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cellular building blocks for vessel growth (Sweet et al., 2011). 
Furthermore, ECM components are involved in cellular morpho
genesis, including vessel lumen formation (Newman et al., 2011) 
and other aspects of tubulogenesis during tumor angiogenesis 
(Davis and Senger, 2005). The biomechanical properties of the 
ECM appear to play an especially important role in this process. 
Indeed, vascular networks with markedly distinct branching pat
terns have been observed when endothelial cells are grown on 
matrix with different elasticity (Myers et al., 2011).

Finally, new ECM is deposited to form basement mem
brane to surround blood vessels during tumor angiogenesis. 
Importantly, however, the basement membrane of the tumor 
vasculature is more porous and leaky than normal (Hewitt et al., 
1997; Hashizume et al., 2000), which facilitates tumor cell me
tastasis and immune cell infiltration and promotes cancer pro
gression (Ruoslahti, 2002; Egeblad et al., 2010a). Likewise, the 
lymphatic system can also transport tumor and immune cells. 
Recent studies show that the ECM receptor integrin 91 plays 
an important role in the formation of lymphatic vessels (Huang 
et al., 2000; Avraamides et al., 2008), suggesting that the ECM 
is likely to play a role in tumor lymphangiogenesis as well. 
However, this suggestion awaits further experimental testing, 
as do the details of how abnormal ECM dynamics may deregu
late lymphangiogenesis during cancer progression.

Role of the ECM in tumor- 
associated inflammation
Inflammation, characterized by massive influx of immune cells, 
plays a causative role in cancer development. Although their 
initial function is supposed to suppress tumor growth, immune 
cells including macrophages are often altered and recruited by 
tumor cells at later stages to promote cancer (Coussens and 
Werb, 2002). As in tumor angiogenesis, abnormal ECM affects 
many aspects of immune cell behaviors, including infiltration, 
differentiation, and functional activation.

For example, mice lacking the ECM glycoprotein SPARC 
(secreted protein acidic and rich in cysteine) have an increased 
number of macrophages in tumors, suggesting that the ECM 
can influence the number of immune cells. One way the ECM 
affects immune cells is by regulating cell proliferation (Adair
Kirk and Senior, 2008; Sorokin, 2010). ECM components also 
may function as chemoattractants to immune cells (Fig. 3 B, 
stage a). For example, elastin fragments are able to recruit 
monocytes, but not neutrophils, in the rat lung (Houghton et al., 
2006). The acetylated tripeptide ProGlyPro derived from col
lagen I proteolysis by MMP8 or MMP9 can functionally mimic 
the chemoattractant CXCL8 on neutrophils in a lung inflamma
tion model (Weathington et al., 2006). Alternatively, activation 
of collagen receptor DDR1 can also promote macrophage infil
tration in atherosclerotic plaques (Franco et al., 2009).

To reach the inflamed or tumor sites, immune cells en
counter two kinds of potential ECM barriers: the endothelial 
basement membrane and interstitial matrix. Studies using EM 
and, more recently, intravital imaging have shown that transmi
gration across the endothelial basement membrane is a rate
limiting step during T cell extravasation (Wang et al., 2006; 
Bartholomäus et al., 2009). Interestingly, however, inhibition of 

hypoxia can lead to overproduction of LOXlike protein2 and 
a subsequent increase in ECM crosslinking and stiffening, 
resulting in sprouting angiogenesis (Bignon et al., 2011). These 
data suggest that ECM biomechanical properties also play 
essential roles in angiogenesis.

Angiogenesis is a complex process, requiring coordination 
of many cellular activities. Thus, in addition to guiding endothe
lial cell migration and branching, ECM and its fragments may be 
involved in endothelial cell survival and proliferation to supply 

