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Abstract

The calpain stem is a group ohiracellular cysteine proteaseBysregulated
calpain activity, or mutation in calpain isoformsas well as its endogenous
inhibitor calpastatinhas been found to plagnimportant rolein tumorigenesis.
Themainaim of the current stdy is to explore the differential role of calpain
family members in different breast cancer molecular subtypes; validate calpain
1 as a biomarker of trastuzumab respoms@iER2+ breast cancer patierdasd
explore the mechanisms by which calpain familygulates trastuzumab

response in HER2+ cells.

Three representative cell lines for different molecular subtypesensed:
MDAMB-231 (basalike), MCF/ (luminal) and SKBR3 (HER2+); and two
additional HER2+cell lines were used in the HER2+ study: acquired
trastuzumabresistant SKBR3 and inherent trastuzummabistant JIMAL. The
role of calpainn proliferation signal transduction and apoptotic respongas
assessed using growth curyeghosphokinase arrays an@nnexin VFITC
apoptosis assaysespectivey. The effect of calpastatin knockdown, via ShRNA,
on cell migration was examined using Haptotaxis adday.combined effect of
calpeptin and trastuzumab on colony forn@t andcell cycle progressionere
examined using clonogenic survigaldflow cytometry, respectively. Biomarker

studies were conducted using standard immunohistochemistry.

The results suggested that inhibition of calpain activity showed - anti
proliferative effect on breastancer cells across differestibtypesKnockdown

of calpastatinin both MDAMB-231 and MCH cells did not have significant
effects on migratory ability, either with or without calcium ionophore A23187.
The study alsehowed that combining calpeptin and trastuzumab enhanced
trastuzumabinduced antiproliferative effe¢s on SKBR3 and SKBR3/TR cells,
but not in JIMTL cells. Combined treatment did not further reduce clonogenic
survival either in SKBR3 or SKBR3/TR cells, compared with single agent alone.

In all three HER2+ cells, combined treatment had no significanttefie



trastuzumabinduced GO/G1 cell cycle arrestResults from the
immunohistochemical study suggested that high caldaiexpression was
significantly associated with adverse relagsse survival in breast cancer
patients who received adjuvant trastuzain. Findings were validated in the

expanded Nottingham and independent Newcastle patient cohort

Based on the previous vitro study, suggesting role of calpain in regulation

of phospheMSK1/2 expressiomnd becausthere is close link between calpain
and caspase family. It was decidedeixplore the correlation betweenalpain
system protein expression with MSK1 and two representative caspases
(caspase3 & -8), as well as their prognostic significance, in a large cohort of
invasivebreast cancer patiats. Resultsdemonstratedsignificantcorrelations
between calpainl vs MSKlandvs caspas8; calpastatin vs MSKJland vs
caspaseB, however with low correlation coefficientddigh MSK1 expression
was significantly associated with improvegkast cancesspecific survivaHigh
caspase3, but not caspas8, was significantly associated wilversebreast
cancerspecific survivalAnd combinatorial calpaii and caspas& expression

provided additional prognostic values, especially in bakalsubtype.

In conclusion, calpain system protein has been found to have roles in different
breast cancermolecular subtypesCalpainl is a potential biomarker for
trastuzumab responseni HER2+ breast cancer patientand this study

suggested MSK1 and casp&seouldbe potential biomarkeran breastcancer
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1.1 General introduction to breast cancer

1.1.1 Epidemiology

1.1.1.1 Incidence mortality and survival

Worldwide here wereapproximatelyl4.1 million new cancer cases ar&l2
million cancer related deaths iB012 these numbersincreasedsignificantly
compared with 12.7 million new cancer casesl 7.6 million deats in 2008
(Ferlay et al., 2010Ferlay et al., 2015 Breast cancer is the most common
cancer ifemales,in both developed and developing countries, represenfbo
(1.67 million)of the total new cancercasesn female It is the most common
cause ofemalecancer deaths in developing countridgl(3%xndis the second
most common cause in developed countrig€kb.4%)Ferlay et al., 2005 The
highest incidenceand mortality of female breast cancer was recorded in
Western Europ@nd Western Africa, respectivendthe lowest incidence and
mortality was observed in Middle Africand Eastern Asian, respectively.
Generally, incidence and mortalitgtes of breast cancer vamnarkedlyover the
world; the incidencerate in mostof the developedareasis much higher than
developingareas whilst the mortality rate is slightlyower in developedareas
(Jemal et al., 201 Ferlay et al., 2005 Specificallybreast cancer incidence in
Africa isabout thehalf ofthat in Europe (36 new cases per 100,000 women vs
71 new cases per 100,000 women); however, the mortality rate is very close
between those twareas, accounting fapproximatelyl7 per 100,000 women,
due tothe lack of diagnosis and taément facilities irthe poorer areagFerlay

