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Abstract

Calpains are a family of calcium activated cysteine proteases. Calpain-1 and calpain-2 are
obligate heterodimers composed of isoform specific catalytic subunits (encoded by capnl and capn2,
respectively) coupled with the common, shared regulatory subunit calpain small subunit 1 (encoded by
capnsl). Here, we report a role for these calpains in promoting spontaneous tumor onset in a model of
human HER2+ breast cancer, as well as a requirement for these calpains for tumor viability in an
orthotopic engraftment model. Furthermore, we demonstrated that knockout of capnsl correlated with
enhanced sensitivity to the chemotherapeutic doxorubicin, the EGFR/HER?Z inhibitor lapatinib, and
sustained MAPK signaling in response to EGF.

In a model of triple-negative breast cancer we demonstrate that CRISPR/CAS9-mediated
knockout of calpain-1 (capnl) or calpain-2 (capn2) independently attenuated metastatic colonization in
vivo, and that knockout of either isoform was associated with attenuated production of MMP-9.

Collectively, our results suggest a pro-tumorigenic role for calpain-1/2 in both HER2+ and triple-
negative breast cancer, which provides preclinical evidence in support of combining calpain inhibitors

with commonly used therapeutic drugs.
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Chapter One General Introduction

1.1 Breast Cancer Remains a Health Crisis

Cancer is one of the leading health crises facing Canadians, with approximately 30% of
Canadians expected to develop one form of cancer over their lifetime, and 25% of those afflicted
individuals are expected to die from their disease(CCS, 2017). The economic ramifications of cancer
treatment are substantial, with over $4.4 billion in economic costs, including $3.8 billion in direct
healthcare costs (CCS, 2017). Breast cancer represents a substantial subset of this population, as 1 in 8
females are expected to develop the disease over the course of their lifetime. While not unheard of, the
incidence of male breast cancer is substantially lower, as only 0.2% of newly diagnosed male cancers are
those of the breast (CCS, 2017; Fentiman et al., 2006). In general, risk factors which contribute to breast
cancer incidence include modifiable and non-modifiable factors such as, genetics (for example, BRCA1/2
gene variants), hormonal replacement therapy in post-menopausal woman, age at menarche, pregnancy,
the use of oral contraceptives, alcohol consumption, exposure to carcinogens, and levels of physical

activity (CCS, 2017; Chen et al., 2011; Kumle et al., 2002).

1.2 Classification and Treatment

Breast cancer may be broadly divided into two major types based on the ductal or lobular
epithelial cell-of-origin. Carcinomas originating from both are also subclassified as either invasive or non-
invasive. Non-invasive carcinomas are those confined to a local area that have not breached the basement
membrane or started to invade into the surrounding tissue. These are termed either ductal carcinoma in
situ (DCIS) or lobular carcinoma in situ (LCIS). On the other hand, those carcinomas that breach the

basement membrane are deemed invasive ductal or invasive lobular carcinoma. The most common type
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of breast cancer arises from ductal cells (Harvey, 2007), and while other types such as inflammatory
breast cancer do exist, these are rather rare.

Classification of breast cancer is important as it informs prognosis. Classification schemes
generally include histopathology, grade, and stage. Histopathology determines the cell-of-origin and
informs whether the carcinoma is confined locally or has breached the basement membrane and become
invasive. The grade of tumor refers to the differentiation state of the carcinoma. As tumors progress, they
become less differentiated, and thus their similarity to normal adjacent tissue; and poorly differentiated
tumors are associated with a worse prognosis. Tumor grade values can range from 1 to 3, with 3
representing those tumors which are poorly differentiated with a higher likelihood of metastasizing.
Staging refers to the tumor/node/metastasis (TNM) system, where ‘T’ denotes to the primary tumor and
reflects characteristics such as size and confinement of the carcinoma. ‘N’ refers to whether tumor cells
are located in the regional lymph nodes, and ‘M’ indicates whether the tumor has metastasized beyond the
regional lymph nodes (Edge and Compton, 2010).

Pathological assessment of breast cancer receptor status by immunohistochemistry (IHC) is also
an important aspect of diagnosis, as this informs treatment. Pathologists stratify breast cancer by the
expression of 3 major receptors - the estrogen receptor (ER), progesterone receptor (PR) and the human
epidermal growth factor receptor (HER2). Pathologists classify breast cancer as either luminal A, luminal
B, HER2 positive or triple-negative/basal-like based on the relative expression profiles of these receptors
and other molecular and histological features.

The most frequent subtype of breast cancer is luminal A (50-60%), which is associated with low
grade, low nuclear pleomorphism and low mitotic activity. Tumors falling into this category are ER/PR
positive (>20% PR), and HER2 negative (Maisonneuve et al., 2014). The prognosis of patients with
luminal A tumors is generally more favorable when compared to other subtypes and treatment involves
the use of endocrine modulators such as tamoxifen and aromatase inhibitors (Guarneri and Conte, 2009;

Yersal and Barutca, 2014).



Luminal B tumors are ER/PR positive, can be either HER2 positive or negative and are
associated with a more aggressive phenotype and consequently a poorer prognosis (Cheang et al., 2015).
Luminal B tumors may have lower expression of hormone receptors than luminal A tumors, yet higher
expression of proliferation-related genes such as CCNB1 and MYBL2 (Ades et al., 2014), as well as
greater than 14% expression of Ki67 (Maisonneuve et al., 2014); thus the key differences between
luminal A and luminal B malignancies may not rest with overall receptor status, but rather with these
unique molecular signatures (Ades et al., 2014; Reis-Filho et al., 2010). Approximately 15-20% of all
diagnoses fall into the luminal B category. Treatment of luminal B tumors is similar to that of luminal A
and relies on the use of endocrine modulators coupled with chemotherapy.

HER?2 positive (HER2+) tumors are associated with high expression or amplification of the
HER2 receptor and are generally high grade with an aggressive phenotype. HER2 positive tumors are
diagnosed by demonstrating high levels of HER2 staining by IHC or identifying gene amplifications
using fluorescent in situ hybridization (FISH). An IHC score of +3 (>30% of malignant cell membranes
staining for HER2), or a FISH score of >6 copies/nucleus are recommended cutoffs for diagnosis (Wolff
et al., 2007). Malignancies falling into this category are generally resistant to endocrine therapy, and thus
are treated with anthracyclines (Gennari et al., 2008), taxanes (Burstein et al., 2001), antimetabolites
(Geyer et al., 2006), and targeted inhibitors of the HER2 receptor (trastuzumab, lapatinib (EGFR/HER?2)),
or a trastuzumab-antimicrotubule conjugate, Kadcyla®). Approximately half of all patients treated with
trastuzumab relapse with resistant disease within one year (Nahta and Esteva, 2006). Approximately 15-
20% of all tumors can be classified as HER2 positive, and nearly half of all HER2 positive tumors also
express the estrogen receptor, albeit at lower levels than their luminal counterparts (Yersal and Barutca,
2014).

The terms basal-like or triple-negative tumors have been used interchangeably in the literature,
but generally refers to tumors which do not express the estrogen, progesterone, or HER2 receptor, and are

highly aggressive with a propensity to metastasize to the brain and lung (Heitz et al., 2009). Since



pathological classification of clinical samples relies on expression of the three main receptors
(ER/PR/HER?2), clinical samples are usually deemed “triple-negative”, although from a research
standpoint, the expression of basal myoepithelial markers such as the cytokeratins 5/14/17 can provide an
additional level of classification (Yersal and Barutca, 2014). Basal-like/triple-negative tumors are the
most challenging subtype to treat, as unlike their counterparts, no clinically approved generalized targeted
therapeutics exist. However, molecular phenotyping is increasingly being used to design patient-tailored
targeted therapeutics (Cleator et al., 2007). Often, these tumors are treated through surgery, radiotherapy,
and general chemotherapy (Wahba and El-Hadaad, 2015).

Regardless of molecular subtype, approximately 70% of patients with local breast cancer receive
adjuvant chemotherapy as part of their standard of care. However, only a subset of patients derive benefit
from this, yet suffer side effects from their treatment and increase overall treatment-related costs
(Blohmer et al., 2013). Multigene prognostic tools have since been developed (Prosigna, Oncotype DX,
Mammaprint) that help to identify patients with a supraoptimal prognosis, and therefore not warranting
adjuvant treatment with chemotherapy. Tools such as the PAM 50 can provide a 10-year predictive risk of
distant recurrence. However, the majority of these prognostic tools all consider ER/PR negative breast
cancer “high risk”, limiting their clinical utility for triple-negative/basal-like breast cancer (Yersal and

Barutca, 2014).

1.3 The Calpain Family of Proteases

1.3.1 An Overview of Calpains

The calpain family consists of 16 mammalian calpain genes with various pathological
associations, and are a family of calcium-dependent intracellular proteases (although CAPN6, CAPNS1,
and CAPNS2 are not enzymatically active) (Campbell and Davies, 2012). Calpains were first purified
from skeletal muscle tissue (Huston and Krebs, 1968) and rat brain (Guroff, 1964) in the 1960s. The two

classical, or typical, calpains are ubiquitously expressed and were originally denoted p-calpain (how
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calpain-1) and m-calpain (now calpain-2), based on the micromolar and near millimolar calcium
requirements, respectively, required for half-maximal in vitro activity (Goll et al., 2003). Physiological
levels of calcium in the cell are considerably less, thus other regulatory mechanisms exist, discussed
shortly. These two calpains are comprised of distinct 80 kDa catalytic subunits, encoded by capnl or
capn2, respectively, coupled with a small 28 kDa regulatory subunit encoded by capnsl, which is
required for enzymatic stability and activity (Dutt et al., 1998; Elce et al., 1997; Graham-Siegenthaler et
al., 1994; Tan et al., 2006c).

The structure of calpain-2 was determined by X-ray crystallography (Hosfield et al., 1999a). The
catalytic subunit has four distinct domains (D I-1V), with the regulatory subunit having 2 domains (D V-
VI). Updated nomenclature for the catalytic subunit refers to D-1 as protease-core (PC) domain 1, D-11 as
PC 2, D-11I as calpain-type 3-sandwich domain (CBSW), and D-1V as the PEF(L) domain. The updated
nomenclature for the regulatory subunit refers to D-V as a glycine-rich domain, and D-VI as the penta-
EF-hand (PEF) (S) domain (Calpain Research Portal 2018, calpain.net). Binding between the subunits is
mediated by hydrophobic interactions between the C-terminal domains PEF(L) and PEF(S) of the large
and small subunits, respectively, as well as contact between the anchor helix of the large subunit with the
small subunit. The catalytic triad of calpain-2 is comprised of Cys105 in PC1, and His262 and Asn286 in
PC2, which is improperly aligned in the Ca?*-free structure. Calcium binding within the protease core of
the enzyme induces a conformational reorientation of PC1 and PC2 to assemble a functional catalytic
triad, involving ~5° rotation between PC1 and PC2 (Hosfield et al., 1999b). Although calpains are
members of the Penta-EF hand family, having calcium-binding EF hands located in each of PEF(L) and
PEF(S) domains, it is the binding by calcium at PC1 and PC2 that leads to activation of calpain
(Moldoveanu et al., 2002). This occurs in a 2-stage mechanism involving the repulsion of the N-terminal
anchor peptide from the large subunit, followed by the realignment of the active site to assemble the
functional catalytic triad (Moldoveanu et al., 2002), although conceptual advances suggest that cleavage

of the N-terminal anchor may not be necessary for activation (Chou et al., 2011a).



Calpain-1 shares approximately 55-65% sequence identity with calpain-2, and a chimeric crystal
structure reveals similar structure to calpain-2, but with increased flexibility in the EF hands, and a tighter
catalytic triad (Pal et al., 2003). Several mechanisms have been proposed which lower the calcium
requirement for half-maximal activity, including phosphorylation by ERK (Glading et al., 2004) and
protein kinase C (Xu and Deng, 2006), recruitment to the plasma membrane (Leloup et al., 2010) as well
as activator proteins (Melloni et al., 2000; Melloni et al., 1998); although, the latter two studies require
validation in cell-intrinsic systems. The notion that calpain may traffic to sites of localized calcium influx
sufficiently high to achieve enzymatic activation — whether from intracellular stores such as the
endoplasmic reticulum, or calcium channels at the plasma membrane — is the most plausible (Campbell
and Davies, 2012). However, many studies suggest a role for calpain in localized signaling - for example,
calpain-1 localizes to the intermembrane mitochondrial space (Garcia et al., 2005), and calpain-2 to the
plasma membrane (Leloup et al., 2010) as well as caveolae (Kifor et al., 2003). To date, calpastatin is the
only known endogenous inhibitor of calpains-1 and -2 (Ono et al., 2016). Calpastatin is a 70 kDa
unstructured protein with four functional inhibitory domains, each consisting of three repeat subdomains
(A, B, C), with the B subdomain exerting inhibitory function (Betts et al., 2003). This B subdomain
inhibits calpain by binding in the active site, yet escaping cleavage itself by looping around the catalytic
cysteine residue (Hanna et al., 2008; Moldoveanu et al., 2008). The repeated ABC domain suggests one

molecule of calpastatin may inhibit up to four calpain molecules (Hanna et al., 2007) (Figure 1.1).



Figure 1.1 The crystal structure of calpain-2 bound to calpastatin.

When complexed with calpain, calpastatin forms helixes in subdomains A and C. Calpastatin evades
proteolytic cleavage by calpain in the active sites between PC 1 and PC 2 by looping around the active

cysteine residue. Modified from (Hanna et al., 2008).



Calpains-1 and -2 are implicated in a broad range of processes such as cell cycle regulation,
migration, apoptosis, and autophagy (Cheng et al., 2018; Goll et al., 2003), as well as in a variety of
disease states including Huntington’s (Gafni and Ellerby, 2002), Alzheimer’s (Saito et al., 1993),
muscular dystrophy (Tidball and Spencer, 2000), and cancer (Storr et al., 2011a). The involvement of
calpain in a range of cellular processes and diseases is perhaps unsurprising, as calpain-1 and calpain-2
lack a clearly defined consensus cleavage sequence, and thus have a vast substrate profile, with over 130
experimentally verified substrates (duVerle et al., 2010; Liu et al., 2011).

It is generally accepted that calpains participate in signaling pathways by making specific cuts to
modulate, rather than abolish, the functions of their substrates. The context in which calpains are engaged
is also critically important; for example, calpain-1 and calpain-2 have both pro- and anti-apoptotic roles.
Challenge of calpain-1/2-deficient mouse embryonic fibroblasts (MEFs) with tumor necrosis factor o
(TNFa) or staurosporine is associated with enhanced apoptosis relative to wild type MEFs, whereas

serum starvation or challenge with etoposide is associated with enhanced survival (Tan et al., 2006c¢).

1.3.2 Expression Patterns in Cancer

Studies of calpain across various cancers have correlated elevated calpain expression with
adverse cancer-specific survival. Expression of calpain-2 in basal-like and triple-negative breast cancer
(TNBC) is associated with poor survival (Storr et al., 2012a), as well as reduced survival and resistance to
platinum-based chemotherapy in ovarian cancer (Storr et al., 2012b). Calpain-1 expression has been
correlated with adverse survival in HER2+ breast cancer (Storr et al., 2011c). The endogenous inhibitor
calpastatin has also been negatively correlated with lymphovascular invasion (LVI) in breast cancer,
implicating elevated calpain activity in LV (Storr et al., 2011b). Calpain-2 is correlated with progression
of prostate cancer, although epigenetic mechanisms may contribute to this observation (Mamoune et al.,
2003). Calpain-1 is also associated with development and progression of renal cell carcinoma (Braun et

al., 1999), and calpain-1 and calpain-2 with the development of meningiomas and schwannomas (Kimura
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et al., 2000). However, not all calpains are associated with protumorigenic roles. Calpain-9 expression is
reduced in gastric cancer (Yoshikawa et al., 2000), and calpain-3 is downregulated in aggressive

melanoma (Moretti et al., 2009).

1.4 Calpain in Cancer Pathogenesis

The progression of a cancer from a local site to a distant organ is a multistep, complex process
characterized by proliferation, invasion and migration at the local site leading to intravasation into the
blood or lymphatic vasculature, and followed by extravasation and growth at a distant organ. Calpains
have a diverse substrate profile, with over 130 known substrates and 360 different cleavage sites (Liu et
al., 2011), and through these substrates are implicated in multiple stages throughout the metastatic
process. Roles for calpain-1 and calapin-2 have been identified in biological processes ranging from cell
migration (Dourdin et al., 2001; Franco et al., 2004b), invasion (Jang et al., 2010; Postovit et al., 2002b),
survival and apoptotic signaling (Grieve et al., 2016; Ho et al., 2012; Tan et al., 2006b; Tan et al., 2006c¢),
to cell cycle progression (Choi et al., 1997; Libertini et al., 2005). Calpain-1/2 knockdown in an
orthotopic model of TNBC was recently associated with a significant reduction in metastatic potential

(Grieve et al., 2016).

1.4.1 Calpain in Oncogenic Signaling and the Cell Cycle
The epidermal growth factor (EGF) family of growth factors regulates the activity of HER-family

of receptor tyrosine kinases (RTKs), with ligand binding inducing the formation of receptor homo- or
heterodimers (Yarden and Sliwkowski, 2001). There are four members of the HER-family (HER1-4, also
known as ErbB1-4). HER1, the prototypic member of the epidermal EGFR family, and HER4 are
ubiquitously expressed, while expression of HER2 and HER3 is more restricted. HER family members
share a common structure, having an extracellular ligand binding domain, a single membrane-spanning

region, and a cytoplasmic domain that includes a juxamembrane region, a tyrosine kinase domain and a
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C-terminal tail, which contains multiple tyrosine phosphorylation sites (Yarden and Sliwkowski, 2001).
HER3 is unique in that lacks intrinsic tyrosine kinase activity but can still participate in signaling by
forming heterodimers with other members of the HER family (Yarden and Sliwkowski, 2001). HER
signaling is mediated by phosphorylation of receptor C-terminal tails which provides docking sites for
adapters such as SRC homology 2-domain containing (SHC), and growth factor receptor-bound protein 2
(GRB2), as well as enzymes including SHP-2, PI3K, Ras-GAP, SOS, and PLCy. These effectors couple
extracellular growth factors with intracellular downstream signaling pathways (Olayioye et al., 2000).
Generally, HER-family RTK overactivation correlates with malignant phenotypes (Hynes and Lane,
2005).

Both calpain-1 and calpain-2 are implicated in promoting propagation of signaling from members
of the HER family. A phosphorylation site on calpain-2 (S50) has been identified as a target of
extracellular signal-related kinases (ERK), downstream of the EGFR (Glading et al., 2004) and represents
a potential site of oncogenic signal propagation. HERZ2 is a key EGFR-family member and was first
implicated as prognostic marker present in about 30% of breast cancers in 1987 (Slamon et al., 1987).
Activation of EGFR family members, including HER2 is associated with activation of protein kinase B
(AKT), a key player in regulating a multitude of cellular functions, which often plays a pro-survival role
in response to cellular stress (Vivanco and Sawyers, 2002; Wen et al., 2000). Interestingly, activation of
AKT by calpain-1 in trastuzumab-resistant SKBRS3 cells is believed to be a critical survival mechanism
(Kulkarni et al., 2010). AKT is upregulated in response to chemotherapeutic challenge (Belyanskaya et
al., 2005; Liu et al., 2015) and knockout studies in MEFs implicate calpain-1 and calpain-2 in stress-
mediated AKT activation (Tan et al., 2006c), likely through degradation of negative regulators such as
protein phosphatase 2A (PP2A) (Bertoli et al., 2009) and PH domain leucine-rich repeat-containing
protein phosphatase 1 (PHLPP1), which is an inhibitor of both AKT and ERK (Gao et al., 2005; Wang et
al., 2013). Furthermore, calpain is implicated in regulating multidrug resistance (MDR) protein 1 stability

(Grieve et al., 2016) implicating it in chemotherapeutic responses. Nuclear factor kappa-light chain
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enhancer of activated B cells (NF«xB) also promotes cancer survival and exhibits cross-talk with AKT
(Hussain et al., 2012). Calpain has been implicated in the activation of the NFxB family through
degradation of the inhibitor IkBa (Han et al., 1999; Lin et al., 1995; Shumway et al., 1999), which can
suppress apoptosis by inducing expression of inhibitors of apoptosis (IAPs) and BCL-2 family members,
as well as drive cell cycle progression (reviewed in (Dolcet et al., 2005)).

Calpains are also implicated in a number of phases of the cell cycle. Roughly, the cell cycle can
be grouped into four phases, with the entry into phases governed by cyclins and cyclin dependent kinases
(CDKSs): (G1) where cells prepare to replicate their chromosomes; (S) where the chromosomes are
replicated; (G2) where cells prepare to enter mitosis; and (M) mitosis where cells undergo division into
two daughter cells. Using a flow cytometry, one group was able to demonstrate that inhibition of calpain
was associated with a delay in passing the G1/S boundary, prolonged S phase progression, and a delay in
G2/M progression (Janossy et al., 2004). Several calpain targets involved in regulating the cell cycle were
identified including the cell cycle inhibitor p27 (Patel and Lane, 2000), which is influenced through an
upstream calpain-AKT-FOXO3a-p27 pathway (Ho et al., 2012). Calpain also cleaves cyclin D1 (Choi et
al., 1997), as well as cyclin E, which results in a hyperactive low-molecular weight cyclin E species that
may further drive cell cycle progression (Wang et al., 2003). Calpain-mediated cleavage of p53 (Kubbutat
and Vousden, 1997) may also subvert apoptosis. Cleavage of topoisomerases | (Chou et al., 2011b) and
llow (Jeon et al., 2018b) have also been described, which has implications both for cell cycle progression

and sensitivity to chemotherapeutics (Jeon et al., 2018b).

1.4.2 Calpain in Apoptosis

BCL-2 family members include both pro-apoptotic members such as BIM and BID, and anti-
apoptotic members such as BCL-2 and BCL-x., and apoptosis is regulated by a balancing act between
these groups, referred to as the rheostat model. Pro-apoptotic members BAX and BAK induce apoptosis

by permeabilizing the outer mitochondrial membrane and forming a proteolipid pore resulting in
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cytochrome c release (Chipuk and Green, 2008; Green and Chipuk, 2008). Studies indicate that calpain
can regulate members of this family to modulate apoptosis. Cleavage of BAX by calpain after etoposide
or staurosporin challenge can generate a pro-apoptotic fragment which is resistant to inhibition by BCL-2
(Gao and Dou, 2000). Cleavage of BID by calpain in response to cisplatin challenge induces cytochrome-
c release from the mitochondria (Mandic et al., 2002), and cleavage of ATG5 by calpain promotes its
association with BLC-2 and subsequent release of cytochrome-c from the mitochondria. ATG5 has been
implicated in autophagy, therefore calpain cleavage of ATG5 may represent a link between autophagy
and apoptosis (Yousefi et al., 2006), as discussed in Appendix 1.