Figure 3. ECM role in tumor angiogenesis, lymphangiogenesis, and 
inflammation. (A) Angiogenesis and lymphangiogenesis depend on the 
ECM. Tumor cells produce various components, including VEGF and an-
giogenic and antiangiogenic ECM fragments, to regulate blood vessel 
formation (stage 1). During branch initiation, endothelial cells secrete pro-
teases to break down the basement membrane to grow out (stage 2). The 
outgrowth process of endothelial branching is propelled by at least two 
groups of cells: tip cells, which lead the migration toward the angiogenic 
chemoattractant source, and stalk cells, which depend on the ECM and 
its derivatives to survive and proliferate to provide building blocks for ves-
sel formation (stage 3). Additionally, ECM components participate in cell 
migration and other aspects of tubulogenesis of blood vessels. Although 
details remain unclear, lymphangiogenesis depends on the ECM and, to-
gether with angiogenesis, provides routes for cancer cell metastasis and 
immune cell infiltration. (B) The ECM plays multiple roles in tumor inflam-
mation. In addition to promoting survival and proliferation (not depicted),  
ECM components function as a chemoattractant to immune cells (stage a). 
The exact details of how immune cells including neutrophil transmigrate 
endothelial basement membrane are not clear, though it seems the ECM 
plays both positive and negative roles in the process. Macrophage  
activation depends on the ECM to release its potent cytokine signals 
and protease content (stage b). Further, immune cell differentiation, in-
cluding maturation of T helper cells, requires participation of ECM compo-
nents (stage c).
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In summary, abnormal ECM dynamics deregulate behav
iors of both cancer cells and stromal cells. On the one hand, 
ECM anomalies promote cancer cell transformation and tissue 
invasion; on the other hand, they help generate a tumorigenic 
niche that further facilitates cancer progression. Such a double
whammy effect is a recurring theme at later stages of cancer 
metastasis, as is evident from the next section.

The ECM: An essential component of 
premetastatic and metastatic niches
Cancer cell metastasis is a multistep process, consisting of local 
invasion and intravasation at the primary site, survival in the 
circulation, and extravasation and colonization at the distant 
site (Paget, 1889). Depending on cancer type and organ destina
tion, these steps may have distinct kinetics during cancer metas
tasis (Nguyen et al., 2009). A successful metastasis requires not 
only a local niche to support cancer cell growth at the primary 
site but also one, the metastatic niche, to allow invading cancer 
cells to survive, colonize, and expand to form a macrometasta
sis (Psaila and Lyden, 2009).

Although still in its infancy, studies support that the ECM 
is, as in the primary tumor niche, an essential component of the 
metastatic niche. For example, although most metastatic cancer 
cells die, mammary carcinoma cells expressing the hyaluronan 
receptor CD44 survive better than cells with low levels of CD44 
(Yu et al., 1997). These data imply that hyaluronan and maybe 
other ECM components promote survival of metastatic cancer 
cells. Moreover, as in the case of primary tumor niche, LOX ac
tivities are often upregulated in metastatic cancer sites as a re
sult of increased production from cancer cells or activated 
fibroblasts at the metastatic niche (Erler et al., 2009). Increase in 
mechanical force as a result of LOX expression and ECM stiff
ening presumably facilitates colonization of cancer cells and in
filtration of immune cells at the metastatic site. These changes 
may be similar to the ones at the primary niche and together may 
further trigger the angiogenic switch and lead to cancer cell ex
pansion from micrometastasis to macrometastasis (Fig. 4). How
ever, this notion remains to be tested experimentally.

Remarkably, mounting evidence suggests that cancer cells 
may remotely modify, often with the involvement of other cell 
types including hematopoietic progenitor cells, distant sites and 
proactively participate in the creation of a premetastatic niche 
before metastasis (McAllister and Weinberg, 2010; Bateman, 
2011). For example, cancer cells at the primary site produce 
osteopontin and other factors to recruit granulinexpressing 
hematopoietic progenitor cells, which can then deregulate 
behaviors of the distant stromal cells (Elkabets et al., 2011). 
Interestingly, granulin, belonging to the epithelin family of 
secreted growth factors, can increase the expression of a variety  
of ECM components and their modifying enzymes in stromal 
fibroblasts (Elkabets et al., 2011).

Changes of ECM composition are important for contin
ued recruitment of hematopoietic progenitor cells to the pre
metastatic niche. For example, increased fibronectin expression 
is essential for VEGF receptor 1+ (VEGFR1+) hematopoietic 
progenitor cells, which also express the fibronectin receptor 
integrin 41, to migrate and adhere to the niche in the lung 

integrin 61, which binds to laminin, results in reduced neu
trophil infiltration and trapping of neutrophils between endothe
lium and the basement membrane (Dangerfield et al., 2002). 
These data suggest that, although the basement membrane is a 
barrier to immune cell extravasation, binding and attachment to 
ECM components are necessary for transmigration to occur. It 
remains unclear how immune cells transmigrate across the base
ment membrane, for example, regarding whether ECM degrada
tion is involved and whether immune cells have preferred and 
presumably more porous passage sites along the vessel wall 
(Rowe and Weiss, 2008). Once they enter the stroma, immune 
cells travel through the interstitial matrix during infiltration. As 
in the cases of tumor and endothelial cells, ECM topography 
such as collagen fibril size and density can influence migration 
of immune cells (Fig. 3 B, stage a; Lämmermann et al., 2008).

