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Abstract

Tumor blood vessels are heterogeneous, of at least six distinct types, are induced primarily by
VEGF-A, and provide a potentially useful therapeutic target. Breast cancer is characterized by
changes in the microenvironment that result in altered tensional homeostasis. Also, breast cancers
arise as the result of epigenetic as well as genetic changes. Tumor blood vessel pericytes result, in
part, from bone marrow precursor cells, and VEGF is a negative regulator of glioblastoma tumor

cell invasion.
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Introduction

Like normal tissues, tumors are comprised of two discrete but interactive compartments,
parenchyma and stroma [1]. In tumors, the tumor cells themselves are the parenchyma,
whereas the stroma is comprised of a mixture of non-malignant cells and connective tissue
elements. Stromal elements include blood and lymphatic vessels, as well as fibroblasts and
inflammatory cells. In addition, stroma includes a variety of extracellular macromolecules
that serve to provide structural support; these include collagen, fibronectin, fibrin, various
proteoglycans and hyaluronan. The quantities of these different stromal cells and
extracellular deposits differ widely in different tumors. For example, in desmoplastic
tumors, stroma may account for >80% of the tumor mass, whereas in other tumors (e.g.,
many lymphomas) stroma may account for only a tiny fraction. Tumor malignancy does not
correlate closely with the amount of stroma deposited; both highly and less malignant
tumors can possess abundant or limited amounts of stroma. Nonetheless, all tumors require
at least some stroma to meet their needs of nutrition, waste removal, and structure. Even
“liquid tumors”, i.e., leukemias, have stroma, the blood plasma in which they circulate.
Though long neglected, it has become clear in recent years that stroma is essential for tumor
maintenance and growth and has potential as a therapeutic target. As one example, anti-
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angiogenic agents have recently been found to impede tumor growth and prolong survival
when used in adjuvant mode, thus proving in principle that attacking stroma can be a useful
approach to therapy [2, 3]. Going forward, it is likely that other approaches will be used to
target tumor stroma. Therefore, it was appropriate to begin the 3rd International Symposium
on Cancer Metastasis and the Lymphovascular System with a session on the tumor
microenvironment. Four speakers addressed various aspects of tumor stroma, as follows
below.

Tumor blood vessels: the what, the how and the why (Harold F. Dvorak)

The tumor vasculature is an important component of the tumor microenvironment [1, 4].
The current view of tumor angiogenesis can be summarized as follows: tumors must induce
the formation of new blood vessels if they are to grow beyond minimal size; they do so by
secreting growth factors, particularly vascular permeability factor/vascular endothelial
growth factor-A (VEGF-A); the resulting tumor blood vessels are highly abnormal; and anti-
angiogenic therapy is useful as an adjuvant, though, in general, its addition to the therapeutic
armament prolongs life by only a few months [2, 3]. Therefore, it is a good time to address
some basic questions: What are tumor blood vessels, How do they form, and why might
their diversity be important therapeutically?

What are tumor blood vessels?

While it has long been recognized that tumor blood vessels are abnormal, angiogenic blood
vessels are often spoken of as being of a single type. This is certainly not the case. Studies
over the last decade have established that angiogenic tumor blood vessels are highly
heterogeneous and can be classified into at least four structurally and functionally distinct
types (Table 1).

How do angiogenic tumor blood vessels form?

Tumor angiogenesis falls into the general category of pathological angiogenesis, i.e., the
type of neovascular response induced by processes such as wound healing and chronic
inflammation [5]. Further, it has been possible to induce surrogate forms of all of the types
of angiogenic tumor blood vessels listed in Table 1 by expressing VEGF-A in mouse tissues
with an adenoviral vector (Ad-VEGF-AL64) (Fig. 1). The first new blood vessel type to
develop in tumors, as well as in healing wounds and chronic inflammation, is the “mother
vessel” (MV) [6, 7].