Calpain is also implicated in regulating apoptosis through cleavage of caspases. Caspases exist in
latent forms and are activated to effect their functions. They are grouped roughly into long-domain and
short-domain groups, with the long-domain caspases serving as initiator caspases (caspases-2/8/9/10), and
the short-domain caspases (caspases-3/6/7) serving as effector caspases which cleave a range of cell
targets to promote apoptosis. Caspases are produced as inactive zymogens which are activated by
proteolysis (Riedl and Shi, 2004). Interestingly, cleavage of caspases by calpain can have opposing roles
depending on the caspase in question. Cleavage of caspase-8 and caspase-9 by calpain attenuates their
activities (Chua et al., 2000), whereas calpain cleavage of caspase-7 promotes apoptosis by increasing its
activity (Gafni et al., 2009). Furthermore, calpain cleavage of the initiator caspase-12 in response to ER
stress promotes apoptosis (Tan et al., 2006b). Calpain is also implicated in resistance to therapeutic
challenge. Cleavage of the proto-oncogene c-MYC protein to MY C-Nick enhances the survival of colon
cancer cells in response to chemotherapeutic challenge, in part by inducing autophagy (Conacci-Sorrell et
al., 2014). Cleavage of topoisomerases | and lla by calpain-2 in response to doxorubicin challenge also

impairs therapeutic response in breast cancer cells (Jeon et al., 2018b).
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1.4.3 Calpain in Invasion and Migration

Metastasis remains the leading cause of death for breast cancer patients. Tumor cells develop a
propensity to metastasize when they begin to outgrow their microenvironment and seek a new site to
colonize. One of the core features which underpins the ability of a tumor to metastasize is the intrinsic
genomic instability of tumor cells which permits the acquisition of pro-metastatic traits as tumors evolve
(Gupta and Massague, 2006). A review describing the hallmarks of cancer, including those that contribute
to the metastatic cascade, was published by Hanahan and Weinberg (reviewed in (Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011). The six core hallmarks include self-sufficiency in
growth signals, aversion to antiproliferative signals, subversion of apoptosis, unchecked proliferation,
angiogenesis, and ultimately metastasis. Metastasis of cancer occurs through two key routes: the blood
vasculature and the lymphatic vasculature.

Cancer cells have a strong propensity to metastasize when encountering stressors such as
inflammation (Wu and Zhou, 2009) or hypoxia (Harris, 2002). Inflammation, acting through proto-
oncogenes such as RAS, contributes to remodeling of the extracellular matrix (ECM) (Sparmann and Bar-
Sagi, 2004). Fibroblasts are important players in the metastasis of cancer as they contribute to
extracellular remodeling and angiogenesis that can promote tumor cell growth and dissemination (Orimo
et al., 2005; Sappino et al., 1988). Fibroblasts are components of the connective tissue which synthesize
and remodel fibronectin and collagen (Rodemann and Muller, 1991; Tomasek et al., 2002). They can
promote the invasion of breast carcinoma (Hu et al., 2008), in part by forming direct E/N cadherin-
mediated contacts with the cancer cells and assisting invasion through directed force, ECM remodeling,
and secretion of chemotactic factors such as HGF (reviewed in (Ewald, 2017)). Fibroblast function can
also be mediated through transforming growth factor (TGF)-o. and TGFf secreted from cancer cells,
which activates SMAD, RAS, and PI3K. This leads to production of MMP9 and subsequent matrix
remodeling (Stuelten et al., 2005). Calpain is implicated in promoting fibroblast motility through de-

adhesion in response to EGF signaling (Glading et al., 2000). Calpain has also been noted to contribute to
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the synthesis of TGFf in fibroblasts and is also activated in response to TGFf signaling, linking calpain
to SMAD and AKT signaling (Li et al., 2015).

Hypoxia is also a strong driver promoting aggressive tumor growth and metastasis, and activates
a transcriptional response promoting angiogenesis and stress response (Harris, 2002). Hypoxia-inducible
factor 1o (HIF1a) is a ubiquitously expressed oxygen-labile subunit of the HIF1-o/p3 heterodimeric
complex. HIF1a is normally degraded by an E3-ubiquitin ligase under normoxic conditions (Ohh et al.,
2000), but is stabilized under hypoxic conditions to direct transcription of genes containing pro-survival
hypoxic response elements including VEGF, which is needed to promote tumor-associated
neoangiogenesis (Tug et al., 2009). Calpain modulates a hypoxic response through proteolysis of the actin
crosslinker protein filamin-A, which results in enhanced nuclear localization of HIF1a (Zheng et al.,
2014). While HIF1-o overexpression is often seen in primary breast cancer, it is strongly associated with
distant metastasis (Zhong et al., 1999), and may contribute to immune escape.

In order for metastatic dissemination to occur, tumor cells generally undergo an epithelial-to-
mesenchymal (EMT) phenotypic switch; which is characterized by altered cell-cell contacts and enhanced
migratory and invasive properties. The EMT switch can be driven by hypoxia-related genomic instability
(Yoo et al., 2011), TGF-B (Zavadil and Bottinger, 2005), hepatocyte growth factor (HGF) (Savagner et
al., 1997), EGF (Lo et al., 2007), insulin-like growth factor (IGF) (Graham et al., 2008), and fibroblast
growth factor (FGF) (Acevedo et al., 2007). These factors contribute to a phenotypic change
characterized by loss of cell polarity, disruption of cell-cell and cell-substratum contacts, and cytoskeletal
reorganization (Micalizzi et al., 2010). One of the hallmarks of EMT is the loss of E-cadherin, a key cell-
cell adhesion molecule, as a result of transcriptional repression by Snail, Slug, and Twist. TGF-,
hypoxia, GSK-3, NF«B, and MAPK signaling have been shown to induce the expression of Snail (De
Craene et al., 2005), whereas hypoxia and TGF-f signaling regulate Slug and Twist expression (Cannito
et al., 2008; Medici et al., 2008; Peinado et al., 2003; Yang and Wu, 2008). Zeb-1 is also an important

transcription factor which contributes to EMT by repressing E-cadherin (Zhang et al., 2015), and is
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correlated with NFxB activation (Chua et al., 2007). Calpain is implicated in this regulatory framework as
it is activated downstream of ERK during MAPK signaling (Glading et al., 2004), contributes to NFxB
signaling through proteolysis of IkBa (Lin et al., 1995), and mediates a hypoxic response through
proteolysis of filamin-A (Zheng et al., 2014). Calpain also directly cleaves E-cadherin (Konze et al.,
2014), which can further contribute to the loss of cell-cell contacts and contribute to motility.

While mesenchymal migration is well characterized, cancer cells have been noted to interconvert
their phenotype between mesenchymal and amoeboid migration depending on the microenvironment
(Taddei et al., 2013). Amoeboid-like migration is characterized by actomyosin contractility, and unlike
mesenchymal modes of migration, amoeboid migration can occur in the absence of MMP-mediated
proteolysis of the ECM. Of note, SRC-calpain-2-mediated integrin turnover is implicated in mesenchymal
migration, and inhibition of calpain-2 in the presence of MMP inhibitors promotes amoeboid migration
(Carragher et al., 2006). Amoeboid migration has a greater dependency on RhoA/ROCK, and Ezrin
signaling (Sahai and Marshall, 2003). Protrusions from the leading edge of the cell make contact with
collagen fibers in the extracellular matrix, and forcefully deform the collagen as cells migrate (Wilkinson
et al., 2005; Wyckoff et al., 2006). Interestingly, tumor cells interconvert their migratory mechanism
between mesenchymal and amoeboid in a Rac-dependent manner, whereby inactivation of Rac suppresses
mesenchymal type movement (Sanz-Moreno et al., 2008). Therefore, tumor cells may switch migratory
mechanisms to suit the microenvironment they encounter. Inhibiting key players of both mesenchymal
and ameboid migration can synergize and attenuate overall tumor cell invasion (Sahai and Marshall,
2003). Clearly, the migratory process is complex and multifaceted.

In order to degrade the ECM, cancer cells make use of invadopodia, which are specialized,
dynamic membrane-cytoskeletal structures that aid in the degradation of ECM as well as the vascular
basement membrane — thus playing an important role in tumor cell intravasation (Seano and Primo,
2015). Invadopodia possess an F-actin rich core and are generally found on the ventral surface of tumor

cells. Once formed, these structures can persist for hours and serve as sites for the secretion and activation
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of matrix metalloproteinases (MMP), including MMP2, MM9, MMP14, as well as several proteins
containing disintegrin and metalloproteinase domains (ADAMS). Calpain has been implicated in
modulating the assembly of invadopodia through promoting SRC activity through cleavage-induced
relocalization of PTP1B, as well as invadopodia disassembly through proteolysis of cortactin (Cortesio et
al., 2008).

The homo sapiens MMP family is quite large, with 24 members, yet a large body of work
suggests that MMP2 and MMP9 are key players as it relates to the invasion and metastasis of carcinomas;
and they also have prognostic utility (Jones et al., 1999; Li et al., 2004; Somiari et al., 2006). While MMP
expression is characteristic of normal tissue, upregulation and activation of MMP9 correlates with
aggressive behavior of carcinomas (stage T2-T4) (Rha et al., 1997), and MMP9 is activated in a MMP2-
dependent manner (Fridman et al., 1995). Of note, MMP2 is associated with calpain-2 expression in
glioblastoma (Jang et al., 2010), and MMP9 expression can be driven downstream of AKT and ERK
signaling (Lee et al., 2007). Furthermore, calpain-1 translocates to the mitochondria and drive oxidative-
stress mediated MMP9 activation in endothelial cells (Moshal et al., 2006), consistent with a study
indicating a role for the N-terminus of calpain-1 in mitochondrial targeting (Badugu et al., 2008). Calpain
also activates the membrane-associated MMP14/MT1-MMP during angiogenesis (Kang et al., 2011;
Kwak et al., 2012), and cancer cell invasion (Chen et al., 2013), suggesting that calpain activity in both
the stromal compartment and cancer cells may also contribute to metastatic dissemination. Given
calpain’s role in the PI3K-AKT pathway (Ho et al., 2012; Tan et al., 2006c) and ERK-dependent
regulatory phosphorylation (Glading et al., 2000; Zadran et al., 2010), calpain may also be implicated in
the production and activation of MMPs in both cancer and stromal cells.

Cells are able to migrate through newly formed spaces in the matrix through the coordination of
three key processes: extension of a leading edge and formation of focal adhesions, cell body contraction,
and detachment of adhesions at the rear edge of the cell. Cell adhesion is mediated by the formation of

early focal contacts characterized by integrin clustering and recruitment of focal adhesion kinase,
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vinculin, and paxillin. Tyrosine phosphorylation promotes talin and paxillin incorporation into focal
contacts and leads to tensin and zyxin recruitment (Lauffenburger and Horwitz, 1996; Raftopoulou and
Hall, 2004). As focal contacts mature into focal complexes, the presence of FAK, tensin, and zyxin
decreases (Carragher and Frame, 2004). Interestingly, calpain-2 localizes at focal adhesion structures
(Beckerle et al., 1987). Consistent with calpain’s purported involvement in focal complexes, treatment
with pharmacological inhibitors of calpain reveals reduced retraction of trailing edge focal adhesions in
addition to suppression of cell movement. Unsurprisingly, key players in cell adhesion, such as FAK,
SRC, paxillin, talin, and B-integrins have been shown to be substrates of calpain (Cooray et al., 1996; Oda
et al., 1993), and a critical step in the disassembly of focal adhesions during tail retraction involves
calpain cleavage of talin (Franco et al., 2004b). A role for calpain in regulating both matrix degradation
and cell migration substantiates its involvement in metastasis of breast cancer.

In the 1889 Stephen Paget first proposed the “soil and seed” hypothesis, postulating that there is a
tendency for metastatic dissemination of certain cancers to target specific organs (the “soil”) (Paget,
1889) , an observation which has gained support over time. Once cancer cells successfully intravasate into
the blood or lymphatic system, they must not only survive transit through the circulation, but also
successfully arrest and extravasate at an appropriate distant “soil” to enable subsequent proliferation as a
metastatic lesion. Arresting cancer cell transit in the vasculature may be mediated by integrins — a family
of transmembrane receptors which participate in signal transduction. There are over 24 functional
heterodimeric integrin receptors, including a combination of 18 a-subunits and 8 -subunits
(Desgrosellier and Cheresh, 2010) which have affinity for different ECM components such as laminin,
collagen, fibronectin, and vitronectin. This broad family serves as bi-directional messengers of signals,
permitting the cell to sense and respond to the microenvironment (reviewed in (Seguin et al., 2015).
Integrin activation is contingent upon a conformational change, adopting an “open” structure which
occurs when it encounters an appropriate extracellular ligand, or when complexing with an intracellular

adapter or scaffold protein (Shattil et al., 2010). For example, one study demonstrates a relationship
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whereby active avB3 integrin permits vascular adhesion and metastatic colonization of MDA-MB-435
breast cancer cells, and is further supported by the finding that primary metastatic cells from a patient
bound to platelets (likely through vitronectin (Trikha et al., 2002)) in an integrin-dependent manner and
incorporated into a sheer-resistant thrombi (Felding-Habermann et al., 2001). Occlusion of tumor cells in
capillaries may also provide an opportunity for tumor cells to extravasate.

Once tumor cells exit the vasculature, engagement of integrins may also promote survival and
proliferative signals through encouraging the formation of focal adhesions. This results in the recruitment
of FAK (Sieg et al., 1999), activation of MAPK (Campos et al., 2004) and PI3K-AKT pathways (Aoudjit
and Vuori, 2001; Shaw et al., 1997), and transcription of BCL-2 (Matter and Ruoslahti, 2001),
contributing to the overall survival and proliferation of metastatic cells. However, successfully transiting
to, and invading the vasculature, extravasating, and proliferating at a metastatic site is a rare event, which

explains why the vast majority of circulating tumor cells fail to form metastases (Luzzi et al., 1998).

1.5 Hypothesis and Aims

Advances in treatment have reduced mortality associated with breast cancer, yet some subtypes such
as TNBC remain challenging to treat owing to lack of clinically approved generalized therapeutic targets.
Calpain has multifaceted roles in tumorigenesis owing to its diverse substrate profile, implicating calpain
in tumor cell survival, proliferation, and metastasis. Calpain modulates a number of key substrates which
promote tumorigenesis, including NFkB (Shumway et al., 1999), HER2 (Kulkarni et al., 2010), and AKT
(Hoetal., 2012; Tan et al., 2006c), as well as key players relating to chemotherapeutic response such as
topoisomerase I and lloe (Chou et al., 2011b; Jeon et al., 2018a), and PGP (Grieve et al., 2016). Previous
studies revealed that knockdown of capnsl attenuates tumor growth and metastasis in a preclinical model
of TNBC (Grieve et al., 2016). Here, | seek to explore the role of calpain-1 and calpain-2 in HER2+

breast cancer and elucidate an isoform-specific role for these calpains in TNBC.
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I hypothesize that calpain-1 and calpain-2 foster the development of a tumor and provide pro-survival
functions in response to cellular challenge by propagating oncogenic signaling and acting on key
mitogenic and survival pathways, and that interfering with calpain functions will attenuate tumorigenesis
and will cooperate with select chemotherapeutic and targeted agents. The aims of this thesis research
were:

1) To explore the effects of conditional calpain-1/2 disruption in a transgenic mouse model of

spontaneous her2/neu-driven mammary cancer.

2) To explore the impact of calpain-1/2 disruption on the tumorigenesis and susceptibility to
therapeutic challenge of a mammary cancer cell line derived from a transgenic mouse model of
her2/neu-driven mammary cancer.

3) To elucidate the effects of isoform-specific calpain-1 and calpain-2 knockout on primary tumor
growth and metastasis in a preclinical model of TNBC.

Ultimately, the objectives of this work were to map the functional outcomes of calpain-1 and calpain-2
perturbation, with the goal of strengthening the rationale for the development and utilization of clinical

calpain inhibitors.
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Chapter 2
Genetic disruption of calpain-1 and calpain-2 blocks tumorigenesis in mouse
models of HER2+ breast cancer and sensitizes cancer cells to doxorubicin and

lapatinib

2.1 Abstract

Calpains are a family of calcium-activated cysteine proteases that participate in a wide range of
cellular functions including migration, invasion, autophagy, programmed cell death and gene expression.
Calpain-1 and calpain-2 isoforms are ubiquitously expressed heterodimers composed of isoform-specific
catalytic subunits encoded by capnl or capn2, respectively, coupled with the obligate common regulatory
subunit encoded by capnsl. Here, we report that conditional deletion of capnsl disrupts both calpain-1
and calpain-2 expression and activity, and this attenuates tumorigenesis in a spontaneous model of
HER2+ breast cancer, and completely blocks tumorigenesis in an orthotopic engraftment model.
Furthermore, we show that knockout of capnsl correlates with enhanced sensitivity to the
chemotherapeutic doxorubicin and the HER2/EGFR tyrosine kinase inhibitor lapatinib. Collectively,
these results indicate pro-tumorigenic roles for calpains-1/2 in HER2+ breast cancer and provide
compelling preclinical evidence that calpain-1/2 inhibitors would have significant anti-tumor effects if

used alone or in combination with currently used chemotherapeutics and targeted agents.
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2.2 Introduction

Calpains are a family of 16 calcium-dependent intracellular thiol proteases which are involved in
a wide range of cellular and physiological functions (reviewed in (Campbell and Davies, 2012; Goll et al.,
2003; Suzuki et al., 1995)). Aberrant expression or activity of calpains is implicated in the etiology of
several diseases including diabetes, Alzheimer’s, and cancer; this has stimulated considerable interest in
the development and preclinical testing of calpain inhibitors (reviewed in (Ono et al., 2016)). Calpain-1
and calpain-2, the most widely studied members of this family, are ubiquitously expressed heterodimers
composed of isoform-specific catalytic subunits encoded by capnl or capn2, respectively, coupled with
an obligate common regulatory subunit encoded by capnsl. Genetic disruption of capnsl is associated
with destabilization of the CAPN1 and CAPNZ2 catalytic subunits and loss of calpain-1 and calpain-2
activities in vivo (Arthur et al., 2000; Tan et al., 2006a). Approximately 130 calpain cleavage substrates
have been described (Liu et al., 2011), and the effect of calpain cleavage on their functions varies from
activation to inactivation to changes in subcellular localization. Since many of these substrates are
components of key cell signaling pathways, calpains can have pleomorphic effects on cellular behavior,
depending upon cell type, substrate expression, and the context in which calpain is activated. Many of the
pathways calpain activity impinges upon are related to tumorigenesis (reviewed in (Storr et al., 2011a)),
including key survival and apoptosis pathways such as the PI3K-AKT pathway (Ho et al., 2012; Tan et
al., 2006b; Tan et al., 2006c), cell cycle checkpoints (Janossy et al., 2004; Libertini et al., 2005; Wang et
al., 2003), migration and invasion (Dourdin et al., 2001; Franco et al., 2004a; Franco et al., 2004b;
Postovit et al., 2002a), as well as the function of oncoproteins such as HER2 (Kulkarni et al., 2010) and
MYC (Conacci-Sorrell et al., 2010). As calpain function is implicated in diverse signaling networks,

perhaps unsurprisingly, there is evidence that calpain may engage in opposing roles; for example,
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promoting apoptosis in response to challenge with etoposide or camptothecin, and protecting the cell from
cytotoxic responses to tumor necrosis factor o or staurosporine (Tan et al., 2006c).

Translational studies have revealed that high calpain-2 expression correlates with adverse
outcomes in basal-like or TNBC (Storr et al., 2012a), while high calpain-1 expression correlated with
poor relapse-free survival in HER2+ breast cancer (Storr et al., 2011c). High calpain-2 levels were also
associated with platinum resistance and poor overall survival in ovarian cancer patients (Storr et al.,
2012b).

In vitro studies have linked calpain to trastuzumab resistance in HER2+ breast cancer cells
through generation of a p95HER?2 fragment (Kulkarni et al., 2010; Scaltriti et al., 2007), or efflux of
chemotherapeutics like doxorubicin or other drugs by regulating multidrug resistance protein function
(Grieve et al., 2016). Thus, a growing body of research suggests that clinical inhibition of calpain may
cooperate or synergize with specific existing treatments to improve breast cancer patient outcomes.

In this study we use genetic manipulation of calpains-1/2 in HER2+ models of breast cancer to
show that these calpains are involved in, but not required for, spontaneous tumor formation; however,
calpain-1/2 knockout in established carcinoma cells abolished their tumor forming capability and

enhanced in vitro sensitivity to doxorubicin and lapatinib.

2.3 Materials and Methods

2.3.1 Spontaneous Tumor Development and Reverse-Phase Protein Array Analysis

Transgenic mice expressing oncogenic rat HER2/NEU and Cre-recombinase in mammary
epithelial cells from a bicistronic transcript under the control of the mouse mammary tumor virus
promoter (MMTV-NEU-IRES-CRE/NIC) (Ursini-Siegel et al., 2008) were crossed with capnsl floxed
mice (Tan et al., 2006a) to produce compound NIC capns1™®/1®or NIC capns1*’* virgin females to

explore the effect on HER2/NEU driven tumorigenesis of capnsl deletion in the mammary epithelium.
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Mammary glands were palpated weekly to assess spontaneous tumor formation. At endpoints, mice were
euthanized and tumors resected, snap frozen in liquid N2 and prepared for reverse-phase protein array
(RPPA) analysis using recipe 10 and a panel of 128 antibodies as described elsewhere (Gujral et al., 2013;

Luckert et al., 2012).

2.3.2 Cell Line Derivation

Mammary tumor epithelial cells (MTECs) were derived from neu™" transgenic mice (strain
TG.NK obtained from Jackson Labs) expressing oncogenic rat HER2/NEU in mammary epithelial cells
under the control of the mouse mammary tumor virus promoter (Muller et al., 1988), crossed with
capns1io¥fiox mice (Tan et al., 2006a). A tumor from a neu™" capns1"/"° female mouse was excised and a
cell suspension was developed by mechanical disruption and digestion with 0.25 % trypsin, and cultured
in improved minimum essential medium supplemented with 1 % fetal bovine serum (FBS; Sigma), 10
ug/mL insulin (Sigma), 15 ng/mL EGF (Sigma), 1 ug/mL hydrocortisone (Sigma), and 20 nM estrogen
(Sigma) as described by (Sangrar et al., 2015; Yu et al., 2006). The serum concentration for immortalized
cells was increased to 5 % and supplemented with insulin, EGF, and hydrocortisone. Estrogen was
discontinued after 10 passages, and immortalized cells were subsequently cultured in IMEM (Corning),
supplemented with 5 % FBS (Sigma), and 1 % antibiotic-antimycotic (AA; Gibco) (“complete IMEM™).
MTECs were maintained in a humidified incubator at 37.5 °C, 5 % CO..

