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Tumor cells exist in a constantly evolving stromalmicroenvironment composed of vasculature, immune cells and
cancer-associated fibroblasts, all residing within a dynamic extracellular matrix. In this review, we examine the
biochemical and biophysical interactions between these various stromal cells and their matrix microenviron-
ment.While the stroma can alter tumor progression via multiplemechanisms, we emphasize the role of homeo-
box genes in detecting and modulating the mechanical changes in the microenvironment during tumor
progression.
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. Weaver).
1. Introduction

Tumor progression is accompanied by increasing tissue stiffness.
This is an ancient clinical observation that allows palpation to be used
for the detection of many carcinomas within the normal resident tissue.
The stiffening phenotype is typically driven by cells of the tumor stroma
via increased extracellular matrix (ECM) deposition, as well as
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enzymatic remodeling and crosslinking. Accumulating evidence shows
that increased ECM stiffness promotes malignant behavior via mechan-
ical signaling [1].

As presented in this review, ECM stiffness initiates changes in tumor
and stromal cells (via the process of mechanotransduction) that ulti-
mately support cancer progression. The diverse effects of stiffness on
stromal cells of the tumormicroenvironment (i.e., vascular, immune, fi-
broblast) suggest that the biomechanical signals within the tumor
(e.g., ECM composition and stiffness) are integrated by the activation
of pleiotropic regulatory genes or pathways. Homeobox genes are mas-
ter transcription factors that integrate external signals and regulate bio-
logical processes through activation or repression of numerous
downstream target genes. By controlling many genes simultaneously,
homeobox genes can activate specific transcriptional programs that
enable cells to coordinate complex cellular processes, such as cellular
differentiation and homeostasis. Not surprisingly, deregulation of
homeobox transcription factors is often observed in human cancers.
Herein, we discuss the link between matrix stiffness and homeobox
gene expression, their usefulness as prognostic markers and their po-
tential as therapeutic targets.

2. Mechanotransduction

Cells of the tumor microenvironment respond to the mechanical
changes in their surroundings throughmechanotransduction [2]. Proto-
typical ECM-driven mechanotransduction is initiated by integrin en-
gagement with an ECM ligand (e.g., integrin-α1β1/collagen) and leads
to integrin clustering and activation. The intracellular domains of
integrin clusters recruit talin and vinculin, which promote focal adhe-
sions formation, followed by activation of focal adhesion kinase (FAK),
downstream Rho-guanine nucleotide exchange factors (Rho-GEFs)
and the Ras/mitogen-activated protein kinase (MAPK) signaling path-
way. Ultimately, these active focal adhesions result in actin reassembly
and actomyosin-based cell contractility. This mechanoreciprocity
allows cells to respond to external forces and mechanical properties,
as a function of ECM composition and stiffness, through changes in
cell signaling and contractility that further impact on ECM remodeling
(reviewed in [1]).

Seminal studies revealed that mammary epithelial cells grown in
compliant three-dimensional (3D) culture conditions better recapitu-
late physiological states, in terms of polarity, function, and proliferation,
than the same cells grown on conventional tissue culture plastic —

which is several orders of magnitude stiffer than recombinant 3D gels
[3]. Intriguingly, the malignant phenotype of breast cancer cells can be
reverted by growing these cells in 3D gels of a similar stiffness to
human breast tissue [4]. These findings led to the hypothesis that, in
the absence of genetic changes, cellular phenotype can be regulated
by the composition (e.g., collagen, fibronectin, laminin, etc.) and rigidity
of the surrounding ECM. Indeed, normal mammary spheres become
dysplastic in stiff matrices and when coupled with the activity of a
transforming oncogene, cell invasion results in a stiffness-dependent
manner [5]. The stiff ECM invasive phenotype can be mimicked in soft
gels by expressing an integrin-β1 clustering mutant, which facilitates
focal adhesion formation and signaling. Conversely, inhibition of focal
adhesion signaling via targeting of FAK, MAPK, Rho or rho-associated,
coiled-coil-containing protein kinase (ROCK) can rescue this phenotype
[5,6]. These data have been substantiated in vivo by showing that inhibi-
tion of ECM stiffness in themousemammary gland causes tumor cells to
revert to a more normal epithelial phenotype, characterized by reduced
invasion and proliferation [7].

