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Abstract
The glycolytic phenotype of theWarburg effect is associated with acidification of the tumor microenvironment. In this review, we
describe how acidification of the tumor microenvironment may increase the invasive and degradative phenotype of cancer cells.
As a template of an extracellular acidic microenvironment that is linked to proteolysis, we use the resorptive pit formed between
osteoclasts and bone. We describe similar changes that have been observed in cancer cells in response to an acidic microenvi-
ronment and that are associated with proteolysis and invasive and metastatic phenotypes. This includes consideration of changes
observed in the intracellular trafficking of vesicles, i.e., lysosomes and exosomes, and in specialized regions of the membrane,
i.e., invadopodia and caveolae. Cancer-associated cells are known to affect what is generally referred to as tumor proteolysis but
little direct evidence for this being regulated by acidosis; we describe potential links that should be verified.
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1 Introduction

Hanahan and Weinberg [1] defined six common hallmarks
underlying cancer development with an emphasis on genetic
changes in the cancer cells. This is consistent with treatments
for cancer primarily having targeted the cancer cells as if they
existed and flourished independently of their surrounding mi-
croenvironment. Hanahan and Weinberg do however recog-
nize that cancers are tissues that are comprised of cancer cells
as well as normal cells that are recruited to the tumor micro-
environment. They also propose that understanding the posi-
tive and negative interactions between cancer cells and normal
cells in the tumor microenvironment might identify new and
efficacious approaches for cancer therapies. Cancer tissues are
complex and include, in addition to cancer cells and normal
stromal fibroblasts and inflammatory cells that have infiltrated
into the cancer, non-cellular components such as extracellular
matrices, pathochemical entities such as hypoxia and acidosis,
and a secretome containing signaling molecules and extracel-
lular vesicles. The theory that the microenvironment or soil
surrounding cancers is critical to the growth of cancer

metastases dates back to Paget’s observations published in
1889 on breast cancer [2].

The microenvironment has been proposed to contribute to
the six hallmarks of cancer defined by Hanahan andWeinberg
[1] as well as the additional two emerging hallmarks and two
enabling characteristics they defined in an updated review [3].
Indeed, the latter review [3] focused on the tumor microenvi-
ronment in regard to how interactions between normal cells
associated with cancers and the cancer cells can exert either
positive or negative influences on cancer development. A va-
riety of reviews have postulated that various cellular and non-
cellular components of the tumor microenvironment underpin
cancer development, including stromal cells [4, 5], extracellu-
lar matrix [6], extracellular vesicles [7, 8], cancer metabolism
[9], pH dynamics [10], hypoxia [11], and cancer-related
inflammation/inflammatory cells [5, 12]. Among these, the
reprogramming of energy metabolism was defined as an
emerging hallmark of cancer in the updated Hanahan and
Weinberg review [3]. The original findings of changes in en-
ergy metabolism were made in the 1920s by Warburg [13],
who reported that tumors exhibit a high rate of fermentative
glycolysis even in the presence of adequate oxygen. This
switch of cancer cells to glycolysis occurs in parallel with
intracellular alkalosis and extracellular acidosis [10, 14], with
the acidification of the tumor microenvironment further en-
hancing metabolic reprogramming [15]. Gatenby, Gillies, and
colleagues hypothesize that acidification of the tumor micro-
environment by cancer cells is a niche engineering strategy
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that enhances the ability of the cancer cells to outcompete
normal cells and thus invade and proliferate [16, 17].
Indeed, dysregulation of pH in cancers has been described as
a Bperfect storm^ that promotes proliferation, evasion of apo-
ptosis, metabolic adaptation, migration, and invasion [18]. In
this chapter, we will discuss mechanisms by which acidifica-
tion of the tumor microenvironment may increase the invasive
and degradative phenotype of cancer cells.

