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Abstract
Introduction—The intracellular signaling cysteine proteases, calpains (specifically the
ubiquitous calpains 1 and 2), are involved in numerous physiological and pathological
phenomena. Several works have notably highlighted the implication of calpains in processes
crucial for cancer development and progression, including cell transformation, migration and
tumor invasion, apoptosis/survival, as well as angiogenesis. For these reasons, calpains are
considered by several authors as potential anti-cancer targets.

Areas covered in this review—This review covers the literature showing how calpains are
implicated in cancer formation and development, how these enzymes are deregulated in cancer
cells and how these proteases could be targeted by anti-cancer drugs. Studies published in the last
10 years are focused on.

Expert opinion—Targeting calpain activity with specific inhibitors could be a novel approach to
limiting the development of primary tumors and the formation of metastases, by inhibiting tumor
cell migration and invasion, which allows dissemination as well as tumor neovascularization,
which in turn allows for expansion. However, such drugs could interfere with anti-cancer
treatments, as ubiquitous calpains play crucial roles in chemotherapy-induced apoptosis. For these
reasons, drugs targeting calpains would have to be used selectively to avoid interferences with
other treatments and physiological processes. Finally, concerning the other members of calpain
family and their potential implication in cancer development, further studies will be required
before considering treatments targeting their activity.
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1- Introduction
Calpains are intracellular cysteine-proteases described as being calcium-dependent in vitro,
though the mechanisms of activation in cells is varied, not always involving calcium. The
calpain family is currently constituted by 15 members, classified according to their
localization (ubiquitous or tissue-specific) or to the presence or the absence of EF-hands,
structures allowing calcium binding (calpains are typical if they encode EF-hands, atypical if
they do not) (Table 1, Figure 1) [1]. The calpain system also includes the endogenous
inhibitor of calpains 1 and 2, calpastatin, and two regulatory small subunits carrying EF-
hands, calpains S1 and S2 [2]. Calpain S1 is known to interact with calpain 1 and calpain 2
to form heterodimers called µ-calpain and m-calpain, respectively (Figure 1). This
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regulatory subunit is required for the proper folding of the heterodimers as well as in the
regulation of their activity. The role(s) played by the S2 subunit and its ability to
heterodimerize currently remain unknown. Calpains have a broad spectrum of substrates,
from proteins of the cytoskeleton (such as talin, vinculin, …) to transcription factors (p53, c-
fos, …), and enzymes (PKC, caspases, RhoA/Rac …) (Figure 2). The proteolysis actuated
by calpains is not degradative but rather signaling in that the fragments generated act as
dominant-negative or –positive elements (cleavage of RhoA [3], talin [4], EGFR [5], …).
Thus, the inhibition of calpains should be considered analogous to abrogation of diverse
signaling pathways.

By cleaving these numerous substrates, calpains are involved in a large number of
physiological and pathological phenomena, from embryogenesis to cell adhesion, diabetes,
and Alzheimer’s disease [1,6–8] (Figure 2). Key to this discussion, several studies have also
linked the calpain system to cancer development and progression. Indeed, the expression
and/or activity of several members of the calpain system have been shown to be strongly
altered in different types of cancer cells or transformed cells (Table 2). Recent publications
have shed light on possible molecular mechanisms; with these focusing mainly on the
ubiquitous calpains 1 and 2 (Table 3).

Among the 15 members of the calpain family, the ubiquitous calpains 1 and 2 are the most
intensely studied. The heterodimers µ- and m-calpain that they form are known to regulate
and even be required for numerous physiological processes. It is important to note that in
cells, the contribution of µ-calpain versus m-calpain is often not evident or experimentally
distinguished; it is not determined whether this is due to co-regulation or compensation.
Several of these processes, such as regulation of cell cycle and apoptosis, adhesion,
migration, invasion, and also angiogenesis, are critical for the formation, progression, and
growth of cancers (see Figures 2 & 3).

The ubiquitous calpains were notably shown to regulate the cell cycle, particularly the
transition between the phases G1 and S [9–11]. Indeed several crucial regulators of this
phase of the cell cycle are substrates of µ- and m-calpain, including two key cyclins, the
cyclin D1 and the cyclin E [12,13]. In normal cells, the degradation of these two cyclins by
the ubiquitous calpains induces the cell cycle arrest. But in cancer cells the opposite occurs;
calpains can promote the progression of the cell cycle in transformed cells or tumor cells.
Indeed, in these cells calpains were shown to proteolyze two inhibitors of cyclin-dependent
kinases (Cdk), p21Cip1 and p27Kip1, thus leading to the activation of the complexes cyclinD-
Cdk4 and cyclinE-Cdk2 [14], [15]. Cdk5, a cyclin-dependent kinase implicated in the
regulation of neuronal cell cycle was also shown to be a substrate of calpains [16]. By
regulating these proteins, ubiquitous calpains are thus strongly involved in the progression
of the cell cycle and in cell proliferation.