To produce capns1 knockout (KO) and vector control (WT) MTECs, 2.5x10° cells were seeded
on a 60 mm dish (Sarstedt) and transduced with retrovirus expressing Cre recombinase or an empty vector
(Tan et al., 2006a) in a pMSCV-puro system (Clontech). Puromycin (Gibco) was used as a selectable
marker, and disruption of the floxed capnsl gene was validated by immunoblotting and HEPES-
imidazole casein zymography. Cells surviving culture in 2 ug/mL puromycin were lysed into radio-
immunoprecipitation assay buffer for immunoblotting (RIPA; 50mM Tris-HCI (Fisher), 150 mM NaCl

(Fisher), 1 % NP-40 (Sigma), 0.1 % SDS (Sigma), and 0.5 % sodium deoxycholate (Sigma)
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supplemented with protease and phosphatase inhibitors 1 mM sodium orthovanadate (Sigma), 1 mM
phenylmethane sulfonyl fluoride (ICN Biomedicals), 5 pg/mL leupeptin (Sigma), and 2 pg/mL aprotinin
(Sigma)); or lysed into HEPES/Triton X-100 lysis buffer for HEPES-imidazole casein zymography (as
described by (Croall et al., 2002)). Lysates were clarified by centrifugation (12, 000 x g for 15 min at 4
°C), and protein guantification was performed using the Pierce bicinchoninic acid (BCA) kit (Thermo
Scientific). Capnsl KO was validated by immunoblotting using an in-house antibody generated against
bacterially expressed rat calpain-2, which detects murine CAPN2 and CAPNS1 polypeptides (Samis et
al., 1991), and by casein zymography to assess calpain-1 and calpain-2 enzymatic activity. Lysates from
capnsl KO or WT mouse embryonic fibroblasts (MEFs) (Tan et al., 2006a) were used as controls for

immunoblotting and zymography.

2.3.3 Migration, Invasion, Chemosensitivity, Hypoxic Response, and EGF Signaling Analysis

To assess migration, 1.5 x 10* WT or capnsl KO MTECs were seeded in sextuplicate on 96-well
ImageLock plates (Essen Bioscience) and allowed to adhere overnight. The following day cell
monolayers were scrape-wounded using the IncuCyte Wound Maker (Essen Bioscience) and washed
twice with media. Adherent cells were then cultured in 100 uL of complete IMEM and placed in an
IncuCyte system (Essen Bioscience) maintained at 37 °C, 5 % COzand imaged with a 10x objective every
2 h until the wounds had closed.

For cell invasion assays, 8 um-pore transwells (Corning #353097) were coated with 15 ug of
growth-factor reduced matrigel (VWR) in 25 uL of serum-free IMEM and allowed to dry overnight. The
following day, the matrigel was rehydrated with serum-free IMEM for 2 h in a humidified incubator at 37
C, 5% CO,. One x 10° WT or capnsl KO cells were added in triplicate wells to the top chambers in
serum-free IMEM. Media in the lower chambers was replaced with complete IMEM. Cells were allowed

to invade for 24 h, then non-invading cells were removed from the top chambers with cotton swabs, and
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invading cells in the lower chambers were fixed in ice-cold methanol and stained with DAPI (Sigma) and
imaged under a 10x objective.

To assess cytotoxicity, 2 x 10* WT or capnsl KO MTECs were seeded in 96-well plates in
triplicate, (Grenier Bio-One) and allowed to adhere overnight. Increasing concentrations of doxorubicin
(Sigma) or lapatinib (Toronto Research Chemicals) were added to the wells and cells cultured for 72 h. At
endpoint, the PrestoBlue reagent (ThermoFisher) was utilized to quantify cell viability by measuring
fluorescence on a SpectraMax M2 plate reader (590 nm).

Hypoxic response was assessed by seeding 1.5 x10® WT or capnsl KO MTECs in 10 cm dishes
(Sarstedt) and allowing cells to adhere overnight in complete IMEM. The following morning cells were
washed once with PBS and changed to serum-free IMEM. Positive controls were treated with 100 uM of
cobalt chloride and half of the dishes were transferred to a hypoxic incubator (0.1 % O,). After 24 h cells
were placed on ice, rinsed once with PBS and lysed into RIPA (as described in 2.3.2) or nuclear
extraction buffer (20 mM HEPES (Fisher) pH 7.4, 10 mM KCI (Fisher), 2 mM MgCl, (Fisher), 1 mM
EDTA (Sigma), 1 mM EGTA (Sigma), 1 mM DTT (Fisher) supplemented with protease and phosphatase
inhibitors as previously described. For nuclear extracts, cells were collected with a cell scraper and passed
through a 27-gauge needle 10 times. Lysates were then incubated on ice for 20 min and centrifuged 720 x
g for 5 min at 4 °C. The pellet was then washed once in 500 pL of nuclear extraction buffer and passed 10
times through a 25-gauge needle, followed by centrifugation for 10 min at 720 x g. The supernatant was
discarded, and the pellet was resuspended in 2x SDS sample buffer (100 mM Tris-HCI (Fisher) pH 6.8,
0.2 % bromophenol blue (Sigma), 20 % glycerol (Fisher), 200 mM DTT (Fisher)) and boiled for 5 min.
Protein quantification was performed using the DC Protein Assay (BioRad) according to the
manufacturer’s instructions. Immunoblotting was performed and samples probed for HIF1a (Cell
Signaling CST# 36169), a-tubulin (Sigma Cat# T6199), and nuclear lamin B1 (Cell Signaling CST#

12586).
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Response to EGF stimulation was assessed by seeding 7.5 x 10* WT or capnsl KO MTECs in 60
mm dishes (Sarstedt) overnight in complete IMEM. MTECs were washed once in PBS and changed to
serum-free IMEM overnight, then stimulated with 3 mL of 50 ng/mL EGF (Thermo Fisher) prepared in
serum-free IMEM for the indicated times. Cells were placed on ice and washed once with PBS containing
1 mM sodium orthovanadate (Sigma) and lysed into RIPA (as described in 2.3.2). Immunoblotting was
performed, and samples probed for EGFR (Cell Signaling CST# 2232), P-EGFR (Y845) (Cell Signaling
CST# 2231), MEK (Cell Signaling CST# 9122), P-MEK (S217/221) (Cell Signaling CST# 9121), ERK

(Cell Signaling CST# 9102), and P-ERK (T202/Y204) (Cell Signaling CST# 9101).

2.3.4 Matrix Metalloprotinease Assay

To assess the secretion of matrix metalloproteinase 2 and 9 (MMP2/9), 7 x 10° WT or capnsl KO
MTECs were seeded overnight on 60 mm tissue culture dishes (Sarstedt) in complete IMEM, and the
following day plates were washed twice with PBS and overlaid with 3 mL of serum-free IMEM. Cells
were allowed to condition the medium for 48 h and gelatin zymography was performed as described by

(Toth et al., 2012).

2.3.5 Orthotopic Tumor Growth and Experimental Metastasis Studies

One x 10% WT or capnsl KO MTECs were suspended in 50 uL of 50 % phosphate-buffered
saline, and 50 % growth factor-reduced matrigel (VWR), and engrafted into the number four (abdominal)
mammary gland of BalbC-Rag2”/IL2Rc” mice. After 7 d, staples were removed from surgical sites and
tumor volumes assessed until endpoints. At endpoints, mice were euthanized, and tumors resected and
lysed into RIPA buffer containing protease and phosphatase inhibitors (as described in 2.3.2) for calpain
immunoblotting analysis. To assess metastatic potential, MTECs were transduced with GFP-expressing
lentivirus (PWPXLd lentiviral vector was a gift from Didier Trono, Addgene plasmid # 12258), and 1 x

108 GFP-expressing WT or capns1 KO MTECs were injected into the tail vein of BalbC-Rag2”/IL2Rc”"
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mice. Mice were euthanized at 1, 48, and 168 h post-injection, and lungs were recovered for GPF imaging
using a 20x objective. Mice were housed at the Queen’s University Animal Care Facility, and all
procedures were carried out in accordance with the guidelines specified by the Canadian Council on

Animal Care, with approval from the University Animal Care Committee.

2.3.6 Statistical Analysis

All statistical analysis were performed using Prism Graphpad 5. A p-value of <0.05 was deemed

significant for the student’s t-test, and Log-Rank (Gehan-Breslow-Wilcoxon) test.

2.4 Results

2.4.1 Deletion of capnsl in the mammary epithelium delays her2/neu-induced tumorigenesis

The stability and activity of calpain-1 and calpain-2 are contingent on the expression of the
common shared regulatory subunit encoded by capnsl (Graham-Siegenthaler et al., 1994; Meyer et al.,
1996) and capnsl knockout in transgenic mice abolishes both calpain-1 and calpain-2 (Arthur et al., 2000;
Tan et al., 2006a). To test the potential involvement of calpain-1 and -2 in HER2-driven mammary
tumorigenesis, we crossed the NIC transgenic mouse model (Ursini-Siegel et al., 2008) with conditionally
targeted (floxed) capnsl mice (Tan et al., 2006a). Co-expression of Cre recombinase with oncogenic
Her2/Neu resulted in deletion of floxed capnsl alleles and ablation of CAPNS1 expression in mammary
tumors arising in NIC capns11®/1° (KO) mice, while tumors from NIC capns1*™* (WT) mice retained
CAPNSL1 expression (Figure 2.1). Deletion of capnsl in the mammary epithelium correlated with a
significant delay in spontaneous tumor onset (median time KO=318 vs WT=300 days; p=0.0277*) (Figure
2.2). While these data show that calpain-1 and/or calpain-2 are not necessary for HER2/NEU-driven
tumorigenesis, they indicate that these calpains contribute to carcinogenesis. To assess possible calpain-

mediated signaling pathways that underpin this delay, an RPPA analysis was performed on tumor lysates
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using 128 antibodies, predominantly directed against phosphopeptides in important signaling nodes
(Gujral et al., 2013; Luckert et al., 2012). This analysis revealed five proteins (EGFR, JNK, STATL,

MARCKS and GSK3p) that were differentially phosphorylated in WT and KO tumors (Figure 2.3).
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Figure 2.1 CAPNS1 expression is ablated in mammary tumors from NIC capns1"®/ " mice.

Tumor lysates from NIC capns1°/fox (KO) or NIC capns1*"* (WT) female mice were assessed for
CAPNSL1 (28 kDa) or tubulin (50 kDa) expression by immunoblotting.
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Figure 2.2 Deletion of capnsl in the mammary epithelium delays HER2/NEU-driven tumorigenesis.

NIC capns1fio¥flox (KO) or NIC capns1** (WT) female mice were assessed for tumor onset by weekly
palpitation. Median tumor onset was 318 vs 300 days, (n = 43 vs 48, respectively, p=0.0277 Gehan-

Breslow-Wilcoxon Test).

30



085, P-EGFR (Y845) 028, P-JNK(T183/Y185) 4 P-GSK-3p (S9)

0.804 P=0.0015 0.264 P:0.0291 . -
0.75- s : 1.0 -

. > 0.24- =, D —— -
= 0.701 < b < : —=I=—
< ppe] e . 0.22 : .

0.65 . —_ 0.5 .
060] THe— . 020{ *° ] p=0.0483
0.55 T : 0.18 v y 00 T T
WT KO wrT KO wT KO
109 P-STAT1 (Y701) 049 P-MARCKS (5152/156)
08{ P=0.0081 == 03] _t3a® .
.06 *s = o —
S| == ) 0.2 .
<C 0.4 . . < .
0.2- 0.11 P=0.0164
0.0 T T 0.0 T T
wWT KO wT KO

Figure 2.3 Deletion of capnsl in HER2/NEU-driven mouse mammary tumors correlates with a

differential phosphoproteome.

Spontaneous tumors arising in NIC capns1fo/flex (KO, n=9) or NIC capns1** (WT, n=10) female mice
were subject to RPPA analysis with 128 antibodies. The indicated phosphoproteins displayed
significantly different signal intensity (A.U.).

31



2.4.2 Establishment of a conditional capnsl knockout her2/neu-driven mammary tumor epithelial

cell line

In order to further study the involvement of calpains-1/2 in her2/neu-driven tumorigenesis we
next established a conditional capnsl knockout mammary carcinoma cell line model. Floxed capns1 mice
were crossed with NeuM" transgenic mice (Muller et al., 1988), which express oncogenic HER2/NEU
predominantly in the mammary epithelium under the control of the MMTYV LTR. A tumor arising in a
neu" capns1™"@¥™°* female mouse was used to derive a mammary tumor epithelial cell (MTEC) line. To
create isogenic MTECs without or with calpain-1/2 activity, we transduced these capns1"/1* MTECs
with retroviruses encoding either Cre-recombinase (KO) or the empty vector (WT). The retrovirus also
encoded puromycin phosphotransferase, which enabled selection of transduced cell populations.
Immunoblotting of the puromycin selected populations revealed the expected loss of CAPNS1 protein
expression in Cre-transduced cells, and casein zymography showed the loss of both calpain-1/2 activities
(Figure 2.4). Mouse embryonic fibroblasts (MEFs) generated from capns1** (WT) and capns1™ (KO)
embryos served as controls in this analysis (Tan et al, 2006). MTECs express predominantly calpain-2,

with only trace amounts of calpain-1.
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Figure 2.4 CAPNSL protein and calpain-1/2 activities are ablated by capnsl deletion.

(Upper) Lysates from capns1®/1o* MTECs transduced with Cre-expressing (KO) or control (WT)
retroviruses; or capns1*’* (WT) or capns1’ (KO) mouse embryonic fibroblasts (MEFs) were subjected to
immunoblotting analysis with antibodies reactive against CAPNS1 (28 kDa) or tubulin (50 kDa). (Lower)
Casein zymography assessment of calpain-1 and calpain-2 activities in lysates from the same panels of
MTEC and MEF cells.
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2.4.3 Capnsl deletion attenuates in vitro MTEC invasion but does not compromise migratory ability

Calpains-1/2 have been implicated in membrane-cytoskeletal dynamics associated with cell
migration and invasion (Franco et al., 2004b; Huttenlocher et al., 1997). In vitro migration and invasion
were compromised by capnsl KO in mouse embryonic fibroblasts (Dourdin et al., 2001; Postovit et al.,
2002a) or capnsl knockdown in MDA-MB-231 breast cancer cells (Grieve et al., 2016); and capn2
knockdown was associated with dysregulated focal adhesion turnover (Franco et al., 2004b), lamellipodia
dynamics (Franco et al., 2004a) in fibroblasts, as well as attenuated migration and invasion in mammary
carcinoma cells (Ho et al., 2012). To determine whether calpains-1/2 were important for cell migration in
the MTEC model, we performed wound healing assays with WT and KO cells. Surprisingly capnsl KO
MTECs did not display a migration defect (Figure 2.5 (A)). However, when the invasive ability of
MTECs was assessed using matrigel-coated transwell Boyden chamber assays, capnsl KO correlated

with significantly attenuated cell invasion activity (Figure 2.5 (B), p=0.006).

34



A Migration Invasion
100 , » 1000 -
L g0 8 800
> 0 p=0.006
O 60 . £ 600 -
© 3
2 40 -~ KO = 400 -
o 20 S 200 A
3 =+
X 0 .
° 0 10 20 3b 0 P
Time (h)

Figure 2.5 capnsl KO attenuates MTEC in vitro invasion but does not affect migration.

(A) Temporal profiles of capnsl KO and WT MTEC migration behavior in scratch-wound healing
assays. Fifteen thousand MTECs were seeded on ImageLock 96-well plates and confluent monolayers
were scratch-wounded after an overnight incubation. Migration was monitored in an IncuCyte system for
24 h. Data are the means = SD of three independent experiments run in sextuplicate. (B) Boyden chamber
assays measured capnsl KO and WT MTEC invasion after 24 h through 8 mm pores of transwells coated

with 15 mg of matrigel. Data are means + SD of three independent experiments run in triplicate (p=0.006,
student’s t-test).
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2.4.4 Capnsl KO sensitizes MTECs to doxorubicin and lapatinib challenge

Lapatinib is a small molecule tyrosine kinase inhibitor (TKI) of both HER2 and EGFR. It has
similar clinical efficacy to trastuzumab in a neoadjuvant setting (Robidoux et al., 2013), and may also be
used as a second-line therapy when resistance to trastuzumab develops (Burstein et al., 2008; Geyer et al.,
2006). Doxorubicin is an anthracycline which causes DNA damage by targeting topoisomerase Il and is
widely used as a cancer therapeutic. Doxorubicin resistance is mediated in part by members of the ABC
family of transporters including P-glycoprotein (Pgp) and multidrug resistance protein 2 (MRP2) (Kartal-
Yandim et al., 2016). We recently reported that expression of Pgp and MRP2, and sensitivity to
doxorubicin correlates with calpain-1/2 expression (Grieve et al., 2016). Furthermore, cleavage of
topoisomerase lla. by calpain-2 has been suggested as an additional mechanism of doxorubicin resistance
(Jeon et al., 2018b). Thus, we sought to determine whether loss of calpain-1/2 in a HER2+ tumor model
might cooperate with therapeutic challenge from these two commonly used treatments of breast cancer.
Lapatinib exposure for 72 h was associated with a trend towards reduced viability in capnsl KO MTECs,
with significantly reduced viability at both 15 uM and 17 uM (p=0.0033 and p=0.0066, respectively)
(Figure 2.6). Upon challenging capnsl KO or WT MTECs with doxorubicin for 72 h, a similar trend
towards increased cytotoxicity in KO MTECs was observed, with significantly reduced viability noted at

1 uM (p=0.0271) (Figure 2.7).
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Figure 2.6 capnsl KO enhances sensitivity to lapatinib.

Two x 10* capns1 KO or WT MTECs were seeded on 96 well plates, then cultured overnight. The
following day, cells were treated for 72 h with lapatinib at the indicated concentrations. Cell viability was
assessed at endpoint using the PrestoBlue viability reagent. Data are means + SD of three independent

experiments with experimental triplicates (p<0.05, student’s t-test).
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Figure 2.7 capnsl KO enhances sensitivity to doxorubicin.

Two x 10* WT or capnsl KO MTECs were seeded on 96 well plates and cultured overnight. Doxorubicin
was added the following day at the indicated concentrations and viability was assessed 72 h later using
the PrestoBlue viability reagent. Data are means = SD of three independent experiments with technical
triplicates (p=0.0271, student’s t-test).
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2.4.5 Deletion of capnsl blocks MTEC tumorigenesis in an orthotopic engraftment model

Previously, we showed that shRNA-mediated knockdown of capn2 in an autocrine hepatocyte
growth factor/Met receptor-driven murine mammary carcinoma engraftment model (Ho et al., 2012) or
knockdown of capnsl in a human TNBC xenograft model (Grieve et al., 2016) attenuated both tumor
growth at the orthotopic site and metastatic progression. Here, using a floxed capnsl her2/neu-driven
MTEC carcinoma model, we asked if complete ablation of calpain-1 and calpain-2 would result in a more
effective block in tumorigenesis in an orthotopic engraftment model. WT MTECSs produced rapidly
growing tumors with a mean onset time of 29 days, while tumor onset was delayed to a mean of 79 days
after engraftment with KO MTEC cells, at which point KO tumors grew at comparable rates to WT
tumors (Figure 2.8). When resected and assessed by immunoblotting, comparable levels of CAPNS1 were
observed in both WT and KO tumors (Figure 2.9). This indicates that KO tumors arose from rare
“escaper” WT MTECs which had not undergone Cre-mediated deletion of the floxed capnsl alleles and
required several more weeks to emerge as palpable tumors. Delayed tumor growth behaviour was

validated in an independent experiment with nearly identical results (Figure 2.10).
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Figure 2.8 capnsl KO reduces MTEC tumorigenic potential.

One x 108 capnsl KO or WT MTECs were engrafted into the number four mammary glands of female
Rag2” IL-2Ryc” mice (n=6 for each cohort). (A) Caliper measurements of tumor volumes. (B) Median
time to onset of palpable tumors at the engraftment site were 79 or 29 days for KO and WT, respectively
(p=0.0009, Log-rank (Mantel-Cox) test).
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Figure 2.9 Late arising tumors in mice engrafted with capnsl KO MTECs display CAPNS1

expression.

Immunoblot analysis of tumor lysates reveals CAPNS1 expression (28 kDa) in tumors from both capnsl
WT and KO engrafted MTECs. Lysates from WT and KO MEF cells served as positive and negative

controls for CAPNS1. Immunoblotting for tubulin (50 kDa) confirmed comparable sample loading.
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Figure 2.10 capnsl KO is associated with reduced tumorigenic potential.

One x 10° capns1 KO or WT MTECs were engrafted into the number four mammary glands of female
Rag2” IL-2Ryc” mice (n=6 for each cohort). (A) Caliper measurements of tumor volumes. (B) Medium
time to onset of palpable tumors at the engraftment site were 85 or 29 days for KO and WT, respectively

(p=0.0009, Log-rank (Mantel-Cox) test). All tumors arising in the KO group displayed expression of
capnsl (data not shown).
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Tumor progression can be limited by failure to drive de novo angiogenesis in response to hypoxia
due to an inability to trigger the angiogenic switch (Semenza, 2002). Given that calpain-deficient MTEC
tumors failed to develop to a palpable size, we next explored the possibility that calpain-1/2 deficient cells
might not be able to respond in vivo to hypoxia during tumor growth. Hypoxia-inducible factor 1o
(HIF1a) is a transcription factor that is normally degraded by the proteasome via hydroxylation by prolyl
hydroxylases under normoxic conditions, but is stabilized under hypoxic conditions to direct transcription
of genes containing pro-survival hypoxic response elements including VEGF, which is needed to promote
tumor-associated neoangiogenesis (Tug et al., 2009). Calpain has been shown to modulate a hypoxic
response through generation of a filamin-A fragment which mediates nuclear localization of HIF1a
(Zheng et al., 2014). To test the involvement of calpain in HIF1a regulation, we compared whole cell
lysates and nuclear extracts of HIF1a levels in capnsl KO and WT cells cultured at either 0.1 %
(hypoxic) or ambient (normoxic) oxygen concentrations for 24 h in the absence of serum. Cobalt chloride
was used as a positive control for HIF 1o stabilization. Hypoxia or CoCl; stabilized comparable levels of
HIF1lo in WT and KO MTECs in both whole cell lysates and nuclear fractions (Figure 2.11), suggesting

that calpain does not play a key role in the angiogenic switch in this model system.
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Figure 2.11 capnsl KO does not affect hypoxia-induced stabilization of HIF1a.

One and a half x 10° capns1 KO or WT MTECs were seeded for 24 h under conditions of hypoxia (H) (0.
1% 0O), normoxia (N) (21 % O) or challenge with CoCl, (100 mM). Lysates were collected and protein
levels of HIF1a (120 kDa) were assessed by immunaoblotting. Tubulin (50 kDa) and nuclear Lamin B1
(68 kDa) immunoblotting was performed to assess sample loading. (A) Whole cell lysate immunoblotting

for HIF 1a (B) Nuclear-enriched immunoblotting for HIF 1 a.
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The production and activation of matrix metalloproteases (MMPS) has also been linked to tumor
growth, invasion and metastasis (Jones et al., 1999; Li et al., 2004; Somiari et al., 2006). Gelatin
zymography analysis of conditioned media from capnsl KO and WT MTECs revealed abundant levels of
MMP2 and lower levels of MMP9, but there were no differences between the WT and KO MTECs that
might contribute to the observed differential tumor growth in vivo (Figure 2.12).

Finally, to determine if loss of capnsl correlated with an overall inability to survive and
proliferate in vivo, we injected capns1 KO or WT MTECs into the tail veins of female Rag2™” IL-2Ryc™"
mice and examined lung metastatic lesions at 1, 48, and 168 hours after injection (Figure 2.13). Capnsl
KO and WT MTECs both successfully seeded in the lungs and survived and proliferated into micro-

metastatic lesions over the course of the next 2 to 7 days.
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Figure 2.12 capnsl KO does not affect secretion or activation of matrix metalloproteinases 2 and 9.