2 Acidosis and extracellular proteolysis
by non-cancer cells

Acidosis is most dramatically linked to extracellular proteolysis
in the normal biological process of bone resorption by osteoclasts
[19] (Fig. 1). A sealing zone between the osteoclast and bone is
formed by a peripheral belt of podosomes, an actin-rich protru-
sion of the plasma membrane associated with adhesion proteins
[20, 21]. Inside this peripheral belt, the osteoclast plasma mem-
brane becomes ruffled. This is associated with the transport of
lysosomes to the membrane; incorporation of vacuolar H+-
ATPases, i.e., proton pumps, into the membrane; and secretion
of the lysosomal cysteine proteinase, cathepsin K. The specific
form of vacuolar H+-ATPase that moves to the ruffledmembrane
during osteoclast differentiation is one that is present in the

lysosomal membrane, i.e., the a3 isoform [22]. Acidification of
the underlying resorptive pit occurs as a result of generation of
H+ ions by carbonic anhydrase II, also present in the ruffled
membrane, and their secretion into the pit via vacuolar H+-
ATPases. Thus, the resorptive pit is essentially an extracellular
lysosome. Bone resorption can be abrogated by interfering with
acidification through deletion of carbonic anhydrase II or the
vacuolar H+-ATPase or interfering with proteolysis through de-
letion of cathepsin K [19]. The complex resorptive pits formed
by osteoclasts degrading bone, a difficult substrate, are not ob-
served in other cell types in which punctate proteolysis occurs in
association with podosomes: e.g., endothelial cells, vascular
smooth muscle cells, macrophages, and dendritic cells. There is
an ongoing debate on whether podosomes and their associated
degradation of matrix in normal cells are distinct from
invadopodia and their associated degradation of matrix observed
in cancer cells (see [21] for further discussion).

3 Acidosis and extracellular proteolysis
by cancer cells

Proteolysis and in particular extracellular proteolysis have
been linked to cancer progression (for review, see [23]).
There is an extensive literature on this topic with the vast

Fig. 1 Cartoon illustrating acid-mediated extracellular proteolysis of
bone by osteoclasts. A resorption pit comparable to an extracellular
lysosome is created between the ruffled border of a multi-nucleated
osteoclast and underlying bone. Sealing zones formed by podosome
belts isolate the resorption pit. Lysosomes move toward the ruffled
border and fuse with the membrane resulting in release of the cysteine
protease cathepsin K into the resorption pit and incorporation of the

vacuolar H+ ATPase in the lysosomal membrane into the ruffled border
membrane. Acidification of the resorptive pit occurs as a result of
generation of H+ ions by carbonic anhydrase II, also present in the
ruffled border, and secretion of H+ ions into the pit by the vacuolar H+-
ATPase. The organic matrix of the bone is degraded by the secreted
cathepsin K
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majority of studies focusing on the matrix metalloproteases
(MMPs). Solid cancers acidify their microenvironment to
pH 6.4–7.0 (for review, see [15]). This is not as low as the
pH 4.5 found in resorptive pits between osteoclasts and bone
[19] or the pH between 4 and 5 found intracellularly in lyso-
somes [24]. Nonetheless, the acidosis surrounding cancers
raises the possibility that proteases such as the lysosomal cys-
teine cathepsins, known to be secreted from cancers [25–27],
might have a functional role in the tumor microenvironment.
Acidosis increases degradation of the extracellular matrix sur-
rounding cancer cells (for review, see [28]) as it does degra-
dation of the organic matrix of bone (see Fig. 1). Studies in our
laboratory on extracellular proteolysis and cancer progression
have focused on the lysosomal cysteine proteinase cathepsin
B, including how extracellular acidosis may affect the func-
tions of cathepsin B in cancer [25–27, 29, 30]. We will con-
centrate on this enzyme in order to illustrate the effects of
acidosis on proteolysis in the tumor microenvironment. We
do, however, want to emphasize that we do not mean to indi-
cate that cathepsin B acts alone; rather, it is one of many
proteases interacting within a network of proteases [27, 31].

