need to
be addressed in the future:
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Fig. (1). ETS Functions in Tumor Microenvironment

The tumor microenvironment is comprised of cancerous epithelial cells and stromal cells (i.e. fibroblasts, macrophages and endothelial cells),
as well as other non-cellular components including the extracellular matrix (ECM) and cytokines. Strong evidence suggests that ETS factors
regulate distinct transcription programs in both fibroblasts and macrophages, which modify the structure and composition of the surrounding
ECM. These changes ultimately impact the overall growth of the tumor, with angiogenesis as a key biological processes effected by ETS
factors. However, the exact functions of ETS factors in cancer cells and endothelial cells during tumor progression remain to be determined.
* ETS factors may act in a redundant fashion in cancer cells. ¥, ETS1 and ETS2 are involved in migration and apoptosis of embryonic
endothelial cells.

What are the roles of ETS factors in tumor endothelial
cells? Ets/ and Ets2 have been shown to regulate
endothelial cell survival during embryonic develop-
ment in a cell-autonomous fashion. Will E#s/ and Ets2
also be redundant during tumor angiogenesis? Will
these ETS-factors promote endothelial cell survival in
response to cues emanating from these other stromal
cell types? Temporal conditional knockout of ETS
factors in endothelial cells will provide answers for
these questions.

What are the functions of other ETS factors in tumor
stroma? Are they activated or repressed in tumor
stroma? Laser capture microdissection (LCM) cou-
pled with genomic analysis from tumor tissue micro-
arrays has the potential to reveal stromal involvement
of these factors. Subsequent genetic model analysis
will evaluate their functions during cancer progre-
ssion.

What are the mechanisms responsible for switching
the function of ETS2 as activator or repressor in
different stromal cell types? What are the cofactors of
ETS2 in these cell types? What are the direct targets
of ETS factors in tumor associated fibroblasts and
macrophages?

What are the roles of ETS factors in the microen-
vironment of other types of cancer besides breast
cancer? The genetic studies from Oshima’s group and
our group focused on mammary tumor models.
However, ETS factors are deregulated in other types
of cancer as well, including liver, lung and colon

cancer. Interestingly, overexpression of Ets2 appears
to protect against tumor progression in a colon cancer
mouse model of Down syndrome [47]. Is this inhi-
bitory effect of ETS2 in colon cancer arising from the
stroma?
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