et al., 2019.

In the UKbreast cancer is the most common canceifamales; about 1 in 8
womenareat riskof developngbreast canceduringtheir life. Smilar to trends
in mostof the Western countriesthe incidence rate of female breast cander
the UK ha experienced an increase of about 7% over & decade whilst
the mortality rate has deaeased by aboutl%% during the same periadin
particular,significantchangesn incidenceand mortality have been observed in

women aged 564 and 6569, both age groups are currently includedthe
2
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breast screening programmé€ancer Research UK, 201.44is likely that he
increases in incidencemay result from the introduction of screening
programmes increased longevitand changes imelated lifestyle factors. The
factors that led to declines in mortalitymay include early detection through
mammographyas well as improved treatment strategies.d. wide use of
tamoxifen since late 1980s, use of radiotherapy and targeted therapies)
(Youlden et al., 2002In the UK, 87% ofrbast cancer patients survive for at
least five years; anthe ten year survival rate is abb@8% The survival rate is
much lower in late stage breast cancer patients, five year survival rate for stage

IV patients is only 15¢@ancer Research UK, 20,l@ancer Research UK, 20)14d

1.1.1.2 Risk factos

Breast cancer is a heterogeneous disease; several facaorgontribute toits
development for example riskis also increased if the patiemtas previously
diagnosed with breast canceat least one family member hdsken diagnosed
with breast cancergr mutation inbreast cancer related gesgsuch as BRCA1)

Some of the mst important risk factorsire discussed below.

Ageand reproductive factes

The risk of developing breast cancer increases with bugde UK, about 8 in
10 patientsarediagnosedn their 50sandabove and about 1 in 4rediagnosed
in the 75Q and over(Cancer Research URQ14h. Breast cancer incidence
increasedy two-fold every 10 years until menopausafter which the rate of
increase begins to slow dow(McPherson et al., 2000 The changes in
incidence at different ages underlitiee correlation between breast cancer and
hormonal statusWomen who star menstruating at younger age and/bave
menopause at older age have increased risk of breast caearl-year delay
in menarchedecreases theelative risk by 5%; whilst each lyear delay in
menopause increases thelativerisk by3%.Thoughboth early menarche and
late menopause increase breast cancer risigge effects are not equivaleri

year younger at menarche hagyreater effect than 1 year older atenopause

3
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(Collaborative Group oHormonal Factors in Breast, 201Phe age at first birth

is also related with breast cancer ridke relative risk increases by 3% for each
year olderwhen women give the first birt{iCollaborative Group on Hormonal
Factors in Breast, 2002[8udies have shown thatthe effects of early age at
first birth and parity maybe limited to oestrogen receptor positive
(ER+H)progesterone receptor positive (PRbieast cancerwhilst late age at
menarche has protective effect on both ER+/PR+ and/BR breast cancer
(Ma et al., 200B

