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ABSTRACT

Increasing evidence reveals that the tumor microenvironment plays a
pivotal role in determining how cancer cells proliferate, invade, and
metastasize. The role of tumor stromal fibroblasts, known as cancer-
associated fibroblasts (CAF), in particular is being investigated in a
number of types of cancer. This interest 1s in part due to the complicated
relationship between cancer cells and their extracellular matrix (ECM).
Many solid tumors, such as breast cancer, are associated with a
significant increase in ECM stiffness. This stiff ECM encourages cancer
cell proliferation, invasion, and migration through a process known as
mechanoreciprocity. But are cancer cells themselves direc” "
for the stiffening matrix? Or do CAF, which are mo
associated with matrix changes than epithelial = 1or cell:
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process? CAF are known to have pro-invasive effects on tumor cells, but
the molecular basis of these effects are largely unclear. Several studies
have shown that certain CAF cells are capable of de novo synthesis of a-
smooth muscle actin-containing stress fibers that bestow contractility to
the cells, and have high capacities of protein synthesis and secretion, both
of which are characteristics of myofibroblasts found in wound healing
and organ fibrosis. Therefore, at least some CAF appear to behave as
activated myofibroblasts. Nonetheless, the role of myofibroblasts in
cancer remains a subject of debate, which in part is due to differing
terminology used and a lack of a specific marker(s) in defining
myofibroblasts. In this review, we summarize the evidence for the
presence and role of myofibroblasts in cancer progression and discuss the
similarities of myofibroblasts in cancer and fibrosis.
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INTRODUCTION

Cancer is a collection of devastating diseases that affects millions of
people every year and is the focus of billions of dollars in research and
healthcare [1]. Cancer, especially “solid tumors,” such as breast or liver
cancer, mostly derives from epithelial cells, whereas tumors of connective
tissues and stromal cells are relatively rare [2]. For this reason, the role of the
stroma, especially that of fibroblasts, in cancer development and progression
has only begun to be rigorously investigated in the relatively recent past.
Nonetheless, this research has yielded a plethora of evidence supporting the
idea that the microenvironment, including local fibroblasts, does play a
significant role in cancer tumorigenesis and progression [3-5].

Fibroblasts are mesenchymal cells that play an essential role in
development and in the maintenance of tissue structure and integrity [6]. These
cells are responsible for the production and deposition of the extracellular
matrix (ECM) as well as the physical reshaping of the ECM, which impacts
other cell types, such as the epithelium, in a myriad of ways [6-8]. Fibroblasts
play multiple roles in physiologic wound healing, ranging from recruitment
and migration of inflammatory cells into the wound site, to formation of
granulation tissue and eventual contracture and scarring of the repaired wound
[6]. Fibroblasts and their related cells are also important, sometimes essential,
for the development of certain diseases. Cancer is known to bear functional
similarities to wound healing, such that it is referred to as “wound that will not
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heal” [9, 10]. In this context, it is not surprising that fibroblasts play a part in
cancer, which has been a subject of increasing interest in the fields of both
cancer research and matrix biology. The role of fibroblasts in organ fibrosis, a
pathologic condition that has, perhaps, a more direct resemblance to wound
healing gone awry than cancer, has been abundantly clear, as may be gathered
from its name [11].

Both cancer and organ fibrosis are associated with substantial changes in
the ECM, such as collagen deposition, matrix cross-linking, and contraction,
which typically result in a stiffening of the ECM [11, 12]. These functions—
i.e., matrix secretion and contractility—are characteristically associated
with activated fibroblasts, also known as myofibroblasts [13-15]. Therefore,
while epithelial tumor cells have been proven capable of these functions,
the more likely culprit of these changes in the cancer environment would
be local fibroblasts and their associated cells. From this prospect, as the
role of fibroblasts in cancer becomes more evident, the question remains
as to whether the stromal fibroblasts in cancer are activated to become
myofibroblasts, and if so, whether they express the same markers and have
the same functions as the myofibroblasts found in fibrosis. In this review,
we discuss the cell markers and functions attributed to cancer-associated
fibroblasts (CAF) and myofibroblasts in cancer and fibrosis to determine if
these populations of cells are truly distinct or merely two sides of the same
coin.

UMOR MICROENVIRONMENT AND STIFFNESS IN CANCER

The tumor microenvironment is the local environment surrounding tumor
cells that consists of tissue components, such as blood vessels and the ECM,
and cell components, such as immune cells and fibroblasts, all of which
directly or indirectly affect tumor cell survival, proliferation, and metastatic
behavior in multiple ways [16]. For the purpose of this chapter, we focus our
discussion on the role of mesenchymal cells—fibroblasts and their related
cells—in cancer development with emphasis on their relations to cancer-
promoting physical characteristics—matrix stiffness in particular—of the
tumor microenvironment.

