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Post-translational modifications of the extracellular matrix
are key events in cancer progression: Opportunities for
biochemical marker development
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Abstract

The aim of this review is to discuss the potential usefulness of a novel class of biochemical markers, designated
neoepitopes. Neoepitopes are post-translational modifications (PTMs) of proteins and are derived by processes,
such as protease cleavage, citrullination, nitrosylation, glycosylation and isomerization. Each PTM results from a
specific local physiological or pathobiologial process. Identification of each modification to a tissue-specific protein
may reveal a unique disease-specific biochemical marker. During cancer metastasis, the host tissue is extensively
degraded and replaced by cancer-associated extracellular matrix (ECM) proteins. Furthermore, severe cellular stress
and inflammation, caused by cancer, results in generation of PTMs, which will be distributed throughout the ECM. This
gives rise to release of protein-specific fragments to the circulation. Here we highlight the importance of remodeling
of the ECM in cancer and the generation of PTMs, which may be cancer specific and reflect disease progression; thus

having potential for biochemical marker development.
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Introduction

The ability of a tumor to successfully metastasize to a
new location depends largely on the composition of
the extracellular matrix (ECM) of the tissue in which
a tumor is growing or the site of metastasis. Mintz and
colleagues showed that the normal mouse embryonic
tissue microenvironment could repress expression of the
tumor phenotype (Mintz & Illmensee, 1975; Dolberg &
Bissell, 1984). To maintain healthy tissue, the ECM must
regenerate itself by normal remodeling. Old or damaged
proteins are broken down in a specific sequence of pro-
teolytic events and replaced by new proteins. However,
during pathological conditions, such as cancer, fibrosis
and inflammation, the delicate repair-response balance
is disturbed (Schuppan et al. 2001; Ingber, 2008). The
original proteins of the ECM are replaced by different
matrix constituents and consequently the composition
and quality of the matrix is altered. During cancer propa-
gation, the ECM may be stiffened and this can actually
enhance tumor cell migration, which has been observed

using intravital imaging along type I collagen fibers adja-
cent to invading breast cancer cells (Condeelis & Pollard,
2006; Ingman et al. 2006).

During pathological remodeling of the ECM, exces-
sive levels of tissue- and pathology-specific turnover
products are released into the circulation and these may
be targeted as biochemical markers. Turnover prod-
ucts holding these PTM modifications are released into
the circulation during progression of cancer, and are
referred to as neoepitopes. Neoepitopes are a special
class of post-translational modifications (PTMs) and are
defined as modifications made secondary to translation
of the protein into the peptide sequence from mRNA.
Thus, most PTMs are not DNA coded, but are rather a
consequence of tissue physiology and pathophysiology
(Cloos & Jensen, 2000; Cloos & Christgau, 2004). PTMs
may be derived from processes, such as aging (amino
acid isomerization), citrullination, protease degrada-
tion and glycosylation (Cloos & Jensen, 2000; Cloos
& Christgau, 2004). Protease-generated neoepitopes
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Abbreviations

ADAMTS  adisintegrin and metalloproteinase with a
thrombospondin type 1 motif

AGE advanced glycation/glycosylation endproduct

BIPED burden, investigatory, prognostic, efficacy and
diagnostic

BMD bone mass density

CCP cyclic citrullinated peptide

CRP C-reactive protein

CTX-1 C-terminal telopeptide of type I collagen

CTX-1I C-terminal telopeptide of type II collagen

CVD cardiovascular diseases

DPD deoxypyridinoline

ECM extracellular matrix

ECMR ECM remodeling

JSW joint space width

MMP metalloproteinase

OA osteoarthritis

(0] osteoporosis

PIIANP type IIA procollagen N-terminal peptide
PADs peptidylarginine deiminases

PTM post-translational modifications

PYD pyridinoline

RA Rheumatoid arthritis

ROS reactive oxygen species

SERM selective estrogen receptor modulator

have, to date, received more attention than other PTMs.
However, potentially important PTMs that are believed
to be specific for cancer and other pathological condi-
tions have recently been identified (Cloos & Christgau,
2004; Karsdal et al. 2010).

Recent studies suggest that PTMs may not only be
useful biomarkers for early detection of malignant
tumors, but they may also contribute to abnormal cellu-
lar proliferation, adhesion characteristics and morphol-
ogy (Krueger & Srivastava, 2006) and may cause many
of the differences between normal and cancer tissue
(Marx, 2004; Bosques et al. 2006; Krueger & Srivastava,
2006; Spickett et al. 2006; Hanash et al. 2008; Sawyers,
2008). Thus, PTM profiles may be used as “biochemical
footprints” for detecting and verifying the function and
activity of key cellular signaling pathways(Marx, 2004;
Bosques et al. 2006; Krueger & Srivastava, 2006; Spickett
et al. 2006; Hanash et al. 2008; Sawyers, 2008).

The aim of this review is twofold. First, it highlights the
importance of the ECM for controlling cell fate. Second, it
will investigate the PTMs applied to the ECM during can-
cer invasion as these may serve as a target for biochemi-
cal marker development.