3.1 Acidosis and trafficking of lysosomes

Heuser [32] demonstrated that incubating macrophages and fi-
broblasts at a slightly acidic pH, i.e., pH 6.5, results in a redistri-
bution of lysosomes from the region of the microtubule-
organizing center to the cell periphery. We have shown that, in
a wide variety of metastatic cancer cell lines, cathepsin B is
distributed in both plasma membrane and lysosomal fractions;
punctate immunostaining for cathepsin B is present peripherally
and active cathepsin B is secreted (for review, see [25]). Others
have also observed membrane-association of cathepsin B, e.g.,
Kobayashi et al. [33], in ovarian cancer cells in which they linked
membrane association of cathepsin B to activation of a receptor-
bound form of the serine protease, pro-urokinase plasminogen
activator, and thereby activation of plasminogen to plasmin.
Kobayashi et al. [33] propose that a membrane cathepsin B–
initiated proteolytic network is responsible for the ability of ovar-
ian tumor cells to degrade and invade through extracellular ma-
trices. The redistribution of active cathepsin B to the surface of
cancer cells is a phenomenon detected in many animal and hu-
man cancers. A redistribution of lysosomes to the cell periphery
concomitant with membrane association of lysosomal proteases
and their secretion has been seen in other cells that participate in
diverse invasive processes, e.g., trypanosome invasion of epithe-
lial cells [34], the inflammatory responses of macrophages in
emphysema (for review, see [35]), elastinolysis of the arterial
wall in atherosclerosis and aortic aneurysms (for review, see
[35]), and bone degradation by osteoclasts (Fig. 1).

Translocation of lysosomes to the cell periphery as ob-
served in cancer cells (Fig. 2) might be presumed to result in
the release of all lysosomal enzymes; however, the lysosomal

proteases found to play causal roles in extracellular proteolysis
vary. This may reflect a heterogeneity in protease content of
the lysosomes themselves; i.e., differential expression of spe-
cific lysosomal proteases in cancer cells of different origins or
distinct substrate specificities of the secreted proteases. The
latter would appear to be the case in osteoclasts as cathepsin
K, unlike other lysosomal proteases, is able to degrade bone.
Wound-induced repair of the plasma membrane is another
process in which there is redistribution of lysosomes and re-
lease of lysosomal proteases [36]. In this case, the lysosomal
proteases have been shown to have discrete functions. The
wounding results in calcium influx and calcium-regulated

Fig. 2 Cartoon illustrating acidosis-induced changes in trafficking of
lysosomes and exosomes in cancer cells and in invadopodial and
caveolar membrane structures associated with extracellular proteolysis
in cancer cells. The invadopodium illustrated here is similar to the
podosomal structures formed in normal cells such as osteoclasts (see
Fig. 1) and associated with degradation of extracellular matrices. As in
the osteoclast, lysosomes move into the invadopodium and fuse with the
membrane resulting in the release of lysosomal proteases and
incorporation of the vacuolar H+ ATPase in the lysosomal membrane
into the invadopodial membrane. Similarly, secretion of exosomes
occurs due to movement of multivesicular bodies (MVBs) into the
invadopodium where they fuse with the membrane. This along with the
plasma membrane sodium-hydrogen exchanger NHE1 in the
invadopodial membrane results in local acidification and matrix
degradation. Acidosis also increases secretion of lysosomes and
exosomes from cancer cells in membrane regions other than
invadopodia. Another membrane structure associated with acidosis and
proteolysis is caveolae, which are dynamic membrane structures that
transition in response to membrane stressors between flask-shaped
invaginations as shown here and flat membranes. The invaginations are
formed by oligomers of the major structural protein caveolin-1 (purple).
Receptors, including those for proteases, clustered in caveolae facilitate
signaling and proteolytic pathways at the surface of cancer cells. NHE1
and NaV1.5 sodium channels also are present in caveolae, leading to
increased local acidification
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exocytosis of the lysosomes. A rapid release of the cysteine
cathepsins B and L, which are required for membrane repair,
occurs and this is followed somewhat later by the release of
the aspartic protease cathepsin D, which downregulates repair.
This may indicate sequential exocytosis of two populations of
lysosomes that differ in their protease content.