Ubiquitous calpains are also known to be involved in the regulation of cell death. In fact,
calpain was the first protease identified in initiating apoptosis [17]. Several studies have
notably highlighted how closely these proteases are linked to caspases. Mu- and m-calpain
cleave several members of caspase family, thus activating the caspase-3, -7 and -12 and
inactivating the caspase-8 and -9 [18,19]. By regulating caspases, calpains can thus control
indirectly apoptosis. Also, in situations of mass calcium influx, membrane transection or
ischemia/reperfusion injury, the ubiquitous calpains are activated and in turn trigger
caspase-3 [20]. Ubiquitous calpains were also shown to regulate cell proliferation and
apoptosis through the tumor suppressor protein p53 [21]. Indeed µ- and m-calpain can
cleave this transcription factor inducing its degradation; the implications of loss of p53
regulation of genomic repair for tumor genetic instability are obvious.
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Ubiquitous calpains were shown to control cell adhesion and migration in different types of
normal cells (such as fibroblasts, endothelial cells, myoblasts, …). Indeed, in physiological
conditions, µ-calpain controls the formation of focal adhesion complexes through the
regulation of Rho GTPases, thus allowing cell adhesion [3], while m-calpain controls cell
de-adhesion by cleaving several components of these complexes (such as paxillin, talin,
vinculin, FAK) [22,23]. Ubiquitous calpains regulate cell adhesion to the substratum, and
thereby cell migration as this process was previously described as a succession of adhesion
and de-adhesion steps [24]. Recent publications have shown that the regulation of migration
by calpains depends on a compartmentalization of these enzymes: in adherenet cells, µ-
calpain is localized at the front of the cells (in the lamellipodia) where it induces focal
adhesion complexes, while m-calpain is concentrated at the rear of the cells where it induces
cell retraction [25,26]. However, the distribution of the calpain isoforms in cells of the
immune system may be different [27], as motility in these cells qualitatively and
quantitatively distinct. By regulating cell migration, calpains can also control tumor
dissemination. Several studies have shown that these proteases can regulate the invasiveness
of isolated tumor cells by modulating cell migration [28], invadopodia dynamics [29] and
MMP (matrix metalloproteinase) expression and activity [30].

These critical implications show how dramatic could be a deregulation of calpain activity.
Alterations of the calpain activity balance has been observed in numerous cancer types
(Table 2) can reduce apoptosis, increase cell proliferation and stimulate cell migration and
invasiveness (Table 3). For these reasons, calpains are considered potential therapeutic
targets to treat cancer and to limit its progression. In this review we present how and why
these proteases can be targeted as well as the pros and the cons of such an approach.

2- Ubiquitous calpains in carcinoma development – and cell transformation
Oncogenic transformation is the sine qua non for tumorigenesis; this is characterized by a
series of major changes in cell morphology and behavior. During this pathological process,
oncogenic proteins, the result of genetic insults, induce a loss of cell adhesion, the disruption
of actin cytoskeleton, and the deregulation of cell cycle. These events lead to the emergence
of malignant cells that have escaped from the usual suppressive mechanisms, and thus
present increased migration and proliferation. Several studies, notably those published by
Carragher’s group, have highlighted the role played by the two ubiquitous calpains during
malignant transformation [31]. It was firstly shown that the balance of calpain system was
modified by the oncoprotein v-Src. Indeed, v-Src induces an increase in the expression of
calpain 2 and the degradation of its endogenous inhibitor calpastatin, thus leading to a strong
increase in calpain activity [32]. This activity is also strongly increased (from 1.5 to 11 fold)
by several other oncoproteins (v-Myc, v-Jun, k-Ras and v-Fos) during cell transformation
[33]. This enhanced proteolytic activity is responsible for lessened adhesiveness and
increased migration observed in these transformed cells, notably through the degradation of
cytoskeletal proteins such as talin, paxillin and spectrin, and the regulatory FAK. The
increased calpain activity is also responsible for the anchorage-independent growth of the v-
Src transformed cells. In the same way, a recent publication has shown that c-Myc
stimulates calpain activity through the suppression of calpastatin expression and that the
knockdown of calpastatin is enough to promote the transformation of c-Myc deficient cells
[34]. These different studies strongly demonstrate that calpains could be major effectors of
malignant transformation.

Calpain activity could thus be targeted to prevent the cell transformation induced by
oncoproteins. Indeed, a recent study showed that the inhibition of calpain activity using
calpastatin overexpression or calpain S1 knockout (to abrogate both ubiquitous calpains)
was sufficient to block the cleavage of FAK, focal adhesion disassembly, and morphological
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changes induced by v-Src [32]. Similarly, it was observed that this calpain inhibition was
able to suppress cell cycle progression and proliferation of the transformed cells, as well as
their anchorage-independent growth. Very similar results were obtained with a synthetic
calpain inhibitor (ALLN). In the same manner, calpain inhibition using different inhibitors
was sufficient to repress the effects of the transformation induced by other oncoproteins
such as v-Jun, v-Myc, v12k-Ras and v-Fos [33]. Moreover, a recent publication has shown
that the simultaneous inhibition of calpains and ERK/MAPK pathway coupled with an
activation of p38 MAPK was sufficient to restore ability of v-Src-transformed myoblasts to
differentiate [35]. Calpain inhibition was also shown to induce apoptosis of transformed
cells. This induction is due to an accumulation of c-Myc, previously identified as a calpain
substrate [36]. The activity of the two ubiquitous calpains could thus be targeted and
inhibited to block cell transformation by suppressing the adhesion disassembly, the
enhanced motility, and the cell cycle progression of the cells transformed by oncoproteins
and by inducing their death.

3- Ubiquitous calpains in cell survival/apoptosis
A second critical behavior enabling emergence of carcinomas is the escape from
programmed cell death, apoptosis, that is often initiated upon inappropriate proliferative or
dedifferentiation stimuli. Apoptosis is a process of programmed cell death critical for the
homeostasis of the organism. Caspases are the main effectors of the process. However,
caspases are not the only proteases implicated, as the two ubiquitous calpains are also
known to be involved in apoptosis. The inhibition of these enzymes with specific inhibitors
was notably shown to block cell death induced by dexamethasone, cycloheximide or
irradiation [17]. This involvement in apoptosis is due to the role played by µ- and m-calpain
in the regulation of caspases, as calpains activate caspase-3, -7 and -12 and inactivate the
caspase-8 and -9 [18]. For these reasons calpain activity is crucial for the induction of
apoptosis.