Function of the ECM

The ECM is a three-dimensional structure that encapsu-
lates the cells and define the cellular microenvironment
(Aumailley & Gayraud, 1998). It consists of a meshwork
of proteins to which soluble factors, such as growth fac-
tors and cytokines, can bind. There are two main types of
ECM. The first is the basement membrane (BM), which
interacts directly with the epithelium and endothelium,
and it is composed of primarily of collagen IV, laminins,
entactin/nidogen and heparan sulfate proteoglycans
(e.g., perlecan; Figure 1; Yurchenco & Schittny, 1990).
The second type is the interstitial matrix, which makes
up the bulk of the ECM in the body. The interstitial matrix
consists of many collagens including types I and III, which
together with fibronectin contribute to the mechanical
strength of the tissue (Kozaci et al. 1997; Li et al. 2004).
The interstitial matrix additionally consists of tenascin

and proteoglycans that provide tissue hydration, enable
binding of growth factors and cytokines to the tissue, and
cross-link the matrix to enhance its integrity (Bosman &
Stamenkovic, 2003).

Although originally considered as merely a support
system for the cells within the tissue, the ECM is now rec-
ognized as a central regulator of cell and tissue behavior
via transmembrane signaling (Dolberg & Bissell, 1984;
Bissell & Aggeler, 1987; Lochter & Bissell, 1999; Bissell &
Radisky, 2001; Radisky & Bissell, 2004). While the basic
characteristics and composition of the BM and inter-
stitial matrix are constant across tissues, variations in
ECM components, such as protein isoform expression
and PTMs, contribute to differences in ECM organiza-
tion and structure and ensure tissue specificity (Cloos
& Christgau, 2004). Matrix components and PTMs, such
as glycosylation and cross-linking, significantly affect
the mechanical properties of the ECM, including its vis-
coelasticity or stiffness. Both the stiffness and topology
(three-dimensional appearance) of the ECM regulate the
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Figure 1. The molecular structure of a typical basal lamina.
The basal lamina (A) is formed by specific interactions between
the proteins type IV collagen, laminin, and entactin plus the
proteoglycan perlecan (B). Arrows in (B) connect molecules that
can bind directly to each other. Figure 1 drawn by Suzi Hogh
Madsen, Nordic Bioscience.
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growth, remodeling, differentiation, migration and phe-
notype of a wide variety of cell and tissue types (Paszek
etal. 2005).

ECM in cancer-related upregulation of tissue
turnover

The ECM not only maintains the three-dimensional
structure of tissues and organs, but also plays critical
roles in cell proliferation, differentiation, survival and
motility. The architecture of tumor-associated ECM is
fundamentally different from that of the normal tissue
stroma (Clarijs et al. 2003). As an example, type I colla-
gen is situated parallel to the epithelial cells in healthy
tissue, but is less organized in the stroma surrounding a
metastasized tumor (Ruiter et al. 2002). These changes to
the ECM of the stroma promote transformation, tumor
growth, motility and invasion, enhance cancer cell sur-
vival, enable metastatic dissemination, and facilitate
the establishment of tumor cells at distant sites (Ruiter
etal. 2002). Matrix degradation can additionally promote
malignant progression and metastasis.

ECM components and remodeling enzymes are ele-
vated in the circulation in cancer patients (Yu et al. 1997;
Winding et al. 2002). Cancer is a disease caused by the
disregard of essential rules governing how cells should
organize in a stable manner within the tissue of all living
beings. Uncontrolled cell growth is necessary for cancer
formation. Such growth becomes self-directed, leading to
a disorganization of the normal tissue architecture which
is known as “neoplastic transformation.” More than
90% of malignant tumors are epithelial tumors (Ingber,
2008), occurring where there is a collapse in the bound-
ary between the epithelial and connective tissues that
encompass a given organ. Interruption of these tissue
boundaries enables cancer cells to enter nearby blood
vessels or the lymph node system, thus spreading or
“metastasizing” to remote organs resulting in multiorgan
failure and death. These processes affect the ECM as well
as the proteases, cells and proteins found in the ECM.
As illustrated in Figure 2, cancer cell metastasis results
in extensive ECM remodeling resulting in the release of
matrix components, neoepitopes, into the circulation.

Proteases

Metalloproteinases (MMPs)