Seven x 10° capns1 KO or WT MTECs were seeded and cultured overnight, then changed to serum-free
medium the following day. Conditioned media was collected after 24 h and gelatin zymography

performed to assess MMP activity.
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Figure 2.13 capnsl KO in MTECs does not compromise formation of lung metastatic lesions in an

experimental metastasis model.

One x 10° GFP transduced capns1 KO or WT MTECs were injected into tail veins of Rag2”IL-2Ryc™

mice. Lungs were resected and imaged by fluorescence microscopy at the indicated post injection times.
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2.4.6 Capnsl KO in MTECs correlates with enhanced EGFR expression and sustained EGF

response

EGFR is a key dimerization partner of HER2, and is frequently expressed in breast carcinomas
(Walker and Dearing, 1999). Deletion of capnsl was associated with enhanced phosphorylation of EGFR
('Y845) in tumors from the NIC model (Figure 2.2); we therefore tested EGF-induced activation of EGFR
in vitro in the MTEC system. Overnight serum starvation followed by EGF stimulation resulted in a rapid
induction in pY845-EGFR levels in both capnsl KO and WT MTECs (Figure 2.14). However, there is
also a difference in kinetic behaviour, with a more sustained EGFR activation in the capnsl KO MTECs;
which correlates with more robust and sustained activation of MEK and ERK, as shown by their
phosphorylation at activation loop sites (Figure 2.14 A,C,D). We also noted an increase in steady-state
levels of EGFR in the capnsl KO MTECs (Figure 2.14 B). These data are consistent with a role for

calpains-1/2 in the regulation of EGFR signaling down the RAS-MAPK pathway.

48



A KO WT B

(Minutes o ¢ 5 1530 0 25 5 15 30
post EGF) kDa p=0.0042~
p— & 180 2
| T
EGFR 135§
S e es e ve e s mm ey 100 £
[=]
p=d
-EGFR 2 © &
P — 180 Ful-ength EGFR
(Y845)
— 100 C
4-
p-MEK1/2 —_— - —_ £ 3 p-00441" o
(s217/221) < L) ZWT
=
[« %
MEK1/2 | «a i e S i

p-ERK1/2 R
(T202/Y204) ===

ERK1/2 .-"-----

p-Erk/Erk

Time (min)

Figure 2.14 Knockout of calpain enhances EGFR expression and prolongs MAPK signaling.

7.5 x 10* WT or capnsl KO MTECs were seeded overnight in 60 mm dishes. The following day cells
were washed with PBS and changed to serum-free media. MTECs were stimulated with 50 ng/mL of EGF
for the indicated times, and lysed into RIPA. (A) Assessment of capnsl KO on MAPK signaling. (B)
Immunoblot of full-length EGFR (175 kDa) at time 0. (C) Assessment of EGF-induced MEK (45 kDa)
phosphorylation. (D) Assessment of EGF-induced ERK (42/44 kDa) phosphorylation.
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2.5 Discussion

Approximately 15-20% of newly diagnosed breast cancers are the highly aggressive HER2+
subtype (Yersal and Barutca, 2014), and despite treatment with chemotherapy and targeted therapeutics
such as trastuzumab and lapatinib, half of these patients relapse with resistant disease within one year
(Gelmon et al., 2015). These clinical findings underscore the urgent need to develop more effective
treatments for HER2+ breast cancer. This will require a better understanding of the biology of these
tumors, including the signaling pathways that confer resistance to current treatments and identification of
druggable components of these pathways that might represent novel combinatorial therapeutic targets.

Our previous work has shown that the ubiquitously expressed calpain-1 and -2 isoforms regulate
cell survival in response to cytotoxic challenges (Tan et al., 2006b; Tan et al., 2006¢) and promote breast
cancer cell line resistance to chemotherapeutics including doxorubicin and cisplatin (Grieve et al., 2016).
We also showed that capn2 knockdown in a mouse mammary carcinoma cell line was associated with
reduced tumor growth in a mouse orthotopic engraftment model (Ho et al., 2012), and capns1 knockdown
in the MDA-MB-231 triple negative breast cancer cell line correlated with reduced tumor growth and
metastasis in an orthotopic xenograft model, and this effect was enhanced by combination with the
HSP90 inhibitor, 17-AAG (Grieve et al., 2016).

The relationship between expression of calpains and clinical outcomes in various cancers are
being explored (Storr et al., 2011a; Storr et al., 2015), and CAPN1 expression in HER2+ breast cancer has
been positively correlated with shorter relapse-free survival and resistance to trastuzumab (Storr et al.,
2011c). This is consistent with in vitro studies showing that capns1 expression was associated with
reduced trastuzumab sensitivity in the HER2+ human breast cancer cell lines SKBR3 and BT474
(Kulkarni et al., 2012).

Here we report the first study exploring the role of the ubiquitously expressed classical calpain-
1/2 isoforms in a genetically engineered mouse model of spontaneous tumorigenesis driven by the

her2/neu oncogene. By deleting capnsl in the mammary epithelium of animals expressing oncogenic
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HER2/NEU we show that calpains-1/2 are not required for tumorigenesis, but their absence is associated
with a significant delay in tumor onset in this model (Figure 2.2). Phosphoproteomic analysis of these
tumors was performed to explore the possibility that differences in the carcinogenic process in the
presence or absence of calpains-1/2 might be revealed by distinct activation states of specific signaling
nodes. Our analysis detected significant differences in 5 phosphoproteins (EGFR, GSK-3f3, JNK,
MARCKS and STAT-1) out of the 128 proteins queried (Figure 2.3), suggesting that the carcinogenic
program pursued by these HER2/NEU-driven tumors was subtly different in the absence of calpains-1/2.

Glycogen synthesis kinase 3  (GSK-3f3) has complex roles in cell signaling, including a tumor
suppressor function through inhibition of the 3-catenin complex (Mancinelli et al., 2017). GSK-3p is
inhibited by AKT-mediated S9 phosphorylation and activated by PP2A-mediated dephosphorylation.
Reduced p-S9-GSK-3p levels in capnsl KO tumors is consistent with previous observations of reduced
AKT activation in capnsl KO MEF cells (Tan et al., 2006c), and increased PP2A levels in capn2
knockdown mammary carcinoma cells (Ho et al., 2012) and capnsl KO MEFs (Bertoli et al., 2009).

The c-Jun N-terminal kinase (JNK) is activated in response to a number of ligands and stress
stimuli and subsequently regulates transcription, migration and apoptosis (Huang et al., 2004). Increased
pT193/Y185-IJNK in capnsl KO tumors was somewhat surprising since capnsl KO MEF cells had
previously been shown to display reduced activation in response to endoplasmic reticulum stress (Tan et
al., 2006b). This difference may reflect distinct effects of calpain deficiency in cancer cells and
immortalized fibroblasts, or distinct context-specific roles of calpain in endoplasmic reticulum stress and
tumorigenesis.

Calpain-mediated cleavage of protein kinase C (PKC) is an evolutionally conserved mechanism
for PKC activation (Hu et al., 2017), and PKCp deletion was correlated with suppressed tumorigenesis in
a transgenic mouse model of breast cancer (Wallace et al., 2014). Myristoylated alanine-rich protein

kinase C substrate (MARCKYS) displayed reduced pSer-152/S162 levels in capnsl KO tumors. Elevated
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p-Ser-152/156-MARCKS levels have been positively associated with more aggressive breast cancer and
reduced sensitivity to chemotherapy in breast cancer cell lines (Chen et al., 2015).

STAT-1 behaves as a tumor suppressor through promotion of apoptosis as well as inhibition of
angiogenesis, tumor growth, and metastasis (Stephanou and Latchman, 2003). A role for STAT-1 in IL-
27 induced suppression of epithelial to mesenchymal transition has also been described (Kachroo et al.,
2013). Increased pY701-STAT-1 observed in capnsl KO tumors could reflect a role for calpain in
regulating these tumor suppressor functions.

These differences in the phosphorylation states of EGFR, GSK-3p, INK, MARCKS and STAT-1
in capnsl KO tumors represent important leads for future studies aimed at elucidating the molecular
involvement of calpain in HER2+ breast cancers. EGFR in particular represents an important target since
it is often dysregulated in human cancers. EGFR forms heterodimers with HER2 and contributes to
survival and proliferative signaling in response to EGF (Hynes and Lane, 2005). Enhanced
phosphorylation of the activation loop Y845 residue in capnsl KO tumors indicated a higher level of
activated EGFR (Figure 2.3). Both EGFR (Gregoriou et al., 1994) and HER2 (Kulkarni et al., 2010) have
been identified as substrates of calpain, therefore this observation may simply be a reflection of an
accumulation of more mature EGFR in the absence of calpain. Given the importance of this signaling
node in HER2 tumorigenesis we focused further study on it using the capnsl floxed MTEC model system.
There was significantly more of the presumptive mature ~150 kDa EGFR species in capnsl KO MTEC
cells (Figure 2.14 A,B), which supports a role for calpain-1/2 in regulating EGFR levels. While this
presumptive mature EGFR is rapidly downregulated after EGF treatment in both capnsl KO and WT
MTECs, more of this 150 kDa band persists in KO cells, and more of a faster migrating 135kDa band was
observed in the WT cells. It was tempting to predict that this smaller species arose by calpain cleavage of
EGFR, since both EGFR (Gregoriou et al., 1994) and HER2 (Kulkarni et al., 2010) have been identified
as a substrates of calpain. However, it is more likely that this 135 kDa band corresponds to immature

EGFR in the ER/Golgi compartment. A prominent band at ~100 kDa was detected with antibodies to both
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EGFR and pY845-EGFR (Figure 2.14 A). HER2 has been reported to give rise to a 95 kDa species which
is associated with elevated PI3K/AKT signaling and trastuzumab resistance (Arribas et al., 2011; Clark et
al., 2002; Nagata et al., 2004), and calpain is implicated the generation of intracellular fragments of
HER2, as well as the activation of AKT (Kulkarni et al., 2010; Kulkarni et al., 2012; Tan et al., 2006c).
EGFR is also a known calpain substrate, but the occurrence of this ~100 kDa species in the MTEC system
was not correlated with capnsl status, so it cannot be a uniquely calpain-generated fragment of EGFR.
HER2 levels were very low in these MTEC cells, and even after forced ectopic over-expression of HER2,
we were unable to correlate the presence of unique HER2 fragments with capnsl status (data not shown).

Interestingly, EGF-induced pY845-EGFR levels persisted for longer in capnsl KO MTECs
(Figure 2.14 A), and this correlated with persistence of activated MEK1/2 and ERK1/2 levels (Figure 2.14
A,C,D). These observations are somewhat surprising given the delayed tumor onset in the capnsl KO
NIC transgenic model (Figure 2.2) and the complete block in tumorigenic potential in the capnsl KO
MTEC engraftment model (Figure 2.8). However, delayed tumor onset correlating with increased
signaling through the ERK1/2 pathway has been observed previously in the Neu"" transgenic mice model
and MTEC lines derived from them (Sangrar et al., 2015). We speculate that this may be a reflection of
compensatory signaling in the absence of calpain.

We also show that capnsl KO in MTECs is associated with increased sensitivity to both
doxorubicin and lapatinib (Figure 2.6 & 2.7). Capnsl KO tumors arising in vivo in the NIC mice
displayed enhanced activation of EGFR (Figure 2.3), and this was phenocopied in vitro in the MTEC
model using EGF stimulation (Figure 2.14). Enhanced activation of EGFR may reflect a survival
requirement in the absence of calpain. Given that lapatinib inhibits both HER2 and EGFR, we might
attribute enhanced efficacy of lapatinib to an attenuation of compensatory EGFR signaling when calpain
is ablated. In the case of doxorubicin, resistance is mediated in part by expression of Pgp, and we have
shown that calpain correlates with Pgp expression (Grieve et al., 2016). Furthermore, calpain cleavage of

topoisomerase Ila. has been shown to promote doxorubicin resistance (Jeon et al., 2018b). Thus, survival
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responses triggered by challenge with doxorubicin and lapatinib may engage calpain-dependent pathways,
which bodes well for the potential of calpain inhibition to enhance the efficacy of these therapeutics.

The most compelling observation in this study was the complete ablation of the tumorigenic
potential of MTECs upon capnsl KO. Angiogenesis is known to be required for the growth of tumors
beyond a size of approximately 2 mm?. As calpain cleavage of filamin-A has been implicated in the
nuclear localization of HIF1a (Zheng et al., 2014), we initially speculated that failure to trigger the
angiogenic switch might account for these results. However, overall production as well as nuclear
localization of HIF1o were unaffected by calpain status in vitro (Figure 2.11). Lung seeding after tail vein
injection (Figure 2.13) and MMP-2 and MMP-9 production in vitro were also unaffected (Figure 2.12).
This suggests that the block in tumorigenesis at the orthotopic site might relate to a role for calpain in
stromal conditioning. For example, loss of calpain may impact the ability of MTECs to recruit pro-
tumorigenic cancer-associated fibroblasts (CAFs) (Ewald, 2017); perhaps due to a failure to induce
autophagy in the CAFs via a paracrine mechanism (Martinez-Outschoorn et al., 2010).

Capnsl KO in this MTEC model did not reduce cell migration in a scrape-wound assay (Figure
4A); however, capnsl KO was associated with attenuated invasive behavior in matrigel-coated Boyden
chamber assay (Figure 4B). This is interesting since capnsl KO in MEFs has previously been associated
with defects in cell migration (Dourdin et al., 2001) as well as invasion (Postovit et al., 2002a); and
capnsl knockdown in MDA-MB-231 cells correlated with reduced migration and invasion (Grieve et al.,
2016). Calpain has also been linked with lamellipodia dynamics at the leading edge and focal adhesion
turnover at the trailing edge of fibroblasts (Franco et al., 2004a; Franco et al., 2004b). We were surprised
that loss of calpain-1/2 in the MTEC system did not attenuate their migration behavior, yet defective
invasive behavior was conserved. MMPs are important players in cell invasion, and we have previously
linked calpain to MMP production (Postovit et al., 2002a). EGFR and PI3K-AKT signaling has been
implicated in the production of MMPs (Lee et al., 2007), and although we were unable to identify

differential levels of active MMP-2 and MMP-9 by gelatin zymography (Supplemental Figure 6), this
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assay is limited, as it dissociates tissue inhibitors of metalloproteineases (TIMPs), thus we cannot
preclude the possibility that calpain participates elsewhere in the MMP activation cascade (Kwak et al.,
2012).

In conclusion, our in vivo results demonstrate that loss of calpain-1/2 delays spontaneous tumor
onset in a model of HER2+ tumorigenesis but does not prevent progression. Phosphoproteomic analysis
suggests that tumors arising in the presence of calpain-1/2 engage a subtly different set of pro-
tumorigenic signaling pathways from tumors arising in the absence of calpain-1/2. We also provide
evidence that calpain is critically required for MTEC tumor progression in an orthotopic engraftment
model. Finally, we show that KO of capnsl enhances cytotoxicity mediated by doxorubicin and lapatinib.
Taken together, these results suggest that inhibition of calpain in established malignancies may confer
therapeutic benefits and may also enhance the efficacy of currently employed therapeutics like
doxorubicin and lapatinib. This underscores the need to develop clinically effective pharmacological

inhibitors of calpain-1/2.
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Chapter 3
Calpain-1 and calpain-2 play non-redundant roles in tumor growth and

metastasis in a model of triple-negative breast cancer

3.1 Abstract

Triple-negative breast cancer is challenging to treat owing to a lack of clinically approved
targeted therapeutic agents. Previously, we demonstrated a pro-tumorigenic role for calpain-1 and/or
calpain-2 in a MDA-MB-231 xenograft model by knocking down expression of the common obligate
CAPNSL1 regulatory subunit. Here we demonstrate that calpain-1 and calpain-2 play non-redundant
essential roles in metastatic progression in an orthotopic MDA-MB-231 xenograft model by
independently knocking out genes encoding the isoform-specific catalytic subunits CAPN1 and CAPN2,
respectively. We also show that disruption of calpain-1 and calpain-2 is associated with suppression of
tumor growth in this model. These observations of isoform-specific tumor growth and metastasis
promoting roles for these two ubiquitously expressed calpains provide important preclinical evidence to

justify and inform the future development of calpain inhibitors as cancer therapeutics.

56



3.2 Introduction

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer which is
characterized by poor survival and increased likelihood of metastasis to the brain and lungs (Dent et al.,
2007; Heitz et al., 2009). Unlike luminal or HER2 positive breast cancer, TNBC is characterized by a lack
of overexpression of the estrogen, progesterone, or HER2 receptors; thus lacking generalizable targeted
therapeutics and typically treated through surgery, radiotherapy, and chemotherapy. Agents targeting the
epidermal growth factor receptor (EGFR) and downstream components of the RAS-MAPK pathway are
being explored in preclinical studies and clinical trials (Baselga et al., 2013; Baselga et al., 2012b;
Gelmon et al., 2015; Nagaria et al., 2017; Nagaria et al., 2013), however there is an urgent need for the
identification of additional therapeutic targets in TNBC.

Calpain-1 and calpain-2 are calcium-dependent ubiquitously expressed intracellular proteases
with pleotropic involvement in cellular behavior through their diverse protein substrates (Goll et al.,
2003). They are heterodimers comprised of distinct isoform-specific catalytic subunits (encoded by capnl
or capn2, respectively) coupled with a common regulatory subunit (encoded by capnsl) that is required
for stability and enzymatic activity of the catalytic subunits (Graham-Siegenthaler et al., 1994). Calpain-1
and calpain-2 lack clearly defined target cleavage sequences and typically cleave within disordered
peptides, which often link structurally defined functional domains (duVerle et al., 2010; Liu et al., 2011).
In this way, calpain cleavage typically modifies, rather than abolishes substrate functions through limited
proteolysis. Many calpain substrates have been implicated in tumorigenesis (reviewed in (Storr et al.,
2011a)) and in some cases calpain-1 and calpain-2 have been associated with specific cell functions,
although there is limited evidence for isoform-specific cleavage of substrates. Compartmentalization of
calpains may represent one mechanism by which substrate accessibility is regulated in an isoform-specific
manner. For example, calpain-1 has been found localized at the mitochondria, which would contribute to
its role in cleavage of apoptosis-inducing factor and BAX (Garcia et al., 2005). Perhaps the most well

characterized isoform-specific role for calpain can be seen during cell migration. Calpain-1 activity is
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implicated in forming adhesion complexes at the leading edge of a migrating cell through regulating Rho
GTPase activity (Kulkarni et al., 1999), and calpain-2 is implicated in tail retraction through cleavage of
substrates such as focal adhesion kinase, talin, paxillin, and spectrin (Franco et al., 2004a; Franco et al.,
2004Db). Germline deletion of capnsl in mice is embryonic lethal (Arthur et al., 2000; Zimmerman et al.,
2000); however, tissue-specific capnsl deletion or regulated systemic deletion in adults is well tolerated
(Amini et al., 2013; Li et al., 2011; Shimada et al., 2005; Tan et al., 2006a; Wernimont et al., 2010; Yang
et al., 2015). Germline deletion of capnl in mice is associated with a mild hemostasis phenotype and
cerebellar ataxia (Azam et al., 2001; Wang et al., 2016). In contrast, capn2 deletion results in early
embryonic death (Dutt et al., 2006; Takano et al., 2011). These observations argue that calpain-1 and
calpain-2 have some unique non-redundant roles. Thus, while calpain-1 and calpain-2 have been
associated with some specific roles (Table 3.1), our understanding of this is incomplete.

Tissue microarrays reveal that calpain-2 is associated with poor outcome in TNBC (Storr et al.,
2012a), and knockdown of capnsl in the TNBC cell line MDA-MB-231 attenuated tumor growth and
metastasis in a preclinical orthotopic engraftment model (Grieve et al., 2016). In this study, we sought to
determine an isoform-specific role for calpain-1 and calpain-2 in TNBC. Our findings implicate a set of
non-overlapping substrates for calpain-1 and calpain-2 promoting the in vivo growth and metastatic

colonization of MDA-MB-231 cells.
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reorganization

Process Isoform Substrate Reference
Starvation & Calpain-1 PHLPP1 (Wang et al., 2013;
Oxidative Stress Wang et al., 2016)
Response
mTOR-mediated Calpain-2 PTEN (Briz et al., 2013)
protein synthesis
Platelet Calpain-1 & SRC (Oda et al., 1993)
aggregation Calpain-2
mTOR-mediated Calpain-1 & Hammartin, (Briz et al., 2013)
protein synthesis Calpain-2 tuberin
Membrane Calpain-1 Ezrin (Hoskin et al.,
localization 2015)

Secretory process Calpain-1 Ezrin (Yao et al., 1993)
Cytosolic Calpain-1 & PTP1B (Frangioni et al.,
localization Calpain-2 1993)
Invadopodia Calpain-2 PTP1B, cortactin (Cortesio et al.,
formation 2008)

Focal adhesion Calpain-1 & Paxillin, talin (Carragher et al.,
complex Calpain-2 1999)
disassembly

Integrin clustering, | Calpain-2 Talin (Franco et al.,
signaling, and focal 2004b; Yan et al.,
adhesion 2001)
disassembly

Cytoskeletal Calpain-1 Talin (Hayashi et al.,

1999)

Table 3.1a Isoform-specific calpain substrates
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inflammatory

response

Process Isoform Substrate Reference

Integrin signaling Calpain-1 & FAK (Carragher et al.,

and adhesion Calpain-2 1999; Chan et al.,

dynamics 2010; Cooray et
al., 1996)

Synaptic plasticity Calpain-1 & PKC (Bougie et al.,

Calpain-2 2009)

Tumor metastasis Calpain-2 Cyclin E (Libertini et al.,
2005)

Platelet Calpain-2 Integrin Bla, B2, | (Pfaff etal., 1999)

aggregation B3, B7

Integrin clustering Calpain-1 Integrin 33 (Bialkowska et al.,
2000)

Adhesion dynamics | Calpain-2 Integrin B4 (Potts et al., 1994)

Adhesion dynamics | Calpain-2 Talin, spectrin, (Franco et al.,

FAK, paxillin 2004a)
TNF-a signal Calpain-1 & IkBal (Han et al., 1999;
transduction, Calpain-2 Shumway et al.,

1999)

Table 3.1b Isoform-specific calpain substrates
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3.3 Methods

3.3.1 Generation of capnsl, capnl, and capn2 knockout cell lines

The MDA-MB-231 human TNBC cell line was subjected to CRISPR/CAS9 genome editing
using the LentiCRISPRv2 method described by (Sanjana et al., 2014; Shalem et al., 2014). sgRNAs were
designed against the coding region of capnsl (5'-ggcggctgcgcagtacaacc-3'), capnl (5'-
cccaattcetccaagaccta-3'), and capn2 (5'-cagccgaagggagcegagtte-3'). Twenty-five x 10* GFP-expressing
(pPWPXLD, Addgene #12258) MDA-MB-231 were seeded in Dulbecco’s Modified Eagle Medium
(Sigma) (10 % fetal bovine serum (FBS; Sigma), 1 % antibiotic-antimycotic (Gibco), and 1 % L-
glutamine (Gibco)) (“complete DMEM?”) in 60 mm dishes (Sarstedt) and allowed to adhere overnight.
The following morning, cells were transduced for with lentivirus targeting either capnsl, capnl, or capn2
in the presence of 10 pug/ml polybrene (Sigma). Fresh medium was added after 48 h and cells were
expanded into 10 cm dishes (Sarstedt) in the presence of 2 pg/mL puromycin (Gibco) to select transduced
cells. After preliminary immunoblotting analysis of polyclonal populations to assess loss of protein
expression, serial-dilution on 96-well plates (Sarstedt) was used to isolate clones which were expanded

for secondary immunoblotting analysis to validate gene-specific knockout (KO) clones.