Inducing the apoptosis of tumor cells is critical in the treatment of cancer, thus serving a
dual function of preventing carcinogenesis and being used to control cancer cells once they
arise. Several molecules known to directly or indirectly trigger apoptosis such as cisplatin,
5-fluorouracil, irinotecan, and paclitaxel, are used as chemotherapy drugs. Several recent
studies presented below have highlighted the major role played by calpains in the induction
of tumor cell apoptosis by some of these therapeutic molecules, particularly when the
precipitating event is endoplasmic reticulum (ER) stress.

Calpains were notably shown to be involved in the apoptosis of breast cancer cells (MCF-7)
treated with genistein. In a first study published in 2004, genistein was shown to increase the
intracellular concentration of calcium leading to the activation of µ-calpain [37]. This
calpain cleaves and activates caspase-12 thus triggering the apoptosis of the MCF-7 cells.
Such an activation of caspase-12 by calpains during ER stress-induced apoptosis was
previously described [19,38,39]. A second publication has highlighted the involvement of
another caspase in the apoptosis induced by this chemotherapy drug. In the same cell type,
genistein was shown to release calcium from the endoplasmic reticulum, allowing calpain
and caspase-7 activation, leading to cell death [40]. In hepatocellular carcinomas, genistein
was also shown to trigger apoptosis via the activation of calpain and caspase-12, however
the calpain isoform implicated in this process was m-calpain, not µ-calpain [41]. Other
flavonoids also lead to cancer cell apoptosis (neuroblastoma cells) by increasing the
intracellular concentration of calcium and the activation of calpains and caspases [42].

A similar involvement of calpains was observed in the apoptosis of breast cancer cells
induced by resveratrol and HL-37 (anthracene derivative) [43,44]. These two drugs trigger a
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rise in the levels of intracellular calcium followed by an activation of calpains. However, the
caspases activated in these conditions are different depending on the drug and the type of
breast cancer cells.

Cisplatin and oxaliplatin, two widely used platinum-based cancer chemotherapies, were also
recently shown to induce apoptosis of tumor cells via the activation of ubiquitous calpains.
The treatment of lung adenocarcinoma cells with cisplatin induces a rapid and significant
increase of calpain activity (within 4 to 6 hours), resulting in the cleavage and the activation
of both Bid and caspase-3 [45]. The activation of these two pro-apoptotic proteins leads to
the tumor cell death after 8 to 20 hours of treatment. A second publication has completed the
study of this phenomenon and µ-calpain was identified as the isoform responsible for the
pro-apoptotic effects of cisplatin [46]. Similar results were obtained with oxaliplatin-treated
cervical carcinoma cells (HeLa cells) [47]. Indeed, calpain-dependent activations of Bid,
caspase-2, caspase-3, caspase-8 and caspase-9 were observed in response to oxaliplatin
treatments and are responsible for the tumor cell apoptosis induced by this alkylating agent.
Finally, another very recent publication showed that calpain activity is required for the ER-
mediated apoptosis of transformed embryonic kidney cells treated with cisplatin [48].

Two other molecules known for their potential anti-cancer properties, aspirin and curcumin,
induce tumor cell apoptosis via the pathway described above. Indeed, aspirin and curcumin
activate calpain activity leading to the activation of different caspases and to the apoptosis of
cervical cancer cells (HeLa) and glioblastoma cells, respectively [49–51].

Likewise, a recent study published in 2010 showed that the effects of trastuzumab on breast
cancer cells strongly depend on calpain activity [52]. Indeed, the calpain activity modulates
the sensitivity of HER2-positive breast cancer cells to trastuzumab. An increased calpain
activity is required for the effects of trastuzumab, and the inhibition of calpain activity
promotes the resistance of the tumor cells to this chemotherapy drug. However, contrarily to
what was observed for cisplatin, oxaliplatin, genistein, and resveratrol, the ubiquitous
calpains are not mediating the effects of trastuzumab by inducing apoptosis via caspases, but
by inhibiting signaling pathways responsible for tumor cell survival. In the model described
in this publication, the ubiquitous calpains, activated by the trastuzumab, regulate two
different pathways. On the one hand, calpains cleave HER2, leading to the inhibition of this
oncogene, while, on the other hand, they induce the activation of the tumor suppressor
PTEN, thus inhibiting Akt1. By reducing the activity of both HER2 and Akt1, calpains
inhibit the cell survival and increase the sensitivity of the tumor cells to the chemotherapy
treatment.

