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Abstract
Alternative splicing of precursor mRNA is a key mediator of gene expression regulation leading to greater diversity of the
proteome in complex organisms. Systematic sequencing of the human genome and transcriptome has led to our understanding of
how alternative splicing of critical genes leads to multiple pathological conditions such as cancer. For many years, proteases were
known only for their roles as proteolytic enzymes, acting to regulate/process proteins associated with diverse cellular functions.
However, the differential expression and altered function of various protease isoforms, such as (i) anti-apoptotic activities, (ii)
mediating intercellular adhesion, and (iii) modifying the extracellular matrix, are evidence of their specific contribution towards
shaping the tumor microenvironment. Revealing the alternative splicing of protease genes and characterization of their protein
products/isoforms with distinct and opposing functions creates a platform to understand how protease isoforms contribute to
specific cancer hallmarks. Here, in this review, we address cancer-specific isoforms produced by the alternative splicing of
proteases and their distinctive roles in the tumor microenvironment.
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1 Introduction

Advances in proteogenomic approaches have facilitated the
identification and characterization of the complete protease
repertoire of different organisms [1]. This coordinately regu-
lated repertoire of proteases which modulates the cell/tissue
local environment is known as the cell/tissue degradome [2].
At least 569 proteases are identified in the human degradome
(excluding protease pseudogenes and retrovirus-derived pro-
tease-related sequences) and are classified into 68 families.

Based on the mechanism of catalysis, five distinct protease
classes were identified, including metalloproteases (MMPs)
and serine proteases with 194 and 176 members, respectively,
followed by 150 cysteine, 28 threonine, and 21 aspartic pro-
teases [3]. Through irreversible hydrolytic reactions, proteases
can regulate the activity and fate of cellular proteins by
directing intra- or extracellular localization, protein shedding,
activation/inactivation of cytokines, hormones and growth
factors, transformation of receptor agonists to antagonists,
and exposure of cryptic neoproteins [1, 4]. Thereby, proteases
are uniquely responsible for controlling crucial biological pro-
cesses, such as cell–cycle progression, DNA replication, im-
munity, and apoptosis, by modulating bioactive molecules
involved with such cellular processes. Over the past three
decades of cancer research, investigators have described the
role of proteases in almost all the stages of cancer progression
[5–7]. Proteases which are functionally involved with any
stage of cancer progression are collectively known as the can-
cer degradome [2]. Tumor-associated proteolytic activity of
proteases is mainly attributed to the degradation of extracellu-
lar matrix (ECM) components, such as laminins, fibronectin,
collagens I and IV, elastin, and other structural proteins of
basement membranes, which facilitates the subsequent inva-
sion of the tumor into the surrounding normal tissue [6, 8].
Several secreted members of the serine, cysteine, and MMP
sub-classes are associated with pro-metastatic activities in
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various type of cancers [6]. Protease involvement with cellular
invasion was also reported, as indicated by the gain-of-
function and loss-of-function experiments which used both
experimental and spontaneous metastatic models [3]. In par-
ticular, proteases with tumor-suppressive and oncogenic ac-
tivities are reported with altered expression levels at primary
as well as metastatic sites of the tumor growth [9].

Over the past two decades, transcriptomic studies have dis-
covered altered splice variants of key regulatory genes that
contribute to the development of many diseases, including
cancer [10, 11]. Different modes of alternative splicing events,
such as (i) intron retention, (ii) exon skipping, (iii) alternative
5′/3′ splice sites, (iv) alternative promoter selection, and (v)
alternative polyadenylation sites, create an opportunity to pro-
duce protein isoforms having distinct and opposing functions
from a single gene [10, 12]. Currently, many protease iso-
forms evolved due to alternative splicing and have been rec-
ognized with specific roles in facilitating the growth and pro-
gression of many tumors. Some of these protease isoforms
were identified with key roles in modulating responses to
anti-cancer therapy [13]. In this review, we focus on key al-
ternative splicing events of protease genes and differential
roles of protease isoforms in the tumor microenvironment.

2 Alternative splicing of proteases
in the tumor microenvironment

The diversity of human protease function directly results from
the evolutionary intervention of variety of enzymes with di-
verse structures and shapes. Structural design of proteases
ranges from small catalytic units (∼ 20 kDa) to sophisticated
proteolytic enzymes (∼ 0.7–6 MDa) [3]. The main functional
domain of proteases is the catalytic domain which executes
the proteolytic reaction: hydrolysis of peptide bonds. Many
proteases link their catalytic domain with other specialized
structural and functional (non-catalytic) domains, such as (i)
pre-peptide/signal peptide domain: guiding their cellular lo-
calization; (ii) auto-inhibitory pro-peptide domain: preventing
premature activation; (iii) ancillary domains: facilitating homo
or heterotypic interactions with specific substrates, receptors,
protease inhibitors; (iv) protein interaction domains, such as
disintegrin domain, death effector domains, and caspase re-
cruitment domains; and (v) transmembrane and cytoplasmic
domains: anchoring the enzyme to the lipid membrane and
binding to cytoskeleton or regulatory factors, respectively [3].

The complexity of proteases is further increased through
the alternative splicing and differential polyadenylation of
protease genes, causing changes in their pre-pro-enzyme ami-
no acid (aa) sequence. Consequently, such changes directly
alter their (i) cellular localization, (ii) interaction with sub-
strates and other proteins, (iii) proteolytic activity, and (iv)
sensitivity to endogenous inhibitors. Also, differences in the

length of alternative splice variants can affect their stability, as
well as their translation efficiency [14–16]. Hence, alternative
splicing creates an interesting platform to produce protease
isoforms with altered activities, causing numerous disease
conditions, including cancer. It has long been known that tu-
mor growth and progression are often facilitated by the flexi-
bility of protease genes to produce isoforms with opposing
functions [12, 17]. Earlier findings raised the possibility that
part of the heterogeneity of human tumors may have been
caused by the opposing and distinct roles of protease isoforms,
resulting from the alternative splicing machinery [16].

So far, many protease splice variants and their isoforms
have been characterized based on their structure and their
proteolytic potential and found differentially expressed in
many cancer cell lines and tissues (Table 1). Even though
some protease isoforms such as that of Kallikreins described
in this review are yet to be functionally characterized, their
potential importance towards cancer diagnostics and therapeu-
tics should not be ignored. Below we describe the splicing
events of some cancer-specific proteases in detail.

2.1 Kallikrein-related serine proteases

Serine proteases are the second largest human protease family
which include Kallikrein-related (KLK) proteases and type II
transmembrane serine proteases such as seprase and hepsin,
and urokinases. Analogous to other serine proteases, the
KLKs are comprised of signal peptide, pro-peptide, serine-
protease domain/catalytic domains but not other ancillary do-
mains [27]. The active site of the KLK catalytic domain is
comprised of three amino acids: histidine, aspartate, and ser-
ine (thus, termed as serine proteases) [27]. Serine proteases are
known to be responsible for coordinating various physiologi-
cal functions whereas manyKLKmembers were also reported
to be associated with critical cancer hallmarks [27, 113].
Human tissue KLKs are comprised of 15 (KLK1-15) mem-
bers, and many studies have presented the differential expres-
sion of KLK members in human cancers [18, 19, 27,
114–116]. Strikingly, all 15KLK genes were found to undergo
alternative splicing and found differentially expressed in many
type of diseases including cancer [27, 115, 117]. Variations in
the KLK amino acid sequence may interfere with its catalytic
activity, emphasizing the structural and functional complexity
of isoforms resulted from KLK alternative splicing [117]. In
the next section, we describe four key KLK members for
which isoforms have been identified and expression reported
to be dysregulated in one/multiple cancers.

2.1.1 KLK3

The major catalytic isoform of KLK3 is known as prostate-
specific antigen (PSA) (length, 261 aa; mass, 28.7 kDa) and
found abundantly expressed by human prostate epithelial cells
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[22]. PSA is the most extensively studied KLK member and
the most valuable biomarker in clinical medicine for prostate
cancer diagnosis [118]. PSA is involved in the cleavage of
semenogelins I and II, ensuing in liquefaction of the seminal
coagulum after ejaculation [119]. In addition, PSA can cleave
several other substrates, explaining its putative functions in
modulating the prostate tumor microenvironment. For exam-
ple, it was previously found that PSA can cleave components
of the ECM, as well as proteins in the basement membrane,
suggesting its crucial role in cancer cell invasion (Table 1; Fig.
1(a)) [18, 19]. On the contrary, a significant reduction of lung
metastasis has been observed in an experimental in vivo me-
tastasis assay, indicating that KLK3 can inhibit the metastatic
process [20]. This anti-metastatic effect was later found attrib-
utable to anti-angiogenic activity of KLK3/PSA, which con-
verts Lys-plasminogen to anti-angiogenic angiostatin-like
fragments (Table 1; Fig. 1(a)) [21].