3.3.2 Immunoblotting Analysis

Cell lysates for immunoblotting were prepared in radio-immunoprecipitation assay buffer (RIPA;
50 mM Tris-HCI (Fisher), 150 mM NacCl (Fisher), 1 % NP-40 (Sigma), 0.1 % SDS (Sigma), and 0.5 %
sodium deoxycholate (Sigma) supplemented with protease and phosphatase inhibitors 1 mM sodium
orthovanadate (Sigma), 1 mM phenylmethane sulfonyl fluoride (ICN Biomedicals), 5 ug/mL leupeptin
(Sigma), and 2 pg/mL aprotinin (Sigma). Lysates were clarified by centrifugation for immunoblotting
(12, 000 x g for 15 min at 4°C), and protein quantification was performed using the Pierce bicinchoninic

acid (BCA) kit (Thermo Scientific). Capnsl KO was validated by immunaoblotting using an in-house
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antibody generated against bacterially expressed rat calpain-2, which detects CAPN2 (Arthur et al.,
2000), and commercial antibodies from Santa Cruz were used to validate capnsl (SC-32325) and capnl

(SC-7531) KO.

3.3.3 Zymography analysis of calpain and MMP activity

Cells were seeded overnight in complete DMEM on 10 cm tissue culture dishes (Sarstedt) to
achieve 70 % confluency the following day. Cells were washed once with PBS and lysed into
HEPES/Triton X-100 lysis buffer for HEPES-imidazole casein zymography as described elsewhere
(Croall et al., 2002). To assess the secretion of matrix metalloproteinases-2 and -9 (MMP-2/9), 1 x 10°
WT, capnsl, capnl, and capn2 KO cells were seeded overnight on 60 mm tissue culture dishes (Sarstedt)
in complete DMEM, and the following day plates were washed twice with PBS and overlaid with 3 mL of
serum-free DMEM. Cells were allowed to condition the medium for 48 h; whereupon the supernatants
was collected and clarified for 5 min at 180 x g. Gelatin zymography was then performed as described

(Toth et al., 2012).

3.3.4 Orthotopic engraftment tumor growth and metastasis model

One x 10% WT, capnsl, capnl, and capn2 KO MDA-MB-231 cells were suspended in 50 uL of
50 % phosphate-buffered saline, and 50 % growth factor reduced matrigel (VWR), and engrafted into the
number four (abdominal) mammary gland of BalbC-Rag2™” IL2Rsc” mice (n=6 per cohort) using a
Hamilton syringe (Sigma). Additional aliquots were retained to assess cell viability post-engraftment. To
determine viability, cells were passed once through a Hamilton syringe and viable cells counted by
Trypan blue exclusion assay (Sigma) with a hemocytometer. Staples were removed from surgical sites 7
days post-engraftment and tumor volumes were then assessed until tumors reached endpoint volumes of
~600 mm?3. At endpoints, tumors were resected via survival surgery and lysed into RIPA buffer containing

protease and phosphatase inhibitors (as described previously) for immunoblot analysis. Metastatic growth
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was allowed to develop for a further 14 days after tumor resection, whereupon mice were euthanized and
lungs removed for biophotonic imagery. Lungs were imaged from each side and tumor burden was
calculated as the percentage of GFP-positive pixels relative to the total area occupied by the lungs (sum of
two sides). Quantification was performed using ImagePro Plus 6.0 and statistical analysis with Prism

GraphPad.

3.3.5 Statistical Analysis

All statistical analysis were performed using Prism Graphpad 5. A p-value of <0.05 was deemed
significant for the student’s t-test, Log-Rank (Gehan-Breslow-Wilcoxon) test, and for an analysis of

variance (ANOVA). Tukey’s post-hoc test was used to determine significantly different sample means.

3.4 Results

3.4.1 Knockout of capnsl, capnl, and capn2 in MDA-MB-231 cells

Previously, we have shown that knockdown of capnsl by RNAI in the triple-negative breast
cancer line MDA-MB-231 is associated with attenuated primary tumor growth and metastasis (Grieve et
al., 2016). We therefore sought to determine if there were isoform-specific roles for either calpain-1 or
calpain-2 in tumorigenesis or if they provided essential yet redundant roles. CRISPR/CAS9 was used to
generate MDA-MB-231 with null mutations in capnsl, capnl, or capn2. After selection of clones,
immunoblotting confirmed that CAPNS1, CAPNL1, and CAPN2 protein expression was abolished (Figure
3.1A), and these results were corroborated by casein zymography (Figure 3.1B) which showed no

detectable enzymatic activity.
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Figure 3.1 CRISPR/CAS9 KO of capnsl, capnl, or capn2 in MDA-MB-231 cells.

Twenty-five x 10* MDA-MB-231 cells were seeded in 60 mm? dishes and cultured overnight. The
following day cells were transduced with a CRISPR/CAS9 lentiCRISPRV2 system expressing SgRNAS
targeting capnsl, capnl, and capn2. Puromycin-selected transduced cells were cloned in 96 well plates
and gene KO was validated by (A) immunoblotting with antibodies for the indicated proteins (CAPNS1
(28 kDa), CAPNL1 (80 kDa), CAPNZ2 (80 kDa), tubulin (50 kDa) and (B) casein zymography assessment

of calpain-1 and calpain-2 activities.
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3.4.2 Deletion of capnsl, capnl, or capn2 delays primary tumor growth

KO MDA-MB-231 cells of each genotype and control parental WT cells were engrafted into the
number 4 abdominal mammary fat pads of BalbC-Rag2”1L2Rc”" mice and tumor development were
monitored. Latency in tumor growth was greatest in capn2 KO (Figure 3.2A), however KO of capnsl,
capn2, and capnl were all associated with reduced doubling time compared to wildtype cells (Figure
3.2B). We confirmed that there were no differences in cell survival during the engraftment procedure by
performing Typan blue exclusion assays on cells that were subjected to the same conditions as those that

were engrafted (Figure 3.3).
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Figure 3.2 Capnsl and capn2 KO delays tumor growth at the orthotopic site.

A. One x 10 GFP-expressing capnsl, capnl or capn2 KO or WT MDA-MB-231 cells were engrafted
into the number four mammary gland of female Rag2” IL-2Ryc” mice (n=6 for each cohort). B. Doubling

time of tumors shown in days. Measurements of tumor volumes reveal a delay in growth at the orthotopic
site upon loss of CAPNS1, CAPN1, or CAPN2.
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Figure 3.3 CRISPR/CAS9 KO of calpain genes does not affect cell viability.

Triplicate aliquots of capnsl, capnl, capn2 KO or WT cells suspended in matrigel were assessed for cell
viability after sitting on ice for the duration of the engraftment procedure. Cells were passed through a
Hamilton syringe once to mimic the engraftment procedure, mixed 1:1 with Trypan blue, and counted on

a hemocytometer. Each line was counted in triplicate and represented as mean £ SD (p>0.05, ns, one-way

analysis of variance (ANOVA)).
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3.4.3 Capnl and capn2 provide non-redundant metastasis promoting roles

Orthotopically engrafted tumors were resected by recovery surgery at volumes of 546.38 + 76.76
mm?3 (mean + SD) and immunoblotting analysis of these tumors confirmed that they did not arise from
contaminating cells (Figure 3.4). After mice recovered from tumor resections, metastases were allowed to
develop for 14 d post-resection; whereupon mice were euthanized and lungs were assessed for metastatic
burden by biophotonic imaging. KO of capnsl, capnl, and capn2 all correlated with significant

attenuation of lung metastasis (Figure 3.5).
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Figure 3.4 Tumors arising in orthotopically engrafted Rag2” IL-2Rgc”” mice retain the calpain

expression phenotype of the input MDA-MB-231 cells.

Tumors established with MDA-MB-231 cells of the indicated genotypes were resected by recovery
surgery at volumes of 546.38 + 76.76 mm?(mean + SD) and subjected to immunoblotting analysis with
antibodies for the indicated proteins (CAPNS1 (28 kDa), CAPN1 (80 kDa), CAPN2 (80 kDa), tubulin (50

kDa).
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Figure 3.5 KO of capnsl, capnl, or capn2 is associated with reduced pulmonary metastasis.

At endpoints of orthotoptic engraftment studies, mice were euthanized and lungs removed for biophotonic
imaging (n=6 per cohort). Lung metastatic burden was calculated as the percentage of GFP-positive
pixels relative to the total area occupied by the lungs. Quantification was performed using ImagePro Plus

6.0 software, and statistical analysis with Prism GraphPad (p<0.05, student’s t-test).
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3.4.4 KO of capnsl, capnl, and capn2 attenuates MMP9 secretion

Given the important role of extracellular matrix degradation by matrix metalloproteinases
(MMPs) in cancer cell invasion and metastasis, we sought to determine whether MMP production was
affected by isoform-specific calpain-1/2 KO. We detected predominantly MMP9 in the supernatant of
WT MDA-MB-231 cells, and determined that loss of either catalytic subunit (capnl and capn2) or the

regulatory subunit (capnsl) correlated with attenuated levels of secreted MMP9 (Figure 3.6).
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Figure 3.6 KO of capnsl, capnl or capn2 is associated with reduced secreted MMP9 activity.

One x 10° capns1, capnl, or capnsl KO, or WT MDA-MB-231 cells were seeded in 60 mm? dishes
overnight. Cells were then washed with PBS and overlaid with 3 mL of serum-free DMEM and allowed
to condition the medium for 48 h. At endpoint, supernates was collected and clarified by centrifugation.
(A) Secreted MMP9 was assessed by gelatin zymography. (B) Semi-quantitative analysis of secreted
MMP9 was performed by densitometry analysis of gelatin zymographs using ImageJ. Data are

representative of three independent experiments + SD (p<0.05, student’s t-test).
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3.5 Discussion

The progression of a tumor beyond the local site is a complex process involving invasion through
the surrounding extracellular matrix, intravasation of blood or lymphatic vessels, survival through the
circulation, and extravasation and growth at a distant metastatic site (reviewed in (Steeg, 2006)).
Metastasis is one of the most challenging aspects of cancers to treat and is associated with poor prognosis
compared to locally confined tumors (Steeg, 2016). Here, we show for the first time that calpain-1 and
calpain-2 independently promote primary tumor progression, and play non-redundant, isoform-specific
essential roles in metastatic colonization of triple-negative breast cancer.

Triple-negative breast cancer remains one of the most challenging to treat owing to a lack of
generalizable targeted therapeutics. Furthermore, emerging preclinical data suggests that
chemotherapeutic agents such as paclitaxel and doxorubicin, used to treat TNBC, can promote metastases
when used in a neoadjuvant setting (Karagiannis et al., 2017), a paradigm similar to that seen with
targeting of VEGF (Ebos et al., 2009; Paez-Ribes et al., 2009). Given that KO of both calpain-1 and
calpain-2 independently attenuated metastatic colonization in TNBC, addition of calpain inhibitors to
existing treatment regimens may prove relevant, especially in a neoadjuvant setting. Of note, familial
deletion of calpain-1 in humans is associated with ataxia and spasticity (Wang et al., 2016), suggesting
calpain-1 inhibition may be associated with neurologic toxicities.

Cancer cell invasion is aided by the production, secretion, and activation of MMPs at sites of
integrin-containing structures called invadopodia (Albiges-Rizo et al., 2009; Brooks et al., 1996; Linder,
2007; Rolli et al., 2003). This aids in both interaction, with and degradation of, the extracellular matrix.
Invadopodia are F-actin-rich structures which aid in degrading the extracellular matrix and facilitate
invasion into the surrounding stromal compartment (Kelly et al., 1994); a critical step in tumor growth
and metastatic dissemination. High levels of MMP9 are correlated with lymph node metastasis and
reduced survival in breast cancer patients (Wu et al., 2008). KO of capnsl, capnl, or capn2 correlated

with attenuated production of MMP9 (Figure 5). Both calpain-1 and calpain-2 are implicated in several
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pathways leading to the production of MMP9; MMP9 is enhanced upon activation of the epidermal
growth factor receptor (EGFR), the PI3K-AKT pathway (Lee et al., 2007), and NFkB (Huang et al.,
2001). Loss of capnsl is associated with impaired stress-mediated activation of AKT (Tan et al., 2006c¢),
calpain-1 and calpain-2 degrade IxBa. (Han et al., 1999; Shumway et al., 1999), and calpain-2 may
separately be implicated in MMP production through MAPK signaling via phosphorylation by ERK at
CAPNB2 serine-50 (Glading et al., 2004).

Understanding key calpain substrates involved in driving tumorigenesis remains a work in
progress. Studies implicate calpain isoforms as having dominant functions in certain cancers; For
example, calpain-2 is associated with reduced relapse-free survival in triple-negative breast cancer (Storr
et al., 2012a), focal adhesion turnover (Franco et al., 2004b), and the formation and turnover of
invadopodia (Cortesio et al., 2008). Calpain-1 has been reported to play a dominant role in HER2+ breast
cancer, and is associated with resistance to trastuzumab (Storr et al., 2011c), and focal adhesion dynamics
during cell spreading (Croce et al., 1999; Glading et al., 2002; Satish et al., 2005). KO of capnsl, capnil,
or capn2 were associated with a reduction in tumor doubling time, suggesting that these calpain isoforms
play a role in cell cycle progression. A previous study supports the notion that calpains are implicated in
driving cell cycle progression (Janossy et al., 2004), and others have shed some light on candidate
isoform-dominant functions in regulating the cell cycle, such as calpain-2 in attenuating p27+!
expression (Ho et al., 2012), and promoting cyclin E activity (Libertini et al., 2005). Here, we provide
evidence that calpain-1 and calpain-2 independently promote orthotopic tumor growth, as well as
pulmonary metastasis in TNBC. Calpain-2 KO was associated with delayed tumor growth, suggesting
that calpain-2 substrates may be critically involved in driving cell cycle progression, or associated with a
rate limiting step in primary tumor growth, such as coopting the vasculature. Both calpain-1 and calpain-2
are associated with MMP production in vitro, suggesting that they both contribute to cell invasion and
metastasis. Metastases are targeted in large part through chemotherapy, therefore it will also be important

to understand whether there is an isoform-specific contribution to chemotherapeutic resistance.
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Knockdown of capnsl in MDA-MB-231 cell was associated with greater sensitivity to doxorubicin
(Grieve et al., 2016), likely through attenuating ABC transporter function, and calpain-2 has been
implicated in resistance to the clinical agent doxorubicin through cleavage of topoisomerase llo (Jeon et
al., 2018b). Unraveling an isoform-specific role for calpain in resistance to clinically approved TNBC
therapeutics is an important next step. Here, we posit a model highlighting differential roles for calpain-1
and calpain-2 in primary tumor growth and metastasis based on studies suggesting dominant functions for

these calpains (Figure 3.7).
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Figure 3.7 Isoform-specific roles for calpain-1 and calpain-2 in tumorigenesis.

Calpain-2 has multifaceted roles in tumorigenesis by promoting proliferation through cleavage of cyclin E
and attenuation of p27X'*, as well as promoting cell migration and invasion by enhancing talin-mediated
talin retraction, MMP production, and regulating focal adhesion dynamics through NF«B and SRC.
Calpain-1 may also contribute to migration through NFxB-mediated MMP production, although it is
unlikely to be involved in tail retraction. Calpain-1 may also play an important role in promoting the

survival of disseminated cells through activation of AKT.
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Calpain-2 has been implicated in the activation of SRC through cleavage of PTP1B, promoting
FAK activation and integrin turnover (Carragher et al., 2006; Cortesio et al., 2008; Zhang et al., 2006), as
well as focal adhesion disassembly during tail retraction (Franco et al., 2004b). Both calpain-1 and
calpain-2 are implicated in the activation of NF«B, which can contribute to MMP production and
invasion (Han et al., 1999; Huang et al., 2001; Shumway et al., 1999). Furthermore, we have found that
RNAI knockdown of calpain-2 is associated with increased expression of the cell cycle inhibitor p27Xi
(Ho et al., 2012). Calpain-2 is also responsible for increasing cyclin E activity by generating a low
molecular weight form that is resistant to inhibition by p27%®* (Libertini et al., 2005).

Data supporting isoform-specific roles for calpain-1 are less prominent in the literature. Tissue
microarray studies suggest that increased calapin-1 expression is correlated with tumor metastasis in renal
cell carcinoma (Braun et al., 1999). It has also been suggested that calpain-1 cleaves the negative
regulator of AKT, PH domain and leucine-rich repeat protein phosphatase 1 (PHLPP1) in neuronal cells
(Wang et al., 2013; Wang et al., 2016), and calpain- 1 has also been implicated in the activation of AKT
in trastuzumab-resistant HER2+ breast cancer (Kulkarni et al., 2010). This raises speculation as to
whether calpain-1 may predominantly promote survival of disseminated cells, whereas calpain-2 may
contribute to primary tumor growth and metastatic dissemination from the orthotopic site.

To explore this model in greater depth, focal adhesion turnover will need to be assessed, which
may allow attribution of a dominant role for either isoform in cell migration. Assessing levels of
regulators of cell cycle such as p274P* in tumors at endpoint would help to elucidate a dominant role for a
calpain isoform in primary tumor growth. Quantitative analysis of circulating tumor cells from the blood
may be informative as this might reveal an isoform-specific role for calpain in metastatic shedding as well
as overall survival of cancer cells in the circulation. Importantly, in vivo studies should be completed with
rescue and kinase-dead cell lines to address the issue of clonal variation. Finally, determining whether KO
of either isoform sensitizes cancer cells to clinically approved therapeutics such as doxorubicin is also an

important consideration which can be rapidly validated in vivo. Future exploration of the aforementioned
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molecular pathways (Figure 3.7) will serve as a springboard to determining the relative contribution each

calpain isoform makes to tumor progression.

78



Chapter 4

General Discussion

4.1 Summary

Knockout of capnsl in a transgenic model of spontaneous mammary tumor development driven
by the her2/neu oncogene delayed tumor onset but did not block tumor development. Differential
phosphoproteins identified by a reverse-phase protein array (RPPA) suggest that calpain functions
impinge on several key signaling pathways involved in tumorigenesis and provides a basis for identifying
key calpain substrates that regulate tumor progression. If deletion of capnsl results in tumors engaging an
alternative set of pathways to drive carcinogenesis, it is possible that calpain inhibition will enhance the
efficacy of chemotherapies or targeted agents aimed at these pathways. Interestingly, ex vivo deletion of
capnsl in a carcinoma cell line derived from a her2/neu-driven tumor blocked the tumorigenic potential
of these cells in an orthotopic engraftment model. The delayed development of tumors comprised of
calpain positive escaper clones suggests that calpain expression is required to sustain the tumorigenic
potential of these her2/neu carcinoma cells and raises the important question: would effective therapeutic
inhibition of calpain halt progression or cause regression of established tumors?

Deletion of capnsl, capnl or capn2 in a mouse xenograft model of TNBC revealed that calpain-1
and calpain-2 play non-redundant roles in tumorigenesis, including major roles in the promotion of
metastasis. Although deletion of capnsl, capnl or capn2 attenuated primary tumor growth in this TNBC
orthotopic model, the magnitude of this effect was small with only a slight reduction in the rate of tumor
growth, suggesting that therapeutic targeting of calpain may confer maximal benefits in suppression of
metastasis. This is especially relevant as emerging preclinical evidence suggests that neoadjuvant

treatment with chemotherapeutics such as paclitaxel and doxorubicin may promote metastasis
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(Karagiannis et al., 2017). Thus, combination of calpain inhibition with these chemotherapeutics might

provide a more effective treatment, including a reduced risk of metastasis.

4.2 Reflections on roles for calpain in the her2/neu signaling network

Several proteins exhibited differential phosphorylation states in the presence or absence of
calpain-1 and calpain-2 in the transgenic model of spontaneous tumor development driven by her2/neu,
including some that are implicated in response to therapeutic challenges and oncogenesis. Validation of
the RPPA results by IHC is an important next step. Myristoylated alanine-rich C kinase substrate
(MARCKS) is an actin-binding protein involved in cytoskeletal reorganization and cell migration and is a
substrate of both protein kinase C (PKC) and calpain (Dedieu et al., 2004). Phosphorylation of MARCKS
was decreased in capnsl KO her2/neu tumors. PKC-mediated phosphorylation of MARCKS confers
protection from degradation, and involves translocation from the membrane to the cytosol (Hu et al.,
2017; Spizz and Blackshear, 1996). Activation of PKC by calpain may represent one mechanism by
which MARCKS phosphorylation is regulated (Fong et al., 2017). Phosphorylated MARCKS is
associated with increased tumor angiogenesis and resistance to paclitaxel (Chen et al., 2015) and erlotinib
(Chen et al., 2014) in breast and lung cancer, respectively. Furthermore, phosphorylation of MARCKS by
PKC has been noted to enhance HER2 signaling by displacing the antiproliferative protein TOB (Jin Cho
et al., 2001). Therapeutic strategies targeting PKC have been met with limited success (reviewed in
(Roffey et al., 2009)), thus targeting calpain may be a viable alternative to attenuate oncogenic signaling
from HER2, as well as improve chemotherapeutic response.

Signal transducer and activator of transcription 1 (STAT-1) is a transcription factor responsible
for mediating downstream signaling in response to interferon and cytokine signaling (Stephanou and
Latchman, 2003). Data from knockout mice suggest that STAT-1 behaves as a tumor suppressor (Kaplan
etal., 1998), and pY701-STAT-1 has been identified as a favorable prognostic marker in breast cancer

patients (Widschwendter et al., 2002). STAT-1 has been found complexed with EGFR and is
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phosphorylated in response to EGF in a SRC-dependent manner (Olayioye et al., 1999), thus EGFR
signaling contributes to the phosphorylation of STAT-1 (Quelle et al., 1995; Raven et al., 2011). Given
that capns1 knockout tumors displayed elevated pY845-EGFR, this may represent one mechanism by
which STAT-1 phosphorylation was also elevated. Interestingly, STAT-1 expression appears to be
critically important for mediating an in vivo antitumor response to lapatinib and doxorubicin in neu-driven
tumors (Hannesdottir et al., 2013), although the authors did not directly address the phosphorylation state.
Elevated STAT-1 signaling in response to IFNy may also attenuate SMAD-3 response to TGFp through
inducing expression of inhibitory SMAD-7 (Ulloa et al., 1999). Collectively, these observations suggest
that elevated levels of p-Y701-STAT-1 in capnsl knockout tumors may reflect a role for dysregulated
STAT-1 in delayed her2/neu-driven carcinogenesis.