Familyhistory and genetic factors

The risk of breast cancer is increased if women have a family history astbre
cancer.The esultsfrom a metaanalysishave shown that having at least one
first degree relativavith breast cancemcreases a woay” Q a byNahoatfwo-
fold; having twgand three or morerelatives increases the risk by abdhtee-
andfour-fold, respectively(Collaborative Group on Hormonal Factors in Breast,
2001). Hereditary breat cancer accounts for around1®% ofthe total cases,
which suggests abnormal genes can be traittsgh throughparents tothe child
(American Cancer Society, 201%wo susceptibility geneBRCA1 and BRCA2
have beenidentified and are related with high risk of familial breast cancer.
Women with mutatiorsin BRCA1 have 65% chance of habiegst cancer and
45% chancefor women with mutation in BRCA@AnNtoniou et al., 2008 In
addition,mutationsin certain genes can cause familial syndromes that increase
the risk of breastmalignancy For exampleit has been shown that tumour
suppressor gen@53 andphosphatase and tensin homoloTEN geneare
associated with Hrraumeni syndrome and Cowden syndrome, respectively;
(Malkin et al., 1990Liaw et al., 199) Other examples are CHEK&TM (ataxia
telangiectasia), BRIPPALB2 CDH1 and STK11l (Peld&ghers syndrome)

(reviewed in(Turnbull and Rahman, 20)8

Clinical factors

Womenwho have a history of breast cancare at high riskof developing a

4
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second primary breagsancer (not aarecurrence); and the riskcreases more
markedly invomenwho are diagnosed before menopaug8oerjomataram et
al., 2009. Increased risk haalsobeen observed in women who have benign
breast digase. Benign breast disease can be categorised apmdiferative
disease (NP), proliferative disease without atypRD\WA and poliferative
disease with atymial hyperplasia (AH)the latter includes atypicatluctal
hyperplasia (ADH) and atypical loauhyperplasia (ALHpasically, women with
NP do not have increased risk of breast can€emparedvith women with NP,
women diagnosed withPDWAand AH havearound 50%ncreasedrisk and
three-fold increasedrisk of developing breast cang¢eespectivelyZhou et al.,
2011). In addition, breast carcinoma in sitBCIS) which includesductal
carchoma in situ (DCIS) and lobutarcinomain situ (LCIShasthe potential
to turn into invasive breast canceiomen diagnosed with BCl8ave an
approximatelytwo-fold increased risk afevelopingoreast cancefRobinson et
al., 2008.

The breasts are nade up ofa combination ofibrous tissue, gindular tissue and
fatty tissue; fibrous and glandular tissue showas radio-dense areas on
mammograns, while fatty tissueappearstransparent. Having dense breast
tissue increases the risk of breast can@&eterm mammagraphic density (MD)
refers tothe percentage of different tissue ime breast,and is measured as
percent mammographic density (PMDBYomenwho havehigh PMD (>75%)
havea 4.6 fold higher risk comparegd women with lowerPMD(<5%) and the
as®ciation is notaffectedby age or body mass index (BNWcCormack and
dos Santos Silva, 20agliettoet al., 2014.

Hormone related factors

Female sex hormones include oestrogen amdgesterone.exposure tosuch
hormones increases the risk of developing breast cavgemenwho usedoral
contraceptives (OGdr 10 yearshave aslightlyincreasel relative riskof breast

cancercompared with never usersiowever,there is no significant increased
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risk 10 years after stopping OC ugeollaborative Group on Hormonal Factors
in Breast, 196). Hormone replacement therapy (HRT) after menopause also
altersendogenous hormone levelThere are two different types of hormone
replacementtherapy,the use of oestrogetnly (Eonly HRT or ERT) for women
without a uterus (hysterectomy)and combired use of oestrogen and
progesterone (EMRT) for womenvho still have a uterusThe isk of breast
cancer is higher in women using HRT compared widgmen who have never
used HRTand the effect also increases witincreasingduration of use
However afte stopping use of HRT for 5 years, the risk in HRT users is equivalent
to that in women who have never used HR®llaborative Group on Hormonal
Factors in Breast, 199 MNeverthelessa history of OC use or HRTassociated
with less advanced symptoms in breast cancer pati@dtdlaborative Group on
Hormonal Factors in Breast, 199Bollaborative Group on Hormonal Factors in
Breast, 199Y.