MMPs are a large family of proteases which include the
stromelysins (MMP-3 and -10), collagenases (MMP-1, -8
and-13), gelatinases (MMP-2 and -9), matrilysins (MMP-7
and -26) and the membrane-type MMPs (MMP-14, -15,
-16, -17, -24 and-25; Roycik et al. 2009). These MMPs are
able to degrade almost all components of the BM and
ECM. In tumors, the stringent control of MMP expression
and activity is lost (Strongin, 2006), resulting in extensive
overexpression of a range of MMPs (Lochter et al. 1997).
MMPs are involved in cancer progression by cleavage of
the ECM, thus releasing several molecules embedded in
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the ECM. The released molecules can inhibit apoptosis
and enable cell invasion into the tissue (Sternlicht &
Werb, 2001). MMPs also support angiogenesis and alter
immune responses, blocking immune surveillance, with
the overall effect of stimulating tumor growth (Overall
& Lopez-Otin, 2002). The tissue inhibitors of metallo-
proteinases (TIMPs) either directly inhibit the activity
of MMPs by forming tight, noncovalent inhibitory com-
plexes with them, or control the activation process itself
(Duffy, 1996). A tight equilibrium between MMPs and
TIMPs is essential for normal tissue function; however
during cancer growth and metastasis, this is disrupted. It
is not only through degradation of the ECM that invasion
of cancer cells is promoted, also ECM degradation itself
results in the release of embedded growth factors, such as
vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF), which stimulate angiogenesis and
tumor growth. These growth factors are also implicated
in the synthesis and release of collagenases and in the
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Figure 2. Schematic representation of the generation of
neoepitope markers. (A) Cancer cells invade the matrix by
expression of a battery of proteolytic enzymes. These enzymes
degrade the ECM, releasing smaller fragments of protein from the
ECM into the circulation. In addition the cancer cell produce a
range of proteins that are sequestered in the matrix (B) Schematic
representation of the design and origin of an optimal biomarker.
The overlapping area in the circles represents the common
denominator of biomarkers, which is needed to obtain tissue
specificity and sensitivity. Different cancer cells predominantly
express given proteases, while different tissues contain signature
proteins. By carefully examining these relationships, a biomarker
may be designed, for example, a cancer cell expressing MMP-9,
metastasizing to a tissue with signature proteins, that is, basement
matrix with type IV collagen. Thus, an MMP-9 fragment of type
IV collagen may provide a possible biochemical marker of the
initiation and progression of that given cancer cell type in that
tissue.
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additional release of the urokinase form of plasminogen
activator (uPA) by the endothelial cells of blood vessels
surrounding the tumor, thus upregulating both the pro-
teolytic flow and angiogenesis (Blood & Zetter, 1990).

MMPs related to tumors are produced by the tumor
cells as well as by a variety of tumor-associated stromal
cells, including fibroblasts, smooth muscle, and vascular
cells, and also by cells of the immune system (Egeblad
& Werb, 2002). Increased expression of MMPs is predic-
tive of tumor aggressiveness, metastasis and low patient
survival in lung, prostate, stomach, colon, breast, ovary,
pancreatic, and oral squamous cell cancers (Yoshida
et al. 2001; Kerkela & Saarialho-Kere, 2003; Mook et al.
2004; Jones et al. 2004; Katayama et al. 2004; Morgia
et al. 2005; Illman et al. 2006; Somiari et al. 2006; Tetu
et al. 2006; Liu et al. 2007; Wu et al. 2007). Irregular over-
expression of MMPs has also been linked to metastasis
of tumor cells in cancers including those of breast (Wolf
et al. 1993; Freije et al. 1994), colon (Newell et al. 1994)
and lung (Muller et al. 1991). It is noteworthy that there is
not a single MMP that is consistently overexpressed in all
tumor types, nor has aregular pattern of MMP expression
been seen among the variety of human cancers (Kerkela
& Saarialho-Kere, 2003). The expression of MMPs in can-
cer tumors mirror fundamental tissue heterogeneity, as
various tumors express different subsets of ECM compo-
nents, cell surface receptors, and cell tissue interactions.
Nevertheless, is has been reported that MMP-1, -2, -3, -7,
-9, -11 and MT1-MMP (MMP-14) are frequently overex-
pressed in many human tumors (Orlichenko & Radisky,
2008).

Cathepsins

Cathepsins are proteases which act on a wide range of
ECM components, including proteoglycans and col-
lagens. Cathepsins play a role in cancer invasion due
to their ability to activate uPA (Kobayashi et al. 1991).
During normal conditions cathepsins are controlled
by their endogenous inhibitors; the cystatins super-
family of protease inhibitors (Calkins & Sloane, 1995).
Modifications in the cathepsin versus inhibitor ratio
are possibly involved in tumor progression and have
been reported in numerous human cancers. Cathepsins
degrade the ECM to facilitate growth and invasion into
surrounding tissue and vasculature (Jedeszko & Sloane,
2004). In the literature, there is evidence of their func-
tional role in tumor growth, migration, invasion, angio-
genesis and metastasis (Mohamed & Sloane, 2006). It has
been shown that the levels and localization of cathepsins
and their inhibitors may be of diagnostic and prognostic
value in many types of cancer (Jedeszko & Sloane, 2004;
Mohamed & Sloane, 2006).

ECM proteins

The ECM does not only act as a barrier but it also serves
as a passive and active substrate for migrating cells. It
presents signaling functions itself and acts as a protein

deposit. Thus the ECM is associated with a large number
of proteins some of which are implicated in cancer pro-
gression and therapy response which may play an impor-
tant role in cancer prognosis.

The ECM contains collagen types I and III, galectins,
proteoglycans such as heparin sulphate and hyaluronic
acid, and glycoproteins such as fibronectin, fibulins, and
tenascin C. Collagen type IV, laminin, entactin, and cer-
tain proteoglycans are distinctively localized in the BM
which divide organ parenchymal cells from the intersti-
tial stroma (Figure 1; Van et al. 2000). In relation to tumor
growth, the fibrillar collagens (types I, II, III, V and IX)
normally have a low turnover but their metabolism is
increased during the ECM remodeling that characterizes
tumor evolution (Tlsty & Coussens, 2006).