The tumor microenvironment is known to have both restrictive and
enhancive effects on tumor development and invasion [17-21]. Early in the
disease process, the normal tissue surrounding a mutated cell prevents that cell
from unchecked proliferation through a variety of chemical and structural cues
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[17, 21, 22]. Such restraining effects of a normal microenvironment on cancer
development are supported by the observation that many individuals have
small, undiagnosed tumors at the time of death that fail to, or have not had the
chance to, develop into a full-blown cancer [23-27]. These tumors could
simply be slow growing; alternatively, the local microenvironment could have
restricted tumor growth. In patients that do develop clinically recognized
cancer, the microenvironment may have supported tumorigenesis from early
steps. Many tumors have accumulated multiple genetic abnormalities at the

1e of biopsy and diagnosis [28]. One of these multiple hits could be a
change in the microenvironment, wherein an initial genetic mutation or
chromosomal abnormality in the tumor cell is encouraged by a tumor-
promoting alteration in the surrounding tissue that allows the tumor cell to
proliferate [17, 18]. For instance, a dense parenchymal pattern that indicates a
stiffness in the breast tissue is a high risk factor for breast cancer [29]. In these
patients, the tumor promoting environment may exist even before the tumor-
initiating genetic mutation occurs.

The tumor microenvironment, in particular matrix stiffness, has an effect
on cancer progression. Stiffness can be altered by three types of changes in the
matrix: increased deposition of matrix components such as collagen, increased
cross-linking by enzymes such as lysyl oxidase (LOX), and architectural
changes of matrix components such as collagen bundling [16, 30, 31]. In a
normal tissue, there is a delicate balance maintained between tissue stiffness
and cellular stiffness, a phenomenon known as tensional homeostasis or
mechanoreciprocity [7, 32]. When this tensional homeostasis is lost, an
increase in stiffness of the surrounding matrix causes an increase in cellular
tension as the cells attempt to regain that balance, which is evidenced in many
cancers [33, 34]. Increased cellular tension enhances cell proliferation via a
FAK-Rho-ERK signaling axis. Changes in matrix stiffness can also have
direct effects on cell signaling, which makes separating the mechanical and
chemical effects a difficult task. As an example, increased collagen deposition
leads to a stiffened matrix and, at the same time, activates integrin signaling
that boosts cell survival and proliferation [35, 36].

Altered microenvironments and stiffness may also directly affect cancer
cells in a variety of other ways. For instance, putting normal epithelial cells
into stiff matrices was sufficient to induce malignant phenotypes, such as the
appearance of invasive behavior and loss of polarization, in a 3D culture [35].
Culturing lung cancer ce  on fibroblast-derived matrices has effects on cell
growth, and perhaps more notably, expression of markers of epithelial-
mesenchymal transition, an important phenomenon in cancer cell biology that
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s generally thought to yield cells with high metastatic potential [37].
Therefore, cancer microenvironment and stiffness can contribute to the initial
stages of tumorigenesis where normal epithelial cells transform into malignant
:ancer cells, as well as later stages where cancer invasion and metastasis take
slace.

The role of tumor microenvironment and stiffness in cancer invasion and
netastasis has been studied in a somewhat more detailed fashion. Increased
sollagen deposition provides an ideal scaffold f cell migration, along which
umor cells can n rate to invade the surrounding tissues [9, 12, 13]. Fibers
iligned in a perpendicular fashion to the edge of a tumor increase the invasive
rotential of cells, likely because they present a convenient path for migration
with less matrix manipulation on the part of the tumor ce . [38]. In a process
<nown as durotaxis, cells tend to migrate from softer substrates towards stiffer
substrates [39, 40]. In order for cancer cells to efficiently migrate through a
natrix, they must form mature focal adhesions, which create the physical
onnections between the cell and its matrix in a force-dependent manner [39,
1, 42]. A stiffer substrate, such as the altered ECM surrounding tumors,
illows cells to exert the force needed for focal adhesions to mature. There are
ilso physical constraints a dense matrix places on cells to make cancer cells
nigrate at a faster rate and with more persistence [40]. Thus, stiffened mat
and increased physical constraints would increase cancer c¢  invasion,
nigration, and metastasis, which are poor prognostic factors for cancer
satients clinically [43, 44].