We have shown that extracellular acidification results in
human breast cancer cells of redistribution to the cell periph-
ery of lysosomes that differ in their protease content. One
population immunostains only for cathepsin B, a second only
for cathepsin D, and a third for both proteases [37]. We con-
firmed by electron microscopy the peripheral redistribution of
the three populations of lysosomes and surface labeling for
both cathepsins B and D. Our results are consistent with those
of Glunde et al. [38] who observed that acidification induced
dramatic changes in lysosomal trafficking. In their studies,
they followed the redistribution of lysosomes by staining for
the lysosome membrane proteins LAMP1 and 2 in fixed
breast cells or labeling with a dansylated glucosamine in liv-
ing breast cells. In acid-adapted breast cancer cells, Damaghi
et al. [39] found increased expression of lysosomal proteins
including LAMP2, as well as redistribution of LAMP2 to the
plasma membrane and secretion of cathepsin B. The mecha-
nism for increased expression is not known but the two latter
results would be consistent with exocytosis of lysosomes, fu-
sion of lysosomal and plasma membranes, and release of sol-
uble lysosomal enzymes. Membrane staining for LAMP2 as-
sociated with acid adaptation was also observed in patient
samples and has been confirmed by 4 other labs [39–42]. In
the lysosome, LAMP2 protects the membranes from degrada-
tion by the lysosomal proteases. Damaghi et al. propose that
redistribution of LAMP2 to the plasma membrane of cancer
cells serves a similar protective mechanism to ensure survival
in an acidic microenvironment. Trafficking of lysosomes to
the cell periphery has also been demonstrated in prostate can-
cer cells. In this case, anterograde trafficking of the lysosomes
occurs in conjunction with induction of invasion by either
epidermal [43] or hepatocyte [44] growth factors and extra-
cellular acidification generated by Na+/H+ exchanger (NHE)
activity. This is observed in cells grown in either 2D or more
pathophysiologically relevant 3D cultures and is associated
with the formation of cellular protrusions and secretion of
cathepsin B.

Association of cathepsin B with the membrane of cancer
cells has been shown to be causal in cancer progression and
metastasis. Knockout of cathepsin B in mammary cancer cells
driven by the murine polyoma middle T antigen results in
compensatory upregulation of another cysteine cathepsin,
i.e., cathepsin X/Z, on the membranes of the mammary cancer
cells [45]. Unlike the other cysteine cathepsins, cathepsins B
and X/Z have carboxypeptidase activity so these results sug-
gest a critical function for exopeptidase cleavage on the cancer
cell membrane. Further studies using the polyoma middle T

model to determine the effects of single or double knockout of
the two cysteine cathepsins have shown that cathepsin B can
compensate for the loss of cathepsin X/Z, which is exclusively
a carboxypeptidase [46]. In contrast, cathepsin X/Z cannot
entirely compensate for the loss of cathepsin B, which has
both carboxypeptidase and endopeptidase activities. Thus,
the roles played by cathepsin B in cancer progression and
metastasis seem to require both types of proteolytic activity.

3.2 Acidosis and invadopodia

Increases in a variety of membrane protrusions are induced by
acidosis. Bhujwalla and colleagues [38] reported an increase
in membrane protrusions (defined as filopodia) in highly met-
astatic human breast cancer cells maintained in 2D culture at
an acidic extracellular pH. They speculated that exocytosis of
lysosomal proteases occurs in the filopodia. They did not ex-
amine the breast cancer cells for invadopodia, ventral protru-
sions originally observed in 2D culture and associated with
focal proteolysis of extracellular matrices (Fig. 2). Gould and
Courtneidge [47] in a detailed review describe how acidosis,
as well as various other aspects of the tumor microenviron-
ment, affects the formation of invadopodia as well as func-
tions of the invadopodia. McNiven [48] proposed that
filopodia and invadopodia are invasive cell structures that
are part of a Bdynamic and distinct, but remarkably related^
group that also includes lamellipodia, focal adhesions, and
podosomes. He hypothesizes that all of these structures form
a dynamic and multi-purpose invadosome that degrades the
extracellular matrix. Others [49, 50], however, restrict the term
Binvadosome^ to designate podosomes in normal cells and
Binvadopodia^ to cancer cells. There is not yet consensus on
either terminology or the in vivo equivalent of podosomal and
invadopodial structures observed in 2D cultures.