Mother vessels (MV) arise from preexisting venules (and to a lesser extent from capillaries)
and their properties are listed in Table 1. The initial step in MV formation is degradation of
venular basement membrane (VBM). VBM are rigid structures comprised of a tightly woven
meshwork of type IV collagen, laminin, entactin, perlecan and heparan sulfate. VBM limit
the expansion of the normal microvasculature to ~30% [8], whereas MV have lumens that
are 4-5 times those of the normal vessels from which they arise. Therefore, for microvessels
to enlarge to become MV, their VBM must be degraded. Chang et al recently confirmed
earlier observations that Ad-VEGF-A164 and VEGF-A-expressing tumors induce VBM
degradation [7], and found that they did so by upsetting the normal cathepsin-cysteine
protease inhibitor (CPI) balance [9]. Cathepsins are members of the cysteine protease family
and CPlIs are a family of small proteins that serve as their endogenous inhibitors. Cathepsins
B, S and L were selectively upregulated in the pericytes of venules and capillaries as they
were developing into MV, a process that began within a day of two after Ad-VEGF-A164 or
tumor cell injection into mouse tissues. Over the same time period, several CPIs were
strikingly downregulated, thus freeing cathepsins from inhibition. On the other hand, the
activity of matrix metalloproteases 2 and 9, proteases known to have important roles in
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tumor biology, actually declined during the course of MV formation. Together these data
indicate that VEGF-A induces MV formation by upsetting the cathepsin-CPI balance in
preexisting microvessels.

Degradation of the VBM has two important consequences. First, pericytes, having lost their
VBM substrate, fall off, accounting for the dearth of pericytes associated with MV. Second,
the underlying endothelium thins and expands to cover a now greatly enlarged surface area.
These data indicate that the VBM and pericytes together serve as a restraint that limits the
size of venules and capillaries. Further, they suggest that MV formation can result from
events taking place entirely within the microvasculature itself, and that proteases, for
example secreted by tumor cells, are not necessary for MV formation. Remaining to be
determined is the mechanism by which VEGF-A regulates the cathepsin-CPI axis.

Very little is known about the mechanisms by which MV evolve into the other types of
angiogenic blood vessels (reviewed in [1, 4, 10]).

Why is an understanding of tumor blood vessel diversity important clinically?

Anti-VEGF therapy has been found to prolong the survival of some cancer patients, but it
has not been as effective as was originally hoped for, based on studies in mouse cancer
models. There are a number of possible reasons for this, e.g., side effects that limit the use in
cancer patients of anti-VEGF-A therapy at high doses; vascular normalization resulting from
anti-angiogenic therapy [3]; neo-expression of growth factors other than VEGF-A, etc.
However, another largely neglected and potentially important possibility is that the tumor
vasculature is heterogeneous and that certain of the vessel subtypes listed in Table 1 have
gained VEGF-A independence and no longer require VEGF-A for their maintenance.

To test this hypothesis, we have used the Ad-VEGF-A164 system to generate tumor
surrogate vessels of the several types listed in Table 1 in mice. Of particular interest are
vessels that arise at later times as these are most likely to have lost their VEGF-A-
dependence. Our goal is to find new molecules on the surfaces of the endothelial cells that
line such blood vessels and to gauge them for therapeutic potential. This approach has been
promising, and we have recently identified one such potential target, the four
transmembrane, tetraspanin-like protein, TM4SF1 [11]. TM4SF1 is highly expressed on the
endothelial cell plasma membranes of smooth muscle coated blood vessels in several
important human cancers. Knockdown of TM4SF1 inhibits division and migration of
cultured endothelial cells and causes them to undergo senescence. Also, knockdown of this
gene in vivo inhibited later stages of Ad-VEGF-A164—induced angiogenesis. It will be of
interest to determine whether antibodies under development that target this gene will be
therapeutically effective in mouse and, more importantly, in human cancers.

Breast cancer as a disease of altered mechano-biology (Valerie M. Weaver)

It has been known for some time that tumor and stromal cells talk to each other by secreting
various cytokines (e.g., TGF—f) and other biochemical reagents. Less appreciated is the fact
that tumor and stromal cells live in a microenvironment with which they interact by means
of mechanical signaling. Cells in tissues are subject to a variety of forces including shear
stress and compression and tension that result from their interaction with other cells or with
the extracellular matrix. These mechanical forces are perceived and integrated in the cell at
the molecular level through mechanically responsive sensors. Changes in these interactions
may influence cell survival, motility, division, differentiation and gene expression, for
example by regulating the activity of the RhoGTPases that modulate actomyosin
contractility and actin dynamics. Integrins, by virtue of their extracellular interaction with
the ECM and intracellular interactions with the cellular cytoskeleton are prime examples of
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cellular mechano-transducers, and, upon activation, may induce signaling changes that lead
to the formation of focal adhesions [12, 13] (Fig. 2a). Thus, force-dependent activation of
signaling cascades allows cells to respond quickly to a dynamic force environment, and the
same pathways may also lead to sustained changes in cell behavior, for example, changes in
gene expression, cell division, etc.