GSK-3p is a serine/threonine kinase which is implicated in glycogen synthesis, autophagy, and
tumorigenesis (reviewed in ((Mancinelli et al., 2017)). capnsl KO her2/neu tumors displayed attenuated
phosphorylation of the inhibitory reside S9 of GSK-3p3, suggesting elevated GSK-3p activity. GSK-38 is
inhibited by a number of players including AKT (Cross et al., 1995), MAPK signaling (Saito et al., 1994)
and PKA (Li et al., 2000). Attenuated p-GSK-3 (S9) is somewhat paradoxical, as capnsl KO her2/neu
tumors displayed elevated p-Y845-EGFR; thus we might exepct elevated inhibitory phosphorylation (S9)
of GSK-3p stemming from MAPK signaling. GSK-3f can regulate the cell cycle through modulating
cyclin E (Welcker et al., 2003) and cyclin D1 (Diehl et al., 1998). GSK-3p activity is also associated with
resistance to chemotherapy in p53 mutant colorectal cancers (Grassilli et al., 2013). However, expression
of inactive GSK-3[ can prevent apoptosis (Pap and Cooper, 1998), suggesting that GSK-3f can serve
multifaceted roles depending on the nature of the cellular challenge. Importantly, active GSK-3f can
serve as a tumor suppressor through promoting degradation of 3-catenin (Patel et al., 2004).

The c-Jun N-terminal kinase (JNK) is a member of the mitogen activate protein kinase (MAPK)
pathway and is phosphorylated and activated in response to a number of extracellular stimuli such as

EGF, TGFp, and TNFa to effect cellular migration and apoptosis (Huang et al., 2004; Park et al., 1997;
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Tournier et al., 2000). capnsl KO her2/neu tumors displayed an elevation in JNK phosphorylation. In
breast cancer, activation of JNK downstream of EGF signaling can promote cell motility through
upregulation of IRS-2 (Cui et al., 2006), implicating JNK in invasion and metastasis. JNK inhibition has
been noted to activate AKT and downregulate GSK-33 (Fornoni et al., 2008). RPPA analysis of mouse
her2/neu tumors revealed elevated JNK activity in the absence of calpain, however, we have previously
shown that capnsl deficient mouse embryonic fibroblasts displayed reduced JNK activity in response to
ER stress (Tan et al., 2006b). These differences may be a reflection of the different cell types and
metabolic conditions.

Elevated p-Y845-EGFR was prominent in capnsl knockout her2/neu mouse tumors, and
represents an interesting candidate for crosstalk between GSK-3p3, MARCKS, JNK, and STAT-1,
outlined in Figure 4.1. As EGFR has been identified as a substrate of calpain (Gregoriou et al., 1994), it is
plausible that enhanced signaling is a result of reduced calpain-mediated cleavage of EGFR, or
downstream changes in signaling to compensate for the absence of calpain expression. EGFR has been
shown to elevate JNK activity (Cui et al., 2006), which would have effects on cell motility and modulate
cellular response to apoptotic stimuli. Activation of ERK downstream of EGFR can promote calpain
activity (Glading et al., 2004) that is involved in AKT activation (Tan et al., 2006a); and both ERK and
AKT can suppress GSK-3p (Choi et al., 2012). EGFR signaling may also drive STAT-1 phosphorylation
(Olayioye et al., 1999), and calpain could activate PKC (Hu et al., 2017) resulting in MARCKS

phosphorylation.
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Figure 4.1 Integrating calpain into a signaling network in the her2/neu model highlighting proteins

identified by RPPA analysis.

Calpain may contribute to the therapeutic resistance and invasive potential of cancer cells by activating
protein kinase C, and driving MARCKS activity, resulting in increased HER?2 signaling and resistance to
taxanes and erlotinib. Calpain-mediated activation of JNK may also contribute to cancer cell migration
through the IRS-2 adaptor, yet serve some anti-tumor roles through promoting GSK3 activity, which
may attenuate pro-tumorigenic roles of -catenin, as well as inhibit the cell cycle. Activation of ERK
downstream of EGFR is associated with inhibition of GSK3f3; and calpain may negatively regulate this
pathway through cleavage of EGFR. Activation of STAT-1 downstream of ERK may mediate an anti-

tumor response to doxorubicin and lapatinib.
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4.3 Remarks on translational relevance in a her2/neu model

The absence of calpain appears to have resulted in the engagement of a differential set of signaling
pathways during the carcinogenic process in a spontaneous her2/neu-driven model of mammary
tumorigenesis. The RPPA data suggest at least five key proteins were differentially regulated; however,
these require validation in a cancer-cell intrinsic manner. It is plausible that the observed phosphoprotein
signals arose from stromal cells, thus it will be important to also assess whether deletion of calpain affects
the composition and function of the surrounding stroma.

In the orthotopic engraftment model, capnsl KO MTECs did not form tumors; although rare
escaper clones did eventually give rise to capnsl WT tumors. Nuclear localization of HIF1a was not
affected by the absence of calpain in this MTEC model, suggesting that this aspect of the angiogenic
switch was not compromising tumor development. However, this does not preclude the possibility that
calpain is required for tumor angiogenesis in vivo, or in a HIF1a-independent manner (Folkman, 2002).
Assessing the secretion of cytokines by WT and capnsl KO MTECs under hypoxic conditions might
provide clues about the proangiogenic potential of these cells, in addition to highlighting differential
paracrine signaling which may impact other stromal cells including fibroblasts and immune cells.

Assessing the effect of calpain deletion after the tumor has formed will also be important to
explore using the orthotopic capnsl floxed MTECs model. A tamoxifen-inducible Cre-ER transgene in
these cells or tumor injection with Cre-expressing adenovirus could be used recapitulate a treatment
model with a calpain inhibitor. Given that cultured capnsl KO MTECs phenocopied the elevated p-Y845-
EGFR levels seen in the capnsl KO transgenic spontaneous tumor model, and the capns KO MTECs
were more sensitive to lapatinib and doxorubicin than capns1 WT MTECSs, this provides rationale to test
calpain inhibition/deletion in these preclinical mouse models in combination with erlotinib, lapatinib,
trastuzumab, and doxorubicin.

Erlotinib is a tyrosine kinase inhibitor (TKI) targeting both EGFR and HER2 (Schaefer et al.,

2007). The use of erlotinib in breast cancer has been met with limited success thus far, although selection
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of patients by p-EGFR status was not employed (Dickler et al., 2008). The combination of trastuzumab
and erlotinib has shown some promise in a phase I trial (NCT00033514). If p-Y845-EGFR represents an
important survival mechanism in capnsl KO her2/neu tumors, then calpain inhibition may enhance the
efficacy of erlotinib.

Lapatinib is another inhibitor of both EGFR and HER2, which is used to treat both early and
advanced breast cancer, often in combination with trastuzumab, a neutralizing antibody inhibitor of HER2
(Baselga et al., 2012a; Blackwell et al., 2010). Given that capns1 KO MTECs challenged with lapatinib in
vitro displayed enhanced cytotoxicity, it will be important to validate this observation in an in vivo tumor
model. Additionally, since elevated p-Y701-STAT1 was observed in the RPPA analysis, this provides
rationale to test both lapatinib and doxorubicin in vivo, as this site mediates an antitumor response to these
agents (Hannesdottir et al., 2013). It would be important to consider the use of a syngeneic model system
for these experiments, as some STAT-1 tumor suppressor functions are immune-mediated (Hannesdottir
et al., 2013). Doxorubicin is a widely used anthracycline agent, and resistance to doxorubicin may be
mediated in part by cleavage of topoisomerase Il by calpain (Jeon et al., 2018b). Importantly, calpain is
also implicated in generating p95HER?2, a fragment associated with resistance to trastuzumab (Kulkarni et
al., 2010; Scaltriti et al., 2007). Thus, combining calpain inhibitors with trastuzumab, lapatinib and
doxorubicin could confer considerable benefit.

The development of specific and effective calpain inhibitors remains a work in progress. Many of
the current calpain inhibitors also impact cysteine cathepsins, and although strategies utilizing calpastatin
peptidomimetics show some promise, they do not inhibit the entire calpain family (reviewed in (Ono et
al., 2016)). However, many inhibitors which have moved into clinical trials have been discontinued
(Olesoxime (NCT00868166), cyclosporine A (NCT02496975)), highlighting the challenges associated
with developing an effective clinical calpain inhibitor. The use of a calpain inhibitor to validate
experimental findings - such as attenuated metastasis upon calpain knockout in the model of TNBC - is

important as there may be a role for calpain in the stromal compartment, and systemic inhibition of
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calpain may be disadvantageous. Our observations using the NIC transgenic mouse model suggests that
deletion of capnsl in the mammary epithelium is well tolerated, and is associated with delayed tumor
onset, however inhibition of calpain in innate and adaptive immune cells may interfere with their ability
to appropriately interact with the developing tumor. For example, engagement of the T-cell receptor/CD3
complex is an important step in the activation of CD8* and CD4* T-cells, that is rapidly followed by
calpain-mediated cytoskeletal rearrangement and pseudopodia formation (Selliah et al., 1996), suggesting
that systemic inhibition of calpain may have broad ranging impacts on tumor development.

In summary, conditional deletion of capnsl in a model of spontaneous her2/neu tumor
development delays primary tumor onset, but does not prevent tumors from forming, suggesting that
calpain contributes to the oncogenic process. Given that ex vivo deletion of capnsl in the MTEC line is
associated with a complete block in orthotopic tumor development, with tumors arising only from rare
capnsl WT escaper clones, this suggests that calpain is required to sustain the tumorigenic potential of
carcinoma cells that developed in the presence of calpain. Furthermore, the RPPA analysis revealed a
number of proteins which are differentially regulated in the absence of calpain; and some of these, such as
EGFR, provide rationale to test clinically approved therapeutics such as erlotinib in combination with
calpain inhibitors in preclinical model systems. Success in these systems would form the basis for

development and utilization of clinical calpain inhibitors.

4.4 Calpain in triple-negative breast cancer: summary and future directions

Knockout of capnsl, capnl or capn2 in a model of triple-negative breast cancer revealed that
ablation of both calpain-1 and calpain-2 modestly attenuate primary tumor doubling time, and revealed
that these two calpains were associated with non-redundant essential roles in metastatic progression.
These observations inform rationale for the development of isoform-specific calpain inhibitors, and
highlight the need to expand our understanding of dominant functions for calpain isoforms in specific
cancers subtypes, as well as specific processes associated with tumorigenesis. Considering some recent
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preclinical data that suggests chemotherapeutic agents used to treat TNBC may actually promote
metastases (Karagiannis et al., 2017), it would be important to understand whether inhibition of either
calpain-1 or calpain-2 can interfere with the associated underlying pathways. While these exciting and
novel observations with calpain isoform-specific KO TNBC xenograft models are encouraging, it will be
important to validate these findings with additional clones, as well as rescue calpain-1 and calpain-2
expression with CRISPR/CAS9-resistant capnl and capn2 vectors to rule out off-target effects. If the
metastatic phenotype is restored in rescue experiments, it would validate the conclusion that capnl and
capn2 function independently as metastasis promoting genes. The use of proteomic techniques such as
terminal amine isotopic labeling of substrates may be a useful step in determining calpain-1 and calpain-2
isoform-specific degradomes. Identifying key calpain substrates involved in the metastatic cascade may

also highlight novel candidates for therapeutic targeting.
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Abstract

Autophagy and metabolism are two emerging hallmarks of cancer. Autophagy is a complex
process that has been implicated in protecting cancer cells from therapeutic challenge in a cell-intrinsic
manner, as well as supporting tumorigenesis. The calpain protease system contributes to the regulation of
autophagy through acting on upstream mediators such as hypoxia-inducible factor alpha (HIF1-a), as
well as a key effector of autophagy, beclin-1.

Metabolic coupling of cancer cells and cancer-associated fibroblasts (CAFs) has also been
recognized for its role in enhancing tumor progression through optimizing response to locally available
metabolites. Calpain modulates glucose receptor (GLUT) and monocarboxylate transporter (MCT)
expression, implicating calpain in these processes.

A growing body of research suggests that disruption of autophagy may enhance the efficacy of
specific cancer therapeutics, and that interfering with metabolic coupling within a tumor may also
enhance anticancer strategies. This review highlights key areas of calpain function in autophagy and

metabolic coupling and provides rationale for the therapeutic use of calpain inhibitors in cancer treatment.
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Contrasting roles for calpain in cancer cell survival and death

The calpain system is comprised of a family of calcium-dependent intracellular proteases encoded
by 15 mammalian genes. The most widely studied calpains, calpain-1 and calpain-2 are heterodimers
comprised of CAPN1 and CAPNSL1 (calpain-1) or CAPN2 and CAPNSL1 (calpain-2), where CAPN1 and
CAPNZ2 are the catalytic subunits and CAPNSL1 is an obligate regulatory subunit (Goll et al., 2003). These
two calpain isoforms lack defined peptide target cleavage sequences and have diverse substrate profiles
(Liu et al., 2011). Tissue microarrays (TMAS) have revealed discordant results when correlating calpain
expression with patient prognosis across a variety of cancers. High expression of calpain-2 was associated
with reduced survival in triple-negative and basal-like breast cancer (Storr et al., 2012a), as well as
resistance to platinum-based chemotherapy in ovarian cancer (Storr et al., 2012b). However, low
expression of both calpain-1 and calpain-2 were associated with lower survival rates in gastroesophageal
adenocarcinomas (Storr et al., 2013). It is important to note that TMASs represent correlative observations,
and additionally do not capture the activity level of these calpains, which is a current challenge in the
calpain research field. These discordant results may also be a reflection of the context-specific nature of
calpain activation and effects of calpain cleavage on the function and regulation of its substrates, which
may vary depending upon the specific cancer type, as well as therapeutic challenge utilized. Studies of
mouse embryonic fibroblasts revealed that calpain promotes apoptosis upon challenge with the
topoisomerase inhibitors etoposide or camptothecin yet protects cells from apoptosis induced by the pro-
inflammatory mediator tumor necrosis factor alpha or the broad-spectrum protein kinase inhibitor

staurosporine (Tan et al., 2006b).

Calpain Modulates Autophagy and Apoptosis

Autophagy is a physiological response that cells undergo in response to cell stress. It is
characterized by the formation of a double-membrane autophagosome structure around cytosolic proteins

and organelles and the subsequent fusion with lysosomes where the contents are catabolized and recycled
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to sustain cell viability (reviewed in (Kang et al., 2011)). Unlike apoptosis, which results in cell death,
autophagy serves to promote survival, but if left unchecked can lead to cell death.

The role of autophagy in tumorigenesis is complex. Some studies note that autophagy can
attenuate breast cancer progression under conditions of metabolic stress through protecting genome
integrity (Karantza-Wadsworth et al., 2007). Other studies show that autophagy can protect cancer cells
from specific therapeutic challenges. For example, knockdown of the pro-autophagy protein 5 (ATG5) in
radioresistant MDA-MB-231 breast cancer cells sensitized them to gamma radiation (Apel et al., 2008).
In the breast cancer lines MCF-7, MCF-7-HER2 (tamoxifen-resistant), and T-47D, inhibiting autophagy
sensitized cells to tamoxifen and camptothecin (Abedin et al., 2007; Qadir et al., 2008). Upregulated
autophagy has also been linked to the development of trastuzumab resistance in the HER2 positive breast
cancer cell line SKBR3 (Vazquez-Martin et al., 2009); and the authors extended this work to show that
inhibition of autophagy in a trastuzumab-resistant patient derived cell line markedly suppressed tumor
growth in a xenograft model (Cufi et al., 2013). Related research on calpain and response to trastuzumab
suggests that calpain may contribute to the survival of resistant cell populations, as well as the generation
of a cytoplasmic HER2-derived fragment (p95Her2), which is a biomarker of trastuzumab resistance
(Kulkarni et al., 2010; Scaltriti et al., 2007). Several clinical trials have been launched exploring
autophagy inhibition in breast cancer. One assessing a microtubule inhibitor (ixabepione) in combination
with the autophagy inhibitor hydroxychloroquine in metastatic breast cancer was terminated due to slow
patient accrual (NCT00765765), and results are pending for a 2017 study investigating neoadjuvant
chloroquine administration in ductal carcinoma in situ prior to surgical resection (NCT01023477).

Inhibiting autophagy does not enhance the efficacy of all types of therapeutic challenges. For
example, in a preclinical colorectal cancer model, inhibition of autophagy attenuated tumor growth after
radiotherapy in immune-deficient mice but had the opposite effect in immune-competent mice in which
radiotherapy exerts a significant anticancer effect through stimulating immune engagement in a process

involving autophagy-mediated ATP release from dying cells (Ko et al., 2014). Thus, the type of cancer,
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immune status, and the nature of therapeutic challenge are relevant when targeting autophagy in a clinical
context.

Given that autophagy appears to play an important role in protecting tumors from certain
therapeutic challenges, there has been a great deal of interest in autophagy inhibition as a potential cancer
therapeutic strategy (Chude and Amaravadi, 2017). Calpain was first implicated in autophagosome
formation in mouse embryonic fibroblasts, where it was revealed that loss of calpain correlated with
impaired autophagy and increased apoptosis (Demarchi et al., 2007; Demarchi et al., 2006). One of the
key drivers of autophagy is the stabilization of HIF1-a by hypoxia, a common feature of cancer (Bellot et
al., 2009; Zhang et al., 2008). HIF1-a promotes autophagy by translocating to the nucleus where it binds
hypoxia response elements (HRES) and activates transcription of genes including B-cell lymphoma
2/protein 3 like (BNIP3/BNIP3L) which disrupts Bcl-2 sequestration of the pro-autophagy protein beclin-
1 (Mazure and Pouyssegur, 2009; Sinha and Levine, 2008) (Figure 1). While calpain has previously been
implicated in both pro- and anti-apoptotic responses to therapeutic challenge (Cao et al., 2003; Tan et al.,
2006b; Wood et al., 1998), under hypoxic challenge, calpain can facilitate the nuclear translocation of
HIF1-a, consistent with a pro-survival function. Mechanistically, calpain cleavage of the cytoplasmic
actin-binding protein filamin-A (FLNA) generates a C-terminal FLNA fragment which binds HIF1-a and
promotes its nuclear translocation and subsequent transcriptional activity (Zheng et al., 2014). In another
example, hypoxia and starvation challenge in colon cancer cells leads to calpain cleavage of the nuclear
oncoprotein MYC, resulting in a cytoplasmic localized MY C-nick fragment that promotes autophagy and
resistance to chemotherapeutic drugs through a mechanism involving recruitment of acetyltransferases
that modify tubulin and ATG3 (Conacci-Sorrell et al., 2014).

Calpain has also been implicated in regulating a switch between autophagy and apoptosis through
cleavage of ATG5 and Beclin-1 (Figure 2), with apoptosis initiated by truncated ATGS5 triggering
cytochrome-c release from the mitochondria (Yousefi et al., 2006; Zhu et al., 2015). However, the high-

mobility group box 1 (HMGBL1) protein protects both ATG5 and Beclin-1 from calpain cleavage (Figure
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1), preventing the generation of pro-apoptotic fragments (Zhu et al., 2015). Contextual differences for
pro-survival functions of calpain in autophagy are exemplified by a study showing that calpain cleavage
of beclin-1 in RAS-activated intestinal epithelial cells promotes anchorage-independent survival (Yoo et
al., 2010), consistent with TMA data suggesting that higher levels of beclin-1 are associated with
favorable prognosis in locally advanced colon cancer (Li et al., 2009a). The authors note several possible
explanations for this, including the possibility that autophagy protects genomic integrity under metabolic
stress. However, preclinical data support the notion that inhibition of autophagy in colorectal cancer
enhances the efficacy of first-line chemotherapeutics including 5-fluorouracil (5-FU) (Li et al., 2009b;
Selvakumaran et al., 2013), and a phase I/11 clinical trial exploring the standard of care plus the autophagy
inhibitor hydroxychloroquine is underway (NCT01206530).

The activities of both AKT and mTOR may also inhibit autophagy (Nazio et al., 2013; Russell et
al., 2013; Wang et al., 2012) through regulating a core initiator of autophagosome formation, unc-51 like
autophagy activating kinase 1 (ULK1). Although calpain has previously been implicated in the activation
of AKT (Ho et al., 2012; Tan et al., 2006a), these studies supported a predominantly pro-tumorigenic role.
Given that hypoxic tumor cells may rely on autophagy for survival, acting through a key regulator such as
HIF1-a (Zhang et al., 2008), calpain may preferentially promote autophagy under these conditions. As
illustrated in Figure 2, calpain may play a dominant role under hypoxic conditions where calpain
functions may promote autophagy by enhancing nuclear localization and activity of HIF1-a., leading to
BNIP3/BNIP3L expression and liberation of beclin-1 from the BCL-2/beclin-1 complex. While calpain
can contribute to apoptotic pathways through the cleavage of endogenous ATGS, it could be speculated
that this is not a dominant function, as only enforced expression of ATG5 appears to enhance the role of
calpain-cleaved ATGS5 in driving apoptosis (Yousefi et al., 2006). Figure 1 highlights key areas where
calpain interacts in pathways related to autophagy and apoptosis. A dominant role for calpain may be seen
under conditions of hypoxia, where transcription of genes containing hypoxia response elements (HRES)

by HIF1-a occurs, or in cancers expressing activating mutations in RAS or MYC.
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Figure 1. Calpain roles in autophagy and apoptosis.

The schematic illustrates proposed roles of calpain in regulation of autophagy and apoptosis. HIF1-a is
stabilized under hypoxic conditions and can initiate signals supporting cell viability through autophagy.
Calpain cleaved FLNA promotes nuclear translocation of HIF1-a. to drive transcription of HRE-
containing genes (Zheng et al., 2014) including BNIP3 and BNIP3L, BH3-domain containing members of
the BCL-2 family. BNIP3/BNIP3L displace BCL-2 from Beclin-1, releasing Beclin-1 to promote
autophagy (Mazure and Pouyssegur, 2009), which can contribute to cell survival under conditions of
stress. Calpain-mediated activation of AKT may enhance mTOR function, allowing mTOR to
phosphorylate and inhibit ULK1, a key driver of Beclin-1/ATG5-mediated autophagosome formation
(Nazio et al., 2013; Russell et al., 2013). However, under conditions of stress, a reduction in AKT
signaling may favor apoptosis. Oncogenic RAS may contribute to the activation of calpain via RhoA,
which may attenuate autophagy through cleavage of Beclin-1 (Yoo et al., 2010). Generation of MYC-
Nick by calpain may also enhance autophagy (Conacci-Sorrell et al., 2014). Calpain may also regulate a
switch from autophagy to apoptosis in the absence of HMBGL, by cleavage of ATG5 and Beclin-1,
yielding (ATG5%*), which may contribute to apoptosis (Yousefi et al., 2006; Zhu et al., 2015).
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Metabolic Coupling in Tumorigenesis

The tumor microenvironment can profoundly affect cancer progression, as cancer cells engage in
metabolic coupling between adjacent cancer cells and stromal cells to provide a supportive
microenvironment for a developing neoplasm. This metabolic coupling may represent a strategy to adapt
to changes in oxygen perfusion as solid tumors develop. The Warburg Effect was first described in 1956
(Warburg, 1956a; Warburg, 1956b) and refers to the propensity for cancer cells to employ glycolysis to
metabolize glucose to lactate in the cytosol, rather than shunting pyruvate into the aerobic mitochondrial
oxidative phosphorylation system. Several theories exist to explain why cancer cells preferentially utilize
glycolysis, despite being less efficient than aerobic respiration in the production of ATP. The separation
of pre-malignant lesions from the vascular network may favor the development of anaerobic glycolysis in
a nascent tumor (Gatenby and Gillies, 2004), and lactate may be utilized by cancer cells or tumor-
associated stroma to support carcinogenesis (Koukourakis et al., 2006; Sonveaux et al., 2008; Vander
Heiden et al., 2009). Furthermore, an acidic microenvironment, which is driven by glycolysis, may
promote a hypermutable state (Yuan et al., 2000), and facilitate release of VEGF from extracellular
vesicles (Taraboletti et al., 2006), aiding tumor progression and metastatic dissemination.