Three classes of proteases have been localized to
invadopodia: MMPs, serine proteases, and cysteine proteases.
In v-Src-transformed fibroblasts, Tu et al. [51] have observed
trafficking of lysosomes to invadopodia and secretion of the
cysteine protease cathepsin B in parallel with increases in
degradation of extracellular matrices. Kryczka et al. [52] have
made similar observations in colon cancer cells engineered to
overexpress Snail, an inducer of the epithelial tomesenchymal
transition. In their studies, they found increases in expression
and activity of cathepsin B in invadosomes and they propose
that cathepsin B participates in invasion of the colon cancer
cells by activating zymogens ofMMPs. The pH optima for the
two proteolytic activities of cathepsin B are acidic with that for
the carboxydipeptidase activity more acidic than that for the
endopeptidase activity [53]. The elegant studies by Busco
et al. [54] show that the peri-invadopodial space of breast
cancer cells is acidified by NHE1, a Na+/H+ exchanger iso-
form, which would be consistent with a local environment that
enhances cathepsin B activity. Indeed, we have demonstrated
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in the same breast cancer cell line, i.e., MDA-MB-231, that an
acidic pericellular environment dramatically increases the
ability of cathepsin B to degrade the basement membrane
protein type IV collagen [55]. Busco et al. [54] found that
epidermal growth factor increases NHE1-dependent acidifica-
tion and proteolysis in the MDA-MB-231 breast cancer cells,
a finding similar to the observations by Cardelli and col-
leagues in prostate cancer cells although not linked to
invadopodia in those cells [43]. Further analyses of
invadopodial proteolysis in the MDA-MB-231 breast cancer
cells [56] have established a close physical and functional
association of NHE1 with cathepsin B and two MMPs,
MMP-2 and MMP-9; NHE1-induced acidification and secre-
tion of the three proteases; and acidification-enhanced prote-
olysis by all three proteases. Thus, acidosis has a direct effect
on invadopodia-associated proteolysis in that it increases pro-
tease activity and an indirect effect in that it induces secretion
of proteases.

3.3 Acidosis and trafficking
of exosomes/microvesicles

Cancers have been reported for > 40 years to shed membrane
vesicles both in vitro and in vivo [57–59]. The vesicles identified
in those early studies had both platelet-aggregating [57] and
procoagulant [58, 59] activities, the former shown to be induced
by cathepsin B [60]. Lyden and colleagues have published a
comprehensive review on the extracellular vesicles, including
exosomes, secreted by cancer cells (see [61]), which discusses
the critical roles played by exosomes in communication among
cancer cells as well as communication between cancer cells and
cells that infiltrate into the tumor microenvironment.

Exosome trafficking in cancer cells is increased by acidosis
[62] as is lysosome trafficking in cancer cells (see above).
Secretion of exosomes and their uptake and transfer of exosomal
cargo have been found to be increased in melanoma cells grown
in an acidic microenvironment. This acidic tumor microenviron-
ment also increases the stability of the secreted exosomes, facil-
itating transfer of cargo and cell:cell communication [63]. One
intriguing exosome cargo that is transferred is caveolin-1, a pro-
tein that has been shown to be either a tumor suppressor or
promoter; most literature supports the concept that high expres-
sion of caveolin-1 in the stroma acts as a tumor suppressor (for
review, see [64]). In contrast, in cancer cells, caveolin-1 expres-
sion is heterogeneous and has been demonstrated to function as
either a tumor promoter or a tumor suppressor. This can depend
on the type of cancer or the stage of an individual cancer. Studies
in melanoma cells found that exosome uptake delivers caveolin-
1 to less aggressive cells in concert with an increase in malignan-
cy of these cells [65]. Caveolin-1 is thus acting as a tumor pro-
moter in this context.

Exosomes have been implicated in intratumoral heteroge-
neity in part due to the transfer of metastatic molecules. In

colon cancers, the uptake of exosomes from metastatic cells
by non-metastatic cells results in a more aggressive pheno-
type, mediated by the serine protease thrombin [66].
Thrombin induces platelet aggregation, linking this recent ob-
servation on exosomes to the early reports on membrane ves-
icles shed from cancer cells. Acidosis is also linked to the
transfer of metastatic molecules. Exosomes secreted by mela-
noma cells exposed to an acidic microenvironment increase
migration and invasion of melanoma cells that were not ex-
posed to an acidic microenvironment [67].