Loss of homeostasis is a hallmark of disease and therefore it is not surprising that cancers
should be characterized by changes in tensional homeostasis. Tumors are often detected as a
palpable “stiffening” or hardening of the tissue, and approaches such as magnetic resonance
imaging elastography and sono-elastography have been developed to measure this property
in order to enhance cancer detection. The palpable stiffening characteristic of breast and
many other cancers is attributed to desmoplasia, the synthesis of abundant dense collagenous
stroma that can occupy up to 80% of the tumor mass.

The crucial role of matrix compliance can be illustrated by studies in which mammary
epithelium is grown in culture in matrices with different viscoelastic properties (Fig. 3) [14].
When grown in matrices comparable to those found in normal breast, epithelial cells
proliferate until they form polarized mammary acinus-like structures with a central lumen
and an external basement membrane. However, when the matrix is progressively stiffened,
epithelial cell growth is enhanced, the cells lose their polarity, lose cell-cell junction proteins
and exhibit irregular cell shapes with detectable actin stress fibers. Thus, focal adhesion is
increased along with increased adhesion signaling. Together, the stiffened matrix promotes
epithelial cell transformation toward cancer.

In breast cancer, tensional homeostasis is greatly altered. Breast cancers are characterized by
increased tumor cell-generated force, increased compression force due to the solid state
pressure exerted by the expanding tumor mass, matrix stiffening due to the desmoplastic
response, and increased interstitial pressure due to a leaky vasculature and poor lymphatic
drainage. Transformed cells exhibit a vastly different intermediate filament profile. They
also show compromised mechano-reciprocity such that they often exert abnormally high
force in response to a compliant matrix; as a result, cell-cell junctions are altered, tissue
polarity is compromised, and anchorage-independent survival and invasion are promoted.
The increased cell-generated forces exhibited by tumor cells enhance their growth, survival
and invasion by promoting focal adhesion maturation and signaling through actomyosin
contractility (Fig. 2b, ). The increased contractility of tumor cells and their associated
stromal fibroblasts also induce tension-dependent matrix remodeling to promote the linear
reorientation of collagen fibers surrounding the invasive front of the tumor.

The expanding tumor mass exerts compressive stress on the surrounding tissue extracellular
matrix, vasculature, lymphatics and interstitial space. Tumor-associated compression stress
can, in turn, induce tumor angiogenesis by directly increasing expression of VEGF-A or by
indirectly blocking the existing vasculature surrounding the tumor mass to induce hypoxia
and thus VEGF-A expression. Compression also increases the interstitial pressure which
may exceed ten times that of normal tissue; this increased pressure induces the accumulation
of fluid from leaky blood vessels and impedes lymphatic clearance. Compression force can
also shrink the interstitial space surrounding the ductal structures, thereby increasing the
local concentration of growth factors and cytokines that stimulate tumor cell growth. These
changes in interstitial pressure can also impede the entry into tumors of chemotherapeutic
drugs. In sum, tumor cells are exposed to a myriad of altered mechanical forces that
dramatically modify their behavior and these findings directly implicate matrix changes in
tumor evolution.
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A topic of great recent interest, and one dealt with in greater detail in Dr. Tlsty’s
presentation, is that of the role of breast density and cancer incidence. Patients with
increased breast density, as determined by mammaography, have a 4-6-fold higher incidence
of breast cancer. Dense breasts are characterized by increased collagen and other
extracellular matrix components. Paradoxically, however, cancer incidence increases with
age whereas breast density typically declines. However, although the post-menopausal
breast has reduced collagen, that which remains may have abnormal properties that promote
carcinogenesis.

In sum, force is a critically important determinant of tissue development and its study has
been much neglected. The ability of cells to sense, respond and adapt appropriately to force
contributes to disease, and particularly to cancer. Pathological changes in cells and in the
architecture, topology and material properties of the matrix microenvironment constitute a
positive feedback loop that propels carcinogenesis. However, many questions still need to be
resolved. Such questions include how the unique material properties of specific
differentiated tissues are established and maintained, how cells coordinate their function and
adaptation to external cues in the microenvironment, and how physical signals might
interface with and modulate the activity of biochemical signaling pathways. And, with
specific regard to cancer: Does LOX-dependent collagen crosslinking stiffen the tissue and
thus drive tumor progression? Would inhibiting LOX-dependent collagen crosslinking
temper tissue desmoplasia, reduce mechano-transduction in mammary epithelium and
thereby reduce tumor incidence and delay tumor progression?