Altogether, these complex studies show that the activity of ubiquitous calpains is required
for the efficacy of several anti-cancer treatments. These molecules used in chemotherapy
induce tumor cell apoptosis by activating very similar pathways. They increase the
concentration of intracellular calcium followed by the activation of calpains to trigger the
final effectors caspases. Trastuzumab is the only treatment to involve calpains in a different
manner, as the enzymes are responsible for an inhibition of the survival signals. However, a
recent study published in 2010 highlighted an opposite implication of calpains in
chemotherapy-induced apoptosis [53]. In this publication, the authors showed that the
proteasome inhibitor bortezomib, used to treat myeloma by increasing the stability of IκBα,
failed to stabilize the inhibitor of NF-κB in lung cancer cells. On the opposite, bortezomib
induces the calpain-dependent degradation of IκBα by activating the ubiquitous calpains.
Contrarily to what was observed for the other chemotherapy treatments, the inhibition of
calpains strongly enhances the efficiency of bortezomib to induce the apoptosis of lung
cancer cells.
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Even if these studies show a different implication of the ubiquitous calpains in cancer cell
survival and/or apoptosis, they all prove that these enzymes could be potential targets to
treat cancer. Except for bortezomib, a stimulation of calpain activity could be interesting to
improve the sensitivity of the tumor cells and the efficiency of the chemotherapy treatments.
On the opposite, an inhibition of calpain activity could be useful to improve the sensitivity
of lung cancer cells to the proteasome inhibitor bortezomib. It is important to note that this
inhibition would be a mistake for these other treatments, as it would decrease their
efficiency by increasing the resistance of the cells to the drugs as it was observed for
trastuzumab. It is possible that while calpain inhibition may decrease apoptosis, the cells
may be redirected to other modes of death. Still the sum of the published data suggest an
interesting approach would be to target calpains to improve chemotherapy efficiency, even if
the treatment (activating or inhibiting the enzymes) will strongly depends on the type of
cancer and the chemotherapy drugs used.

4- Ubiquitous calpains in cancer dissemination – migration and invasion
Tumor dissemination is the most ominous development for patients, as this negates cures in
most all solid tumors. While dissemination can take two distinct forms with differential
underlying behaviors and controls, localized invasion into adnexia and distant metastasis,
both require growth factor-induced cell migration [54]. It was notably shown that cell
motility is crucial as it is rate-limiting for carcinoma cell invasion [55]. The involvement of
µ- and m-calpain in tumor invasion was extensively studied during the last decade. Recent
studies have clearly shown that calpain activity is required for tumor invasion and that the
ubiquitous calpains are implicated in the aforementioned processes.

As previously stated, the involvement of the two ubiquitous calpains in cell migration has
been established, both in physiological and pathological conditions. Calpain activity is
required for both the formation of focal adhesion complexes at the front of the migrating
cells (µ-calpain) and the disassembly of these complexes at the rear of the cells (m-calpain)
[22]. Cell motility is limited by the ability of the cell to retract; the role of m-calpain is thus
crucial for cell motility [56]. In physiological conditions, m-calpain regulates the motility of
fibroblasts [57], endothelial cells [58,59], keratinocytes [60] as well as myoblasts [61,62],
and this regulation is under the control of pro-migratory growth factors such as EGF, PDGF,
and VEGF [26,58,63]. The fact that EGF activates m-calpain is critical as EGFR is
overexpressed in a wide variety of cancers ([54], for a review about EGFR and cancer see
[64]). This involvement of calpains in cell migration was also observed for tumor cells from
several types of cancer, from lung cancer to prostate cancer and rhabdomyosarcoma.

In lung cancer, two studies have shown that the migration of the tumor cells induced by
nicotine and NNK (formed by the nitrosation of nicotine) was dependent on the activation of
both µ- and m-calpain [65,66]. These two cigarette smoke components were shown to
increase the phosphorylation of the two ubiquitous calpains, leading to their activation, an
increased migration and an enhanced invasiveness. However, the signaling pathways
responsible for these effects seem to be different for the two components of cigarette smoke.
While the phosphorylation of calpains induced by NNK was shown to be mediated by ERK/
MAPK pathway [65], like it was observed in physiological conditions, PKCiota would be
responsible for the effects of nicotine [66]. Another study has highlighted the involvement
of m-calpain in the migration and invasion of lung cancer cells. According to this study,
fibronectin stimulates the migration and the invasion capacities of these tumor cells by
activating FAK and the downstream ERK/MAPK pathway, leading to an increase of m-
calpain and MMP-9 expression [67].
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In the same manner, m-calpain was shown to play a crucial role in the migration and
invasion of prostate carcinoma cells [28]. First, it was shown that the migration and the
invasion of the carcinoma cells are EGFR- and calpain-dependent. In these cells, EGF
stimulates both cell migration and invasion by activating m-calpain, and these effects can be
blocked in vitro as well as in vivo by blocking calpain activity or expression. These data are
consistent with those obtained previously showing that EGF induces fibroblast migration by
activating m-calpain via ERK/MAPK pathway. Interestingly, and in contrast to the data
obtained for lung cancer, the expression of calpain 2 remains only slightly elevated if at all
in invasive prostate tumor cells.

A similar involvement of µ- and m-calpain in tumor cell migration and invasion was also
observed with rhabdomyosarcoma (RMS) cells [68]. However, the major alterations of the
calpain system observed for these cells are very different from those observed in lung and
prostate cancer cells. A recent study shows that both the expression, the regulation and the
activity of the two ubiquitous calpains are modified. The expression of both µ- and m-
calpain is downregulated in RMS cells in comparison to normal muscle cells. However, the
expression of the endogenous inhibitor of µ- and m-calpain, calpastatin, is dramatically
reduced in the RMS cells (by 75–85% according to the type of RMS). This drastic reduction
leads to an abnormally high calpain activity. This over-activation of the two ubiquitous
calpains triggers a disorganization of the actin cytoskeleton and a strong reduction of the
capacity of the RMS cells to adhere. This increased calpain activity is also responsible for
the high motility and the strong invasiveness of the RMS when compared to normal
myoblasts. These three examples of calpain levels moving in different directions but with
the net result being higher calpain signaling, demonstrate that expressome or simple
proteome analyses are not fully explanatory but rather one needs to determine the activation
status of key molecules.