Collagen type I is the most abundant protein of the
interstitial ECM, which is composed of two a1 chains and
one a2 chain that pack together into thin fibrils. Cross-
linking of collagen with other proteins is mediated via
lysyl oxidase (LOX). The glycoproteins fibronectin and
tenascin C modulate the integrin-mediated adhesion of
cells to other ECM proteins, for example, collagens, and
play as such a key role in cancer invasion. A single gene
encodes fibronectin but alternative splicing allows for-
mation of multiple isoforms from which some are tumor
specific (Kaspar et al. 2006). The fibulins, Galectin-1
and Fibulin-1 function as intramolecular bridges in the
organization of ECM supramolecular structures, such
as elastic fibers and basement membranes(Gallagher
et al. 2005). Galectin-1 and Fibulin-1 can bind ECM
components, that is, laminin, fibronectin, and therefore
modify the adhesive properties of cancer cells (Gallagher
et al. 2005; Rabinovich, 2005; Camby et al. 2006). The
proteoglycan, heparan sulphate, is a core protein in the
network of macromolecules representing the ECM. The
side chains of heparan sulphate are cleaved off by hepa-
ranase, an endoglucuronidase, resulting in fragments
of 5-7kDa in size (Vlodavsky et al. 2006). As a result, the
integrity of the ECM is affected, and proinflammatory,
proangiogenic and prometastatic factors from the ECM
are released (Vlodavsky et al. 2007).

Indeed, the synthesis, concentration and circulating
levels (serum concentration) of degradation products of
type I collagen have been proven to be increased during
breast, bone, lung, ovarian, prostate and skin malignancy
(Zhu et al. 1995; Santala et al. 1999; Ylisirnio et al. 1999;
Ylisirnio et al. 2001; Jussila et al. 2004; Parikka et al. 2005).

Matrix composition affects cell phenotype

The importance of matrix stiffness in tissue-specific dif-
ferentiation is exemplified by the fact that cells grown
as monolayers (two dimensional: 2D) on top of either
a plastic substrate or a glass cover slip, with or with-
out ECM ligand, fail to assemble the same tissue-like
structures as those growing in normal ECM (3D). Cells
growing on plastic or glass are also unable to express
differentiated proteins upon stimulation (Paszek et al.
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2005), or respond to growth factors or protease inhibitors
in the same way as cells growing in a three-dimensional
setting (Karsdal et al. 2002). These phenotypic disparities
can be explained, in part, by the fact that living tissues
in 3D emit biological signals that may be read by specific
integrins, but this signaling is nonexistent in 2D substrata
such as tissue-culture plastic. Another illustration of this
phenomenon is that when epithelial cells and melano-
cytes are grown in a 3D ECM microenvironment, they
assemble into tissue-like structures and express differ-
entiated proteins when given the correct soluble stimuli
(Haass et al. 2004). Neither behavior is seen when the
same cells are cultured on 2D plastic substrata.

The architecture of the interstitial tissue matrix in vivo
also differs substantially from that found typically in tis-
sues cultured on plastic, and this too can have dramatic
effects on cell behavior (Karsdal et al. 2002). For instance,
osteoblasts grown on plastic in 2D do notrely on MMPs for
survival, whereas osteoblasts embedded in an interstitial
matrix, such as 3D type I collagen, are critically dependent
for their survival on MMP-activation of latent TGF-beta
(Karsdal et al. 2002). Thus, the matrix architecture is cru-
cial to the phenotype and survival of cells. Interestingly,
the orientation of collagen fibers can critically regulate
cell and tissue behavior (O’Brien et al. 2001; Pedersen &
Swartz, 2005; Pedersen et al. 2010). This 3D contextual
information is lost when cells are grown in 2D.

Varying components of the ECM also influence the
ability of the matrix to regulate cell and tissue behavior.
The ECM transmits signals through various specialized
cell-membrane receptors including integrins, Discoid
Domain Receptors (DDRs) and syndecans(Hynes, 2002,
2003, 2004, 2007, 2009). Integrins are an excellent model
on how an altered ECM could promote tumor progres-
sion. Integrins consist of 24 distinct transmembrane het-
erodimers that relay cues from the surrounding ECM to
regulate cell growth, survival, motility, invasion and differ-
entiation (Hynes, 2002, 2003, 2004, 2007, 2009). They are
able to interact with the ECM externally, with cytoplasmic
adhesion plaque proteins and the cytoskeleton intracel-
lularly to influence cell behavior. Integrin-ECM interac-
tions regulate cell fate by activating multiple biochemical
signaling circuits and altering cell shape (Clark & Brugge,
1995; Clark et al. 1998). This occurs either through direct
interactions between ECM receptors and actin-linked pro-
teins or cytoskeletal reorganization induced by activating
cytoskeletal remodeling enzymes, such as RhoGTPases
(Clark & Brugge, 1995; Clark et al. 1998).