3.4 Acidosis and caveolae

Caveolae, originally observed in 1953 by George Palade in
endothelial cells using electron microscopy [68], are flask-
shaped invaginations that line the plasma membrane of most
cells (for review, see [69]). Their structure is maintained by
two main proteins, caveolin and cavins, which form a coat
around the invaginated membrane. The literature on caveolae
as well as that on caveolin-1, the main structural component of
caveolae in cells other than skeletal muscle, is contradictory.
Caveolae are often defined as specialized lipid rafts; however,
Nichols [69] contends in recent reviews that caveolae are
Blikely to be entirely distinct from rafts^ and rather than static
invaginations of the membrane, they are dynamic structures
that protect cells from mechanical stresses. Despite being de-
scribed > 60 years ago, the functions of caveolae are still
widely debated [70]. Roles in endocytosis have been postulat-
ed as have roles in signal transduction. The latter would be
consistent with the reported presence of a variety of growth
factor receptors in caveolae.

Receptors for proteolytic networks also co-sediment in
caveolar fractions, suggesting that caveolae may function to
localize proteolytic activity to specific regions on the cell sur-
face. These receptors include plasminogen receptors such as
S100A10 of the annexin II heterotetramer [71–73] and
enolase-1 [74], plasminogen activator receptors [75–77], and
the cathepsin B binding protein S100A10 [78]. Plasminogen
and plasminogen activators are part of a cell surface proteo-
lytic network initiated by cathepsin B that can lead to ovarian
cancer cell invasion [33], activation of latent TGF-β by breast
cells [79], and degradation of collagen IV and invasion by
colon cancer cells [80]. In the latter study, downregulation of
caveolin-1 reduced urokinase plasminogen activator, β1-
integrin, cathepsin B, and S100A10 in caveolae as well as
invasion and collagen IV degradation. Plasminogen activators
activate plasminogen to plasmin, which in turn activates
MMPs, growth factors, and cytokines and cleaves the trans-
membrane molecule CUB domain-containing protein 1 to in-
duce outside-in signal transduction (for review, see [81]). This
proteolytic network is linked to acidosis. Enolase-1, in addi-
tion to binding plasminogen, is a glycolytic enzyme associated
with the Warburg effect [82], and urokinase plasminogen
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activator and its receptor have been shown to regulate aerobic
glycolysis in melanoma cells in part through enolase-1 [83].
The Warburg effect in the melanoma cells involves a uroki-
nase plasminogen activator receptor and epidermal growth
factor receptor connection mediated by α5β1 integrin and
leading to the activation of PI3K/AKT/mTOR signaling. A
possible mechanism for acidification by caveolae and associ-
ated enhancement of proteolysis and invasion is the co-
localization in caveolae of breast cancer cells of NHE1 and
NaV1.5 sodium channels resulting in increased H+ efflux in
parallel with increased invasiveness [84].

There is an emerging consensus that the function of cave-
olae is protective with caveolae being removed by endocytosis
or disassembly and degradation in response to stresses on the
plasma membrane [85]. Interestingly, caveolae were first ob-
served to be dynamic rather than static structures > 40 years
ago in a study by Dulhunty and Franzini-Armstrong [86] in
skeletal muscle cells. Other functions for caveolae however
are supported by literature demonstrating that caveolin-1
binds a variety of proteins, thus potentially localizing them
to caveolae. This is controversial as some studies have shown
that the putative binding site in the scaffolding domain of
caveolin-1, which was identified in the purified protein, would
not be accessible when caveolin-1 is integrated into the plas-
ma membrane (for discussion, see [69, 70]). Nevertheless,
downregulation of caveolin-1 does alter the localization of
many of the proteins shown to be associated with caveolae,
as we have shown for cathepsin B, which cosediments in
caveolar fractions but does not bind to caveolin-1 [80].
Nwosu et al. [87] address some of the controversies surround-
ing caveolin-1 in cancer and propose roles in various types of
cell metabolism. Many of the earlier studies on caveolae and
caveolin-1 in cancer will need to be reassessed in light of the
evidence for these structures serving as membrane sensors. In
this regard, Shin et al. [88] have shown that membrane recep-
tors localized to caveolae are protected from fluid shear stress,
linking roles for caveolae as membrane protectors and sites of
signal transduction.