Lactate is a key product of glycolysis and is notable as it can promote fibroblast activity (Trabold
et al., 2003). Fibroblasts aid in remodeling the extracellular matrix and can also provide metabolites to a
developing tumor as a result of metabolic reprogramming; representing an interesting area of crosstalk
between autophagy and metabolism (Chiavarina et al., 2010; Martinez-Outschoorn et al., 2011; Martinez-
Outschoorn et al., 2010). Fibroblasts deposit fibronectin, which contributes to the induction of epithelial-
to-mesenchymal transition in MCF-7 cells in a calpain-dependent manner (Li et al., 2017), and cancer-
associated fibroblasts (CAFs) can aid metastatic dissemination by force-directed migration (Ewald, 2017).
In one model, MCF-7 cells were able to induce paracrine autophagy in CAFs via oxidative stress
mediated stabilization of HIF1-a, prompting CAFs to undergo aerobic glycolysis and provide nutrients to

adjacent cancer cells (Martinez-Outschoorn et al., 2010). Increased cell intrinsic mitochondrial autophagy
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under hypoxic conditions can also protect cancer cells from generation of reactive oxygen species (Zhang
et al., 2008). Another study reports on HIF1-o and lactate mediated metabolic coupling of CAFs and
cancer cells whereby CAFs enter into what is described as a “biunivocal relationship” and may extrude
lactate for use by adjacent cancer cells as a result of oxidative stress mediated stabilization of HIF1-a
(Fiaschi et al., 2012). Lactate itself has also been reported to stabilize HIF1o (Sonveaux et al., 2012), and
this may represent one mechanism by which cancer cells recruit CAFs and associated stroma to drive
tumor progression, as well as respond to local fluctuations in oxygen by transferring lactate from hypoxic

cells to oxygenated cells (Fiaschi et al., 2012; Sonveaux et al., 2008).

Calpain Modulates Metabolic Coupling

Metabolic coupling between cancer cells and stroma is facilitated by transporters for glucose and
lactate. Glucose is imported into mammalian cells by a family of glucose transporters (GLUT), encoded
by 14 genes. Tissue expression varies, however GLUTL is frequently upregulated in tumors (Macheda et
al., 2005; Younes et al., 1996). In particular, tumors with high expression of GLUT1 are associated with
poor prognosis (Szablewski, 2013), fewer infiltrating CD8* effector cells (Singer et al., 2011), and drug
resistance (Cao et al., 2007). Inhibition of GLUT1 has been associated with improved sensitivity to
chemotherapeutic agents (Cao et al., 2007; Rastogi et al., 2007). Expression and localization of GLUTL1 is
driven by AKT (Barthel et al., 1999), GSK3B3-mTOR signaling (Buller et al., 2008), HIF1-o. (Robey et
al., 2005), and lactate (Jantsch et al., 2011).

Lactate is transported into or out of cells by the family of monocarboxylic acid symporters
(MCT1-4) (reviewed in (Halestrap, 2012)). Within cells, lactate is interconverted to pyruvate by lactate
dehydrogenase-A (LDH-A), which allows pyruvate to be fed into the tricarboxylic acid cycle. Elevated
expression of MCT1 and MCT4 are associated with a variety of cancers (Gallagher et al., 2007; Miranda-
Goncalves et al., 2013; Pinheiro et al., 2012; Pinheiro et al., 2008), and expression of MCT4 is associated

with poor prognosis. MCT4 is a transcriptional target of HIF1-o, and MCT1 is induced by MYC, and
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repressed by p53 (Boidot et al., 2012; Doherty et al., 2014; Ullah et al., 2006). MY C has also been
implicated in driving LDH-A expression, which is associated with cellular transformation and aerobic
glycolysis (Lewis et al., 2000; Shim et al., 1997). Interestingly, expression of the lactate transporter
MCT1 is sufficient to drive lactate-mediated angiogenesis and stabilization of HIF1-o in both cancer and
endothelial cells, as lactate has been shown to stabilize HIF1-o, (Sonveaux et al., 2012; Vegran et al.,
2011), and disruption of MCT1 in vivo has antitumor effects (Sonveaux et al., 2008). These antitumor
effects may result from changes to intracellular pH, impeded import of lactate, and attenuated
angiogenesis (Doherty et al., 2014).

As illustrated in Figure 2, metabolic coupling can be characterized at a macro level by the efflux
of lactate from hypoxic cancer cells, for use by a neighboring population of oxygenated cells. Hypoxic
cells distant from the vasculature may induce autophagy in CAFs, providing metabolites to hypoxic
cancer cells as well as employing CAFs in metastatic dissemination. Lactate and hypoxia also co-opt the
vasculature and induce angiogenesis, contributing to overall tumorigenesis. Calpain can be incorporated
into this model whereby promotion of AKT signaling (Tan et al., 2006b) enhances mTOR activity (Hay
and Sonenberg, 2004) and subsequent transcription of GLUT1 (Barthel et al., 1999; Buller et al., 2008),
facilitating glucose uptake by hypoxic cells. This effect can be compounded by the presence of
intracellular lactate which can further stabilize HIF1-a, and calpain can aid translocation of HIF1-a to the
nucleus through cleavage of FLNA (De Saedeleer et al., 2012; Sonveaux et al., 2012; Zheng et al., 2014).
Both lactate and calpain can cause degradation of IxBa (Pianetti et al., 2001; Shumway et al., 1999;
Sonveaux et al., 2012; Vegran et al., 2011), allowing nuclear translocation and transcription of NFxB
target genes, which can contribute to angiogenesis (Vegran et al., 2011), as well as induction of MCT1
(Boidot et al., 2012). Induction of MCT1 may be one mechanism by which hypoxic cells efflux lactate for
use by oxygenated cancer cells and fibroblasts. This metabolic coupling can be further enhanced through
calpain-mediated degradation of p53 (Gonen et al., 1997; Kubbutat and Vousden, 1997) which can lead to
upregulated GLUT1 and GLUT4, facilitating glucose uptake in hypoxic cells, and the efflux or import of
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lactate via MCT1 expression (Boidot et al., 2012; Schwartzenberg-Bar-Yoseph et al., 2004). LDH-A
facilitates the interconversion of lactate and pyruvate; therefore its function may be relevant, especially
for oxygenated cells which uptake lactate. The proto-oncogene MYC is activated in many cancers and can
drive expression of both LDH-A and MCT1 (Doherty et al., 2014; Shim et al., 1997). Importantly, MYC
transcriptional activity is suppressed by calpain (Conacci-Sorrell et al., 2014), therefore an anti-cancer
function for calpain may exist, and therapeutic strategies targeting calpain in cancers with oncogenic

MY C may be more effective in disrupting autophagy (Figure 2) than metabolic coupling.
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Figure 2. Calpain roles in dynamic metabolic coupling.

GLUTs and MCTs are key players in metabolism and tumor-stroma coupling by regulating glucose
uptake and lactate uptake or efflux. Lactate is a key metabolite of both cancer and stromal cells and can
profoundly affect tumorigenesis through incorporation into metabolic pathways of oxygenated cancer
cells (Sonveaux et al., 2008). Lactate is produced by hypoxic cancer cells and enhances HIF1-a. stability
and promotes angiogenesis (De Saedeleer et al., 2012), as well as enhancing activation of NFxB in
stromal cells (Sonveaux et al., 2012; Vegran et al., 2011), thereby modulating a hypoxic response. Lactate
may be effluxed and interconverted to pyruvate in oxygenated cells by LDH-A. Efflux of lactate is
facilitated by MCTs under the regulation of NFkB, p53 (Boidot et al., 2012), HIF1-o (Ullah et al., 2006),
and MYC (Doherty et al., 2014). Calpain can promote MCT expression through degradation of kB
(Shumway et al., 1999), allowing NF«kB to translocate to the nucleus, as well as promote nuclear
accumulation of HIF1-a (Zheng et al., 2014). However, calpain may attenuate MCT expression through
cleavage of MYC (Conacci-Sorrell et al., 2014). Expression of GLUTS facilitates glucose uptake and is
regulated by many of the same signaling members, in addition to p53 (Schwartzenberg-Bar-Yoseph et al.,
2004), which is a calpain substrate (Kubbutat and VVousden, 1997). Collectively, these signaling pathways
can drive dynamic GLUT and MCT expression to facilitate tumor progression in response to changes in
oxygen availability. Furthermore, the recruitment of CAFs can support the growth of cancer cells by
providing metabolites as a result of induced autophagy (Martinez-Outschoorn et al., 2011), as well as

directly aiding metastatic dissemination (Ewald, 2017).
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Concluding remarks

There is increasing evidence for calpain promoting tumor progression and metastasis, yet to date
the mechanisms underpinning these effects remain elusive. Here, we highlight how autophagy can protect
cancer cells from therapeutic challenge, and how metabolic coupling contributes to tumor progression
through a key metabolite, lactate. Understanding which calpain substrates are in involved in established
pathways which regulate autophagy and metabolic coupling sets the stage for incorporation of calpain
inhibitors into existing treatment strategies. Work remains to validate a dominant role for calpain in these
processes, especially under hypoxia, during which some of the paradoxical roles for calpain may be
resolved. For example, as seen in Figure 2, calpain cleavage of ATG5 may contribute to apoptosis
(Yousefi et al., 2006), yet understanding which, if any, therapeutic challenges exert their function through
this pathway is required. Furthermore, beclin-1 has been described as a haploinsufficient tumor
suppressor, which is expressed at low levels in some breast and ovarian cancers (Yue et al., 2003).
Although beclin-1 possesses tumor suppressor functions, evidence suggests that inhibition of autophagy
in combination with therapeutic challenge can improve tumor response. Therapeutic suppression of
autophagy through inhibition of calpain may be more effective in tumors with high levels of CAFs, or
homozygous expression of beclin-1 in the cancer cells, as autophagy would likely be regulated in a
canonical manner. Tissue microarrays may be an effective tool to address this question by looking at the
prevalence of beclin-1 loss specifically in cancer cells of different origin, as well as correlating the level
of autophagy occurring in either the cancer cells or the CAFs with clinical outcome. Another approach
may involve assessing response to therapeutic challenge using xenografts of fibroblast and cancer cells
with CRISPR/Cas9 knockout of beclin-1 in the cancer cells.

Calpain cleavage of filamin-A under hypoxia is also postulated to be especially relevant in
promoting both autophagy and metabolic coupling. The extent to which co-occurrence of cleaved filamin-
A and nuclear HIF1-a is found in clinical samples would shed light on the strength of this relationship.

This could also be explored in vitro through hypoxic culture of cancer cells with or without
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CRISPR/CAS9 knockout of calpain and subsequent immunoblotting for HIF1a in the nuclear fraction.
Conceptually, disrupting metabolic coupling appears to be a bona fide therapeutic strategy, and a first in
class phase | human trial of AZD3965 targeting the MCT1 metabolic symporter has recently launched
(NCT01791595).

Consideration should also be given to whether calpain participates in regulating immune escape,
since lactate has been linked to modulating immune engagement (Mendler et al., 2012). Therefore
calpain-mediated disruption of MCT expression in immunotherapy may represent another therapeutic
avenue. Furthermore, autophagy has been implicated in antigen presentation and adaptive immunity (Ma
et al., 2013), suggesting broad clinical implications for calpain inhibitors. Linking the mechanism of
action of different therapeutic modalities with calpain engagement will also need to be considered in a
cancer-specific manner. Thus, the use of systemic calpain inhibitors may be advantageous only under
certain circumstances, such as tumors with a high degree of hypoxia, and strong recruitment of cancer
associated fibroblasts.

In conclusion, calpain substrates are intricately involved in processes such as tumor cell survival
and metastasis. Emerging evidence shows that calpains are dysregulated in cancer, yet functional
characterization of calpain substrate involvement in carcinogenesis and development of effective calpain
inhibitors remain as works in progress (reviewed in (Ono et al., 2016)). Understanding calpain
engagement in response to therapeutic challenges will shed light on the utility of calpain inhibitors in

treatment strategies aimed at disrupting autophagy and tumor-stroma coupling in cancer.

116



References

Abedin, M.J., D. Wang, M.A. McDonnell, U. Lehmann, and A. Kelekar. 2007. Autophagy delays
apoptotic death in breast cancer cells following DNA damage. Cell Death Differ. 14:500-510.

Apel, A., I. Herr, H. Schwarz, H.P. Rodemann, and A. Mayer. 2008. Blocked autophagy sensitizes
resistant carcinoma cells to radiation therapy. Cancer Res. 68:1485-1494.

Barthel, A., S.T. Okino, J. Liao, K. Nakatani, J. Li, J.P. Whitlock, Jr., and R.A. Roth. 1999. Regulation of
GLUT1 gene transcription by the serine/threonine kinase Aktl. J Biol Chem. 274:20281-20286.

Bellot, G., R. Garcia-Medina, P. Gounon, J. Chiche, D. Roux, J. Pouyssegur, and N.M. Mazure. 2009.
Hypoxia-induced autophagy is mediated through hypoxia-inducible factor induction of BNIP3
and BNIP3L via their BH3 domains. Mol Cell Biol. 29:2570-2581.

Boidot, R., F. Vegran, A. Meulle, A. Le Breton, C. Dessy, P. Sonveaux, S. Lizard-Nacol, and O. Feron.
2012. Regulation of monocarboxylate transporter MCT1 expression by p53 mediates inward and
outward lactate fluxes in tumors. Cancer Res. 72:939-948.

Buller, C.L., R.D. Loberg, M.H. Fan, Q. Zhu, J.L. Park, E. Vesely, K. Inoki, K.L. Guan, and F.C. Brosius,
3rd. 2008. A GSK-3/TSC2/mTOR pathway regulates glucose uptake and GLUT1 glucose
transporter expression. American journal of physiology. Cell physiology. 295:C836-843.

Cao, X., X. Deng, and W.S. May. 2003. Cleavage of Bax to p18 Bax accelerates stress-induced apoptosis,
and a cathepsin-like protease may rapidly degrade p18 Bax. Blood. 102:2605-2614.

Cao, X., L. Fang, S. Gibbs, Y. Huang, Z. Dai, P. Wen, X. Zheng, W. Sadee, and D. Sun. 2007. Glucose
uptake inhibitor sensitizes cancer cells to daunorubicin and overcomes drug resistance in hypoxia.
Cancer Chemother Pharmacol. 59:495-505.

Chiavarina, B., D. Whitaker-Menezes, G. Migneco, U.E. Martinez-Outschoorn, S. Pavlides, A. Howell,
H.B. Tanowitz, M.C. Casimiro, C. Wang, R.G. Pestell, P. Grieshaber, J. Caro, F. Sotgia, and
M.P. Lisanti. 2010. HIF1-alpha functions as a tumor promoter in cancer associated fibroblasts,
and as a tumor suppressor in breast cancer cells: Autophagy drives compartment-specific
oncogenesis. Cell Cycle. 9:3534-3551.

Chude, C.1., and R.K. Amaravadi. 2017. Targeting Autophagy in Cancer: Update on Clinical Trials and
Novel Inhibitors. Int J Mol Sci. 18.

Conacci-Sorrell, M., C. Ngouenet, S. Anderson, T. Brabletz, and R.N. Eisenman. 2014. Stress-induced
cleavage of Myc promotes cancer cell survival. Genes & development. 28:689-707.

Cufi, S., A. Vazquez-Martin, C. Oliveras-Ferraros, B. Corominas-Faja, E. Cuyas, E. Lopez-Bonet, B.
Martin-Castillo, J. Joven, and J.A. Menendez. 2013. The anti-malarial chloroquine overcomes
primary resistance and restores sensitivity to trastuzumab in HER2-positive breast cancer. Sci
Rep. 3:2469.

De Saedeleer, C.J., T. Copetti, P.E. Porporato, J. Verrax, O. Feron, and P. Sonveaux. 2012. Lactate
activates HIF-1 in oxidative but not in Warburg-phenotype human tumor cells. PLoS One.
7.46571.

Demarchi, F., C. Bertoli, T. Copetti, E.L. Eskelinen, and C. Schneider. 2007. Calpain as a novel regulator
of autophagosome formation. Autophagy. 3:235-237.

Demarchi, F., C. Bertoli, T. Copetti, I. Tanida, C. Brancolini, E.L. Eskelinen, and C. Schneider. 2006.
Calpain is required for macroautophagy in mammalian cells. J Cell Biol. 175:595-605.

Doherty, J.R., C. Yang, K.E. Scott, M.D. Cameron, M. Fallahi, W. Li, M.A. Hall, A.L. Amelio, J.K.
Mishra, F. Li, M. Tortosa, H.M. Genau, R.J. Rounbehler, Y. Lu, C.V. Dang, K.G. Kumar, A.A.
Butler, T.D. Bannister, A.T. Hooper, K. Unsal-Kacmaz, W.R. Roush, and J.L. Cleveland. 2014.
Blocking lactate export by inhibiting the Myc target MCT1 Disables glycolysis and glutathione
synthesis. Cancer Res. 74:908-920.

Ewald, A.J. 2017. Pulling cells out of tumours. Nat Cell Biol. 19:147-149.

Fiaschi, T., A. Marini, E. Giannoni, M.L. Taddei, P. Gandellini, A. De Donatis, M. Lanciotti, S. Serni, P.
Cirri, and P. Chiarugi. 2012. Reciprocal metabolic reprogramming through lactate shuttle
coordinately influences tumor-stroma interplay. Cancer Res. 72:5130-5140.

117



Gallagher, S.M., J.J. Castorino, D. Wang, and N.J. Philp. 2007. Monocarboxylate transporter 4 regulates
maturation and trafficking of CD147 to the plasma membrane in the metastatic breast cancer cell
line MDA-MB-231. Cancer Res. 67:4182-4189.

Gatenby, R.A., and R.J. Gillies. 2004. Why do cancers have high aerobic glycolysis? Nat Rev Cancer.
4:891-899.

Goll, D.E., V.F. Thompson, H. Li, W. Wei, and J. Cong. 2003. The calpain system. Physiol Rev. 83:731-
801.

Gonen, H., D. Shkedy, S. Barnoy, N.S. Kosower, and A. Ciechanover. 1997. On the involvement of
calpains in the degradation of the tumor suppressor protein p53. FEBS Lett. 406:17-22.

Halestrap, A.P. 2012. The monocarboxylate transporter family--Structure and functional characterization.
IUBMB life. 64:1-9.

Hay, N., and N. Sonenberg. 2004. Upstream and downstream of mTOR. Genes & development. 18:1926-
1945,

Ho, W.C,, L. Pikor, Y. Gao, B.E. Elliott, and P.A. Greer. 2012. Calpain 2 regulates Akt-FoxO-p27(Kip1l)
protein signaling pathway in mammary carcinoma. J Biol Chem. 287:15458-15465.

Jantsch, J., M. Wiese, J. Schodel, K. Castiglione, J. Glasner, S. Kolbe, D. Mole, U. Schleicher, K.U.
Eckardt, M. Hensel, R. Lang, C. Bogdan, M. Schnare, and C. Willam. 2011. Toll-like receptor
activation and hypoxia use distinct signaling pathways to stabilize hypoxia-inducible factor
lalpha (HIF1A) and result in differential HIF1A-dependent gene expression. J Leukoc Biol.
90:551-562.

Kang, R., H.J. Zeh, M.T. Lotze, and D. Tang. 2011. The Beclin 1 network regulates autophagy and
apoptosis. Cell Death Differ. 18:571-580.

Karantza-Wadsworth, V., S. Patel, O. Kravchuk, G. Chen, R. Mathew, S. Jin, and E. White. 2007.
Autophagy mitigates metabolic stress and genome damage in mammary tumorigenesis. Genes &
development. 21:1621-1635.

Ko, A., A. Kanehisa, I. Martins, L. Senovilla, C. Chargari, D. Dugue, G. Marino, O. Kepp, M. Michaud,
J.L. Perfettini, G. Kroemer, and E. Deutsch. 2014. Autophagy inhibition radiosensitizes in vitro,
yet reduces radioresponses in vivo due to deficient immunogenic signalling. Cell Death Differ.
21:92-99.

Koukourakis, M.1., A. Giatromanolaki, A.L. Harris, and E. Sivridis. 2006. Comparison of metabolic
pathways between cancer cells and stromal cells in colorectal carcinomas: a metabolic survival
role for tumor-associated stroma. Cancer Res. 66:632-637.

Kubbutat, M.H., and K.H. Vousden. 1997. Proteolytic cleavage of human p53 by calpain: a potential
regulator of protein stability. Mol Cell Biol. 17:460-468.

Kulkarni, S., K.B. Reddy, F.J. Esteva, H.C. Moore, G.T. Budd, and R.R. Tubbs. 2010. Calpain regulates
sensitivity to trastuzumab and survival in HER2-positive breast cancer. Oncogene. 29:1339-1350.

Lewis, B.C., J.E. Prescott, S.E. Campbell, H. Shim, R.Z. Orlowski, and C.V. Dang. 2000. Tumor
induction by the c-Myc target genes rcl and lactate dehydrogenase A. Cancer Res. 60:6178-6183.

Li, B.X,, C.Y. Li, R.Q. Peng, X.J. Wu, H.Y. Wang, D.S. Wan, X.F. Zhu, and X.S. Zhang. 2009a. The
expression of beclin 1 is associated with favorable prognosis in stage 111B colon cancers.
Autophagy. 5:303-306.

Li, C.L., D. Yang, X. Cao, F. Wang, D.Y. Hong, J. Wang, X.C. Shen, and Y. Chen. 2017. Fibronectin
induces epithelial-mesenchymal transition in human breast cancer MCF-7 cells via activation of
calpain. Oncol Lett. 13:3889-3895.

Li, J., N. Hou, A. Faried, S. Tsutsumi, T. Takeuchi, and H. Kuwano. 2009b. Inhibition of autophagy by 3-
MA enhances the effect of 5-FU-induced apoptosis in colon cancer cells. Ann Surg Oncol.
16:761-771.

Liu, Z., J. Cao, X. Gao, Q. Ma, J. Ren, and Y. Xue. 2011. GPS-CCD: a novel computational program for
the prediction of calpain cleavage sites. PloS one. 6:19001.