Apart from the apparent importance of tumor microenvironment and
stiffness in cancer, insights into how they are altered can be difficult to
interpret. There is some evidence that cancer cells th  selves are capable of
nterac 1g with and altering the surrounding matrix. r in nce, increased
axpression of the cross-linking enzyme LOX by tumor cells has been shown in
several types of cancer [45-47]. Cancer cells are also capable of secreting
ECM components, such as hyaluronan, fibronectin, and collagen, as well as
matrix metalloproteins that degrade the matrix [16, 48, 49]. Finally, cancer
cells can directly manipulate the surrounding matrix fibers, rearranging them
to generate a stiffer collagen matrix [38, 50, 51]. Nevertheless, many of
‘hese functions—matrix protein deposition, secretion of matrix modulating
anzymes, and physical manipulation of the ECM through cell cor actility—
are characteristically and developmentally associated with fibroblasts,
aspecially activated myofibroblasts [6, 15, 52, 53]. This raises the question of
how much of the matrix changes surrounding a tumor is due to the cancer cells
themselves, and how much to tumor stromal fibroblasts.
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ECM also extends beyond depositing matrix proteins. Activated fibroblasts are
highly contractile cells. This contractility allows CAF to physically rearrange
the ECM, such as the bundling and re-aligning of the collagen fibers, which
promotes tumor growth and invasion [56, 60].

CAF can also impact cancer cell behavior through other means. CAF
secrete several growth factors that promote proliferation, including HGF, EGF,
FGF, and TGF-B1 [4, 61, 62]. The hormone leptin has been implicated in
CAF’s influence on tumor proliferation, where CAF-derived leptin drove
cancer cell proliferation in a co-culture of CAF and breast cancer cells [63].
Conditioned media from CAF can stimulate estradiol processing by breast
cancer cells that overexpress the estrogen receptor, a common subtype of
breast cancer. In this scenario, increased estradiol processing would boost
breast cancer cell proliferation [22]. Cytokines are another class of molecules
secreted by CAF that influence tumor cell behavior in multiple ways. Certain
cytokines and chemokines, such as CXCLI13, are pro-inflammatory and recruit
leukocytes such as macrophages that are immunosuppressive and prevent the
cytotoxic T cells from attacking the tumor [54, 64, 65]. Increased secretion of
growth factors and chemokines also promote tumor invasion and metastasis by
stimulating the epithelial to mesenchymal transition and by acting as a
chemoattractant to lure cells towards the blood vessels, both of which foster
cancer cells to ultimately metastasize to distant organs, which accounts for a
majority of cancer mortality [4, 54, 62].

In addition, CAF can take a more direct role in tumor invasion. Fibroblasts
are uniquely capable of migrating through a dense matrix as part of their
normal physiological function [61, 66, 67]. The fibroblasts surrounding tumors
are recruited to forge the path, as it were, for cancer cells [3, 54, 62, 68]. In
aggregate, CAF play an important role in cancer cell proliferation, invasion,
and metastasis through multiple means.

CAF AS MYOFIBROBLASTS

Myofibroblasts are the activated fibroblasts that ave high capacities of
both ECM-secretion and contraction. Although considerable progress has been
made in understanding these cells over the past several decades, there are
many unanswered questions regarding myofibroblasts. For instance. there = 1
lack of a truly specific maker(s) for the cells. Rather, the identif f tne
cells relies on the use of a combination of markers and functio 1
difficult to isolate this population of cells and their functions frour uie udoeu
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of a tumor and its microenvironment in the case of cancer. Even in fibrosis,
where the function of myofibroblasts has been well established, there is a
debate on the origin of these cells. Are resident fibroblasts activated to the
active state? Do other types of cells transdifferentiate? There is evidence for
both possibilities, and these questions are even murkier for cancer.

Recent in depth studies of tumor stromal fibroblasts on their function,
or 1, genetics, and expression of marker proteins reveal that there are
different subpopulations of these cells, some of which are in the active,
myofibroblast state [4, 61, 69]. As these cells undergo closer investigation, the
similarity of the more active CAF to myofibroblasts becomes more evident. In
1 t,m: y of the markers used to identify CAF are also used for identification
of active myofibroblasts in other diseases (see Table 1 for a brief summary).

Activated fibroblasts that contribute to cancer progression have the
capacity of de novo synthesis of a-smooth muscle actin (a-SMA) that
incorporates into the cytoskeletal stress fiber of the cell. a-SMA in stress
fibers is considered a major characteristic of myofibroblasts, although other
types of cells, such as smooth muscle cells of small blood vessels and some
myoepithelial cells, also express this protein. Increased expression of a-SMA-
containing stress fibers in CAF can be seen morphologically in breast cancer
an many other types of cancers (Figure 2) {58, 62, 67, 83]. Moreover, the
expression of this contractile cytoskeletal protein is often associated with more
advanced cancer stages and poorer clinical outcome in patients and animal
mo 1s [55, 83], which is illustrated in Figure 2 for breast cancer.