Even if migration is rate-limiting for the invasiveness of tumor cells, the degradative
remodeling of the extracellular matrix is also crucial for tumor invasion (for a review see
[69]). Indeed, the tumor cells need to degrade the components of the extracellular matrix in
order to be able to invade the surrounding tissues and to reach the vascular conduits for
dissemination. Another family of proteases, the matrix metalloproteinases (MMP), was
shown to be a main actor in matrix degradation and remodeling. The involvement of µ- and
m-calpain in the degradation in the extracellular matrix is not as well described as for tumor
cell migration, however a couple of recent publications highlight the direct and indirect roles
of these two calpains. Two studies published in 2003 and 2009 show that the ubiquitous
calpains are able to modulate MMP expression and secretion. The data of the first
publication show that the calpain/calpastatin system regulates the RNA expression of
MMP-2 and MMP-9 as well as the secretion of these two MMP, and therefore the
invasiveness of the leukemic cells used in this study [30]. The results presented in the
second publication are similar, showing that µ- and m-calpain regulate the invasiveness of
osteosarcoma cells by controlling the secretion of MMP-2 [70]. These data support an
indirect implication of calpains in the degradation of the extracellular matrix by tumor cells,
however a study published in 2004 highlights a more direct involvement. Indeed, this study
shows that µ- and m-calpains can be secreted by lung cancer cells treated with components
of the cigarette smoke [65]. The possibility that the intracellular proteases calpains could be
secreted is controversial, even if it was previously observed in physiological conditions with
normal myoblasts [71]. However, the secretion of both µ- and m-calpain observed in this
study could explain, at least in part, the invasiveness of these cells. Indeed, the high
concentration of calcium observed outside of the cells would induce a strong activation of
the secreted enzymes and would thus allow the degradation of the components of the
extracellular matrix.
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Taken together, these studies highlight the strong involvement of the ubiquitous calpains in
tumor invasion, by regulating both the motility of the tumor cells and their capacities to
remodel the extracellular matrix. Even if the alterations of the calpain system observed in
these publications are very different according to the types of cancer, they all support the
same conclusion: calpain activity is required for tumor invasion, and a strong activation of
calpains increases invasiveness. For this reason, calpain activity could be targeted by
inhibitors to reduce the invasiveness of the tumor cells and thus block their dissemination.
Indeed all these publications have shown that inhibition of calpains reduces the invasiveness
of the tumor cells. For lung cancer cells, the addition of calpain inhibitors, such as calpeptin,
blocks calpain activation and reduces the invasiveness of the cancer cells by blocking their
migration [65,66]. The treatment of the same cells with C2-ceramide, an activator of the
phosphatase PP2A, limits tumor invasion by inducing the dephosphorylation of calpains and
thus their inactivation [72]. Likewise, the inhibition of m-calpain using synthetic inhibitors
(leupeptin, calpain inhibitor I) or antisense reduces the invasiveness of prostate carcinoma
cells [28]. Very similar results were obtained with rhabdomyosarcoma treated with calpeptin
[68]. Indeed the invasiveness of these cells is dramatically reduced in the presence of this
calpain inhibitor to a level close to the one observed with normal myoblasts. Very
interestingly inhibition of calpains can also reduce the expression of MMPs. Indeed, the
treatment of leukemic cells with CP1B, a specific inhibitor of calpains derived from
calpastatin, decreases the expression as well as the secretion of MMP-2 and MMP-9, thus
reducing matrix degradation and tumor invasion [30].

Targeting the activity of the two ubiquitous calpains with specific inhibitors could thus be a
realistic way to block the invasiveness of tumor cells by inhibiting their migration and the
matrix degradation. However this kind of treatment has limits, as tumor cells use two modes
of locomotion through the matrix, the mesenchymal migration, calpain- and integrin-
dependent, and the amoeboid migration, which is not depending on integrins, calpains, and
matrix degradation. In the case of amoeboid migration and invasion, treatments targeting
calpain activity would have no effect on invasiveness. Moreover, a recent publication has
shown that some tumor cells treated with protease inhibitors undergo a mesenchymal to
amoeboid transition, thus becoming resistant to the treatment [73]. This phenomenon could
be a mode by which tumor cells avoid calpain-targeted inhibition of invasion.

5- Ubiquitous calpains in tumor growth - angiogenesis
For tumors to grow beyond microscopic size, either in situ or in an ectopic metastatic site,
the tumor mass must establish a viable blood supply via angiogenesis. Tumor
neovascularization may also be critical for dissemination as the cancer-associated neovessels
are leaky allowing for easy intravasation. The ability of cancer cells to induce the formation
of new blood vessels is crucial as these vessels are required to provide oxygen and nutrient
supply to the tumor. Moreover, these blood vessels allow the dissemination of the tumor
cells in the organism and thus the formation of metastasis. Previous studies have shown that
cancer cells induce angiogenesis by secreting large amounts of angiogenic factors including
VEGF and TGFα/HB-EGF, thus stimulating the migration and the proliferation of the
surrounding endothelial cells (see the reviews [74] and [75]).

For all these reasons, angiogenesis has emerged as a favorite target in efforts to block cancer
progression. Indeed, inhibiting angiogenesis would prevent tumor neovascularization, thus
blocking the oxygen and nutrient supply of the cancer cells, leading to their necrosis. VEGF
is one of the potential therapeutic targets to inhibit angiogenesis and humanized monoclonal
antibodies against VEGF-A (Bevacizumab, Ranibizumab) are in use in a variety of cancers
as an adjuvant to cancer cell-directed therapies. However, a recent study has shown that
Bevacizumab does not prolong disease-free survival of patients with colorectal cancer
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despite prolonging progression-free survival in a subset of such patients [76]. Moreover,
there are concerns that these treatments could interfere with physiological processes
requiring the signaling by VEGF. Thus, other targets that could limit angiogenesis are being
sought.