Epigenetic and Genetic Events in Tumor Progression (Thea D. Tlisty)

It is well known that oncogenes and repressor genes play an important role in carcinogenesis
and tumor progression. Less attention has been given to epigenetic events that affect these
processes, i.e., heritable changes in gene expression that occur without a change in DNA
sequence. Epigenetic changes can result from methylation of DNA or of histones and from
the action of small RNAs (e.g., microRNAs, PIWI RNAs, etc.). The active acquisition of
epigenetic changes is a poorly understood but important process in development,
differentiation, and also in cancer.

The mechanisms by which epigenetic changes occur are poorly understood. However, in
recent years it has become clear that tumor cells live in a stromal microenvironment that is
not passive, but rather one that can actively shape and modify tumor cell behavior. In
particular, it is well known that tumor progression can be markedly affected by the cells and
non-cellular elements of the stromal microenvironment in which they are embedded. Signals
sent to tumor cells by the microenvironment can result in cell proliferation and in DNA
methylation, centrosome abnormalities, telomeric dysfunction and altered gene expression
[15].

Recent work has dealt with the p16/pRB signaling pathway, a pathway that regulates the cell
cycle and that is inactivated in many tumor cells [16]. When this pathway is suppressed,
non-cancerous human epithelial cells in culture undergo dynamic epigenetic remodeling that
results in the targeted methylation of a selected group of CpG islands. Repression of the
p16/pRB pathway in primary human mammary epithelial cells activated an E2F-mediated
increase in proteins that remodel chromatin and cause targeted de novo DNA methylation at
a non-random collection of loci. Thus, repressing the p16/pRB pathway renders cells
epigenetically plastic and results in DNA methylation in a deterministic (predictable) rather
than a stochastic (random) pattern. Furthermore, the coordinated set of de novo DNA
methylation events are preceded by, and dependent upon, the repression of gene expression.
Thus, one can imagine that during cancer progression, tumor cells acquire epigenetic
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plasticity through repression of the p16/pRB pathway via mutations, deletions or
methylation, which then provide the potential for programming epigenetic events. These
data show that p16, a commonly inactivated tumor suppressor gene, regulates DNA
methylation and that epigenetic changes occur in preneoplastic cells. In sum, DNA
methylation is an active and dynamic process, and chromatin remodeling and repression
precedes and is necessary for subsequent DNA hypermethylation. Finally, loss of p16
confers epigenetic plasticity, a silencing of genes important in differentiation.

To determine whether these findings were relevant to human cancer, the authors looked for
pl6-suppressed cells in human breast tissue. Using immunohistochemistry, her group found
that normal breast tissue from cancer-free women contained foci of p16-suppressed cells,
suggesting the presence of a premalignant program in these otherwise healthy women. This
exciting finding directly demonstrates the relevance of p16 suppression to human cancer and
offers a new marker of premalignancy [17, 18].

Epithelial to mesenchymal transition or EMT is a characteristic feature of epithelial cell
tumor progression. EMT has been implicated in tumor recurrence, and is often associated
with a poor prognosis in women with breast cancer. There is now evidence demonstrating a
link between EMT, basal-like breast cancers, the stem-cell phenotype, and the acquisition of
tumorigenic and metastatic potential. EMT is characterized by several molecular changes
that include the loss of epithelial markers such as E-cadherin and ZO-1, and the induction of
mesenchymal markers such as N-cadherin, fibronectin, vimentin and Snail. Though
alterations in E-cadherin expression can occur through multiple mechanisms, including loss
of heterozygosity and mutational inactivation, E-cadherin is frequently silenced through
aberrant DNA hypermethylation of its promoter. Interestingly, when E-cadherin is silenced
through promoter DNA hypermethylation, mammary cell lines often exhibit a mesenchymal
morphology through the coordinated induction of a set of genes involved in EMT. In
contrast, when E-cadherin is inactivated by mutation, the cells continue to exhibit an
epithelial morphology, and these genes are not induced [19]. This suggests that a program of
molecular alterations leading to EMT, invasion, and metastasis can be modulated
epigenetically. EMT has been shown to be induced in murine cells by oncogenic ras in
cooperation with factors in serum. There is also evidence that exposing cells to serum
induces a gene expression pattern that resembles that of a wounding response. This wound-
response signature is strongly predictive of future invasive and metastatic behavior, both of
which require EMT.