Up to date, fifteen KLK3 splice variants, with eight protein
isoforms, have been predicted [22]. Among these, five com-
mon KLK3 isoforms, PSA-related proteins 1 to 5 (PSA-RP1-
5), were detected in normal, benign prostatic hyperplastic
(BPH), and malignant prostate tissues (Table 1) [22]. The C-
terminal region of PSA-RP1, PSA-RP2, and PSA-RP5 is dif-
ferent from the full-length PSA, whereas a frame deletion of
PSA generates truncated PSA-RP3 and PSA-RP4 [22]. Heuzé
et al. identified the first KLK3 splice variant: PSA-RP1 gener-
ated from the alternative splicing of intron 4, that codes for
isoform PSA-RP1 (length, 238 aa; mass, 26.3 kDa) in pros-
tatic LNCaP cells (Table 1; Fig. 1(b)) [23]. The serine residue
in the active site is absent in the PSA-RP1 isoform, therefore
compromising its catalytic activity. In addition, this alteration
prevents the interaction of PSA-RP1 with the serum inhibitors
required for PSA-RP1 clearance; hence, it is accumulated in
serum [23]. Since, PSA-RP1 is not a serine protease, it may
remain uncomplexed in the serum, and the molecular mass of
the mature recombinant PSA-RP1 was found to be similar to
the molecular mass of free recombinant PSA [23]. Lai et al.
have demonstrated that the KLK3 splice variant encoding
PSA-RP1 is overexpressed in the LNCaP prostate cancer cell
line [120]. Riegman et al. identified the second KLK3 splice
variant, PSA-RP2, which arises from retention of intron 3 that
generates a premature stop codon, codes for isoform PSA-
RP2 (length, 180 aa; mass, 25 kDa) (Table 1; Fig. 1(c))
[121]. Similar to PSA-RP1, the PSA-RP2 isoform also lacks
the serine residue of the catalytic domain, hence no catalytic
activity [24]. However, PSA-RP2 expression was found com-
paratively higher in prostate cancer cells than in benign pros-
tatic cells [24]. Also, the overexpression of PSA-RP2 in PC3
prostate cancer cells slightly decreased cell proliferation and
increased cell migration suggesting its functional role in pros-
tate cancer (Table 1) [24]. Tanaka et al. identified another
KLK3 splice variant, PSA-RP3, which results from the alter-
native splicing of exon 3, excluding 129-bp region in exon 3

generating a premature stop codon. This variant codes for the
truncated isoform PSA-RP3 (length, 218 aa; mass, 23.7 kDa)
which lacks 44 aa residues from mature PSA (Table 1; Fig.
1(d)) [25]. This results in the deletion of asparagine-45:N-
glycosylation binding site for the carbohydrate/glycan chain
of PSA [25]. PSA glycosylation is involved in the conforma-
tion and folding of the PSA and affects its stability and activity
[122]. Hence, the loss of a glycan chain from PSA-RP3 iso-
form might affect its stability and catalytic activity compared
with the classical PSA isoform. PSA-RP4 is generated from
the alternative splicing of exon 3 and encodes the truncated
isoform PSA-RP4 (length, 220 aa; mass, 25 kDa) with an in-
frame deletion (42 aa) from its catalytic domain (Table 1; Fig.
1(e)) [22]. The isoform PSA-RP5 (length, 227 aa) is coded by
the splice variant PSA-RP5 which arises from the alternative
splicing of intron 4 and exclusion of exon 5 (Table 1; Fig. 1(f))
[22]. Similar to PSA-RP1 and PSA-RP2 isoforms, PSA-RP5
also lacks the serine residue of the catalytic domain, hence no
catalytic activity. Although PSA-RP1-5 isoforms were found
differentially expressed in prostate cancer cell lines and patient
tissues compared with normal cell lines and tissues, their spe-
cific function in prostate cancer pathology is still under inves-
tigation [22]. On the other hand, a novel KLK3 splice variant,
PSA-SV5, was identified by Pampalakis et al. particularly in
prostate cancer (not shown in the figure) [26]. Although the
isoform coded by this variant is not fully characterized, anal-
ysis of the inferred amino acid sequence using SignalP has
identified a signal peptide, suggesting that the encoded protein
is secreted [26]. However, the predicted PSA-SV5 isoform
displays 100% identity at the C-terminal domain of classical
PSA yet is predicted to lack the catalytic histidine at the cata-
lytic domain, hence no enzymatic activity [26]. The differen-
tial expression of the PSA-SV5 variant in BPH and prostate
cancer suggests its usefulness in distinguishing normal and
BPH forms from malignant prostate cancer [26]. In addition,
it has been suggested that expression of PSA-SV5 may be
examined in combination with the classical KLK3/PSA tran-
script as an exclusive biomarker for prostate cancer to increase
the specificity of the current PSA diagnostic test [26].

2.1.2 KLK4

Similar to KLK3, differential roles of KLK4 variants and iso-
forms have gained an increasing interest particularly in rela-
tion to prostate cancer [123, 124]. Several alternative tran-
scripts coding different isoforms have been reported for
KLK4 [28, 29, 125–128]. The classical full-length catalytic
isoform KLK4 (length, 254 aa; mass, 27 kDa) was found to
be associated with enhanced proliferation, colony formation,
and migration in prostate cancer cells (Table 1) [129, 130].
KLK4 contributes to degenerating ECM by activating the
uPA–uPAR system and liberating pro-angiogenic growth fac-
tors [27]. Furthermore, tumor invasion and migration can be
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facilitated by KLK4-mediated pro-MMP activation [27]. In
addition, KLK4 can cleave PAR-1 and release interleukin-6
(IL-6), to mediate tumor–stroma interactions for local inva-
sion [131]. Along with the full-length KLK4 isoform, two
truncated isoforms were identified, which were abundantly
expressed in prostate cancer [28]. The KLK4-205 variant,
which originates from the exclusion of exon 1, codes for an
N-terminally truncated isoform KLK4-205 (length, 205 aa;
mass, 29 kDa). This isoform is unlikely to be secreted, since

it lacks the signal peptide and pro-region of the pro-enzyme
(Table 1) [28]. The KLK4-IRIII variant which results from the
retention of intron 3 creates a unique C-terminal end contain-
ing a premature stop codon, hence predicted to code for a
truncated protein (Table 1) [30]. The prevailing signal peptide
suggests that it can be secreted but will not function as a serine
protease as it lacks the serine residue in the catalytic domain
[30]. Dong et al. have demonstrated that full-length KLK4
isoform was detected mainly in the cytoplasm, while the

Fig. 1 A schematic representation of the KLK3 splice variants and
isoforms and their distinct roles in prostate cancer. (a) Classical KLK3/
PSA variant codes for the full-length catalytic PSA isoform. PSA is
involved with the degradation of ECM components inducing
metastasis. Also, PSA can activate anti-angiogenic signaling which in
turn suppresses tumor metastasis. (b) PSA-RP1 variant is generated
from the alternative splicing of intron 4 and codes for the PSA-RP1
isoform, lacking the serine residue in the catalytic domain. (c) PSA-RP2
is generated from the retention of intron 3 excluding exons 4 and 5 and
codes for the PSA-RP2 isoform, lacking the serine residue of the catalytic
domain. PSA-RP2 increases cancer cell migration. (d) PSA-RP3 is

generated from the alternative splicing of exon 3 and codes for the
PSA-RP3 isoform, lacking the asparagine-45 glycosylation site. (e)
PSA-RP4 is generated from the alternative splicing of exon 3 and codes
for the PSA-RP4 isoform, lacking 42 aa region from the catalytic domain.
(f) PSA-RP5 is generated from the alternative splicing of intron 4 and
exclusion of exon 5 and codes for the PSA-RP5 isoform, lacking the
serine residue of the catalytic domain. All PSA-RP1-5 splice variants
produce truncated non-catalytic isoforms. Cancer-specific functions of
PSA-RP1, PSA-RP3, PSA-RP4, and PSA-RP5 isoforms in prostate
cancer progression are still unknown. Highlighted black box: regions
deleted in each KLK3 isoform
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truncated KLK4-205 isoform is in the nucleus of PC3 prostate
cancer cells [28]. Differential cellular localization of these
truncated isoforms suggests they might have differential
roles in prostate cancer progression. However, the indi-
vidual role of these truncated isoforms in cancer progres-
sion remains unclear. Apart from prostate cancer, expres-
sion of the KLK4-205 variant was reported in the
OVCAR-3 ovarian cancer cell line and HEC1A/B, ISH,
KLE, RL endometrial cancer cell lines [29, 127].