Calpains are strongly involved in angiogenesis, notably by regulating the migration and
survival of endothelial cells [58]. Like it was previously observed with fibroblasts, calpains
are required for the growth factor-induced migration of microvascular endothelial cells.
These observations highlight particularly the role played by m-calpain during angiogenesis.
Indeed, VEGF stimulates the endothelial cell migration by inducing an increase of m-calpain
expression and activity to enable tail retraction [59]. Inhibition of calpains with synthetic
inhibitors or by over-expression of calpastatin blocks the effects of VEGF on endothelial
cell migration. Calpain inhibition could thus be used to block tumor neovascularization.
However this inhibition could be problematic and have side effects. Indeed, while m-calpain
activity is needed for productive endothelial cell migration, µ-calpain activation in the cells
leads to apoptosis and the regression of blood vessels [77]. Because of this dual action of the
ubiquitous calpains, nonspecific inhibition of these enzymes, targeting both µ- and m-
calpain, would block the endothelial cell migration but also blunt the regression of existing
blood vessels.

This could be circumvented by a physiological effector network. A recent study has reported
that the ligands of the receptor CXCR3, expressed during wound healing to control excess
vascularization, inhibits VEGF-induced migration of endothelial cells by blocking the
activation of m-calpain [58]. Like for fibroblasts, this inhibition is due to the
phosphorylation of the enzyme by the protein kinase A (PKA) [78]. This family of
chemokines was also shown to inhibit the effects of EGF on cell migration [26]. Moreover,
these chemokines do not inhibit µ-calpain; on the opposite, they were shown to activate this
enzyme thus inducing endothelial cell apoptosis and vessel regression. However, these
treatments could also be problematic. Indeed, two isoforms of the receptor CXCR3 were
identified. While CXCR3B is responsible for the angiostatic effects of IP-10 on endothelial
cells, inhibiting cell migration, proliferation and inducing apoptosis, CXCR3A induces cell
proliferation and migration [79]. Treatments with ligands of CXCR3 would thus block the
formation of new blood vessels and induce the regression of existing vessels, but it could
also stimulate the proliferation and the motility of the tumor cells.

Taken together, these data clearly show that the ubiquitous calpains could be interesting
targets to limit tumor neovascularization, but the treatments would have to be isoform-
specific, and possibly cell-specific, inhibiting m-calpain and activating µ-calpain in
endothelial cells to block angiogenesis and induce the involution of the existing vessels,
while avoiding stimulation of cancer cells.

6- Involvement of calpain-3, -6, and -9 in cancer
Even if µ- and m-calpain are the best described and many of their roles in cancer
development and progression is now well known, several other calpains have been
implicated in this pathological process in specific cancers. Results obtained for three tissue-
specific calpains, the calpain-3, -6, and -9, are particularly interesting and suggest that these
proteases could be targeted to treat their respective cancers, like calpain-1 and -2.

The tissue-specific calpain-3, also known as p94, is mainly expressed in the skeletal muscle
[1] (Figure 1). This protease is noted as causative for the muscle dystrophy LGMD2A (limb
girdle muscular dystrophy type 2A) [80]. However, two recent publications highlight the
potential implication of this calpain in the development and progression of cancer. In the
first study, published in 2009, the authors have identified two new splicing variants of
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calpain 3 expressed in melanoma cells [81]. They have also observed that the expression and
the autoproteolytic cleavage of these unstable variants are increased in pre-apoptotic cells
treated with cisplatin. Moreover the expression of these variants is downregulated in cells
from aggressive melanoma with increased invasiveness and a high resistance to
chemotherapy. These observations suggest that calpain-3 could play a role in the
chemotherapy-induced apoptosis of melanoma cells, similar to µ- and m-calpain. However,
the second publication supports another hypothesis. Indeed, the authors have observed that
calpain-3 is expressed in an active form in urothelial tumor cells, and that this over
activation could be responsible for the increased proliferation of the tumor cells through the
overexpression of E2F3 [82]. Even though these data are contradictory, they support the
possible involvement of calpain-3 in cancer and identify this protease as a potential anti-
cancer target.

The involvement of calpain-6 in cancer was also recently suggested. This tissue-specific
calpain, also known as calpamodulin or calpain-like protease X-linked, is encoded by a gene
located on the X chromosome and is notably expressed in the fetus during embryogenesis as
well as in the placenta [1] (Figure 1). Recent publications have shown that calpain-6 is
highly expressed in cancer cells, notably in human cervical cancer cells, while its expression
is extremely low in normal cells, being representative of an onco-fetal protein [83].
Moreover, this expression increases during the progression of uterine cervical neoplasia.
Calpain-6 was reported to protect the cancer cells from the cisplatin-induced apoptosis by
inhibiting caspase-3 activity [84]. Moreover, the expression of calpain-6 in endothelial cells
enhances the effects of VEGF on migration and invasion, thus promoting angiogenesis.
Thus, this calpain could be an interesting target to treat uterine cancer with minimal side
effects, as it is by and large not expressed in normal tissues. However, contrarily to the other
members of calpain family, calpain-6 lacks the cysteine of the catalytic triad and there is
currently no evidence that this protein possesses any proteolytic activity. For this reason it is
premature to suggest the generation of inhibitors to calpain-6 and to speculate as to the type
of treatments that could be used to target this calpain.