The next step was to determine whether immortalized human mammary epithelial cells with
repressed p16INK4A and expressing oncogenic ras (vHMEC-ras) cells could be
programmed by the microenvironment to acquire epigenetic changes associated with
tumorigenic phenotypes such as EMT. vHMEC-ras cells were exposed to high (10%) and
low (0.5%) concentrations of serum. When cultured in serum-rich media, thought to be
typical of the tumor microenvironment, human vHMEC-ras cells, like murine cells,
underwent phenotypic changes indicative of EMT [20]. This morphological transition was
accompanied by increased motility, increased expression of fibronectin and N-cadherin, and
reduced expression of E-cadherin. E-cadherin was silenced via de novo promoter DNA
methylation. As described for the previous system, transcriptional repression was found to
precede DNA hypermethylation. Also, additional genes underwent de novo promoter DNA
hypermethylation, including estrogen receptor alpha, Twist and CST6. Strikingly, these
same genes are hypermethylated in human basal-like breast cancers that exhibit
mesenchymal phenotypes and are associated with a poor prognosis but not in human luminal
A, luminal B, etc. cancers. In sum, these data indicate that cultured human cells can be
programmed by their microenvironment to undergo phenotypic and gene expression changes
associated with epigenetic alterations important in human tumor progression. They further
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indicate that cultured cells can provide valuable tools to elucidate malignant cell properties
that are applicable to human cancer patients. A goal for the future is to use this information
to create tools that address clinical questions, such as the development of prognostic
biomarkers and therapeutic targets.

Novel functions of VEGF and PDGF signaling circuits in tumor
angiogenesis and invasion (Gabriele Bergers)

Dr. Bergers presented work on two topics. The first dealt with the recruitment of pericyte
progenitor cells from bone marrow and their differentiation into more mature pericytes in
tumor blood vessels. By way of background, the normal microvasculature is comprised of
two types of cells, endothelial cells (the cells lining the blood vasculature), and perictyes,
cells that surround and tightly envelop endothelial cells. Pericytes are thought to be
necessary for the health of endothelial cells and so of the blood microvasculature [21, 22].
Tumors, however, include many blood vessels that lack, or have a reduced coating of
pericytes, e.g. mother vessels (see Dvorak presentation and Table 1). Further, treating mice
bearing the Rip1Tag2 tumor at later stages of growth with imatinib, a tyrosine kinase
inhibitor that binds to the PDGF receptor (PDGFR) succeeded in regressing tumor vessels
by causing pericytes to detach. These data emphasize the importance of pericytes in
maintaining the tumor vasculature. However, the nature and source of tumor vessel pericytes
has been little investigated. To address this question, the Bergers lab observed that, as in the
developing vasculature, PDGFRp+cells enveloped the blood vessels of Rip1Tag2 tumors
and that the PDGF ligands B and D for PDGFRp were expressed by tumor endothelial cells
[23]. This suggested that a paracrine communication pathway between pericytes and
endothelial cells might be operative in tumors, as in normal vascular development. Mature
pericytes are known to express additional markers, namely, NG2, aSMA, and desmin.
However, in tumors, not all tumor PDGFRp vessel enveloping cells bore these mature
pericyte markers. Flow cytometry and immunohistochemical studies revealed three distinct
types of such cells: PDGFRB+ NG2— cells, PDGFRB+ NG2+ cells, and PDGFRB—+ NG2+
cells. Thus, in Rip1Tag2 tumors, only a subset of PDGFRp+ pericytes expressed mature
pericyte markers and a subset of mature pericytes did not express detectable levels of
PDGFR likely reflecting distinct differentiation stages. Indeed, further work demonstrated
that PDGFRB NG2— cells represent a population of progenitor pericytes, some of which are
recruited from the bone marrow and bear markers (e.g., Scal, CD45) characteristic of
hematopoietic stem cells [23]. When PDGFR} cells were mixed with endothelial cells in
three-dimensional cultures, endothelial cells formed tubes with pericytes attaching,
particularly at branch points. In addition, these pericytes differentiated, acquiring markers of
mature pericytes (NG2, aSMA and desmin). These studies demonstrated that tumor blood
vessel pericytes derive, at least in part from hematopoietic bone marrow progenitors and that
progenitor pericytes undergo maturation when apposed to endothelial cells. Part of the
maturation effect, but only that leading to aSMA expression, could be replicated by
exposing percyte progenitors to TGF-p.