4 Acidosis and extracellular proteolysis
by cancer-associated cells

Stromal and inflammatory cells that infiltrate into cancers
in vitro have long been known to contribute to what is desig-
nated as cancer proteolysis; e.g., stromal cells contribute ma-
trix MMPs and inflammatory cells contribute cysteine cathep-
sins (for review, see [23, 89]). Acidification of the microenvi-
ronment surrounding cancers enhances proteolysis and inva-
sion [28, 90]. There are, however, relatively few studies that
have examined links between acidosis and proteolysis in
cancer-associated cells. Dolo and colleagues [91] have studied
microvesicles (not further defined) that are shed by ovarian

cancer cells for their ability to increase the invasiveness of
endothelial cells. MMP-2 and MMP-9 are found in the shed
vesicles and, when the shed vesicles are exposed to an acidic
pH, they induce endothelial cell invasion. This corresponds to
an increase in activities of the two matrix metalloproteinases,
which is mediated by cathepsin B in the shed vesicles. Note
that, in these studies, the shed vesicles rather than the ovarian
cancer cells were exposed to an acidic microenvironment.
These studies are consistent with acidosis affecting proteolytic
pathways in cancer-associated cells as well as those in cancer
cells but are not definitive.

Cancer-associated fibroblasts (CAFs) are linked to a glyco-
lytic phenotype that is induced by interactions with cancer
cells; this has been termed the Breverse Warburg effect^ by
Lisanti and colleagues [92]. The CAFs in this case exhibit
three characteristics: (1) increases in myofibroblast markers,
(2) aerobic glycolysis with concomitant increases in glycolytic
enzymes, and (3) loss of caveolin-1. This phenomenon has not
been directly linked to changes in proteolysis. A Breverse
Warburg effect^ has been shown by Dhanasekaran and col-
leagues [93] to occur in response to interactions between ovar-
ian cancer cells and fibroblasts. In this study, in which normal
fibroblasts were incubated with media conditioned by ovarian
cancer cells, induction of a glycolytic phenotype in the fibro-
blasts preceded induction of a CAF phenotype. This could be
mimicked by lysophosphatidic acid, a bioactive phospholipid
that has been implicated in cancer [94]. Lysophosphatidic acid
has been shown to induce protease secretion and activation
and invasion of cancer cells [95–97], providing a possible link
between acidosis, extracellular proteolysis, and cancer-
associated stromal cells.

5 Conclusions

Pericellular acidification in cancers has been termed a perfect
storm that enhances processes integral to malignant progres-
sions such as proliferation, invasion, and metastasis. These
processes are mediated in part by proteolytic networks, yet
few studies of proteolysis in cancer have examined how
pericellular acidification might affect degradative phenotypes.
There is a precedent for pericellular acidification increasing
degradation, most notably in bone resorption by osteoclasts,
which is associated with changes in trafficking of lysosomes
and changes in degradation-associated structures in the plas-
ma membrane of osteoclasts. Similar changes occur in cancer
cells in response to pericellular acidification and, as in osteo-
clasts, result in increases in proteolysis. The changes in cancer
cells include increases in exocytosis of lysosomes and secre-
tion of lysosomal proteases, increases in the formation of
invadopodia, and increases in the secretion of exosomes/
microvesicles. There is also an association of caveolae with
acidosis and proteolysis, but there are a number of
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controversies in the field of caveolae and caveolin-1 that need
to be addressed to confirm an involvement in acidosis-
associated proteolysis. Although many of the proteases linked
to Btumor proteolysis^ are derived from cells that have infil-
trated into the cancers rather than the cancer cells themselves,
there is not yet any direct evidence that acidosis affects extra-
cellular proteolysis either by cancer-associated cells or
resulting from interactions between cancer cells and cancer-
associated cells.
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