Tumor stiffening is an emerging hallmark of carcinomas and the
pathways that are regulated by mechanical signaling are frequently
associated with tumor suppressor and oncogene function [8]. For in-
stance, focal adhesion activity can enhance G-protein coupled receptor
signaling, leading to extracellular-signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (PKB, also known as AKT) activation [5,9]. Additionally,
we have recently shown that increased ECM stiffness leads to reduced
phosphatase and tensin homolog (PTEN) expression and protein stabil-
ity [10]. Thus, dynamic changes in the tumor ECM act in concert with
oncogene signaling pathways to drive tumor cell proliferation, survival,
and invasion.

3. Matrix stiffness and the tumor microenvironment

Tumor cells exist in a stromal microenvironment composed of vas-
culature, immune cells and cancer-associated fibroblasts (CAFs) resid-
ing within a dynamic ECM. It is increasingly evident that mechanical
changes in the microenvironment drive tumor progression by
impacting both the phenotype of the tumor cells and the surrounding
stromal cells. Indeed, increased angiogenesis, leukocyte infiltration,
and desmoplasia are all hallmarks of cancer development. Furthermore,
these stromal cell types can either promote or preclude tumor progres-
sion depending on the context of their microenvironment.

3.1. Vasculature

Angiogenesis, the outgrowth of new vessels, is essential for the de-
livery of oxygen and nutrients to tumor cells and is also the main con-
duit for metastatic dissemination (reviewed in [11,12]). Furthermore,
the vasculature is necessary for the recruitment and infiltration of in-
flammatory cells into tumors. Not surprisingly, the vasculature has be-
come a major target for the treatment of solid tumors [11]. However,
while many tumors regress after initial anti-angiogenic therapy, they
often become refractory and relapsewith amore aggressive form of dis-
ease [13]. While activated tumor vasculature promotes cancer progres-
sion, quiescent non-tumor vascular endothelial cells secrete factors,
such as thrombospondin 1 (THBS1), that keep micro-metastases dor-
mant within the perivascular niche [14]. Thus, the vasculature can
have opposing effects on tumor growth, depending on its surroundings
and activation status.

Recent data indicate that the physical microenvironment helps
shape vessel growth. Increased extra-vascular collagen stiffness pro-
motes endothelial cell proliferation and angiogenesis [15,16], and high-
lights the importance of matrix stiffness in vascular development and
orientation [17]. Mechanical signaling favors angiogenesis by promot-
ing vascular endothelial growth factor receptor 2 (VEGFR2) expression
in endothelial cells through general transcription factor II-I (TFII-I) and
GATA binding protein 2 (GATA2) transcriptional programs [18].
Mechanical signaling in tumor cells can also stimulate angiogenesis by
promoting the expression of pro-angiogenic factors. An in vitro model
of hepatocellular carcinoma demonstrated that increased matrix stiff-
ness causes up-regulation of VEGF levels in carcinoma cells and this
was found to be dependent on the mechanosensing Integrin-β1-PI3K
signaling axis. This observation was substantiated through an analysis
of tissue microarrays and the discovery that levels of type I collagen
and the collagen I crosslinking enzyme lysyl oxidase (LOX) were posi-
tively correlated with levels of VEGF and platelet endothelial cell adhe-
sion molecule (PECAM, also known as CD31) in patient hepatocellular
carcinomas, thus indicating a link between increased matrix rigidity
and angiogenesis [19]. A first study of its kind that performed atomic
force microscopy mapping of tumor tissue from the mouse mammary
tumor virus driven polyoma middle T-antigen (MMTV-PyMT) mouse
model of breast cancer revealed a large heterogeneity in vasculature
stiffness, with a stiffer vascular component within the central region
of tumors compared to patent vessels in the tumor periphery that
were associated with the stiffest extracellular matrix [20]. This data
complements the findings that blood and lymphatic vessels within the
tumor core are often compressed or collapsed due to tumor solid stress,
whereas vessels in the periphery are leaky due to abnormal interstitial
fluid pressure [21]. Sustained vessel compression or collapse can in
turn lead to hypoxic regions within the tumor, with a myriad of
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pathological implications including immunosuppression and inflamma-
tion, tumor cell invasion and metastasis, lowered penetration and effi-
cacy of radiation and chemotherapies [22,23]. Therefore, a shifting
paradigm in the treatment of tumor vasculature is emerging, in which
vessels are normalized rather than ablated [24].

3.2. Immune cells

Immune cells (reviewed in [25,26]) are a heterogeneous population
of cells whose representation within a tumor can vary greatly between
cancer types. Both tumor promoting/pro-angiogenic (e.g., M2 macro-
phages, myeloid derived suppressor cells (MDSCs) and regulatory
T cells (TREG)) and tumor suppressive/anti-angiogenic (e.g., M1 macro-
phages, CD8+and CD4+T cells) immune cells exist within tumors and
the balance between these modulators will determine whether tumors
will escape or be eliminated by the immune system. This balance is
complex and involves integration of cytokine signals from all cells of
the tumor microenvironment.