A second series of studies demonstrated that VEGF is a negative regulator of cell invasion in
the case of glioblastoma multiforme (GBM), rapidly growing and highly aggressive grade
IV astrocytomas (brain tumors) [24]. GBM are characterized by zones of necrosis and
hypoxia and, as a result, typically express high levels of HIF-1 and downstream angiogenic
factors such as VEGF, angiopoietin-2 and SDF-1a [25-27]. They disrupt the blood-brain
barrier and are characterized by extensive edema and an influx of inflammatory cells. GBM
spread with several distinct dispersion patterns: subpial spread, white matter infiltration,
perivascular spread, and ventricular spread.
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To investigate the functional significance of hypoxia and angiogenesis in astrocytoma
progression, initial studies were performed with transformed astrocytes genetically
engineered from murine primary culture astrocytes in which the hypoxia-responsive
transcription factor HIF-1a, or its target gene, the angiogenic factor VEGF, was deleted [28].
Genetic deletion of VEGF blocked tumor angiogenesis and increased vascular cell
apoptosis, but, paradoxically, increased tumor invasion. When HIF-1a was knocked out in
GBM cells, the new vessels that formed remained slim and regularly shaped, more closely
resembling those of the normal brain vasculature. However, HIF-1o k/o GBM adapted to
their inability to grow new blood vessels by co-opting and moving along preexisting blood
vessels, a phenomenon described as perivascular spread, and were actually more invasive
than wild type GBM cells [28].

Matrix metalloproteases (MMP), a large family of zinc-dependent endopeptidases, have
been implicated in many aspects of tumor growth and progression. Of these, MMP-2 has
been particularly implicated in tumor angiogenesis. To investigate the role of MMP-2 in
GBM tumor cell survival and invasion, genetically engineered MMP-2 knockout GBM cells
were prepared and their growth properties studied in MMP-2 knockout (k/0) mice [29]. Wild
type GBM cells grew as invasive, highly angiogenic tumors with a leaky, tortuous
vasculature and with hypoxic centers. In contrast, GBM-MMP-2k/o cells developed a
markedly increased vasculature. Paradoxically, however, the tumor cells grew slower and
were more prone to apoptosis and the mice exhibited a longer mean survival time.
Apparently the dense and highly branched network of tumor blood vessels induced by these
cells were not able to support tumor growth. In support of this hypothesis, tumor vessels
exhibited substantially less VEGFR-2, pericytes were greatly reduced, and vessels were
poorly perfused. Also, the pattern of tumor cell invasion was different in the absence of
MMP-2. MMP-2 k/o GBM grew more diffusely by migrating along preexisting blood
vessels into the brain parenchyma, a pattern also observed when both HIF-1 and VEGF
deficient GBM were implanted in brain (such tumors did not induce proper
neovascularization). Apparently, MMP-2 acts as a negative regulator of vascular patterning
and angiogenesis in GBM. Investigating the mechanisms for these findings, HIF-1a
expressed by GBM cells was found to induce SDF1a, and, in this way recruit bone marrow-
derived CD45+ myeloid cells containing Tie2+, VEGFR1+, CD11b+, and F4/80+
subpopulations, as well as endothelial and pericyte progenitor cells to promote
neovascularization [29]. Further, MMP-9 activity of bone marrow derived CD45+ cells was
found to be sufficient and essential to initiate angiogenesis by increasing VEGF
bioavailability (releasing it from its bound state to matrix or cells). Conversely, in the
absence of HIF-1o, SDF1a levels decreased and fewer bone-marrow derived cells were
recruited to tumors, thus decreasing MMP-9 and mobilization of VEGF.