2.1.3 KLK6

KLK6 (encoded by the gene KLK6) was earlier suggested to
be a tumor suppressor [132]. Later, it was found to be differ-
entially expressed in a wide range of cancers such as colon,
ovarian, lung, and gastric, where its upregulation was associ-
ated with cancer invasion and metastasis and reduced patient
survival [31, 133, 134]. Eleven splice variants designated A to
E and v6 to v11 of KLK6 that encode eight different protein
isoforms have been identified in human cancer cell lines
[135]. Splice variants KLK6-A and KLK6-B, which differ in
the length of their 5′ untranslated region (UTR), code for the
full-length catalytic isoformKLK6 (length, 244 aa; mass, 26.8
kDa) (Table 1) [135]. KLK6 was found to be associated with
increased metastasis via KLK6-mediated E-cadherin shed-
ding, thereby disturbing E-cadherin-mediated cellular adhe-
sion [32, 133]. Moreover, higher expression of KLK6 was
found in breast cancer, melanoma, and lung cancer, leading
to invasiveness of tumor cells by degrading ECM components
[33]. Adamopoulos et al. described the complete repertoire of
KLK6 variants showing that splice variants KLK6-C, KLK6-
D, and KLK6-E code for a series of N-terminally truncated
isoforms [135]. These truncated isoforms, which lack the sig-
nal peptide and glycosylation sites, are not secreted and unable
to undergo catalytic activation (Table 1) [136]. Although, the
cancer-specific expression of all KLK6 variants has been
widely studied at the mRNA level, expression of the truncated
isoforms and their potential functional role in cancer needs
further investigation [135].

2.1.4 KLK8

Altered expression of KLK8 was reported in various human
cancers including lung, head and neck, uterine endometrial,
cervical, salivary gland, colorectal, and ovarian cancers
[137–142]. In addition to the full-lengthKLK8 variant, several
otherKLK8 splice variants and their isoforms were detected in
these malignancies [137–142]. KLK8-v1 and KLK8-v2 splice
variants consist of 6 exons and code for two catalytic KLK8
isoforms, KLK8-1 (length, 260 aa; mass, 28 kDa) and KLK8-
2 (length, 305 aa; mass, 32.9 kDa), respectively (Table 1)
[135]. Since these two isoforms harbor two pro-enzymes that
differ in pro-peptide sequences, they have cell type–dependent

secretion and are thought to be activated differently [143].
Sher et al. showed that over expression of full-length KLK8
reduces cancer cell migration and invasion by inhibiting the
binding of fibronectin and integrin, thereby downregulating
vascular endothelial growth factor (VEGF) signaling [35]. In
addition to the above two splice variants, three other KLK8
splice variants were identified: KLK8-v3, which lacks exons 3
and 4; KLK8-v4, which lacks exons 3, 4, and 5; and KLK8-v5,
which lacks exon 3 and has a new coding starting site at exon
4 (Table 1) [36, 143]. These variants code for 3 different trun-
cated isoforms (length, 119 aa, 32 aa, and 139 aa, respectively)
which lack a part of the catalytic domain and the signal pep-
tide, hence no activation or secretion [36]. Similar to other
KLKs, the individual roles of KLK8-truncated isoforms still
remains unclear. Yet, several studies report the upregulated
expression of KLK8-v3-5 splice variants in a wide-range of
cancer cell lines and tissues, such as in lung, breast, ovarian,
endometrial, and prostate cancers [65–67].

Although, full-length KLK isoforms show context-
dependent tumor-promoting or tumor-inhibiting effects
via their serine-protease activities, many truncated KLK
isoforms are unable to be secreted or catalytically activat-
ed. Nevertheless, the differential expression of these trun-
cated KLK isoforms in cancers may suggest other cancer-
specific functions, albeit not yet proven. It is clear that
cancer cells have differential compositions of the KLK
variants and isoforms, and quantification of such KLK
variants in human samples might provide clinical applica-
tions in a wide range of cancers.

2.2 Cathepsins

Cathepsins are comprised of 12 protease members (11
papain-like cysteine cathepsins and 1 aspartyl cathepsin).
Upregulated expression of cathepsins are often found cor-
related with the metastasis of various cancers, such as breast
(cathepsin D, B, H, L), head and neck (cathepsin B, H, L),
colorectal (cathepsin B), and prostate cancer (cathepsin B,
S) [144, 145]. They have multiple roles during tumorigenic
processes including cell proliferation, angiogenesis, metas-
tasis, and invasion, while being secreted into the extracel-
lular milieu [145]. Via pharmacological inhibition of ca-
thepsins in animal models, investigators have established
the causative relationships between cancer progression
and deregulation of cysteine cathepsins [146]. Below we
describe some examples of cathepsins in cancer, which are
regulated by alternative splicing machinery.

2.2.1 Cathepsin B

Cathepsin B (encoded by the gene CTSB) is often linked to
multiple stages of cancer progression; hence, it is considered a
potential therapeutic target for many cancers [147].
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Particularly, both in vivo and in vitromodels have been used to
demonstrate the crucial role of cathepsin B in metastasis and
invasion of various tumors, including melanomas, breast,
lung, cervical, and glioblastoma [38–48, 147]. Proteolytic ac-
tivity of cathepsin B is necessary for fibroblast-mediated in-
vasion, and it can shape the tumor microenvironment by (i)
ECM remodeling and degradation by their extracellular func-
tions and (ii) by activating caspase-cascades which trigger
degradation of ECM components [47, 148–151]. CTSB pre-
mRNA is comprised of 12 exons with 11 introns [16]. It has
been found that a partial Alu element is present in exon 2 of
the CTSB gene, which may influence it's translational regula-
tion [152]. In addition, these interspersed Alu elements may
allow for additional alternative splicing in exon 2, which in
turn increases the diversity of CTSB transcripts [152].
Although, many CTSB splice variants and potential protein
isoforms were recorded, two splice variants were commonly
found with altered levels of expression in cancer [153]. Gong
et al. described the CTSB splice variant which lacks exon 2;
CB (-2) codes for the catalytic isoformCB (-2) (length, 339 aa;
mass, 37.8 kDa) which is translated twice as efficiently com-
pared with the unspliced variant (Table 1) [16]. Consistently,
higher expression of the CB (-2) splice variant was observed
in many cancer cell lines, including breast and colon (metas-
tasis to liver) [16]. Another splice variant,CB (-2, 3), in which
both exons 2 and 3 have been spliced-out, was identified that
produces a truncated isoform tCB (mass, 32 kDa) (Table 1)
[16]. Isoform tCB lacks 17 aa from the signal peptide and the
first 34 aa from the pro-peptide. Increased expression of the
CB (-2, 3) variant was found in many cancer cell lines, includ-
ing human melanomas: A375P (parental, poorly metastatic)
and A375M (metastatic), breast, and colon (metastasis to liv-
er) cell lines [16, 49]. Gong et al. described that the CB (-2, 3)
variant is translated nearly four times more efficiently than the
CB (-2) variant, and twice the rate as the unspliced variant
[16]. It is hypothesized that tCB would not be targeted to
either ER or lysosome pathways as it lacks the signal peptide
[16]. Later, it was found that tCB is misrouted from its regular
biosynthetic pathway and forced to enter into its final destina-
tion: mitochondria (Fig. 2) [153, 154]. This property of tCB
might be due to the incorporation of a latent mitochondrial
import leader sequence in the N-terminus end of the isoform
[154]. Mehtani et al. reported that the protein product of the
CB (-2, 3) variant can fold properly and show active proteo-
lytic activities in vitro [49]. In addition, the above study found
the tCB isoform to be located on the cytosolic surface of
intracellular membranes. After localization to the mitochon-
dria, tCB is expected to interact with key regulatory proteins
such as Bcl-2 and Ras-related proteins, which are associated
with diverse biological functions (Fig. 2) [155–157].
However, contradictory results were given by Müntener
et al. proposing that tCB is catalytically inactive and cannot
properly fold into an active protease [158]. This study

suggested that any pathophysiological involvement of tCB
must be attributed to properties other than their proteolytic
activities. Both Müntener et al. and Bestvater et al. reported
that the naturally occurring tCB was directed to the mitochon-
dria and that the cells died after nuclear fragmentation (Fig. 2)
[154, 159]. Hence, it is clear that tCB might be involved in
regulating cell apoptosis via its non-proteolytic activities.
However, it is not yet clear whether it promotes malignancies,
or it has any tumor-suppressor functions, even though its ex-
pression was observed in many cancers. Therefore, further
in vitro and in vivo investigations are required to confirm the
specific function of tCB in malignancies.