This section highlights that the composition of the ECM
affects the phenotype of cells though specific receptor-
mediated interactions. Certain ECM compositions and
structures results in contexts-dependent response to given
stimuli, which is absent in other experimental settings.

PTMs in the ECM

PTMs are modifications to the composition or structure
of proteins, which are noncoded, and unique parts of
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a molecule know as neoepitopes (Karsdal et al. 2010).
Pathologically relevant protein modifications are not
restricted to protease activity, although the subpopula-
tion of neoepitopes generated through this mechanism
may be of paramount importance. Figure 3 depicts a
handful of different types of PTMs. Some have been
identified and used as biochemical markers as a measure
of the disease activity (Karsdal et al. 2009), and also as
contributions to disease process(Karsdal et al. 2010), as
they change the functionality of the proteins.

Today, it is well established that PTMs can uncover
cryptic epitopes and/or create novel epitopes, that may
initiate autoimmune reactions (Cloos & Christgau,
2004). Antigenicity and interactions of proteins with
components of the immune system are possibly affected
by PTMs, and modified self-antigens may be nontoler-
ated during early T-cell selection and trigger reactions
by the immune system. In turn, this may play a role in
the initiation and pathogenesis of autoimmune diseases
(Takahashi et al. 1997; Chen et al. 1998; Miyata et al.
1998; Cloos & Jensen, 2000; DeGroot et al. 2001; Ahsan
et al. 2003; Saudek & Kay, 2003; Cloos & Christgau, 2004;
Senolt et al. 2005; Yoshida et al. 2005; Kurien & Scofield,
2006; Sheikh et al. 2007; Griffiths, 2008; Choi & Lim, 2009;
Kralev et al. 2009; Schwartz et al. 2009; Sjoberg & Bulterijs,
2009; Yamamoto et al. 2009). These PTMs may be both
early markers as well as pathological events leading to
cancer and chronic inflammation (Marx, 2004; Tlsty &
Coussens, 2006; Riehl et al. 2009; Schetter et al. 2010).
Regardless of whether PTMs are the chicken or the egg,
the examples presented in this paper further emphasize
that PTMs are relevant markers of cancer pathogenesis.
Assays developed to detect neoepitopes may aid the
understanding of the temporal events leading to PTMs
and their role in disease mechanisms. In the following
section, some of these PTM are described.

Cross-linking

Cross-linking, depicted in Figure 3A, plays an important
role in the ECM meshwork and thereby in tissue integ-
rity. Cross-linking between different ECM components
or between different protein chains can result from enzy-
matic and nonenzymatic pathways. Enzymatic cross-
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Figure 3. Different PTMs: (A) Cross-linking occurring between
proteins/protein chains; (B) Hydroxylation of prolines (oxidation);
(C) Nitrosylation of tyrosines (oxidation); (D) Protease-generated
fragments creating free ends; (E) Isomerization of aspartate
changing the peptide conformation; (F) Glycosylation generating
sugar chains; (G) Citrullination of arginine.
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linking is often processed by the enzyme LOX, which has
been shown to promote the linearization of interstitial
collagens, stiffing the tissues, and thus leads to neo-
plastic progression of tumor cells (Erler et al. 2006; Kass
et al. 2007; Erler & Weaver, 2009; Levental et al. 2009).
Interestingly, this matrix stiffness was associated with dif-
ferent phenotypes and enhanced mechanoresponsive-
ness of the epithelium (Erler et al. 2006; Erler & Weaver,
2009). This highlights that PTM plays an important part
in both the initiation and progression of metastasis.

Within both the bone and cartilage, field assays
have been developed using antibodies very specific for
protease-cleaved sites in type I collagen (Rosenquist
et al. 1998) and type II collagen (Oestergaard et al. 2006),
respectively. These assays also assess the cross-linking
between the lysines in the epitopes assesses by the anti-
body. These assays have proven valuable for the evalu-
ation of bone- and cartilage-related diseases (Schaller
et al. 2005). CTX-II for cartilage is thoroughly described
in the section “Protease generated neoepitopes” in
this paper. CTX-I is an 8-amino acid fragment from the
C-telopeptide of type I collagen generated by cathepsin
K activity and the rate of its release from bone is a useful
reflection of the resorbing activity of osteoclasts (Bone,
1992) thus being useful for the evaluation of treatment
efficacy in, for example, osteoporosis (OP; Leeming et al.
2006a). The CTX epitope contains an aspartyl-glycine
motif (DG) that is prone to spontaneous isomerization.
In other words, EKAHD(a)GGR epitopes are released
during degradation of newly synthesized type I colla-
gen, whereas EKAHD(B)GGR epitopes are released from
matured collagen type I. It has been established that
the a/f ratio is a useful measure of the age of bone tis-
sue (Byrjalsen et al. 2008; Karsdal et al. 2008a; Leeming
et al. 2009); the lower is the ratio, the older is the bone
tissue (Fledelius et al. 1997). Resorption rate of newly
synthesized collagen type I can be assessed by specific
immunoassays targeting the detection of oCTX in urine
samples (Cloos et al. 2004). Degradation rate of matured,
isomerized collagen can be estimated by another specific
assay targeting fCTX in both urine and serum samples
(Rosenquist et al. 1998).