118



Ma, Y., L. Galluzzi, L. Zitvogel, and G. Kroemer. 2013. Autophagy and cellular immune responses.
Immunity. 39:211-227.

Macheda, M.L., S. Rogers, and J.D. Best. 2005. Molecular and cellular regulation of glucose transporter
(GLUT) proteins in cancer. J Cell Physiol. 202:654-662.

Martinez-Outschoorn, U.E., S. Pavlides, A. Howell, R.G. Pestell, H.B. Tanowitz, F. Sotgia, and M.P.
Lisanti. 2011. Stromal-epithelial metabolic coupling in cancer: integrating autophagy and
metabolism in the tumor microenvironment. Int J Biochem Cell Biol. 43:1045-1051.

Martinez-Outschoorn, U.E., C. Trimmer, Z. Lin, D. Whitaker-Menezes, B. Chiavarina, J. Zhou, C. Wang,
S. Pavlides, M.P. Martinez-Cantarin, F. Capozza, A.K. Witkiewicz, N. Flomenberg, A. Howell,
R.G. Pestell, J. Caro, M.P. Lisanti, and F. Sotgia. 2010. Autophagy in cancer associated
fibroblasts promotes tumor cell survival: Role of hypoxia, HIF1 induction and NFkappaB
activation in the tumor stromal microenvironment. Cell Cycle. 9:3515-3533.

Mazure, N.M., and J. Pouyssegur. 2009. Atypical BH3-domains of BNIP3 and BNIP3L lead to autophagy
in hypoxia. Autophagy. 5:868-869.

Mendler, A.N., B. Hu, P.U. Prinz, M. Kreutz, E. Gottfried, and E. Noessner. 2012. Tumor lactic acidosis
suppresses CTL function by inhibition of p38 and JNK/c-Jun activation. Int J Cancer. 131:633-
640.

Miranda-Goncalves, V., M. Honavar, C. Pinheiro, O. Martinho, M.M. Pires, C. Pinheiro, M. Cordeiro, G.
Bebiano, P. Costa, I. Palmeirim, R.M. Reis, and F. Baltazar. 2013. Monocarboxylate transporters
(MCTs) in gliomas: expression and exploitation as therapeutic targets. Neuro Oncol. 15:172-188.

Nazio, F., F. Strappazzon, M. Antonioli, P. Bielli, V. Cianfanelli, M. Bordi, C. Gretzmeier, J. Dengjel, M.
Piacentini, G.M. Fimia, and F. Cecconi. 2013. mTOR inhibits autophagy by controlling ULK1
ubiquitylation, self-association and function through AMBRAL and TRAF6. Nat Cell Biol.
15:406-416.

Ono, Y., T.C. Saido, and H. Sorimachi. 2016. Calpain research for drug discovery: challenges and
potential. Nature reviews. Drug discovery. 15:854-876.

Pianetti, S., M. Arsura, R. Romieu-Mourez, R.J. Coffey, and G.E. Sonenshein. 2001. Her-2/neu
overexpression induces NF-kappaB via a PI3-kinase/Akt pathway involving calpain-mediated
degradation of IkappaB-alpha that can be inhibited by the tumor suppressor PTEN. Oncogene.
20:1287-1299.

Pinheiro, C., A. Longatto-Filho, J. Azevedo-Silva, M. Casal, F.C. Schmitt, and F. Baltazar. 2012. Role of
monocarboxylate transporters in human cancers: state of the art. J Bioenerg Biomembr. 44:127-
139.

Pinheiro, C., A. Longatto-Filho, L. Ferreira, S.M. Pereira, D. Etlinger, M.A. Moreira, L.F. Jube, G.S.
Queiroz, F. Schmitt, and F. Baltazar. 2008. Increasing expression of monocarboxylate
transporters 1 and 4 along progression to invasive cervical carcinoma. Int J Gynecol Pathol.
27:568-574.

Qadir, M.A., B. Kwok, W.H. Dragowska, K.H. To, D. Le, M.B. Bally, and S.M. Gorski. 2008.
Macroautophagy inhibition sensitizes tamoxifen-resistant breast cancer cells and enhances
mitochondrial depolarization. Breast Cancer Res Treat. 112:389-403.

Rastogi, S., S. Banerjee, S. Chellappan, and G.R. Simon. 2007. Glut-1 antibodies induce growth arrest
and apoptosis in human cancer cell lines. Cancer Lett. 257:244-251.

Robey, I.F., A.D. Lien, S.J. Welsh, B.K. Baggett, and R.J. Gillies. 2005. Hypoxia-inducible factor-1lalpha
and the glycolytic phenotype in tumors. Neoplasia. 7:324-330.

Russell, R.C., Y. Tian, H. Yuan, H.W. Park, Y.Y. Chang, J. Kim, H. Kim, T.P. Neufeld, A. Dillin, and
K.L. Guan. 2013. ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34
lipid kinase. Nat Cell Biol. 15:741-750.

Scaltriti, M., F. Rojo, A. Ocana, J. Anido, M. Guzman, J. Cortes, S. Di Cosimo, X. Matias-Guiu, S.
Ramon y Cajal, J. Arribas, and J. Baselga. 2007. Expression of p95HERZ2, a truncated form of the

119



HER2 receptor, and response to anti-HER2 therapies in breast cancer. J Natl Cancer Inst. 99:628-
638.

Schwartzenberg-Bar-Yoseph, F., M. Armoni, and E. Karnieli. 2004. The tumor suppressor p53 down-
regulates glucose transporters GLUT1 and GLUT4 gene expression. Cancer Res. 64:2627-2633.

Selvakumaran, M., R.K. Amaravadi, I.A. Vasilevskaya, and P.J. O'Dwyer. 2013. Autophagy inhibition
sensitizes colon cancer cells to antiangiogenic and cytotoxic therapy. Clin Cancer Res. 19:2995-
3007.

Shim, H., C. Dolde, B.C. Lewis, C.S. Wu, G. Dang, R.A. Jungmann, R. Dalla-Favera, and C.V. Dang.
1997. c-Myec transactivation of LDH-A: implications for tumor metabolism and growth. Proc
Natl Acad Sci U S A. 94:6658-6663.

Shumway, S.D., M. Maki, and S. Miyamoto. 1999. The PEST domain of IkappaBalpha is necessary and
sufficient for in vitro degradation by mu-calpain. J Biol Chem. 274:30874-30881.

Singer, K., M. Kastenberger, E. Gottfried, C.G. Hammerschmied, M. Buttner, M. Aigner, B. Seliger, B.
Walter, H. Schlosser, A. Hartmann, R. Andreesen, A. Mackensen, and M. Kreutz. 2011. Warburg
phenotype in renal cell carcinoma: high expression of glucose-transporter 1 (GLUT-1) correlates
with low CD8(+) T-cell infiltration in the tumor. Int J Cancer. 128:2085-2095.

Sinha, S., and B. Levine. 2008. The autophagy effector Beclin 1: a novel BH3-only protein. Oncogene. 27
Suppl 1:5137-148.

Sonveaux, P., T. Copetti, C.J. De Saedeleer, F. Vegran, J. Verrax, K.M. Kennedy, E.J. Moon, S. Dhup, P.
Danhier, F. Frerart, B. Gallez, A. Ribeiro, C. Michiels, M.W. Dewhirst, and O. Feron. 2012.
Targeting the lactate transporter MCT1 in endothelial cells inhibits lactate-induced HIF-1
activation and tumor angiogenesis. PL0oS One. 7:e33418.

Sonveaux, P., F. Vegran, T. Schroeder, M.C. Wergin, J. Verrax, Z.N. Rabbani, C.J. De Saedeleer, K.M.
Kennedy, C. Diepart, B.F. Jordan, M.J. Kelley, B. Gallez, M.L. Wahl, O. Feron, and M.W.
Dewhirst. 2008. Targeting lactate-fueled respiration selectively kills hypoxic tumor cells in mice.
J Clin Invest. 118:3930-3942.

Storr, S.J., K.W. Lee, C.M. Woolston, S. Safuan, A.R. Green, R.D. Macmillan, A. Benhasouna, T. Parr,
1.O. Ellis, and S.G. Martin. 2012a. Calpain system protein expression in basal-like and triple-
negative invasive breast cancer. Annals of oncology : official journal of the European Society for
Medical Oncology / ESMO. 23:2289-2296.

Storr, S.J., X. Pu, J. Davis, D. Lobo, A.M. Reece-Smith, S.L. Parsons, S. Madhusudan, and S.G. Martin.
2013. Expression of the calpain system is associated with poor clinical outcome in gastro-
oesophageal adenocarcinomas. J Gastroenterol.

Storr, S.J., S. Safuan, C.M. Woolston, T. Abdel-Fatah, S. Deen, S.Y. Chan, and S.G. Martin. 2012b.
Calpain-2 expression is associated with response to platinum based chemotherapy, progression-
free and overall survival in ovarian cancer. Journal of cellular and molecular medicine. 16:2422-
2428.

Szablewski, L. 2013. Expression of glucose transporters in cancers. Biochim Biophys Acta. 1835:164-169.

Tan, Y., N. Dourdin, C. Wu, T. De Veyra, J.S. Elce, and P.A. Greer. 2006a. Conditional disruption of
ubiquitous calpains in the mouse. Genesis. 44:297-303.

Tan, Y., C. Wu, T. De Veyra, and P.A. Greer. 2006b. Ubiquitous calpains promote both apoptosis and
survival signals in response to different cell death stimuli. J Biol Chem. 281:17689-17698.

Taraboletti, G., S. D'Ascenzo, I. Giusti, D. Marchetti, P. Borsotti, D. Millimaggi, R. Giavazzi, A. Pavan,
and V. Dolo. 2006. Bioavailability of VEGF in tumor-shed vesicles depends on vesicle burst
induced by acidic pH. Neoplasia. 8:96-103.

Trabold, O., S. Wagner, C. Wicke, H. Scheuenstuhl, M.Z. Hussain, N. Rosen, A. Seremetiev, H.D.
Becker, and T.K. Hunt. 2003. Lactate and oxygen constitute a fundamental regulatory mechanism
in wound healing. Wound Repair Regen. 11:504-509.

120



Ullah, M.S., A.J. Davies, and A.P. Halestrap. 2006. The plasma membrane lactate transporter MCT4, but
not MCT1, is up-regulated by hypoxia through a HIF-1alpha-dependent mechanism. J Biol Chem.
281:9030-9037.

Vander Heiden, M.G., L.C. Cantley, and C.B. Thompson. 2009. Understanding the Warburg effect: the
metabolic requirements of cell proliferation. Science. 324:1029-1033.

Vazquez-Martin, A., C. Oliveras-Ferraros, and J.A. Menendez. 2009. Autophagy facilitates the
development of breast cancer resistance to the anti-HER2 monoclonal antibody trastuzumab.
PL0S One. 4:e6251.

Vegran, F., R. Boidot, C. Michiels, P. Sonveaux, and O. Feron. 2011. Lactate influx through the
endothelial cell monocarboxylate transporter MCT1 supports an NF-kappaB/IL-8 pathway that
drives tumor angiogenesis. Cancer Res. 71:2550-2560.

Wang, R.C., Y. Wei, Z. An, Z. Zou, G. Xiao, G. Bhagat, M. White, J. Reichelt, and B. Levine. 2012. Akt-
mediated regulation of autophagy and tumorigenesis through Beclin 1 phosphorylation. Science.
338:956-959.

Warburg, O. 1956a. On respiratory impairment in cancer cells. Science. 124:269-270.

Warburg, O. 1956b. On the origin of cancer cells. Science. 123:309-314.

Wood, D.E., A. Thomas, L.A. Devi, Y. Berman, R.C. Beavis, J.C. Reed, and E.W. Newcomb. 1998. Bax
cleavage is mediated by calpain during drug-induced apoptosis. Oncogene. 17:1069-1078.

Yoo, B.H., X. Wu, Y. Li, M. Haniff, T. Sasazuki, S. Shirasawa, E.L. Eskelinen, and K.V. Rosen. 2010.
Oncogenic ras-induced down-regulation of autophagy mediator Beclin-1 is required for malignant
transformation of intestinal epithelial cells. J Biol Chem. 285:5438-5449.

Younes, M., L.V. Lechago, J.R. Somoano, M. Mosharaf, and J. Lechago. 1996. Wide expression of the
human erythrocyte glucose transporter Glutl in human cancers. Cancer Res. 56:1164-1167.

Yousefi, S., R. Perozzo, I. Schmid, A. Ziemiecki, T. Schaffner, L. Scapozza, T. Brunner, and H.U.
Simon. 2006. Calpain-mediated cleavage of Atg5 switches autophagy to apoptosis. Nat Cell Biol.
8:1124-1132.

Yuan, J., L. Narayanan, S. Rockwell, and P.M. Glazer. 2000. Diminished DNA repair and elevated
mutagenesis in mammalian cells exposed to hypoxia and low pH. Cancer Res. 60:4372-4376.

Yue, Z., S. Jin, C. Yang, AJ. Levine, and N. Heintz. 2003. Beclin 1, an autophagy gene essential for early
embryonic development, is a haploinsufficient tumor suppressor. Proc Natl Acad Sci U S A.
100:15077-15082.

Zhang, H., M. Bosch-Marce, L.A. Shimoda, Y.S. Tan, J.H. Baek, J.B. Wesley, F.J. Gonzalez, and G.L.
Semenza. 2008. Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to
hypoxia. J Biol Chem. 283:10892-10903.

Zheng, X., A.X. Zhou, P. Rouhi, H. Uramoto, J. Boren, Y. Cao, T. Pereira, L.M. Akyurek, and L.
Poellinger. 2014. Hypoxia-induced and calpain-dependent cleavage of filamin A regulates the
hypoxic response. Proc Natl Acad Sci U S A. 111:2560-2565.

Zhu, X., J.S. Messer, Y. Wang, F. Lin, C.M. Cham, J. Chang, T.R. Billiar, M.T. Lotze, D.L. Boone, and
E.B. Chang. 2015. Cytosolic HMGBL1 controls the cellular autophagy/apoptosis checkpoint
during inflammation. The Journal of clinical investigation. 125:1098-1110.

121



	Calpains are a family of calcium activated cysteine proteases. Calpain-1 and calpain-2 are obligate heterodimers composed of isoform specific catalytic subunits (encoded by capn1 and capn2, respectively) coupled with the common, shared regulatory subu...
	In a model of triple-negative breast cancer we demonstrate that CRISPR/CAS9-mediated knockout of calpain-1 (capn1) or calpain-2 (capn2) independently attenuated metastatic colonization in vivo, and that knockout of either isoform was associated with a...
	Collectively, our results suggest a pro-tumorigenic role for calpain-1/2 in both HER2+ and triple-negative breast cancer, which provides preclinical evidence in support of combining calpain inhibitors with commonly used therapeutic drugs.
	Chapter One General Introduction
	1.1 Breast Cancer Remains a Health Crisis
	1.2 Classification and Treatment
	1.3 The Calpain Family of Proteases
	1.3.1 An Overview of Calpains
	1.3.2 Expression Patterns in Cancer

	1.4 Calpain in Cancer Pathogenesis
	1.4.1 Calpain in Oncogenic Signaling and the Cell Cycle
	1.4.2 Calpain in Apoptosis
	1.4.3 Calpain in Invasion and Migration

	1.5 Hypothesis and Aims

	Chapter 2  Genetic disruption of calpain-1 and calpain-2 blocks tumorigenesis in mouse models of HER2+ breast cancer and sensitizes cancer cells to doxorubicin and lapatinib
	2.1 Abstract

	Calpains are a family of calcium-activated cysteine proteases that participate in a wide range of cellular functions including migration, invasion, autophagy, programmed cell death and gene expression. Calpain-1 and calpain-2 isoforms are ubiquitously...
	2.2 Introduction
	2.3 Materials and Methods
	2.3.1 Spontaneous Tumor Development and Reverse-Phase Protein Array Analysis
	2.3.2 Cell Line Derivation
	2.3.3 Migration, Invasion, Chemosensitivity, Hypoxic Response, and EGF Signaling Analysis
	2.3.4 Matrix Metalloprotinease Assay
	2.3.5 Orthotopic Tumor Growth and Experimental Metastasis Studies
	2.3.6 Statistical Analysis

	2.4 Results
	2.4.1 Deletion of capns1 in the mammary epithelium delays her2/neu-induced tumorigenesis


	The stability and activity of calpain-1 and calpain-2 are contingent on the expression of the common shared regulatory subunit encoded by capns1 (Graham-Siegenthaler et al., 1994; Meyer et al., 1996) and capns1 knockout in transgenic mice abolishes bo...
	2.4.2 Establishment of a conditional capns1 knockout her2/neu-driven mammary tumor epithelial cell line
	2.4.3 Capns1 deletion attenuates in vitro MTEC invasion but does not compromise migratory ability
	2.4.4 Capns1 KO sensitizes MTECs to doxorubicin and lapatinib challenge
	2.4.5 Deletion of capns1 blocks MTEC tumorigenesis in an orthotopic engraftment model
	2.4.6 Capns1 KO in MTECs correlates with enhanced EGFR expression and sustained EGF response

	EGFR is a key dimerization partner of HER2, and is frequently expressed in breast carcinomas (Walker and Dearing, 1999). Deletion of capns1 was associated with enhanced phosphorylation of EGFR (Y845) in tumors from the NIC model (Figure 2.2); we there...
	2.5 Discussion

	Approximately 15-20% of newly diagnosed breast cancers are the highly aggressive HER2+ subtype (Yersal and Barutca, 2014), and despite treatment with chemotherapy and targeted therapeutics such as trastuzumab and lapatinib, half of these patients rela...
	Our previous work has shown that the ubiquitously expressed calpain-1 and -2 isoforms regulate cell survival in response to cytotoxic challenges (Tan et al., 2006b; Tan et al., 2006c) and promote breast cancer cell line resistance to chemotherapeutics...
	The relationship between expression of calpains and clinical outcomes in various cancers are being explored (Storr et al., 2011a; Storr et al., 2015), and CAPN1 expression in HER2+ breast cancer has been positively correlated with shorter relapse-free...
	Here we report the first study exploring the role of the ubiquitously expressed classical calpain-1/2 isoforms in a genetically engineered mouse model of spontaneous tumorigenesis driven by the her2/neu oncogene. By deleting capns1 in the mammary epit...
	Glycogen synthesis kinase 3  (GSK-3) has complex roles in cell signaling, including a tumor suppressor function through inhibition of the-catenin complex (Mancinelli et al., 2017). GSK-3 is inhibited by AKT-mediated S9 phosphorylation and activat...
	The c-Jun N-terminal kinase (JNK) is activated in response to a number of ligands and stress stimuli and subsequently regulates transcription, migration and apoptosis (Huang et al., 2004). Increased pT193/Y185-JNK in capns1 KO tumors was somewhat surp...
	Calpain-mediated cleavage of protein kinase C (PKC) is an evolutionally conserved mechanism for PKC activation (Hu et al., 2017), and PKC deletion was correlated with suppressed tumorigenesis in a transgenic mouse model of breast cancer (Wallace et a...
	STAT-1 behaves as a tumor suppressor through promotion of apoptosis as well as inhibition of angiogenesis, tumor growth, and metastasis (Stephanou and Latchman, 2003). A role for STAT-1 in IL-27 induced suppression of epithelial to mesenchymal transit...
	These differences in the phosphorylation states of EGFR, GSK-3, JNK, MARCKS and STAT-1 in capns1 KO tumors represent important leads for future studies aimed at elucidating the molecular involvement of calpain in HER2+ breast cancers. EGFR in particu...
	Interestingly, EGF-induced pY845-EGFR levels persisted for longer in capns1 KO MTECs (Figure 2.14 A), and this correlated with persistence of activated MEK1/2 and ERK1/2 levels (Figure 2.14 A,C,D). These observations are somewhat surprising given the ...
	We also show that capns1 KO in MTECs is associated with increased sensitivity to both doxorubicin and lapatinib (Figure 2.6 & 2.7). Capns1 KO tumors arising in vivo in the NIC mice displayed enhanced activation of EGFR (Figure 2.3), and this was pheno...
	The most compelling observation in this study was the complete ablation of the tumorigenic potential of MTECs upon capns1 KO. Angiogenesis is known to be required for the growth of tumors beyond a size of approximately 2 mm3. As calpain cleavage of fi...
	Capns1 KO in this MTEC model did not reduce cell migration in a scrape-wound assay (Figure 4A); however, capns1 KO was associated with attenuated invasive behavior in matrigel-coated Boyden chamber assay (Figure 4B). This is interesting since capns1 K...
	Chapter 3  Calpain-1 and calpain-2 play non-redundant roles in tumor growth and metastasis in a model of triple-negative breast cancer
	3.1 Abstract

	Triple-negative breast cancer is challenging to treat owing to a lack of clinically approved targeted therapeutic agents. Previously, we demonstrated a pro-tumorigenic role for calpain-1 and/or calpain-2 in a MDA-MB-231 xenograft model by knocking dow...
	3.2 Introduction

	Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer which is characterized by poor survival and increased likelihood of metastasis to the brain and lungs (Dent et al., 2007; Heitz et al., 2009). Unlike luminal or HER2 positi...
	Calpain-1 and calpain-2 are calcium-dependent ubiquitously expressed intracellular proteases with pleotropic involvement in cellular behavior through their diverse protein substrates (Goll et al., 2003). They are heterodimers comprised of distinct iso...
	Tissue microarrays reveal that calpain-2 is associated with poor outcome in TNBC (Storr et al., 2012a), and knockdown of capns1 in the TNBC cell line MDA-MB-231 attenuated tumor growth and metastasis in a preclinical orthotopic engraftment model (Grie...
	3.3 Methods
	3.3.1 Generation of capns1, capn1, and capn2 knockout cell lines
	3.3.2 Immunoblotting Analysis
	3.3.3 Zymography analysis of calpain and MMP activity
	3.3.4 Orthotopic engraftment tumor growth and metastasis model
	3.3.5 Statistical Analysis

	3.4 Results
	3.4.1 Knockout of capns1, capn1, and capn2 in MDA-MB-231 cells
	3.4.2 Deletion of capns1, capn1, or capn2 delays primary tumor growth
	3.4.3 Capn1 and capn2 provide non-redundant metastasis promoting roles
	3.4.4 KO of capns1, capn1, and capn2 attenuates MMP9 secretion

	3.5 Discussion

	Chapter 4  General Discussion
	4.1 Summary
	4.2 Reflections on roles for calpain in the her2/neu signaling network
	4.3 Remarks on translational relevance in a her2/neu model
	4.4 Calpain in triple-negative breast cancer: summary and future directions

	References
	Appendix One

	James A. MacLeod1,2 and Peter A. Greer1,2,
	1 Department of Pathology and Molecular Medicine, Queen’s University, Kingston, Ontario, Canada
	2 Division of Cancer Biology and Genetics, Queen’s Cancer Research Institute, Kingston, Ontario, Canada
	Abstract
	Contrasting roles for calpain in cancer cell survival and death
	Calpain Modulates Autophagy and Apoptosis
	Metabolic Coupling in Tumorigenesis
	Calpain Modulates Metabolic Coupling
	References