2.2.2 Cathepsin L

Cathepsin L (encoded by the gene CTSL) is a lysosomal en-
dopeptidase which was found overexpressed in number of
human cancers [160]. Numerous studies showed that cathep-
sin L upregulation is a critical feature in triggering the switch
of non-metastatic human cancers to a highly aggressive met-
astatic phenotype [50, 161]. Cathepsin L was found to be
involved in antigen processing, bone resorption, turnover of
intracellular proteins involved in regulation of growth, and
degradation of ECM components triggering cancer cell inva-
sion and metastasis [162, 163]. Cathepsin L can also augment
the proteolytic cascade by triggering latent pro-forms of other
proteases, such as proteases involved in tumor metastasis
[164]. Although only one catalytic isoform of cathepsin L
was identified up to date, a number of CTSL splice variants
with differential translation efficiencies were identified in
many cancers [50, 53, 55, 165]. The CTSL gene produces
two types of pre-mRNAs: hCATL-A and hCATL-B, which
code for the full-length catalytic isoform cathepsin L (length,
333 aa; mass, 37.5 kDa) [51, 52, 165]. Four splice variants of
hCATL-A have been identified: L-A, L-A1, L-A2, and L-A3,
which differ from each other by the length of 5′UTR (Table 1)
[52, 165]. Abudula et al. showed that the shortest variant, L-
A3, is common in both normal and several cancerous tissues
(kidney, breast) and found translated two to three times more
efficiently compared with other variants [53]. Similarly, effi-
cient translation of L-AII (homologous to L-A2) and L-AIII
(homologous to L-A3 but has two additional GC nucleotides)
variants has been demonstrated in five distinct cancer cell
lines [52]. In addition, Caserman et al. have observed a
marked expression of the L-A3 variant in pre-cancerous breast
epithelial and carcinoma cell lines compared with the L-A2
variant [165]. Moreover, Mittal et al. have revealed that the
longest variant, L-A, exhibits a higher translatability in cancer
cells notwithstanding its lower stability compared with the
shortest variant, L-AIII [166]. Most cellular mRNAs were
found with an active internal ribosomal entry site (IRES)
in the 5′ UTR, which enables cap-independent translation
init iat ion under various stress conditions [167].
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Accordingly, previous studies have suggested the pres-
ence of functional IRESs in the L-A variant might contrib-
ute to its increased translation in cancer cells [166, 168].
However, Tholen et al. later described that the L-A3 var-
iant can mediate stress-resistant translation in breast can-
cer cell lines, although it does not contain IRES motifs to
enhance translation initiation [50]. In addition, a CTSL
variant overexpressed without its UTRs (containing only the
coding sequence) was found to be sensitive to stress-induced
translational shutdown. Therefore, it can be hypothesized that
the stress-resistant translation of CTSL variants is facilitated
only by the UTR (independent from IRES motifs), which helps
CTSL variants to escape being deposited in translationally

inactive stress granules. This post-transcriptional mechanism
is hence suggested to be involved in promoting cathepsin L–
mediated tumor progression and metastasis. Pre-mRNA
hCATL-B produces only one splice variant, L-B, which is tran-
scribed from another TATA-less promoter localized within in-
tron 1 (Table 1) [51, 53, 55]. It was found that L-B differs from
hCATL-Avariants only in the length of 5′UTR. Caserman et al.
showed that expression of the L-B variant in breast cancer cell
lines was low or negligible. However, Chauhan et al. reported
that the L-B variant was highly abundant in human adenocarci-
noma, hepatoma, and renal cancer cell lines [55]. Accordingly,
it is clear that switching from one CTSL variant to another
creates an opportunity for the cancer cell to regulate cathepsin

Fig. 2 Proposed roles of CTSB variants in the tumor microenvironment
driven through distinct molecular trafficking mechanisms and opposing
proteolytic activities. Alternative splicing of cathepsin B pre-mRNA
produces two major splicing variants on the RER, where they are
translated and posttranslational modifications are carried out. The CB (-
2) variant translates into the pre-pro-enzyme which will next move into
the lumen of RER where the inactive precursor form: pro-cathepsin B
(yellow symbol) is formed. Pro-cathepsin B is then transported through
the RER to the Golgi apparatus and converted to active-cathepsin B (red
symbol) by autocatalytic activation as a result of proteolytic cleavage and
dissociation of the pro-peptide. Secreted active proteolytic cathepsin B

can be involved in the remodeling and degradation of ECM components
by its extracellular functions and intracellularly by activating caspase-
cascades which trigger both cell apoptosis and ECM degradation. ECM
remodeling and degradation facilitate tumor cell migration and invasion
leading to cancer metastasis. In contrast, the truncated cathepsin B which
is translated by the CB (-2, 3) variant does not transport into the
endolysosomal compartment but is localized to mitochondria. Possible
interaction between truncated cathepsin B and regulatory proteins on
mitochondria could trigger nuclear fragmentation and subsequent cell
apoptosis via its non-proteolytic activities. RER, rough endoplasmic
reticulum; ECM, extracellular matrix
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L levels within the tumor microenvironment. Predominance of
efficiently translated splice variants in cancer cells proposes that
such upregulated splice variants play a key role in the overex-
pression of cathepsin L in cancer.

Upregulated expression of cathepsins are documented at
the mRNA and protein levels in many cancers, as described
above for cathepsins B and L. Studies which define the ca-
thepsin cellular localization and interactions with other path-
ways suggest the possibility that cathepsin isoforms and asso-
ciated pathways can be targeted in cancer therapeutics [16].
However, whether these dynamic roles of cathepsin isoforms
come from tumor cells, tumor-associated cells, or both are still
unknown. Importantly, as previously suggested, such upregu-
lated expression of cancer-specific cathepsin isoforms at the
tumor cell membranes could be used as prodrug activators in
targeted cancer therapy [169].

2.3 Caspases

Caspases are cysteinyl aspartate proteinases which are in-
volved in cell regulatory networks controlling inflammation
and both intrinsic and extrinsic apoptotic pathways
[170–172]. Dysregulation of caspase activities and failure
to exclude damaged cells by caspase-mediated cellular ap-
optosis can cause neoplastic cell growth, prompting both
tumorigenesis and cancer progression [173]. Caspases are
responsible for modulating the turnover of cell adhesion
molecules by modifying intercellular attachments and
degrading the ECM by indirectly affecting the secretion of
inflammatory factors and MMPs [174, 175]. Therefore,
caspases play a key role in regulating cellular motility in
normal and metastatic cancer cells [176]. Similar to other
proteases, caspases are expressed as pre-pro-enzymes. All
caspases contain two essential caspase catalytic domains
(p10 and p20) containing the key catalytic residues (cyste-
ine and histidine). Some caspases contain only the catalytic
domains (e.g., capcases 3, 6, 7, 14), while initiator caspases
contain an additional tandem pair of death effector domain
(DED) (e.g., caspases 8 and 10). Moreover, some initiator
caspases and caspases which are involved in intrinsic path-
ways contain caspase recruitment domains (CARD) (e.g.,
caspases 1, 2, 4, 5, and 9) [177]. Both the DED and CARD
motifs mediate specific protein–protein interactions.
Alternative splicing events in caspase pre-mRNAs incorpo-
rates premature stop codons or deletions in the transcript
variant coding for truncated isoforms lacking the catalytic
domain, DED or CARD domains [63, 67, 93, 94, 178]. Such
truncated isoforms were often found as endogenous inhibi-
tors of the cell apoptotic pathways associated with a wide
variety of tumors (Table 1) [17, 53, 63, 67, 93, 94, 179].
Therefore, alternative splicing of caspase pre-mRNA is con-
sidered to be crucial for determining cancer cell susceptibil-
ity or resistance to apoptosis.