Radiationexposure

It has been estimated that previous radiati@xposure attributes to the
incidence of second cancets. the UK in 2007.45%of the total new cancer
casesassociatedvith radiotherapy amongthose 10.6% were estimated to be
breast cancefMaddams et al., 200)10nestudydemonstratedthat the risk of
contralateralbreast cancers slightly higler in breast cancepatientswho had
surgery and radiotherapy, compared wigatients who had surgery alonelt
was estimated that rdiotherapy attributesfor 176 excess case$ contralateral
breast canceor 5% of the total in 1 year survivoldowever, with long term
follow-up, it was noticed thatthis effect decreasewith increasingage at
diagnosisThe relative risk for radiothapy were 1.09 for contralateral breast
OF yOSNJ Ay LI IGy Gogefdd GanklerSenald 800 F

Life style
Younger, obese women, smokers (15+ cigarettes per day) and alcohol drinkers

(20g+ per day) have highvelsof endogenous drmones (Key et al., 2011
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Based on thissome life styé related factorhave beerpotentially linked with
breast cancerA metaanalysis suggested thabesitycouldincrease the risk of
ER+/PRtumoursin postmenopausalvomenwhilst it could decrease the risk

in premenopausal womenand obesity did not havean effect on ER/PR
tumours (Munsell et al., 2014 A study demonstrated that he relative risk of
breast cancer increaséy 7.1% for each extra unit of alcohol consumed per day

(Collaborative Group on Hormonal Factors in Breast, 2D02a

Protective factas

Breast feeding is a protective factor for breast cancer; it contributes around 67%
decline in breast cancer incidence and decreases the risk by 4% for every 12
months of breastfeedingCollaborative Group on Hormonal Factors in Breast,
2002h. Such effect of breastfeeding may be more relevant for ER+/PR+
tumours, though the different effect between ER+/PR+ andAERtumours is
marginally significan{Ma et al., 200& According to World Cancer Research
Fund/American Institute for Cancer Research, diet and physical activities has

been listed as protective actions against breast ca(geCR, 2007

Kumar et.al smmarised the factors that increase the risk of breast cancer, as

shown in Table 1.1.
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Tablel.1 Summary of breast cancer risk factors

Well-Established Factors Relative Risk
Geography Varies in different aras
Age Increases after age 30

Family history
Firstdegree relative with breast cancer 1.2-3.0

Premenopausal 3.1

Premenopausal and bilateral 8.59.0

Postmenopausal 15

Postmenopausal and bilateral 4.05.4
Menstrual history

Age at menarche&l?2 years 1.3

Age & menopause>55 years 1.52.0

Pregnancy

First live birth from ages 25 to 29 years 1.5

First live birth after age 30 years 1.9

Frst live birth after age 35 years 2.03.0

Nulliparous 3
Benign breast disease

Proliferativedisease without atypia 1.6

Proliferative disease with atypical >2.0

hyperplasia

Lobular carcinoma in situ 6.912.0

Other Possible Factors
Exogenous oestrogens
Oral contraceptives
Obesity
Highfat diet
Alcohol consumption
Cigarette sroking

Reproducedrom (Kumar et al., 2007 Robbins Basic Patholqg®th edition, 739750,
Copyright© 200 by Elseviewith permission conveyed through Copyright Cleara@eetrelnc.

1.1.2 Breastcancerclassification

1.1.2.1 Clinicopathological classification

Generally,breast cancer can be categorised into three different types: early,
locally advanced and metastatiEarly stage breastancer contains invasive
cancey DCI&nd LCISDCISefers tothe tumour cells that have not broken out
from the boundary of the duct or spread intbe surrounding normal tissues
and LCIS is limitetb the lobules Invasivetumours cangrow intothe stroma,

8
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and have the potential to metastasidacludinginvasive ductal carcinoma (IDC)
and invasive lobular carcinonfd.C)Yarnold, 2009a Locally advanced breast
cancer (LABC) is a heterogeneous group of cancers with diverse clinical
presengtionsand outcomes. Although there is no strict definitiom this type

of cancer, it is generally accepted that LABC contsiagelll disease (TNM
system)whichmeans the tumour has spread from the breast to the chest wall,
the skin, but it has not spread to the other orga(Sobin et al., 2010
Inflammatory breast cancer (IBC) is a very ratg aggressive fornof LABC
characterisedy causing erythema and oedema of the breast dB& accounts