Oxidations and hydroxylations

Oxidative damage to proteins is often caused by the
action of free radicals, reactive oxygen species (ROS)
and reactive nitrogen species (RNS) such as hydrogen
peroxide and nitric oxide (NO) generated in cells by the
mitochondrial respiratory chain (Poyton et al. 2009).
Oxidizing PTMs have been implicated in several patho-
logical and healthy tissue turnover processes (Figures
1B and 1C). Although many amino acids can be attacked
by ROS, some seem more likely to undergo oxidation
than others. For example, lysine and proline are read-
ily oxidized to aldehydes; sulfoxidation of methionine;
and nitrosylation of tyrosines (Cloos & Christgau, 2002).
Under normal conditions these ROSs are strictly regu-
lated by antioxidants, such as peroxidases and dimutases

among others (Kowluru et al. 2006). However, under
pathological conditions oxidation may be implicated in
tissue destruction. The role of ROS, in almost all aspects
of cancer initiation and development (Colell et al. 2009;
DeNicola & Tuveson, 2009; Faux et al. 2009; Poyton et al.
2009; Weinberg & Chandel, 2009; Chaiswing & Oberley,
2010; Lu et al. 2010; Schetter et al. 2010) is still debated.
Measurement of specific components of the ECM that
hold these PTMs may be used for both early diagnostic
and prognosis of cancer.

Protease-generated neoepitopes
Matrix remodeling at specific disease stages results in
both elevated levels of, and uniquely modified, proteins.
Endopeptidases, such as MMPs and cysteine proteases,
play major roles in the degradation of extracellular
macromolecules such as collagens and proteoglycans
(Figure 3D). Specific proteolytic activities are a prerequi-
site for a range of cellular functions and interactions with
the ECM resulting in the generation of specific cleavage
fragments. Even though many components of the ECM,
as well as enzymes responsible for remodeling, are pres-
ent in different tissues, the combination of a specific pep-
tidase and specific ECM proteins may provide a unique
combination that elucidates activity in a particular tissue
or a specific disease mechanism.

One often taught example of protease degradation of
a given tissue is that of joint degenerative diseases. Joint
degenerative diseases lead to alterations in the metabo-
lism of the articular cartilage and subchondral bone
(Bailey & Mansell, 1997; Dieppe, 1999; Felson & Neogi,
2004; Anderson-MacKenzie et al. 2005; Karsdal et al.
2008b, 2008c). Cartilage is for the most part composed
of collagen type II, which accounts for 60% to 70% of the
dry weight of cartilage, and proteoglycans accounting
for 10% of the dry weight, of which aggrecan is the most
abundant (Sondergaard et al. 2006). As type II collagen
is the most abundant protein in cartilage, several differ-
ent degradation fragments of collagen type II have been
indicated as useful for monitoring degenerative diseases
of the cartilage (Schaller et al. 2005; Karsdal et al. 2009).
CTX-II is an MMP-generated neoepitope derived from
the C-terminal part of type II collagen (Sondergaard
et al. 2006), and measurement of CTX-II is highly useful
for monitoring degradation of type II collagen in experi-
mental set-ups assessing cartilage degradation (Karsdal
et al. 2007; Karsdal et al. 2008c). Examples of a range
of protease-generated neoepitopes has already been
described in the literature, but they have not been uti-
lized by applied science to produce quantifiable meth-
ods of disease assessment. In the context of bone and
cartilage, collagen types I and II as well as aggrecan are
the most described. Assays detecting a few neoepitopes
that have been developed and are used in both clinical
and preclinical studies were reviewed recently (Qvist
etal. 2010).

Asmany cancers are present in soft tissues of intestines
and BM, identification of neoepitopes from abundant
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proteins from those tissuesmaybe areasonable approach.
To some extent this has been done for ICTP, and MMP-
derived fragment of type I collagen (Ylisirnio et al. 1999;
Simojoki et al. 2001; Ylisirnio et al. 2001; Garnero et al.
2003; Santala et al. 2004). In alignment, a range of bio-
chemical markers based on degradation products of the
ECM may be identified and used in cancer, particularly,
collagen is the interstitial or basement membranes that
are the host tissue for many cancer types. In particular,
the collagen composition of the basement membrane
and interstitial matrix, may be relevant for the develop-
ment of given marker for the ECM remodeling associated
with soft tissue metastasis. This concept is illustrated in
Figure 4.