The ECM also regulates the activation of immune cells. 
For example, increased ECM stiffness can promote integrin
mediated adhesion complex assembly and activate T cells 
(Ashkar et al., 2000; Adler et al., 2001; Hur et al., 2007; Sorokin, 
2010). Although collagen type I promotes infiltration of im
mune cells, it inhibits the ability of macrophages to kill cancer 
cells by blocking polarization and, thus, activation of macro
phages (Fig. 3 B, stage b; Kaplan, 1983). These results highlight 
the complex nature of how ECM deregulation may affect  
behaviors of different groups of immune cells. The inhibitory 
effect of collagen I on immune cells is likely mediated by its 
binding with the leukocyteassociated Iglike receptors (LAIRs), 
which are expressed at the surface of most immune cells 
(Meyaard, 2008; Frantz et al., 2010). At present, it is not clear 
whether LAIRs and integrins cooperate; however, the activation 
of LAIRs is a plausible mechanism whereby high levels of 
tumor collagen can attenuate the otherwise tumorsuppressive 
function of immune cells. Additionally, the ECM plays an impor
tant role in immune cell differentiation, including the maturation 
process of T helper cells (Chabas et al., 2001; Hur et al., 2007). A 
study also shows that hyaluronan can induce regulatory T cell dif
ferentiation from effector memory T cell precursors (Bollyky 
et al., 2011). Therefore, one plausible mechanism whereby ab
normal ECM sabotages the immune system during cancer devel
opment may be to prevent immune cells from undergoing their 
normal differentiation and maturation process (Fig. 3 B, stage c).

Finally, another group of stromal cells, MSCs, has 
emerged as an important player in the cancer niche. As multi
potent stem cells, MSCs normally can give rise to various cell 
types, including osteoblasts, chondrocytes, adipocytes, and, at 
least under pathological conditions, CAFs (Quante et al., 2011), 
which are essential for abnormal ECM metabolism. Because the 
ECM plays an important role in MSC differentiation (Engler et al., 
2006), it is likely that MSCs may be yet another target cell pop
ulation of abnormal ECM dynamics in the formation of a cancer 
niche. This is an especially important point, as MSCs can exert 
pleiotropic effects on inflammation (Aggarwal and Pittenger, 
2005; Ripoll et al., 2011; Singer and Caplan, 2011). Together, 
these data reinforce the possibility that, once beyond a certain 
threshold, deregulated ECM dynamics may cause irrevers
ible changes to the normal niche and convert it into a cancer
promoting environment.
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and metastatic sites. The resultant changes in the stromal com
ponents further exacerbate the tumorigenic microenvironment 
and facilitate the process of oncogenic transformation, tissue 
invasion, and metastasis during cancer initiation and progres
sion (Fig. 4, C and D).

Concluding remarks
From the initial belief that the intrinsic properties of cancer 
cells determine most major aspects of cancer initiation and pro
gression, our understanding of cancer biology has taken remark
able strides. We now regard cancer as a heterogeneous disease 
not only in the sense that different molecular etiologies may un
derlie the same clinical outcome but also that multiple cell 
types, in addition to cancer cells, and noncellular components 
need to be mobilized and coordinated to support the survival, 
growth, and invasion of cancer cells. As a major component of 
the local niche, the ECM has emerged as an essential player at 
various stages of the carcinogenic process. Its functional diver
sity and dynamic nature, which allows the ECM to be an active 
participant in most major cell behavior and developmental pro
cesses, also makes it a necessary target whose deregulation may 
be a ratelimiting step in cancer progression.