for approximately1-5% of invasive breast cancand 8.5% of LAB@nd the
median survivals only 2.9 yeargHance et al., 20Q5Tryfonidis et &, 2015.
Breast cancer metastasis is defined bynour cellsthat havespread to lymph
nodesanddistant orgars through the blood streamandor lymphatic system.
Metastasis is a strong indicator of disease progression and the failure of primary
treatments. It is estimatedthat 10-15% ofaggressivebreast cancer patients
develop distant metastas within three years after diagnosisind the most

frequent metastais sitesare lung, bone, liver and pleur@Veigelt et al., 200p

1.1.2.2 Molecularclassification

Microarraytechnologyis able to quantifghe expression of thousands of genes;
and has been usedo define breast cancemolecular subtypesPioneeling
studies led to classifybreast cancerinto at leastfour molealar subtypes:
luminal, ERBB2HERZ2, basallike and normal breadlike; later on,Sarlieet al.
refined the luminal group into three subgroups: luminal subtype A, B and C
(Perou et al., 200Bgarlie et al., 20QSgrlie et al., 2003Triplenegative breast
cancer (TNBC) shardsgh similariy with basalike breast cancerTNBC is
characterised byhe lack of ER, PR aftERZxpressionBath TNBC and basal
like accountfor less than 20% ddll breast cances; and have been shown to
displaya moreaggressive behaviour ardve apoorer prognosigBadve et al.,
2011). Numerous similaritiesexising between TNBC antbasatlike breast

cancertheyare not synonymous’ 7% of basalike tumourshave TNBGubtype

9
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and only 71% of TNBC expréssd-like genes frongeneexpression profiling
(Rakha et al., 200 Badve et al., 2001 Clinically TNBC and basi&e breast
cancer are more difficult to treat arare more likely to relapse, as the tumours
do not respondto hormonre or targeted therapy due to the lack of ER, PR and

HERZroteins the detailswill be discusseéturther in sectionl.1.4

A number of other classification studies have been conducted, for example a
recent study hasdemonstrated an immunohistocheal based classification
systemby reducing a panel of 25 biomarkers down to i@ntifying 997 (at

of 1073, 93%) breast tumours as seven subgroups: luminal A, N and B, basal
p53 altered, basgh53 normal,HER2/ER+ andHERZ2/ER. In this study te
basal groupvasseparatednto two subgroups according to high p53 expression
(p53 altered) and low p5&xpression (p53 normal); andER2 group was
further divided into two subgroups (ER+HrBased ondifferential hormore
expression (Green et al, 2013 Another study examined the
genomic/transcriptomicarchitecture of2000 breast tumoursconsisted of a
discovery set (997 tumours) and a validation set (995 tumogenerating a
robust and tailored classification of breast cancer molecular subtypes. This
method divided the population into ten integrativeusters and each group

represented distinct clinical outcomeCurtis et al., 201Q2

1.1.3 Prognostic and predictive factors

Prognostic factorare characteristis that are used topredict how the diseases

will progress(e.g. recovery or relapse), irrespective of treatmerisedictive
factors refer tosomethingthat can beused topredict ifa patient will respond

to a specific therapyror breast cancer, prognostic factonglude age, tumour
size, axillary lymph node, histological type/grade, lymphatic/vascular invasion,
proliferation markersand others ER, PR and HER2 can function as both

prognostic and predictive factors

10
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1.1.3.1 Age at diagnosis

Age is an established prognmsfactor for breast cancel¥oung age has been
shown to be an independent factor of overall survival and disdigseinterval
in multivariate analysis, when considering potential confounding factors such
as tumour size, lymph node status, histologiceddg, ER/PR status, local
regional treatment and adjuvant treatmefiDe la Rchefordiere et al., 1993 A
study hasfound that in premenopausal patientsyounger women have
significantlylower survival rates and higheatesof local and distant recurrence
compared with oldemwomen It is worthwhile to note that molecularsubtypes
should be taken into account when assegshe prognostic value of age\
recent studyhasdemonstrated that younger patients (<4@ears old have a
worseprognoss compared with older patientepweverwhen dividing patients
into different subtypes(luminal A, luminal BHER2 and TNBG, significant
association between age and evenée survivalvasonly observed itthe TNBC