Table 1. Commonly used markers of CAF and myofibroblasts

I Marker Cell Type References
-SMA CAF, Myofibroblast [70, 71]
iSP-1 CAF, Myofibroblast [72,73]

?DGFR CAF, Myofibroblast 170,74, 70, |
Vimentin CAF, Myofibroblast [70, 76]
CollAl CAF, Myofibroblast [69-71]
Podoplanin CAF [62,77]
Desmin CAF [67, 78]
Cadll CAF [67,79]
FAP CAF [80, 81]
Tenascin-C CAF [62, 82]
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sections, the mammary duct is enlarged and filled with tumor cells (indicated

by black arrow head) with o-SMA 1arily associated with
smooth muscle and myoepithelial cell: the tumor cells have
clearly begun to invade through the d the surrounding tissue
(black arrow head), but «-SMA e still confined to the
myoepithelial cells surrounding the duc , stromal infiltration is
evident and there is some faint a-SMA ..__.....__._.....2 that is not associated

w 1el 2r 2 myoepithelial cells of the ducts or the smooth muscle cells of
the blood vessels (white arrowhead in a-SMA panel). At stage IIIA, in which
lymph node involvement becomes significant, there is significant a-SMA
staining among tumor-associated stromal cells together with evident collagen
deposition (black arrowheads in histology panel). This pattern—increased o-
SMA sssion in stromal cells and increased collagen deposition
surrour tumor cells—is continued in the stage IIIB samples. This gradual
increase in stromal infiltration, collagen deposition surrounding tumor cells,
and o-SMA expression as the severity of the disease progresses agrees with
the notion that myo iroblast activation is associated with more advanced
stages of breast cancer.

Increas  expression of a-SMA can also be demonstrated in cultured
fibroblasts isolated from lung tumors compared to fibroblasts from normal
lungs [84]. Cancer fibroblasts also express other proteins associated with
active myofibroblasts, including FSP-1, podoplanin, and PDGFR {61, 62, 67,
6¢ It 1s worth noting that not all these markers are expressed in CAF and not
all CAF express these markers. These findings indicate that there exist

fferent subpopulations of CAF, some of which are more active in promoting
tumor progression, and it is these more active CAF that express higher levels
of «-SMA fibers and other myofibroblast markers [85].

In addit an to expressing myofibroblastic markers, CAF share a
similar fi  :ctionality to myofibroblasts in two aspects. First, it is known that
myofibroblasts are highly contractile through their prominent o-SMA-
containing stress fibers that are capable of generating a large amount of force;
and evidence reve  that at least some fibroblasts isolated from lung tumors
exhibit similar ultrastructure and demonstrate contractile potential in in vitro
gel contraction assays [13, 85, 86]. Second, both myofibroblasts and CAF
secrete ECM proteins including collagen and fibronectin to construct the ECM
in normal or cancer and other disease states [4, 13, 14, 68, 84, 87]. These
similarities indicate that CAF have a lot in common with the myofibroblasts
associated with normal processes such as wound healing, and that the more
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active CAF that express such markers as a-SMA and contractile functionality
are indeed similar enough in function to be qualified as myofibroblasts.

COMPARISON OF MYOFIBROBLASTS IN FIBRO! 3
AND CANCER

Myofibroblasts are also highly involved in the disease progression of
fibrosis, which bears some similarities to cancer except that it does not possess
uncontrolled epithelial cell growth (see Figure 1 for a graphic illustration of
the functions of myofibroblasts in both disease processes). In fibrosis, an
initial inflammatory response to a trigger activates myofibroblasts in the
tissue. Such activators include: fibrogenic chemicals, such as the cancer
chemotherapeutic agent bleomycin and the herbicide paraquat, and inhaled
particles and fibers, such as silica and asbestos, both of which induce lung
fibrosis [88-91]; pre-existing medical conditions, such as non-alcoholic fatty
liver disease that results in liver cirrhosis [92]; auto-immune abnormalities,
such as systemic sclerosis that includes organ fibrosis as a severe outcome and
cause of lethality [93}: and idiopathy, such as idiopathic pulmonary fibrosis or
IPF [94].

Like the desmoplastic response in cancer, the initial stages of fibrosis are
similar to normal wound healing. Fibroblasts are activated and begin to deposit
ECM components while recruiting immune cells. As with cancer, this process
fails to reach an end point. Rather than the tibroblasts being “turned off”
through mechanisms like apoptosis when the job is done, as seen in
physiologic wound healing, the cells are persistently present and remain
activated to continue to deposit ECM until organ function is inhibited from
pathologic scarring and deformation [11, 12, 36, 86]. Cell markers of activated
myofibroblasts are also shared between cancer and fibrosis, with the most
often used being a-SMA-containing stress fibers (see Table 1 for comparison)
[67].