Isomerization: age of ECM proteins

Proteins containing aspartate (D), asparagine (N), glu-
tamate (E), or glutamine (Q) residue linked to a low-
molecular weight amino acid, such as glycine (G), can
undergo spontaneous nonenzymatic isomerization

Generation of a Cancer Specific double Neoepitope
MMP Degraded Cross-linked Collagen

A Enzyme Protease generated

@)
A g——
Protein — collagen type

Crosslinking of lysines

B

I
c Combined
:
D Sandwich assay detecting double neoepitope

Detection label

1 = Double neoepitope analyte

B Antibody

Figure 4. (A) An enzyme, most likely an MMP, cleaves a collagen
molecules. This generates a cut in the peptide sequence, exposing
an N and C terminal truncated molecule. (B) One of the most
unregulated enzymes in cancer is the lysyl oxidase (LOX). This
enzyme crosslinks the lysines of the collagen chain resulting in a
more stiffened tissue. In the local area of cancers metastasis and
growth, these processes are occurring at a more rapid pace, then
other parts in the body, with increased expression of a range of
proteases, collagen and other enzymes. (C) When an enzyme
cleaves collagen that has been crosslinked by LOX a double
neoepitope is generated. (D) The double neoepitope can be
detected in a sandwich assay by the use of the same antibody as
the catcher antibody and the detection antibody.
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(Cloos & Christgau, 2004). This isomerization introduces
a kink in the conformation of the molecule, as the pep-
tide backbone is redirected from the a-carboxyl group
in the native newly synthesized form to the side chain
[-carboxyl (Fledelius et al. 1997; Figure 3E). Peptides that
contain amino acid isomerizations are often resistant to
proteolysis (Johnson & Aswad, 1990; Cloos & Fledelius,
2000) and this feature affects the procession of anti-
gens for presentation on the major histocompatibility
complex IT (MHC-II) involved in the immune-response
signaling for the production of T-cells and antibodies
(Cloos & Christgau, 2004). In preclinical studies it has
been shown that various known auto-antigens contain
sites prone to deamidation and isomerization involved
in type I diabetes, rheumatoid arthritis, systemic lupus
erythematosus and experimental autoimmune enceph-
alomyelitis (Voorter et al. 1988; Brange et al. 1992;
Mamula et al. 1999; Cloos & Fledelius, 2000; Young et al.
2001). The C-telopeptide collagen type I marker CTX-I
is a marker of bone resorption. It has been shown that
assessment of the nonisomerized epitope (ALPHA CTX-
I) is more sensitive as a marker for bone metastases
secondary to breast and prostate cancer as compared
to the isomerized epitope (BETA CTX-I; Leeming et al.
2006¢). This is due to the high ECMR of collagen type I
in the bone area invaded by cancer cells and thus a high
amount of newly formed nonisomerized collagen type
I is undergoing resorption by osteoclasts in this high-
turnover situation.

Nonenzymatic glycosylation

Nonenzymatic glycosylation is also called the Maillard
reaction, and leads to PTM of proteins, nucleic acids and
lipids (Lapolla et al. 2005; Figure 1F). A common cause of
nonenzymatic glycosylation is increased blood glucose
levels, and accordingly most knowledge about nonen-
zymatic glycosylation arises from studies performed in
diabetics(Lapolla et al. 2005). The marker HbAlc is an
established PTM marker in type II diabetes. Recently,
advanced glycation end products (AGEs) have been
implicated in cancers. The chemical-induced—that is
nicotine—accumulation of AGEs is an inducer of can-
cer (Treweek et al. 2009). Furthermore, the receptor for
AGEs, called RAGE, is currently under intense investiga-
tion as both a marker and an inducer of cancer (Riehl
et al. 2009), linking chronic inflammation and cancer
(Johansen, 2006; Tlsty & Coussens, 2006; Riehl et al. 2009;
Schetter et al. 2010).

Citrullination

Citrullination or deimination is the term used for the
PTM of the amino acid arginine which can transform
into the amino acid citrulline (Figure 1G). The change is
facilitated by peptidylarginine deiminases (PADs; Gyorgy
et al. 2006; Anzilotti et al. 2010). The conversion of argi-
nine into citrulline can have important consequences
for the structure and function of proteins, as arginine
is positively charged at a neutral pH, whereas citrulline
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is uncharged. This increases the hydrophobicity of the
protein, leading to changes in protein folding.

Histone deacetylase 1 (HDACI1) inhibitors are cur-
rently under development for certain cancer diseases,
in particular breast cancer (Krueger & Srivastava, 2006).
Histone lysine and arginine residues are subject to a
wide array of PTMs including methylation, citrullina-
tion, acetylation, ubiquitination, and sumoylation. The
combined action of these modifications regulates critical
DNA processes including replication, repair, and tran-
scription. In addition, enzymes that modify histone lysine
and arginine residues have been correlated with a variety
of human diseases including arthritis, cancer, heart dis-
ease, diabetes, and neurodegenerative disorders (Chang
& Han, 2006; Chang et al. 2009).

Histone methylation plays keyroles in regulating chro-
matin structure and function. The recent identification of
enzymes that antagonize or remove histone methylation
offers new insights into histone methylation plasticity in
the regulation of epigenetic pathways. Peptidylarginine
deiminase 4 (PADI4; also known as PAD4) was the first
enzyme shown to antagonize histone methylation. PADI4
functions as a histone deiminase converting a methy-
larginine residue to citrulline at specific sites on the tails
of histones H3 and H4. PADI4 associates with the HDAC1
(Chang & Han, 2006; Chang et al. 2009; Smith & Denu,
2009).