Hypoxic conditions arising in tumors under high solid stress
with enhanced stiffness are associated with increased immune cell
infiltration but also evasion of anti-tumor immunity. Hypoxia induced
transcription factor alpha (HIF1α), a master regulator of hypoxic tran-
scription programs, has been shown to induce numerous cytokines
that promote immune infiltration. In solid tumors, HIF1α preferentially
recruits pro-tumor M2-type macrophages and elicits a suppressive ef-
fect on anti-tumor T cells while promoting their maturation into anti-
inflammatory TREG cells [27]. Infiltrating macrophages in hypoxic envi-
ronments will further contribute to HIF1α induced VEGF expression
and angiogenesis in concert with tumor cells [28]. A stiffened ECM
may also impair T cell proliferation and differentiation through an inhi-
bition of IL-2 production,which is required for these T cell processes and
subsequent anti-tumor actions [29]. At the invasive front of tumors, a
stiffer ECM contributes to a more patent vasculature that permits en-
hanced immune infiltration [20]. It was found that the deposition of
stiffened and linearized collagen provides tracks formacrophagemigra-
tion. Macrophages are then able to establish paracrine signaling with
tumor cells to guide their invasion and access to the blood vessels for
dissemination [30]. Thus, mechanical pressure in the tumor microenvi-
ronment intensifies pro-tumor inflammation and chronic inflammation
can promote a fibrotic response and desmoplasia in tissues.

3.3. Cancer-associated fibroblasts

While the source of ECM deposition can derive from numerous cell
types in the microenvironment including the tumor cells themselves,
CAFs are largely considered the major regulators of collagen deposition
and organization (reviewed in [31]). Matrix reorganization by CAFs is
thought to increase tissue tension and promote cancer progression.
CAFs not only produce large amounts of collagen, but also modify colla-
gen ultrastructure and mechanical properties through the secretion of
proteases and collagen crosslinking enzymes, such as LOX [32]. LOX ac-
tivity is directly related to ECM stiffness of the tumormicroenvironment
and its inhibition severely diminished breast cancer aggression andme-
tastasis [7]. Moreover, stromal fibroblast derived LOX expression was
able todrive ECMstiffening andmetastasis ofmousemammary carcino-
mas [33]. CAFs can also secrete many ECM components and proteases
that modify ECM composition and orientation to favor tumor progres-
sion. Activated pancreatic stromal fibroblasts dramatically increase
production and linear organization of collagen and fibronectin, leading
to a stiffened ECM and tumor cell invasion through integrin-β1/FAK
mediated mechanosignaling [34]. These data demonstrate that CAF-
mediated organization and stiffening of the matrix promote aggressive
tumor behaviors. However, caution must be taken in perceiving CAFs
as only pro-tumorigenic, as paradoxically, ablation of CAFs in pancreatic
ductal adenocarcinomas (PDAC) leads to more invasive tumors and de-
creased survival [35].
4. Matrix stiffness and homeobox gene expression

These diverse and context-dependent effects of ECM stiffness on
tumor and stromal cells suggest that biomechanical signals may be
coordinated by specific, pleiotropic regulatory proteins. Homeobox
genes are master transcriptional regulators, capable of integrating mul-
tiple signals and inducing phenotypic switches through their control of
numerous downstream target genes. For example, many homeobox
genes regulate the production of cell cycle proteins, cytokines and
matrix components. Thus, homeobox genes are likely to mediate or re-
inforce the pro-tumorigenic effects (e.g., increased angiogenesis, in-
flammation and ECM deposition) observed in response to a stiffened
tumor matrix.

Akin to tissue matrix stiffening in cancer, aberrant homeobox gene
expression is emerging as a critical driver of tumor progression. The
observations that plating breast tumor cells on a compliant ECM (vs. tis-
sue culture plastic) could up-regulate homeobox A1 (HoxA1) and
HoxB7 expression in vitro [36] and that collagen I/integrin-β1 signaling
reduced caudal-related homeobox (Cdx2) expression in colorectal
tumor cells [37], suggested that matrix stiffness could potentially regu-
late homeobox genes in cancer. However, only recentlywas a direct link
betweenmatrix stiffness and homeobox gene expression demonstrated
in vivo, where increased ECM tension in breast tumors diminished
HoxA9 expression as a consequence of microRNA 18a (miR-18a) up-
regulation [10] (Fig. 1). This discovery provides compelling evidence
for a tangible connection between ECM tension, homeobox gene ex-
pression and cancer progression.