patients(Liedtke et al., 2016

1.1.3.2 Tumaur Sze and axillaryymph node

Tumour size and axillary lymph nadere two ofthe most importantprognostic
factors for breast cancesurvival(Warwick et al.2004, Arriagada et al., 2006
Patients with a tumour size of 5cmor more than 10positive nodeshave an
increasedisk ofrelapseand death, compared with patients withtumour size
of 2cm or only 1 positive nodéWeiss et al., 2003However in a large cohort
study, sgnificanty higherbreast cancespecific mortalitf BCSMjvas observed
in patients wth a tumour size<0.5cm with four or more positive nodes
compared with thosevhich had tumour sizebetween 0.51.0cm with four or
more positive nodesThisimpliesthat the presence of very small tumours with
aggressivenodal involvementcan predict hidher BCSM compared with larger
tumours with similar nodal involvement, and may represent a more prominent
invasive/metastatic potentia\Wo et al., 201} Tumour size, histologat grade
and nodal involvement areonsideredhe most poverful prognostic factors for

long term evaluationthougheffectsare time dependent (decling over time)
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- the most significant effeds generally olserved in the first five yeaf§Varwick

et al., 2004 Arriagada et al., 20Q&oerjomataram et al., 2008

1.1.3.3 Histologial type/grade

As mentioned inpreviously,breast cancer can bbroadly divided into non
invasive (irsitu) and invasive carobmas, andthe latter can be furtherefined
based on the degree of differentiation. There are two wayddabnethe degree
of differentiation: basd on the morphological feature ofthe tumour-
histological typeand based on semguantitative assessmentfahe structural
characteristicshistological grad€Elston et al., 1999Histologicatype has been
long corsidered as an independent prognostic facto(Ellis et al., 1992
Generally, here are three types ofinvasive carcinomasinvasive ductal
carcinoma (IDC)nvasive lobular carcinoma (IL&)d invasive mixed ductal
lobular carcinoma (IDLQ} can be further dividd into nine groups: ductal,
lobular, ductal/lobular, mucinous, tubular, comedocarcinoma, inflammatory,
medullary, and papillar{Li et al., 2003aLi et al., 2003pLi et al., 200p The
clinical outcomes vary profoundly between different histological tyjsadies
have found that patients withLChave a favourable prawsisover IDC patients
regardingower risk of mortaty andimproved overall survivdEllis et al., 1992
Li et al., 2003)p Detailed prognosis of different histological typesskown in
Tablel.2.
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Tablel.2 Prognostic groups based on histological type

Histologicd type 10-year survival
Excellent group  Tubular >80%

Invasive cribriform

Mucinous

Tubulolobular
Good group Tubular mixed 60%80%

Alveolar lobular
Mixed ductal (NST)/special type
Atypical medullary
Moderate group  Medullary 50%60%
Invasive papillary
Classical lobular
Poor group Mixed lobular <50%
Solid lobular
Ductal NST
Mixed ductal NST/lobular

Abbreviations: NST, "no special typBeproducedrom (Elston et al., 1999 Critical reviews in
oncology/hematology, 31, 20223; Copyright© 1999 by ELSEVIER with permission conveyed
through Copyright Clearandgentrelnc.

In addition to histological type,ne of the robust prognostic factors in breast
cancer is histological grade. In 1991, Elston and Ellis mothiesicarffBloom
Richardson grading system to improve the accuracy and reproducibility of the
criteria, now known as theNottingham Grading System (NG${S involves the
degree of tubule formation, the degree of nuclear pleomorphism and the
precise mitotic count. Each factor is assessed using a numerical ssystaq
and the overall grade is repsented by adding three scores togethdt is
classified as: grade 1 (well differentiated), grade 2 (moderately differentiated)
and grade 3 (poorly differentiatedftlston and Ellis, 199&Iston and Ellis, 2002
Patients with poorly differentiated tumourdhave significantly po@r clinical
outcomescompared with those with well differentiated tumoucg&lston and
Ellis, 1991Rakha et al., 20Q08Despitethe consistent agreemerthat has been
achieved between grad& and 3 tumours; there idiscordanceregardng the
assessment of grade 2 tumourBherefore Sotiriou et al. developed a gene
expression grade index (GGhy using 97gene profiling that caraccurately
refine grade 2 tumoursito GGI1 and GGl&ndprovideindication of recurrence