Similarly to calpain-3 and -6, calpain-9 (also called nCL-4, Figure 1) was shown to be a
potential anti-cancer target. However, contrarily to calpain-6, this tissue-specific protease
expressed in the normal cells of the digestive tract; appears to suppress tumorigenesis. A
first publication has shown that the expression of the gene encoding calpain-9 is depleted in
several gastric cancer cell lines [85]. These observations were complemented by a second
study showing that the inactivation of this gene in fibroblasts promoted the anchorage-
independent growth of these cells and the formation of tumors in nude mice [86]. Because of
the tumorigenic effects of the suppression of its expression, calpain-9 activation appears to
be a potential approach to treat gastric cancer. However further studies are required, notably
to observe the effects of an overexpression of calpain 9 on the development and progression
of gastric cancers.

These data concerning calpain-3, calpain-6 and calpain-9 highlight the fact that µ- and m-
calpain are not the only potential targets to treat cancer in calpain family. However, further
work is required to better understand their role in the tumorigenesis. It is notably impossible
to target calpain-6 activity to limit uterine cancer development without indentifying or
developing an inhibitor of this protease. Moreover, the exact role of calpain-3 has to be
clarified, as the current data are contradictory. However, calpain isoform-specific inhibitors
may be beneficial to avoid side effects of inhibition of the ubiquitous calpains.
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7- Conclusions
Calpains are known to be directly or indirectly implicated in a very large number of
phenomena with cancer being one of them. Even if the members of calpain family are not
directly responsible for the formation and the development of cancer, these enzymes are
important effectors of the different processes leading to the formation of the tumor, its
growth and the formation of metastasis. Importantly for patients, calpains are also linked to
chemotherapeutic efficacy. As shown in Tables 2 and 3, there are numerous alterations and
deregulations of the calpain system in different cancer types; the expression and/or the
activity of these enzymes are very often modified leading to transformation and increases in
proliferation, motility, and invasiveness, and providing resistance of the tumor cells to
chemotherapies (see Figure 3).

Among the different members of the calpain family, the ubiquitous calpains µ- and m-
calpain are clearly the calpains the most widely implicated in the development and
progression of cancer. Indeed, the studies published during the last decade clearly show how
involved the ubiquitous calpains are in the transformation, the migration, and the
invasiveness of the cancer cells, as well as for the neovascularization of the tumor. They are
also implicated in the apoptosis of the tumor cells. Thus, these signaling proteases are
potentially viable targets for cancer control and treatment.

One issue in targeting calpains relates to the various steps in tumor development and
treatment. Concerning cell transformation, recent studies show that several oncoproteins
such as Src induce a strong activation of the ubiquitous calpains, allowing for transformation
of the cells [33]. Therefore, inhibition of µ- and m-calpain activity would block the effects
of the oncoproteins. Similarly, several studies show that calpain activity is necessary for the
migration and the invasion of the tumor cells [28,65,68]. In several types of cancer, the
tumor cells present an abnormally high activity of µ- and/or m-calpains, and this activity
allow the cells to migrate faster, and also to invade the surrounding tissue. Indeed, calpains
are able to regulate the expression and the activity of the MMPs, thus controlling the
degradative remodeling of the extracellular matrix [30]. Interestingly, one study performed
with lung cancer cells also showed that µ- and m-calpain can be secreted by these cells to
directly alter the matrix to facilitate their invasion [65]. Most of these publications also show
that inhibiting calpain activity using synthetic inhibitors, calpastatin, or molecular
downregulation of ubiquitous calpain expression reduces the motility and/or the
invasiveness of the tumor cells. Lastly, calpain activity is required for endothelial cell
motility that provides for tumor neovascularization. Indeed, growth factors secreted by
cancer cells such as VEGF and TGFα/HB-EGF, stimulate endothelial cell migration and
tube formation that require the activation of ubiquitous calpains; inhibition of these enzymes
reduces the migration of the endothelial cells and thus blocks angiogenesis [58]. In these
situations, blockade of calpains would provide benefit in limiting carcinogenesis or
progression. For these reasons, specific inhibitors of ubiquitous calpain activity could be
used to prevent cancer progression by inhibiting migration and invasion of the tumor cells
needed for dissemination as well as blocking the tumor neovascularization necessary for
growth to clinically relevant size.

However, the situation is not so simple. With the exception of bortezomib, calpain activity
was also shown to be required for the apoptosis of the tumor cells induced by several
chemotherapy drugs, such as cisplatin, genistein or trastuzumab [37,45,52]. Most of these
drugs activate the ubiquitous calpains by inducing an increase of the concentration of
intracellular calcium, thus leading to the activation of caspases and to cell death. In these
conditions, an inhibition of calpain activity inhibits apoptosis and thus reduces the efficacy
of the drugs used in chemotherapy.

Leloup and Wells Page 11

Expert Opin Ther Targets. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To summarize the data concerning µ- and m-calpains, the activity of these enzymes is
required for both the development and the progression of the cancer (by allowing cell
transformation, the migration and the invasion of tumor cells, and the neovascularization of
the tumor) and the suppression of the tumor by chemotherapy (see Figure 3). Ubiquitous
calpains can thus clearly be considered as excellent targets to treat cancer, however their
involvement in such opposite processes is problematic, notably to determine the type of
treatment to use. Indeed, inhibiting calpain activity would be an efficient way to block the
development of a tumor by blocking the transformation and the proliferation of the cells, as
well as the vascularization of the tumor. It would stop the growth of the tumor and the lack
of nutrients and oxygen would induce the necrosis of the tumor. More importantly, it would
prevent the formation of metastasis, notably in the cases of lung and prostate cancers, by
inhibiting the migration and the invasion of the tumor cells. However, an inhibition of the
activity of the ubiquitous calpains would also block the activation of these enzymes induced
by the chemotherapy drugs, thus preventing the activation of caspases and the initiation of
apoptosis. It would strongly limit the effects of chemotherapy by increasing the resistance of
the tumor cells to death. Targeting ubiquitous calpains to treat cancer would thus have to be
timed and not used during chemotherapeutic regimens. Rather, one could envision a
situation wherein calpain inhibition was used as a more chronic maintenance therapy, while
during chemotherapy calpain agonists would be adjuvant to promote killing and cause
collapse of tumor neovasculature.