2.3.1 Caspase 2

Caspase 2 (encoded by the gene CASP2) is one of the most
highly conserved members of the caspase family, which is
activated by various stimuli, including chemotherapeutic
agents, oxidative agents, and stress signals [172, 180]. Given
the essential role of caspase 2 as a regulator of apoptosis ini-
tiation, caspase 2 has been proposed to possess tumor suppres-
sor functions. Somatic mutations and reduced caspase 2 ex-
pression were often found to be associated with poor progno-
sis of various cancers, including gastric, colorectal, breast, and
ovarian cancers, leukemia, and glioblastomas [56–60].
Alternative splicing of CASP2 pre-mRNA generates two cas-
pase 2 isoforms with distinct functions in apoptosis [17].
Exclusion of exon 9 results in the CASP2 long variant, cas-
pase-2L, which translates into the isoform caspase-2L (length,
452 aa; mass, 50.6 kDa), which shows apoptotic functions
(Table 1; Fig. 3(a)) [63]. The inclusion of exon 9 incorporates
a premature stop codon in the CASP2 short variant; caspase-
2s, producing a truncated isoform caspase-2s (length, 313 aa;
mass, 34.9 kDa) which lacks the small subunit of the catalytic
domain and inhibits apoptosis (Table 1; Fig. 3(a)). Caspase-2L
is expressed in a wide range of tissues, whereas caspase-2s
was found primarily expressed in the brain, heart, and skeletal
muscle [181, 182]. Droin and colleagues described the hetero-
geneous expression of caspase-2L and caspase-2s isoforms in
acute myelogenous leukemia [61]. Association of the RNA
binding motif 5 (RBMP) protein with CASP2 pre-mRNA
intronic sequences were found in regulating the ratio of cas-
pase-2L/2s isoforms, suggesting that CASP2 splicing regula-
tion by RBM5 may contribute to its tumor suppressor activity
[183]. On the other hand, Droin et al. established that caspase-
2s overexpression can selectively inhibit chromatin condensa-
tion, apoptotic body formation, membrane blebbing (protru-
sion of the plasma membrane), and phosphatidylserine exter-
nalization in the human leukemic cell lines [184]. Also,
caspase-2s was found to antagonize apoptosis by preventing
caspase-2L and caspase 3 activation and preventing apoptotic
blebbing and body formation in human B lymphoma [64,
185]. Caspase-2s was shown to be responsible for inhibiting
DNA damage–induced cytoplasmic cleavage of cytoskeleton
proteins (Fodrin) and averting cisplatin-induced membrane
blebbing in ovarian cancer [63]. The same study confirmed
the expression of caspase-2s in various cancers, such as cer-
vical and lung cancers, yet it was undetectable in colorectal
cancer and glioblastoma. Interestingly, Logatte et al. described
that the ratio of caspase-2L/2s mRNA is maintained by the
promoter strength, alternative transcriptional initiation, and 5′-
splicing events [186]. The study demonstrated that the cas-
pase-2L promoter is much stronger compared with the cas-
pase-2s promoter, in good agreement with the respective tran-
script levels. High caspase-2L/2s ratio (approximately 100-
fold) was found in several cell lines including leukemia,
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carcinoma, and immortalized cells [187]. However, caspase-
2S mRNA was shown to be very short-lived and may thus
normally not be expressed or only at very low levels [187].
Low levels of caspase-2S can be explained by nonsense-
mediated mRNA decay (NMD), an active mRNA degradation
mechanism which reduces errors in gene expression by re-
moving transcripts that contain premature stop codons [188].

In addition to caspase-2L/-2s splice variants, Droin et al.
found two additionalCASP2mRNAs, termed asCASP-2l-Pro
and CASP-2s-Pro [62]. The isoforms coded by these mRNAs,
caspase-2l-Pro and caspase-2s-Pro, corresponded to the pro-
domain of pro-caspase-2L and pro-caspase-2s [62].
Alternative splicing creates a translational frameshift with a
premature stop codon in CASP-2l-Pro and codes for the
caspase-2l-Pro isoform (length, 91 aa) in which the last α-
helix of its CARD is deleted. The study showed that the
caspase-2L-Pro isoform negatively interferes with pro-
caspase-2L activation and death receptor- and drug-mediated
apoptosis in normal and cancer cell lines (human Burkitt lym-
phoma cell line) (Table 1) [62].

2.3.2 Caspase 3

Caspase 3 (encoded by the geneCASP3) is associated with the
process of physiological cell migration and cancer cell metas-
tasis in a context-dependent manner. It has been reported that
caspase 3 controls the cleavage of neuronal microtubule-
stabilizing proteins which assist in cytoskeleton disassembly,
enabling the dispersion of neuronal cells [189]. In addition,
pro-caspase 3 can regulate fibronectin secretion, which affects
cell adhesion, migration, and survival [190]. In metastatic sce-
narios, basal caspase 3 activity is reported to increase migra-
tion and invasiveness in glioblastoma cells [191]. Also, cas-
pase 3 activation was found to be linked with migration and
invasion in ovarian, melanoma, and hepatoma cancer cells
[68, 69, 73]. Human CASP3 generates two major isoforms,
with distinct apoptotic activities [67]. The longest mRNAvar-
iant, caspase-3L, produces the principal isoform caspase-3L
(length, 277 aa; mass, 31.6 kDa) which demonstrates apopto-
tic functioning (Table 1; Fig. 3(b)). Huang et al. characterized
the second CASP3 variant, caspase-3s, which excludes the
exon 6 sequence and translates into an anti-apoptotic short-
isoform caspase-3s (length, 277 aa; mass, 20 kDa) lacking part
of the short subunit of the catalytic domain (Table 1; Fig. 3(b))
[67]. The same study reported the expression of caspase-3s in
normal and cancer cell lines (cervical cancer, neuroblastoma)
[67]. However, endogenous caspase-3s levels were often low-
er compared with caspase-3L levels in cancer cells; hence,
caspase-3s levels were likely not sufficient to completely sup-
press apoptosis [67]. Additionally, results of the above study
uncovered an additional role of the proteasome in caspase-3s
degradation. However, the study suggests that under certain
chronic pathophysiological conditions such as carcinogenesis,

an alteration of splicing events may create a discrepancy in
caspase-3L/3s ratios in tumor cells, altering the cells’ suscep-
tibility to apoptosis [67].

2.3.3 Caspase 8

Loss of heterozygosity in the region containing the
CASP8 gene is associated with many types of tumors
[192]. Some studies have reported crosstalk between cas-
pase 8 and cytoskeleton remodeling that plays a crucial
role in the modulation of cell adhesion and cell migration
in cancer metastasis [193, 194]. Although the deletion of
the CASP8 gene had no effect on primary tumor develop-
ment, loss of caspase 8 was found to be associated with
high-risk metastatic neuroblastoma due to impaired pro-
grammed cell death [195, 196]. In contrast, some other
studies showed that CASP8 gene deletion is associated
with lowering the incidence of distant metastasis [74,
75, 78]. It has been shown that caspase 8 expression sus-
tains NF-κB nuclear accumulation and correlates with
NF-κB transcriptional activation in glioblastoma cell
lines. While a number of caspase 8 isoforms are described
(caspase-8a-h), only two pro-apoptotic isoforms are iden-
tified in many tissues and cell lines: caspase-8a (length,
496 aa; mass, 55.4 kDA) and caspase-8b (length, 479 aa;
mass, 53.7 kDA) which differ only in a short sequence
within the pro-peptide that derives from alternative splic-
ing of exon 8 (Table 1; Fig. 3(c)) [83, 178, 197, 198].
These two isoforms show ubiquitous expression at equiv-
alent levels, and function interchangeably [197]. Horiuchi
et al. have described the predominant expression of the
anti-apoptotic isoform caspase-8L (length, 538 aa; mass,
32.3 kDA) lacking catalytic domains [178]. The caspase-
8L splice variant is produced by the alternative splicing of
intron 8, thereby carrying a 136-bp insertion (exon 8b)
and frame shift of the transcript (Table 1; Fig. 3(c))
[178]. It has been reported that caspase-8L is associated
with undifferentiated neuroblastoma and stem cell–
derived leukemia by providing protection from caspase
8–dependent apoptosis [79, 80]. Furthermore, an associa-
tion between the rarest caspase 8 isoform caspase-8h
(length, 496 aa; mass, 57.7 kDA) and cell motility was
suggested by previous ectopic expression studies [81, 82,
199]. The second DED of this isoform is disrupted by
insertion of a 17 aa sequence containing two tryptophan
residues [194, 198]. It has been suggested that this unusu-
al pro-peptide region in the caspase-8h isoform associates
with tyrosine kinase Src and facilitates Src-mediated mo-
tility in neuroblastoma cells [82]. Xu et al. have reported
the novel short isoform caspase-8s (length, 108 aa; mass,
13 kDa) with a 106-bp deletion, resulting in a frameshift
mutation carrying a premature stop codon [83]. This var-
iant codes for the caspase-8s isoform which includes the
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first DED, part of the second DED but missing the C-
terminal caspase domain. The study suggests that
caspase-8s may act as a promoter of apoptosis through
binding to Fas-associated death domain protein (FADD)
via its DED domains. Furthermore, overexpression of
caspase-8s was found to be associated with increased sen-
sitivity to the apoptotic stimuli in Jurkat acute T cell leu-
kemia cell line [83].