5. The prognostic value of homeobox gene expression and their role
in the tumor microenvironment

There aremany reports of altered homeobox gene expression in can-
cers (reviewed in [38–40]) however the direct consequences of this ab-
errant expression are an ongoing area of study. Although typically
considered as developmental genes, essential for cell fate-decisions in
undifferentiated cells, many homeobox genes play important roles in
maintaining cellular differentiation and homeostasis in adult tissues.

Recent efforts have focused on demonstrating statistical correlations
between homeobox promoter methylation and/or gene expression
levels and patient prognosis. A notable example is HoxA9, whose loss
of expression is correlated with poor patient prognosis, increased ma-
trix stiffness and more aggressive breast cancer subtypes [10,41]. Inter-
estingly, in contrast, HoxA9 over-expression in ovarian cancer and
glioblastomas is predictive of poor prognosis [42,43]. This difference
may reflect the levels of intracellular HoxA9, the tumor cell type of ori-
gin (presence of different cell type specific co-factors), the underlying
oncogenic driver of transformation, differences in tissue stiffness and
matrix composition (normal breast, which is rich in collagen, is softer
than brain, whose ECM is largely proteoglycan and hyaluronic acid
[1]), stromal cell diversity or any combination of these factors. Increased
HoxA9 expression in ovarian cancer cells was shown to up-regulate
transforming growth factor β2 (TGF-β2) and stimulate CAF secretion
of pro-tumorigenic and pro-angiogenic factors (stromal cell-derived
factor 1 (SDF-1, also known as CXCL12), interleukin 6 (IL-6) and
VEGF) and promote immunosuppressive skewing of the immune
component through increased infiltration of M2 macrophages [42,44].
Future studies on the mechano-responsiveness and tumor suppressive
effects of HoxA9 in the stromal components of other tumors
(e.g., breast) are needed to address the contribution of stromal cells to
cancer outcome.

Nevertheless, these reports exemplify theutility of a homeobox gene
as independent predictors of survival. Amajor limitation ofmost studies
is that homeobox gene expression is assessed in isolated tumor cells
or throughout the whole tumor, making no distinction as to the
cellular origin of gene expression. Given its pivotal role in epithelial–
mesenchymal transition (EMT), not surprisingly, high expression of



Fig. 1. Matrix stiffness reduces HOXA9 expression. Recent work from Mouw et al. [10] shows that (A) culturing human mammary epithelial cells on stiff polyacrylamide gels decreases
HOXA9 expression in vitro and (B) treatment of MMTV-PyMT mice with a LOX inhibitor (LOX-i) reduces tissue fibrosis and matrix stiffening in vivo, restores HOXA9 expression to
wild-type (WT) levels and impedes tumor progression.
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the zinc finger E-box-binding homeobox 1 (Zeb1) gene correlates with
poor prognosis in PDAC patients [45]. Interestingly, although Zeb1 was
increased in both the epithelial and stromal compartments, only stro-
mal Zeb1 was statistically correlated with patient prognosis [45]. This
findinghighlights the importance of identifying the cellular origin of ho-
meobox gene expression within the tumor microenvironment, as the
regulation and outcome of homeobox gene expression are often cell
type specific. It is interesting to speculate whether homeobox genes
may also be useful biomarkers of tumor resistance to therapy orwheth-
er patterns of homeobox gene expression in a tumor could be used to
better predict tumor grade/invasiveness.

Likewise, as homeobox genes are master transcriptional regulators,
future work should be aimed at uncovering the role of homeobox
Fig. 2. Homeobox genes as therapeutic targets to modulate mechanical changes in the tumor m
cells sense mechanical changes in the microenvironment which leads, via mechanotransduct
red ‘Hox’, respectively). Restoring normal levels of homeobox gene expression in tumor and
and impede tumor progression (black ‘Hox’ represent any homeobox gene with altered expres
genes in modulating mechanoreciprocity. Specifically, do stiffness-
induced changes in homeobox gene expression feed-forward to further
changes in ECM tension and increasedmechanosignaling through regu-
lation of downstream target genes in tumor and stromal cells? This
feedback is certainly suggested by the fact that several homeobox
genes (e.g., Zeb1 [46], Zeb2 [47], HoxB9 [48], ladybird homeobox 1
(Lbx1) [49], paired related homeobox 1 (Prrx1) [50], sine oculis-
related homeobox 1 (Six1) [51]), have been demonstrated to be suffi-
cient for EMT induction in tumor cells, a process dependent upon ECM
remodeling. Both Lbx1 and Six1 are examples of homeobox genes that
are over-expressed in breast cancer and have been shown to induce
EMT, augment tumor cell expression of the ECM component fibronectin
and promote tumor cell invasiveness [49,51].
icroenvironment. As tumors progress they become increasingly stiff. Tumor and stromal
ion, to activation or repression of homeobox gene expression (represented as green and
stromal cells is a potential therapeutic strategy to stabilize the tumor microenvironment
sion).
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6. Can homeobox genes be exploited for cancer therapy?