There are also similarities in the activation of myofibroblasts in both
diseases, the most prominent being TGF-fl. TGF-B1 has complex and
paradoxical effects on carcinogenesis. Early in the disease process, TGF-B1
has a cytostatic effect on tumor cells, thus acting as a tumor suppressor.
However, when dysregulated it is a well-known driver of carcinogenesis by
way of inducing EMT and promoting invasive and metastatic behaviors
through its microenvironment effects as well as its direct effects on the cancer
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cells [95, 96]. TGF-§ is an extremely potent pro-fibrogenic molecule and is
upregulated in nearly all forms of fibrosis, and therefore is arguably the most
relevant endogenous inducer of fibrosis [66, 91, 97, 98]. It also has a unique
place in the transforming potential of the altered ECM in both cancer and
fibrosis, being the center of a feed-forward loop in both diseases. Secreted

3F-Bl is sequestered in the matrix, bound to ECM components like
fibronectin by its latency associated peptide [36, 53, 99]. When activated
myofibroblasts contract the surrounding matrix, TGE-B1 is released from the
matrix and is free to bind to its receptor on both fibroblasts and cancer cells,

iving myofibroblast differentiation and cancer cell proliferation, as well as
cpithelial-to-mesenchymal transition implicated in both fibrosis and cancer.
Myofibroblasts and cancer cells that have undergone EMT are able to secrete
more TGF-B1, which would amplify this cycle of latency, contraction, and
signaling [13, 53, 97, 99]. In addition to the above discussed similarities,
chronic fibrosis may directly lead to cancerous transformation, which suggests
that, not only is the fibrogenic matrix conducive to cancer development,
but also the pathways in these two diseases are similar enough to be
indistinguishable in certain conditions [11].

Despite these considerable overlaps in the function and mode of action of
myofibroblasts in cancer and fibrosis, there are certain notable differences
between the two populations of ¢t 5. For instance, in idiopathic pulmonary
fibrosis, myofibroblasts have been shown to produce and release hydrogen
peroxide, which leads to apoptosis of local epithelial cells {100]. On the other
hand, in cancer, it is the cancer cells themselves that release this reactive
oxygen species from their altered metabolism. In this latter scenario, the
hydrogen peroxide produced aids cancer cells in maintaining their altered
state, and may actually increase cancer cell proliferation [78]. The origin of
myofibroblasts is especially complex and uncertain in many cancers [62, 66,
86, 87, 101], though it is also under some debate in fibrosis. Genetic studies
in cancer indicate that these cells may derive from the cancer cells, or
surrounding stromal cells [69]. In fibrosis, myofibroblasts are thought to
originate from normal resident fibroblasts or possibly transdifferentiation of
myoepithelial cells or hematopoietic cells |84, 87, 102]. Therefore, there are
clear differences regarding the source of myofibroblasts in cancer and fibrosis,

1t a clearer picture of the origin and fate of the myofibroblasts in the two
disease states awaits further investigations, which would be facilitated by the
use of new and more sensitive and specific markers and molecular tools.
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CONCLUSION

Cancer and organ fibrosis bear several similarities to each other. Relevant
to this discussion, both diseases are associated with wound healing gone
out of control [8, 10]. At the cellular level, activated myofibroblasts wreak
havoc in both diseases, resulting in the desmoplastic response and palpable
solid tumors in cancer and fibrosing deformation and loss of function
of organs in fibrosis [10, 68, 87, 89]. Studies of both diseases use similar
markers for fibroblast activation, especially a-SMA and increased cellular
contractility [9, 14, 84]. There is sufficient evidence to support the notion that
at least some populations of activated CAF behave as myofibroblasts.
Moreover, myofibroblasts in cancer and fibrosis share considerable common
features and functionality. It is evident from current studies that these cells
play a major role in both diseases. However, while the role of myofibroblasts
in fibrosis is well accepted, it is much less well defined and less understood in
cancer. Thus, there is still much to learn about these cell populations. Given
that both cancer and organ fibrosis are highly refractory to most therapeutic
agents currently available and both have exceedingly high rates of mortality
and disability, the function of these cells and their possible targeting by
therapeutic agents are important avenues of future research.

DISCLAIMER

The findings and conclusions in this report are those of the authors and do
not necessarily represent the views of the National Institute for Occupational
Safety and Health.
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