2.3.4 Caspase 9

Caspase 9 (encoded by the gene CASP9) is a key caspase
involved in the intrinsic apoptosis pathway and is activated
at multi-protein activation platforms [200]. Clinical signifi-
cance of caspase 9 is evidenced by the fact that functional
polymorphisms in the CASP9 gene, which leads to disruption
of the intrinsic apoptosis pathway, have been shown to

Fig. 3 A schematic representation of the genomic structures of human
caspase variants characterized according to their opposing activities
between cell apoptosis and cell survival. Exon arrangement of apoptotic
and anti-apoptotic isoforms of caspases 2, 3, 8, 9, and 10 is demonstrated.
Left panel of each caspase illustrates the apoptotic variants inducing
cellular apoptosis, whereas the right panel illustrates the anti-apoptotic
variant providing survival benefit against cell apoptosis machinery. (a)
Inclusion of exon 9 incorporates a premature stop codon in the caspase-2s
mRNA, producing the caspase-2s isoform, lacking the small catalytic
subunit. (b) Exclusion of exon 6 sequence in caspase-3s mRNA
translates into the caspase-3s isoform, lacking a part of the small
catalytic subunit. (c) Caspase-8L isoform lacking the complete catalytic

domain is generated by the inclusion of an extension of exon 8 (8b) in
caspase-8L variant which incorporates a frame shift in the transcript. (d)
Caspase-9b isoform is coded by the caspase-9b variant excluding exons
3, 4, 5, and 6, lacking a part of large catalytic domain. (e) Inclusion of 96-
bp sequence between exons 5 and 6 (exon 5b) in caspase-10G variant
produces caspase-10G with a premature stop codon and codes for the
caspase-10G isoform, lacking the catalytic domain. Red bar: position of
the premature stop codon. L, large catalytic subunit; S, small catalytic
subunit; CARD, caspase recruitment domain; DED, death effector
domain. Highlighted black box: regions deleted in each anti-apoptotic
isoform
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participate in tumor susceptibility to a wide range of cancers
[85, 89, 201]. Accordingly, previous studies confirmed the
tumor suppressor function of caspase 9 in cancers [202,
203]. Two functionally distinct isoforms are produced by the
alternative splicing of CASP9 pre-mRNA [204]. First, is the
larger pro-apoptotic isoform caspase-9a (length, 416 aa; mass,
46.2 kDa) that is encoded by the transcript variant, caspase-
9a, containing all 9 exons (Table 1; Fig. 3(d)). Second, is the
shorter isoform caspase-9b/s (length, 266 aa; mass, 30.1 kDA)
which is encoded by the variant, caspase-9b, excluding exons
3, 4, 5, and 6 (Table 1; Fig. 3(d)) [87]. The caspase-9b isoform
is short of the central catalytic domain and shows opposite
effects by competing with its larger caspase-9a isoform for
binding to the apoptosome and inducing resistance to many
apoptotic stimuli [93, 205, 206]. Chalfant and colleagues re-
vealed that endogenous generation of ceramide via de novo
pathway and serine/arginine rich splicing factor 1 (SRSF1)
results in an elevation of caspase-9a/9b ratio in A549 lung
adenocarcinoma cells with a concomitant loss in the cas-
pase-9b splice variant [84]. This study proposed a role for
ceramide-induced alternative splicing in sensitizing cells to
apoptosis. It has been shown that the caspase-9a/9b ratio is
lower in non-small cell lung cancer (NSCLC) cell tumors
which is correlated with an anti-apoptotic phenotype [92].

2.3.5 Caspase 10

The protein sequences of human caspase 10 and caspase 8 are
highly homologous with their genes found in the same chro-
mosomal region [192, 198]. However, it has been demonstrat-
ed that each caspase can activate their apoptotic pathways
independently of the other [207]. It has been proposed that
caspase 10 (encoded by the gene CASP10) has tumor–
suppressor functions as acquired mutations which inactivate
caspase 10 were identified in non-Hodgkin’s lymphomas and
solid tumor cells [208–211]. In support of this, caspase 10
expression was significantly reduced in lung and breast cancer
cell lines, indicating possible selective pressure against cas-
pase 10 expression in cancer [207]. Currently, seven CASP10
splice variants have been reported [153, 154, 198]. However,
caspase 10 is predominantly expressed as three full-length
apoptotic isoform caspase-10A (length, 521 aa; mass, 58.9
kDa), caspase-10B (length, 479 aa; mass, 54.5 kDa), and
caspase-10D (length, 522 aa; mass, 58.9 kDa) (Table 1; Fig.
3(e)). CASP10 splice variants which code for the above iso-
forms differ according to the alternative splicing of exons 6–
11 (Table 1) [96]. In addition, a splice variant with a 96-bp
inclusion between exons 5 and 6 produces a truncated anti-
apoptotic isoform caspase-10G (length, 247 aa; mass, 28.3
kDa), consisting of only the two DEDs without the catalytic
domain [96, 97] (Table 1; Fig. 3(e)). The smaller isoform
caspase-10C (length, 273 aa; mass, 31.4 kDa) is thought to
be untranslated because of the nonsense-mediated mRNA

decay of its transcript [97]. Mu¨hlethaler-Mottet et al. have
verified that caspase-10A- and caspase-10D-mediated apopto-
tic pathways were strongly increased, whereas caspase-10B or
caspase-10G had no effect or showed weakly anti-apoptotic
activities in various caspase 8–expressing tumor cells [94].
They reported that the unique C-terminal end of caspase-
10B was responsible for its degradation by the ubiquitin pro-
teasome pathway and for its lack of pro-apoptotic activity,
compared with other apoptotic isoforms. However, caspase-
10B was previously demonstrated to have pro-apoptotic ac-
tivities in caspase-3-overexpressing breast cancer cell lines
[95]. Nevertheless, Mu¨hlethaler-Mottet et al. suggested that
caspase-10G may be either inactive or act as a dominant-
negative inhibitor of apoptosis, depending on the cellular con-
text. Caspase-10G was identified to be expressed in most nor-
mal tissues with high expression in the lung, stomach, uterus,
spleen, ovary, and small intestine and in cervical, leukemia,
and breast cancer cell lines [97]. One recent study reported
that caspase 10 can negatively modulate caspase 8 activation
in response to death receptor stimulation in HeLa cells, pro-
moting the activation of the pro-survival NF-κB-dependent
cascade [212]. In addition, it was previously confirmed that
overexpression of caspase-10G activates the NF-κB path-
way in a dose- and time-dependent manner [97]. Hence, it
can be hypothesized that caspase-10G also modulates the
tumor microenvironment by activating the NF-kB path-
way, similar to caspase 8 [213].

The above studies have highlighted the identification of
truncated isoforms of caspases which act as endogenous in-
hibitors of cell apoptotic programming, independent of their
caspase-cascade pathways. These anti-apoptotic isoforms
were found naturally co-expressed with apoptotic isoforms
in both normal and cancer cell lines. Since, their altered ex-
pression was found to be correlated with various hallmarks of
cancer, continuing research in terms of their cellular localiza-
tion and function has become potentially important.

2.4 Metalloproteases—a disintegrin
and metalloproteases

A disintegrin and metalloproteases (ADAMs) belong to the
MMP family and are characterized as multi-domain, single-
p a s s t r a n s m em b r a n e p r o t e i n s t h a t s e c r e t e
metalloendopeptidases which in turn shed ectodomain pro-
te ins of the membrane-bound molecules [214] .
Transmembrane ADAM proteins are composed of a pro-
domain (removed in the Golgi), a metalloprotease domain
(corresponding to its catalytic site), a disintegrin domain, a
cysteine-rich domain, an epidermal growth factor (EGF)-like
domain (stalk domain), a transmembrane domain, and a short
C-terminal cytoplasmic domain (cytoplasmic tail) (Fig. 4)
[215]. Several ADAMs contribute to pathogenesis of cancer,
invasion, and metastasis and alter cellular signaling pathways
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in tumor cells with their capacity to release tumor-promoting
factors [216]. Several ADAMs have been analyzed in various
tumors such as gastric, colon, breast, pancreatic, and renal
cancers, ductal adenocarcinoma, prostatic adenocarcinoma,
and skin melanoma where they are reported as differentially
expressed and produce isoform-specific functions [216, 217].