Thehumangenome is estimated to contain 235 functional homeobox
genes [52], representing awealth of possible therapeutic targets. In prac-
tice, therapeutic targeting of over-expressed homeobox genes may be
achieved using siRNAs. On the other side of the spectrum, homeobox
gene down-regulation in cancer is often the result of promoter methyla-
tion or silencing by miRNAs and long non-coding RNAs (e.g., HOTAIR).
Thus, anti-miRs or DNAmethyltransferase inhibitors may be useful ther-
apeutic strategies for repressed genes. An alternative method is restora-
tion of the repressed homeobox gene using a targeted gene transfer
approach. The consequence of re-introducing homeobox genes into
cells that normally express these genes under homeostatic conditions
would be expected to beminimal and to cause fewer adverse side effects
for patients receiving therapy. Thus, research aimed at restoring normal
levels of homeobox gene expression in tumor and stromal cells (Fig. 2)
may yield safer and more effective therapeutic strategies to stabilize
the tumor microenvironment and impede tumor progression.

Although targeting nuclear transcription factors in specific tissues is
technically challenging, the therapeutic potential of targeting homeo-
box genes that display aberrant expression in cancer was recently dem-
onstrated bymultiple researchers, using various strategies. For example,
topical application of methylcellulose pellets containing Hox gene
expression plasmids [53] has been used to successfully delay tumor pro-
gression in amurinemodel of skin cancer [54]. Furthermore, intraductal
delivery of nanoparticles containing HoxA1-targeted small interfering
RNA (siRNA) was employed during the early stage of mammary tumor-
igenesis to prevent progression [55]. Loss of epithelial cell polarity and
matrix reorganization during the initial stages of breast cancer result
in the ectopic expression of HoxA1 in tumor cells. Silencing of HoxA1
in a model of basal breast cancer was sufficient to reduce tumor inci-
dence and epithelial hyperplasia and prevent the loss of estrogen and
progesterone receptor expression [55]. These approaches have the ad-
vantages of being both minimally invasive and site directed.

Another homeobox gene-targeted therapeutic approach capable of
impeding tumor growth and progression in vivo is the HXR9 synthetic
peptide [56,57]. This peptide functions as a competitive inhibitor of
Hox/pre-B-cell leukemia homeobox (Pbx) protein binding. Disruption
of the Hox and Pbx transcription co-factor complex induces tumor cell
apoptosis [56,57]. Similarly, an amino acid substitution approach that
disrupts the Six1/eyes absent 2 (Eya2) transcriptional complex prevents
Six1-induced EMT andmetastasis of intravenously delivered breast can-
cer cells [58]. Thus, development of small molecule inhibitors capable of
abolishing specific homeobox/transcription co-factor interactions may
represent an effective therapeutic strategy in future.

As stiffness impacts the entire tumor microenvironment, including
the epithelium, endothelium, immune cells and fibroblasts, then it
may be advantageous to target homeobox genes that impact more
than one cellular compartment of the tumor. For example, anti-
angiogenic HoxD10 and HoxA5, are expressed in normal quiescent
breast epithelium and endothelium, however their expression is lost
during breast cancer progression [59,60]. Restoring these homeobox
genes in both tumor and endothelial cells would be expected to have
a more comprehensive effect on stabilizing the tumor microenviron-
ment than either one alone. In order to exploit homeobox genes as can-
cer therapeutics, forthcoming research should focus on identifying
upstream regulators of homeobox gene expression and on understand-
ing how restoring normal homeobox gene expression in tumor and
stromal cells can prevent tumorigenesis through downstream target
gene activation.

7. Conclusion

Current advances in the fields of tissuemechanics and tumormicro-
environment regulation of cancer progression have highlighted the im-
portance of biomechanical interactions between stromal cells and their
matrix. Given their roles in maintaining cellular differentiation and tis-
sue homeostasis, their deregulated expression in cancer, and the recent
discovery of altered HoxA9 expression in response to matrix stiffness,
homeobox genes are emerging as attractive targets for therapeutic
intervention.
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