(Kaplan et al., 2005). Once there, VEGFR1+ hematopoietic pro
genitor cells secrete MMP9, which is known to play a role in 
lungspecific metastasis (Hiratsuka et al., 2002), and thus fur
ther modulate and deregulate the premetastatic niche. In addition 
to fibronectin, other ECM components may also be important 
for the function of the premetastatic niche. For example, hyal
uronan and its receptor CD44 facilitate signaling via CXC che
mokine receptor 4 (CXCR4) and its ligand stromalderived growth 
factor 1 (SDF1/CXCL12; Netelenbos et al., 2002; Avigdor et al., 
2004), which are essential for organspecific metastasis of 
tumor cells to the lung or bone marrow (Jones et al., 2006). 
Thus, these data suggest that deregulation of ECM dynamics is 
an important step during the formation of a premetastatic niche.

Collectively, a picture has started to emerge with regard 
to ECM’s roles in cancer progression: normal ECM dynamics 
are essential for embryonic organ development and postnatal 
function (Fig. 4 A); deregulated ECM dynamics disrupt tissue 
polarity, architecture, and integrity and promote epithelial cell 
transformation and invasion (Fig. 4 B). Furthermore, abnor
mal ECM dynamics derail stromal cell behavior, leading to 
tumorpromoting angiogenesis and inflammation by endothe
lial cells and immune cells, respectively, both at the primary 

Figure 4. Abnormal ECM promotes cancer progression. (A) ECM remodeling is tightly controlled to ensure organ homeostasis and functions. Normal ECM 
dynamics are essential for maintaining tissue integrity and keep rare tumor-prone cells, together with resident fibroblasts, eosinophils, macrophages, and 
other stromal cells, in check by maintaining an overall healthy microenvironment. (B) With age or under pathological conditions, tissues can enter a series 
of tumorigenic events. One of the earlier events is the generation of activated fibroblasts or CAFs (stage 1), which contributes to abnormal ECM buildup 
and deregulated expression of ECM remodeling enzymes (stage 2). Abnormal ECM has profound impacts on surrounding cells, including epithelial,  
endothelial, and immune cells and other stromal cell types. Deregulated ECM promotes epithelial cellular transformation and hyperplasia (stage 3).  
(C) In late-stage tumors, immune cells are often recruited to the tumor site to promote cancer progression (stage 4). In addition, deregulated ECM affects vari-
ous aspects of vascular biology and promotes tumor-associated angiogenesis (stage 5). Creation of a leaky tumor vasculature in turn facilitates tumor cell 
invasion and metastasis to distant sites (stage 6). (D) At distant sites, cancer cells leave the circulation and take hold of the local tissue. Together with local 
stromal cells, cancer cells express ECM remodeling enzymes and create a local metastatic niche. Abnormal niche ECM promotes extravasation, survival, 
and proliferation of cancer cells (stage 7). At later stages when cancer cells awake from dormancy, abnormal ECM turns on the angiogenic switch (stage 8),  
presumably using a mechanism similar to that used at the primary site (stage 5), and promotes the rapid growth of cancer cells and an expansion of 
micrometastasis to macrometastasis.
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An important area of future cancer research will be to deter
mine whether abnormal ECM could be an effective cancer thera
peutic target. To achieve this goal, we must understand how ECM 
composition and organization are normally maintained and regu
lated and how they may be deregulated in cancer. A daunting task 
in this regard will be to determine the kind of ECM changes that 
have causative effects on disease progression and how these 
changes of the ECM, alone or in combination, may affect cancer 
cells and cells in the stromal compartment. Additionally, with the 
growing documentation of the diverse functions of the ECM in 
development and cancer, a major challenge will be to understand 
the molecular basis of these functions, whether they involve only 
receptor signaling, rearrangements of the cytoskeleton, changes 
of gene expression, or other aspects of cell behavior, and how 
such changes are integrated with conventional signaling cascades 
that are known to play a role in these processes.

Abnormal ECM stiffness, as observed in tissue fibrosis, 
clearly plays an important role in cancer progression. However, 
we have only begun to decipher how different cell types re
spond to changes in ECM elasticity and which receptors detect 
the various types of physical force. It remains to be an impor
tant area of research to determine whether ECM elasticity may 
be restored to normal in cancer and how such a restoration may 
benefit treatment prognosis. ECM anomalies, including stiff
ness, have been associated with delivery and resistance of con
ventional drugs (Egeblad et al., 2010b). Indeed, a decrease in the 
fibroblast pool and thus the ECM improves drug uptake in the 
mouse (Loeffler et al., 2006; Olive et al., 2009). Therefore, tar
geting abnormal ECM may provide yet another effective ave
nue to combat the complicated illness that is cancer.
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