2.4.1 ADAM9

ADAM9 (encoded by the geneADAM9), one of the key mem-
bers of the ADAM family, is reported to be overexpressed in
several cancers and has the capacity to induce cell invasion
and metastasis [98, 100, 214]. ADAM9 overexpression mod-
ulates adhesion molecules and their sensitivity to growth fac-
tors, thus increasing cell adhesion and invasion in NSCLC
[99]. Giebeler et al. showed that ADAM9 cleaves the
laminin-β3 chain, modulates endothelial cell adhesion, and
alters basement membrane integrity in melanoma metastasis
[218]. Overexpression of ADAM9 was shown to promote
prostate epithelial hyperplasia and intraepithelial neoplasia in
mice [219]. Furthermore, ADAM9 was found to be involved

in the androgen-independent metastatic conversion of prostate
cancer [216, 219]. ADAM9 is alternatively spliced to produce
membrane-bound and secreted protein isoforms ADAM9-L
(length, 819 aa; mass, 90.5 kDa) and ADAM9-S (length,
655 aa; mass, 72.3 kDa) [98, 100, 220]. The shorter
ADAM9-S isoform produced by the alternative splicing of
exon 12 contains a unique 8 aa sequence compared with
ADAM9-L and, in addition, inserts a premature stop codon
[100]. The full-length transcript has an N-terminal signal pep-
tide and a single hydrophobic region that codes for the trans-
membrane and cytoplasmic domains [100]. The cytoplasmic
domain of ADAM9-L interacts with SH3 domain-containing
proteins [220]. Soluble ADAM9-S lacks the transmembrane
domain and cytoplasmic domain and is released from the cell
via the secretory pathway [100, 220]. ADAM9-S is highly
expressed in the liver and heart compared with other tissues
[220]. ADAM9-S, secreted by hepatic cells, promotes inva-
sion of hepatocellular carcinoma [100]. In colon cancer,
ADAM9-S induces tumor invasion by its metalloprotease ac-
tivities [100]. Indeed, ADAM9-S protease activity seems to be
required for migration and invasion in several human tumor

Fig. 4 Proposed molecular
trafficking and opposing roles of
ADAM9 protease isoforms in the
breast cancer tumor
microenvironment. Alternative
splicing of ADAM9 pre-mRNA
produces two major splice
variants, which are translated into
two pro-ADAM9 isoforms on
RER. These pro-isoforms are then
transported into the Golgi
apparatus and are activated to
active-ADAM9-L/S isoforms by
the removal of the pro-domain.
Transport Golgi vesicles carry
active-ADAM9-L into the
cytoplasmic membrane, while
secretory Golgi vesicles aid
active-ADAM9-S to be secreted
out of the cell. Transmembrane
ADAM9-L binds to integrin
heterodimers on the cell
membrane via its disintegrin
ligand/domain and suppresses cell
migration by altering integrin-
mediated signals. ADAM9-S
might be involved in proteolyzing
specific substrates on the cell
surface or ECM that are not
targeted by ADAM9-L.
Subsequent degradation of the
ECM caused by the ADAM9-S
metalloprotease activity triggers
cell migration and breast cancer
metastasis
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cell lines [100]. Higher ADAM9-S protein expression com-
pared with ADAM9-L protein was observed in breast cancer
cell lines with ADAM9-S shown to increase cell migration
while ADAM9-L suppressed cell migration (Fig. 4) [98,
100]. The suppression of cell migration via ADAM9-L re-
quires integrin binding by its disintegrin domain. Therefore,
ADAM9-L acts as a ligand for specific integrin heterodimers
altering integrin-mediated signals, either by altered integrin
binding or by cooperating with a parallel signaling pathway
which interacts with integrin receptors (Fig. 4) [98]. ADAM9-
S might be involved with the proteolysis of specific substrates
on the cell surface or ECM that are not targeted by ADAM9-L
as its localization is restricted by membrane tethering (Fig. 4).
These results indicate the significance of ADAM9 alternative
splicing in cancer cell invasion and metastasis and suggest a
possible use of ADAM9 isoforms in breast cancer prognosis.

2.4.2 ADAM12

ADAM12 (encoded by the gene ADAM12) is an another
member of the ADAM family, which is lowly expressed in
most normal human tissues, yet found highly expressed in
tumors such as breast, liver, bladder, prostate, and lung tumors
and glioblastomas [101, 105, 221–229]. Also, ADAM12 has
been identified as a promoter of tumor cell invasion and me-
tastasis [101, 102, 230]. Eckert et al. found that the knock-
down of ADAM12 considerably reduced the formation of
invadopodia, degradation of ECM, and turnover of focal ad-
hesion, and thereby increased cell adhesion in cancer cells
[230]. Strikingly, soluble ADAM12 proteins have been sug-
gested as diagnostic biomarkers in several cancers as well as
an indicator of cancer progression [104, 222, 231]. Gilpin
et al. demonstrated that alternative splicing of ADAM12 pro-
duces two major protein isoforms ADAM12-L (length, 909
aa; mass, 99.5 kDa) and ADAM12-S (length, 738 aa; mass,
80.4 kDa) in humans (Table 1) [232]. The ADAM12-L splice
variant contains exons 1 to 24 excluding exon 19, while the
ADAM12-S variant contains only those exons up to exon 19
[103]. These two splice variants contain diverse 3′ UTRs,
polyadenylation sites and altered carboxyl terminus in their
respective isoforms [103, 232]. It has been found that these
ADAM12 isoforms have distinct and opposing biological
functions that have evolved due to their distinctive cellular
localizations. ADAM12-L has a large cytoplasmic domain
which is ideally positioned and localized to the cell membrane
for its normal metalloprotease function [103]. ADAM12-L
has been shown to shed epidermal growth factor receptor
(EGFR) ligands, endothelial cell adhesion proteins, and endo-
thelial receptor tyrosine kinase proteins [233–237]. The cyto-
solic domain of ADAM12-L interacts with the Src tyrosine
kinase pathway to influence invadopodia formation in tumor
cells, facilitating tumor cell invasion [221, 238]. This domain
also binds with integrin-linked kinase (ILK) for integrin

activation, in order to activate the pro-survival PI3K/Akt path-
way [239]. Compared with ADAM12-L, ADAM12-S has a
unique 34 aa carboxyl terminus, but no transmembrane and
cytoplasmic domains, hence is secreted [232]. ADAM12-S
was first identified in human placental cells and tumor cells
such as lung adenocarcinoma and undifferentiated rhabdo-
myosarcoma [232]. Due to the altered orientation,
ADAM12-S is unable to shed molecules from the cell mem-
brane [232]. Although Roy et al. have shown that high
amounts of ADAM12-S in urine in breast cancer correlates
with more advanced disease, Nyren-Erickson et al. showed
that urinary ADAM12-S levels did not vary considerably be-
tween pre-operative breast cancer patients and control partic-
ipants [104, 240]. In breast cancer, ADAM12-S expression
was found significantly associated with tumor invasion and
metastasis, which can be related to its capability of degrading
ECM components [104, 105]. Contradictorily, the overexpres-
sion of ADAM12-L variant was not found to be associated
with breast cancer metastasis [104]. Muggy and colleagues
reported that overexpression of ADAM12-L or ADAM12-S
has no correlation with hormone receptor positive breast can-
cer prognosis, whereas ADAM12-Lwas found to be correlated
with poor prognosis of triple negative breast cancers [103]. In
addition, this study showed that ADAM12-L can enhance
tumor growth by activating EGFR pathways [103].

2.4.3 ADAM15

ADAM15 (encoded by the gene ADAM15) was found to have
an upregulated expression in a wide range of human tissues
[241, 242]. In addition, elevated ADAM15 expression has
been observed in hematologic malignancies, and in ovarian,
gastric, breast, prostate, and lung cancers and brain tumors,
possibly via its role in ectodomain shedding of cadherins
[106–111]. Interactions of the disintegrin domain of
ADAM15 with integrins have been reported in previous stud-
ies, which describe the mechanistic involvement of
ADAM15-A, in regulating cell–cell adhesion and ECMmod-
ifications, promoting metastatic spread [243, 244]. Currently,
23 exons were identified in the ADAM15 gene, which shows
differential alternative exon use (exons 18–22) in human tis-
sues [245]. A recent study by Zhong et al. has cloned and
characterized four alternatively spliced naturally occurring
ADAM15 isoforms, in human mammary carcinoma [112].
All four isoforms ADAM15-A to ADAM15-D were found
derived by the alternative splicing of exons 18 to 23. The
ADAM15-A variant codes for the full-length ADAM15 iso-
form (length, 814 aa; mass, 87.8 kDa). The shortest splice
variant, ADAM15-D, is generated due to the exclusion of
exons 19 to 21, causing a frame shift in exons 22 and 23,
compared with other three isoforms (Table 1). Truncated
ADAM15-D isoform lacks proline-rich modules and has a
unique sequence of 37 aa prior to the premature stop codon.
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Compared with ADAM15-A, ADAM15-B and ADAM15-C
have 75-bp (20a) and 72-bp (20a+21) insertions between
exons 19 and 22 (Table 1). However, all other isoforms were
found with proline-rich motifs, with exons 19 and 20, intro-
ducing extra modules into the core cytoplasmic domain.
Interestingly, the complex pattern of exon usage of ADAM15
was found restricted to the cytoplasmic domain, whereas the
extracellular region remained unchanged in all variants.