Still, such therapeutic approaches must be cognizant of potential side effects. The processes
in which the ubiquitous calpains are implicated in cancers are the same as they function in
physiology and homeostasis. For instance, inhibition of calpain activity would be
detrimental to wound repair, as it would prevent cellular replacement and the re-
establishment of normal vascularity. Thus, if there were a surgical intervention, the major
part of healing would need to be completed prior to initiating anti-calpain therapy.

Finally, the other calpain family members implicated in specific cancers, calpains -3, -6, and
-9, offer opportunities for inhibition without concerns about timing and side effects, as long
as the inhibitors show isoform selectivity. These tissue-specific calpains could become
interesting anti-cancer targets. However, these promising data and the involvement of these
calpains in cancer development require further studies first to confirm involvement and
more importantly define mechanistic roles. One key development, however, is the lack of
such isoform-specific inhibitors, a challenge made even more daunting by the close
sequence similarities of the family members.

8- Expert opinion
Calpains and more particularly µ- and m-calpain, can definitively be considered as potential
anti-cancer targets, as these enzymes are involved in several steps of the development and
progression of a wide variety of common cancers (Figure 3). Treating tumor cells with
inhibitors of the ubiquitous calpains could be a useful and efficient way to retard the
development and dissemination of the cancer cells. Of course, one would expect cancer cells
to eventually develop resistance to such inhibition; one example would be a switch from
mesenchymal to amoeboid invasion. Still, such global inhibition could interfere with
chemotherapy drugs used to induce the apoptosis of the tumor cells, such as cisplatin or
trastuzumab. Even avoiding the post-surgical wound repair window to minimize side-effects
and the acute chemotherapy regimen windows so as to not blunt efficacy, would not be a
panacea, as the calpains are involved in normal homeostasis. Thus, the treatment would have
to be subtotal and thus used primarily as a maintenance therapy to slow progression and
prolong survival, turning cancer into a chronic condition. This is still theoretical, as agents to
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inhibit calpains in humans have not been approved, and thus these and especially isoform-
specific inhibitors will require further development.

Article highlights

• Calpain activity is increased by oncoproteins and required for cell
transformation

• Ubiquitous calpains control tumor cell migration and invasiveness

• Ubiquitous calpains regulate MMP expression and activity

• Calpains play a critical role in tumor neovascularization by regulating
endothelial cell migration

• Chemotherapy-induced apoptosis requires calpain-dependent activation of
caspases
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Figure 1.
Schematic diagram of the structure of µ- and m-calpain, calpain-3, -6, and -9.
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Figure 2.
Schematic representation of ubiquitous calpain regulation and key substrates.
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Figure 3.
Schematic representation of the implication of the ubiquitous calpains in the different
mechanisms leading to cancer progression or suppression.
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Table 2

Alterations of calpain system in different types of cancer

Calpains Cancer Modifications Ref.

Calpain 1 Breast cancer Higher activity [87]

Calpain 2 Colorectal adenocarcinoma Overexpression calpain 2 [88]

Lung cancer Phosphorylations and secretion [65]

Malignant brain tumors Overexpression, increased activity [89]

Prostate cancer Overexpression calpain 2 [90]

SCC / BCC Alteration of calpain 1 expression [91]

Renal carcinoma Higher expression of calpain 1 [92]

Rhabdomyosarcoma Higher activity [68]

Calpain S1 Breast cancer Overexpression, highly proteolyzed [93]

Hepatocellular carcinoma Overexpression [94]

LGL Leukemia Overexpression [95]

Calpastatin Endometrial cancer Higher expression [96]

Rhabdomyosarcoma Low expression [68]

Calpain 3 Melanoma Downregulation proapototic variants [81]

Urothelial cancer Expressed in an active form [82]

Calpain 6 Uterine cancer Overexpression [83]

Calpain 9 Gastric cancer Downregulation [85]

Calpain 10 Laryngeal cancer Lower expression of allele UCNSP-44 [97]
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Table 3

Implications of calpain family members in cancer

Calpains Cancer Implications Ref.

Calpain 1 Bladder carcinoma Cell migration, invasion [55]

Calpain 2 Brain tumors Cell death [42]

Breast cancer Invadopodia dynamics, invasion [29]

Breast cancer Cyclin E truncation [13]

Lung cancer Cell migration, invasion [65]

Melanoma Degradation of p27Kip1 [98]

Meningioma Degradation merlin, adhesion, contact inh. [99]

Neuroblastoma Regulation of NO production [100]

Osteosarcoma Invasion, metastasis formation [70]

Prostate cancer Cell migration, invasion [28]

Prostate cancer Degradation of E-cadherin [90]

Renal carcinoma Metastasis formation [92]

Rhabdomyosarcoma Cell migration, invasion [68]

Calpain S1 Hepatocellular carcinoma Invasion, metastasis formation [94]

Calpain 3 Melanoma Pro-apoptotic role [81]

Urothelial cancer Proliferation ? [82]

Calpain 6 Uterine cancer Reduction of apoptosis, angiogenesis [84]

Calpain 9 Breast cancer Apoptosis, lumen formation [101]

Gastric cancer Anti-tumor effects [86]

Calpain 10 Laryngeal cancer Lower expression of allele UCNSP-44 [97]
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