This highlights this class of PTMs, whether cellular or
noncellular, are key signaling points in the initiation and
pathogenesis of cancer. Importantly, the same protein
modification may both serve as a target for drug develop-
ment and as a biochemical marker target.

An example of a combined aged, cross-linked
and cleaved neoepitope for the evaluation of
bone metastases

The relationship between skeletal tumor load and eleva-
tions in serum or urine levels of ALPHA CTX and seven
other biomarkers related to bone turnover have been
investigated in a pooled group of breast and prostate
cancer patients (Leeming et al. 2006c). Patients were
stratified according to the Soloway score: Score 0 =0
bone metastases; Score 1=<6 bone metastases; Score
2 = 6-20 bone metastases; Score 3=>20 bone metas-
tases; Score 4 =superscan where >75 % ribs, vertebrae
and pelvic bone are infected. In breast cancer patients,
a strong linear association was observed between bone
metastases and all biomarkers except osteoprotegerin
(OPG) and receptor activator of nuclear factor kB ligand
(RANKL) (Figure 5). All six remaining markers were
significantly elevated in patients with Soloway Score 1.
The relative percentage increases in biomarker levels in
the presence of bone metastases was most pronounced
for ALPHA CTX-I, which was elevated by more than
600% at Soloway Score 3. The next highest increases
were in bone-specific alkaline phosphatase (BSAP)
and N-telopeptide of collagen type I (NTX) which

were elevated by 470% and 440% at Soloway Score 3,
respectively. This finding was supported by observa-
tions in prostate cancer patients which showed that of
seven biomarkers, ALPHA CTX-I was the most sensitive
for bone metastases (Garnero et al. 2000). The higher
sensitivity of ALPHA CTX-I could be explained by the
fact that this epitope is released from sites of high bone
remodeling, where collagen fibrils do not have time to
mature and undergo 3-isomerization. Furthermore, the
ALPHA CTX epitope was located by immunostaining in
adjacent sections of bones invaded by breast cancer or
prostate cancer (Leeming et al. 2006b), and at the sites
of high bone remodeling.

Finally, ALPHA CTX has been proven to be more use-
ful for the evaluation of bone metastases in a longitudinal
study of prostate cancer patients than prostate-specific
antigen (PSA) and total alkaline phosphatase (tALP;
Leeming et al. 2008). PSA was elevated in both lymph
node-negative and -positive patients compared to healthy
age-matched controls, while ALPHA CTX was elevated
only in lymph node-positive patients. tALP levels were
similar across the groups. In a second arm of this study,
patients were treated with docetaxel alone or docetaxel
and zoledronic acid combined. PSA and tALP levels
decreased from baseline values in patients with and with-
out bone metastases who received either treatment regi-
men, indicating that docetaxel or docetaxel/zoledronate
treatment had similar effects on these markers. In con-
trast, ALPHA CTX did not decrease with docetaxel treat-
ment in the negative bone-metastases group compared to
baseline while it decreased significantly with docetaxel/
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Marker level (% of Soloway score 0)
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Figure 5. Relative increases in bone resorption, bone formation
and osteoclastogenesis marker levels as a function of the extent
of skeletal involvement, assessed in 132 patients with breast or
prostate cancer. Relative increases are expressed as a percentage of
levels in patients with a Soloway Score 0 (Leeming et al. 2006c).
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zoledronate treatment in the positive bone-metastases
group. This suggests that ALPHA CTX is superior to PSA
and tALP for identifying patients at high risk of metastatic
disease and for monitoring progression of bone metasta-
ses in prostate cancer patients during treatment.

These data support, that careful selection of matrix
constituents and in particular those that carry one or
more PTMs such as isomerization in a collagen type I
fragment generated by cathepsin K as described for this
example, may be superior markers to reflect pathologi-
cal, including malignant, events in the ECM.

Future direction

In this manuscript, we have highlighted developments
in protein chemistry, namely the combination of mul-
tiple disease-specific neoepitopes that could be applied
to clinical chemistry. The combination of multiple
neoepitopes as biomarkers as already been applied to
some diseases, and this approach may be advantageous
in other disease areas such as cancer which also involves
highly remodeled tissues. By incorporating the most opti-
mal biochemical markers in all aspects of drug discovery
and development, novel treatment opportunities may be
identified, and their clinical development streamlined
by the ease of early detection of both efficacy and safety
concerns.

Asillustrated in Figure 5, cancer cells invade the matrix
by expressing a battery of proteolytic enzymes. These
enzymes degrade the ECM and a range of other PTMs as
described, releasing smaller fragment of proteins of the
ECM into the circulation. An optimal biochemical marker
may be designed by identifying the common denomina-
tor of specific pathophysiological processes to determine
the marker tissue specificity and sensitivity. Different
cancer cells predominately express given proteases that
in combination with different signature proteins from
different host tissues, may provide optimal selectivity of
that tissue-cancer cell combination. By carefully examin-
ing these relationships, a biomarker may be identified.
Biochemical markers based on the advanced disease/
tissue neoepitope approach could become an important
tool to be used in combination with others for diagnos-
ing and staging disease as well as assessing efficacy and
safety of new therapeutic interventions.
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