Finally, it was found that VEGF is a direct and negative regulator of tumor cell invasion
[29]. VEGF reduced the ability of VEGFR-expressing GBM cells to migrate and invade in
vitro and in vivo. When VEGF activity was impaired, tumor cells invaded deep into the
brain in the perivascular compartment. Further support for this finding has come from
studies in which tumors were subjected to anti-angiogenesis therapies aimed at targeting the
VEGF pathway. GBM and Rip1Tag2 tumors treated with tyrosine kinase inhibitors targeting
VEGFR-2 showed initial vascular dropout and tumor stasis, only to be followed by a tumor
adaptive-evasive response, mediated by other growth factors such as fibroblast growth factor
and leading to augmented invasion and, in some cases, dissemination and distant metastasis
[30, 31]. Obviously these findings in animal models have implications for treating cancer
patients with anti-angiogenic drugs, and particularly those targeting the VEGF pathway.
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Figure 1.
Schematic diagram of tumor angiogenesis. reproduced from [32].

J Surg Oncol. Author manuscript; available in PMC 2012 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 12

A Focal Complex Focal Adhesion
FORCE

AAANAAANA

B 450 Pa 5600 Pa
20 um
-~

s 9, %y 9, 7. 2. 7
I I O )

Traction Force (dynes/cm?)

Figure 2.

A. The majority of integrins exist at the plasma membrane in a resting, inactive state in
which they can be activated by inside—out or outside—in cues. With regard to outside—in
activation, when cells encounter a mechanically rigid matrix or are exposed to an exogenous
force, integrins become activated, which favors integrin oligomerization or clustering, talin
1 and p130Cas protein unfolding, vinculin—talin association, and Src and focal adhesion
kinase (FAK) stimulation of RhoGTPase-dependent actomyosin contractility and actin
remodeling. Focal adhesions mature with the recruitment of a repertoire of adhesion plaque
proteins, including a-actinin to facilitate actin association, and adaptor proteins such as
paxillin, which foster interactions between multiple signaling complexes to promote growth,
migration and differentiation. B. Normal cells tune their contractility in response to matrix
stiffness cues, but tumors exhibit altered tensional homeostasis. Cells exert actomyosin
contractility and cytoskeleton-dependent force in response to matrix stiffness cues. These
forces can be measured using traction force microscopy. Thus, non-malignant human
mammary epithelial cells spread more and exert more force on a stiff matrix than on a soft
matrix. Reproduced, with permission, from [12, 14].
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Figure 3.

Phase contrast microscopy and confocal immunofluorescence images of non-malignant
immortalized human mammary epithelial cell (HMEC; MCF10A) colonies interacting with
a three-dimensional reconstituted basement membrane (BM)-laminated polyacrylamide gel
of increasing stiffness (150-5,000 Pa) showing colony morphogenesis after 20 days of
culture. On compliant gels with materials properties similar to that measured in the normal
murine mammary gland (150 Pa) non-malignant MECs proliferate for 6-12 days to
eventually form growth-arrested, polarized acini analogous to the terminal ductal lobular
units observed at the end buds of the differentiated breast. These structures have intact
adherens junctions and insoluble cell-cell localized p-catenin before (main images) and after
(inset a) Triton extraction, and polarity, as shown by the basal localization of (a6) 4
integrin, the apical-lateral localization of cortical actin (Phalloidin), and the assembly of an
endogenous laminin 5 basement membrane. Incremental stiffening of the basement
membrane gel progressively compromises tissue morphogenesis and alters EGF-dependent
growth of these cells. Thus, colony size progressively increases with matrix stiffening,
lumen formation is compromised, cell—cell junctions are disrupted, as revealed by loss of
cell—cell-associated B-catenin (inset b), and tissue polarity is inhibited, as indicated by
disorganized (a6) B4 integrin localization and loss of the endogenous laminin 5 basement
membrane. Interestingly, actin stress fibers were not observed in the structures until the
stiffness of the matrix reached 5,000 Pa, as has been observed in murine breast tumors in
vivo. The arrows indicate loss of the endogenous basement membrane and disruption of
basal polarity. Reproduced from [12, 14].
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Table 1

Classification of angiogenic tumor blood vessels

Vessel type

Vessel Properties

Mother vessels

Large, thin-walled, hyperpermeable, lightly fenestrated pericyte-poor sinusoids that are engorged
with red blood cells.

Capillaries

Resemble normal capillaries as far as is known

Glomeruloid Microvascular
Proliferations (GMP)

Poorly organized vascular structures that macroscopically resemble renal glomeruli. They are
comprised of endothelial cells and pericytes with minimal vascular lumens and reduplicated
basement membranes.

Vascular Malformations (VM)

Mother vessels that have acquired an often asymmetric coat of smooth muscle cells and/or fibrous
connective tissue. Resemble arterio-venous malformations found in other settings.
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