Zhong et al. have demonstrated that there were no signifi-
cant changes in ADAM15-A and ADAM15-D transcript levels,
yet ADAM15-B and ADAM15-C levels were significantly up-
regulated in breast cancer tissues compared with normal tis-
sues [112]. This result is in accordance with the findings of
Ortiz et al., who previously recorded no significant variation
in total ADAM15 transcript levels between normal mammary
epithelial cells and breast cancer cell lines [109]. In addition,
Zhong et al. observed that ADAM15-A overexpression does
not alter cell morphology, but it can promote cell adhesion,
migration, and invasion in MDA-MB-435 breast cancer cell
lines [112]. Elevated ADAM15-A and ADAM15-B expression
levels were found to be correlated with poorer survival in
node-negative patients [112]. This suggests that these iso-
forms affect the growth of the primary tumor and promote
dissemination of tumor cells at the primary site, but have less
effect on nodal metastasis. Interestingly, ADAM15-C expres-
sion was correlated with enhanced survival in node-positive
patients [112]. Curiously, more metastatic foci were observed
with ADAM15-B expressing cells compared with ADAM15-A
transfectants [112]. This was explained by the significant in-
teraction of ADAM15-B proteins observed with extracellular
signal-regulated kinase and the adaptor molecules [112]. The
wide range of selectivity of ADAM15-B might have evolved
due to their additional proline-rich motifs, which creates a
binding platform to trigger cell signaling pathways that alter
cell–cell adhesions and ECM arrangement, inducing cancer
metastasis [112]. The cytoplasmic domains of ADAM15-
A, ADAM15-B, and ADAM15-C have been reported with
equal abilities to interact with these signaling and adaptor
molecules. In summary, this study proposed the potential
influence of ADAM15 isoforms on the tumor microenvi-
ronment, either at the site of tumor origin or in metastatic
foci, suggesting their complex associations with mamma-
ry cancer development [112].

Transmembrane isoforms of ADAMs are involved in
regulating cell signaling pathways via ectodomain shed-
ding of cell membrane proteins. On the contrary, secretory
isoforms of ADAMs were often found associated with
disordered protein–protein interactions and altered cell
signaling. The abovementioned studies have proposed a
model in which ADAMs produced by both tumor and
tumor-associated cells induce cancer metastasis through
their interaction with various intra- or extracellular signal-
ing and adaptor molecules. However, further studies are

required to elucidate the differential functioning of
ADAM isoforms in cancer metastasis in vivo.

3 Differential influence of therapeutic agents
on alternative splicing of proteases

Many studies have highlighted the consequences of aberrant
mRNA splice variants in triggering tumorigenesis and drug
resistance, suggesting that alternative splicing is an intrinsic
mechanism leading to therapy resistance [11]. Anti-cancer
drugs may shift the alternative splicing of protease genes,
leading to the dysregulation of protease isoform expression,
conferring resistance to cancer therapy. A study carried out by
Lai et al. has assessed whether alternative transcripts of KLK
genes are differentially regulated by androgen-targeted thera-
py (use of anti-androgens to block the androgen-receptor sig-
naling axis) as they can be used as indicators of therapy resis-
tance to prostate cancer [120]. An overall decrease in expres-
sion ofKLK2 variants was found in LNCaP cells with the anti-
androgens: bicalutamide and enzalutamide treatment, com-
pared with the androgen: dihydrotestosterone (DHT) treat-
ment [120]. Similarly, an overall decrease in expression of
KLK3 variants was detected with anti-androgen treatment al-
though they showed lower responsiveness to the anti-
androgen treatment compared with that of KLK2 [120].
Michael et al. demonstrated the tissue-specific expression of
KLK4 splice variants in prostate cancer and their regulation by
DHT and the androgenic progestin drug: norgestrel treatment
[30]. Furthermore, the study revealed the downregulation of
theKLK4-IRIII variant with the anti-inflammatory drug: dexa-
methasone treatment [30].

Since all caspase variants are involved in tumor growth and
progression, use of caspase inhibitors have been noted for
their promising role in cancer therapy [246]. Alternatively,
using inducers of caspase expression and suppressing caspase
inhibitor activities in carcinogenesis allows tomaintain certain
levels of proteolytic activities triggering tumor cell necrosis or
apoptosis. As an example, the anti-cancerous and DNA-
damaging agent etoposide (VP-16) is often used to induce
caspase-2L-mediated cell apoptosis, conferring sensitization
of tumor cells to chemotherapy [61]. Conflictingly, Wotawa
et al. have demonstrated that VP-16 can also stimulate the
production of the short caspase-2s anti-apoptotic splice vari-
ant in leukemic cells [247]. Although there is no effect detect-
ed on the 5′-end of the mRNA species, VP-16 significantly
affects specifically the 3′-end of the CASP2 gene [247].
Interestingly, relative production of the full-length caspase-
2L splice variant together with pro-caspase-2L protein was
significantly reduced compared with the short splice variant
under VP-16 treatment. Similarly, another study also reported
that both topoisomerase-I inhibitors (e.g., camptothecin and
homocamptothecin derivatives) and topoisomerase-II
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inhibi tors (e.g. , VP-16, amsacr ine, doxorubicin,
mitoxantrone) can induce the exon 9 retention of the cas-
pase-2s splice variant in leukemic cells [248]. The study car-
ried out by Vegran et al. has shown increased levels of cas-
pase-3s/caspase-3L ratios in breast carcinomas with no path-
ological response to the neoadjuvant cyclophosphamide-
containing chemotherapy used for the population examined
[71]. The study showed that complete response to chemother-
apy is dependent on the presence of the caspase-3L form yet
needs a decrease in caspase-3s expression. As indicated by
these studies, overexpression of an apoptotic inhibitor isoform
and downregulation of the pro-apoptotic isoform, which re-
sulted in an early cell response to cytotoxic agents, might
confer resistance to the selected chemotherapy [62, 64, 249].

A differential effect of therapeutic agents on caspase 9 al-
ternative splicing was also reported in previous studies. As an
example, the chemotherapeutic agent, erlotinib, was found to
increase the caspase-9a/9b ratio in NSCLC [88]. In addition,
another DNA-damaging agent, cisplatin, was reported to trig-
ger the apoptotic caspase-9a expression in PC3 prostate cancer
cells [86]. On the other hand, a significant downregulation of
the anti-apoptotic caspase-9b isoform was observed with the
chemotherapeutic agent, gemcitabine, used in lung cancer
treatment [250]. Furthermore, differential splicing patterns of
CASP9 in different cancer cell lines were observed with the
anti-protozoal drug: emetine treatment [251].

Many of the above examples disclose that alternative splic-
ing of proteases has become a legitimate mechanism of resis-
tance to anti-cancer drugs/therapy, which is far more frequent
than previously envisioned [11, 17]. One possible strategy to
increase chemotherapeutic sensitivity of tumor cells is to reg-
ulate the alternative splicing of proteases critically associated
with chemotherapeutic resistance. Targeting the core
spliceosome machinery, targeting splicing regulators and use
of oligonucleotide-based therapy are three of the main ap-
proaches currently used to modulate alternative splicing ma-
chinery [252]. In addition, characterization of tumor
transcriptomes using high-throughput sequencing can be used
to recognize splice variants associated with cancer-specific
tumor characteristics.

4 Conclusion

In living systems, a balance between proteolytic and anti-
proteolytic activities is maintained, and any disturbance to this
balance can lead to various diseases, including cancer.
Proteases have long been known as modulators of the tumor
microenvironment, owing to their potential to affect cell sig-
naling and modify/degrade ECM, which in turn accelerates
cell migration and invasion towards cancer metastasis. Up to
date, a growing body of studies showed evidence for the al-
tered expression, altered activity, and altered localization of

isoforms of all key protease classes in a wide range of cancers.
Generation of protease isoforms with distinct and opposing
roles in cancer can be attributed to the altered processing of
protease splice variants in cancer cells. Therefore, characteri-
zation of the cancer degradome, with respect to the effects of
alternative splicing, will become imperative to compre-
hend their effect on the different hallmarks of cancer pro-
gression. Continuous effort in understanding regulatory
mechanisms involved in cancer-associated splicing events
will aid in developing opposing and specific therapeutic
strategies to halt cancer progression.
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