13



Chapter 1 General introduction

risk in each group(Sotiriou et al., 2006 Another exampleis to assess
proliferation biomarkeMIB1/Ki67 expression by immunohistochemigiitfC).
MIB1/Ki67 labelling index (MIR.I) has been performedand usedto divide
grade 2 tumourdnto low and highsubgroupswith distinct clinical relevance
(Rakha et al201Q Aleskandarany et al., 2011

1.1.3.4 Lymphovasculamvasion

Lymphovascular invasighVl)refers to the presence otumour emboliin the
lymphatic spaces and/drlood vessed and isacriticalstep incancemetastasis.
LVI presents less frequently in nod@egative tumours than nodepositive
tumours. A number of studies havebeen conducted to investigate the
prognostic value of LVI in nodeegative and nodgositive diseasewith its
presencebeingshown to be significantly associated wgborer survival in both
groups LVIhasalsobeen shown to besignificantly associated with histological
grade, tumour size and age early invasive breast cancéong et al., 2011
Mohammed et al., 201, Rakha et al., 20)2The conventionalmethodto detect
LVIin tumour cellsis via routine haematoxylin and eosin (H&EB)aining
howeverimmunohistochemical stainingasbeenshown to be able tamprove
sensitivity and specificitand to differentiate between lymphatic and blood
vesselendothelium providing moreaccurate detection of LVAmongst the
lymphatic and blood vessel endothelial markers, podoplanirdD2and factor
VIII are two representative examplebat can differentiate blood vessel
endothelium from lymphatiat different density(Gujam et al., 2014 LVlis
strongly associated with adverse progngsiss suggestedhat LVI should be

incorporated intoroutinely breast cancer staging system

1.1.3.5 Grouped factors

In addition to single prognostic factors, grouped prognostic systeraslso
used in brast cancer,providing more precise information to assess clinical
outcomes The TNM systens used as a main method to stage different types

of breast cancer. The TNM systémolvesthe size ofthe primary tumour (T),
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the involvement ofregional lymph nodes (N) andthe presence of distant
metastasis (M)A number is added following the letter, indicating the size
and/or extent of the tumourandthe degree of nodal involvemermts well as
distantspread, i.e. TX, TO, Tis, T1, T2,T4; NX, NO, N1, NR3; MX, MO and
M1.The T, N and M values are combirtedetherto generate an overall stage,
from O tolV;some stages can be further subdivided using letters such as A and
B. The higher the numbgthe tumour is more advance(Edge et al., 2010
Kumar et al., 2016 A combination of the TNM classification system and the

UICC (Union for International Cancer Control) criteria is shoviabte 1.3.

Tablel.3 TNM staging system in breast ceer

. Distant
Stage Tumour Size Lymph Nodes Metastasis
0 DCIS or LCIS No metastases None
No metastases or
| Ly@rarxdS OF N only None

micrometastases

Il Invasive carcinoma > 20mr 1 to 3 positive LNs None
Invasive carcinoma > 20mr .

Gdziik X pAYY 0 to 3 positive LNs  None
Negative or positive

LNs None

1l Invasive carcinoma >05m

Invasive carcinoma (any %4 positive LNs None

size)
Invasive carcinoma with
skin or chest wall Negative or positive
) None
involvement or LNs
inflammatory carcinoma
Invasive carcinom@n Negative or positive
W, . I 9 P Present
size) LNs

Abbreviations: DCIS, ductal carcinoma in situ; LCIS, lobular carcinoma in situ. Data adapted from
(Kumar et al., 2016

Another wellestablished systers theNottingham Prognostilmdex (NPI)The

NPI is determined based on tumour size, lyamade stage and histological

grade, and can be achieved by tf@mula: NPl = 0.2 Tumour size (cm) +
Lymphnode stage (B; 1= negative,2¢0 y2RSa LR aAGA B3> ol
+ Histological grade {3). The indexvasstratified into three prognostic groups

based on the numerical cut off pds: Good Moderate and Poarthe larger the
15
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index the worse the prognosiglaybittle et al., 1982Todd et al., 198 The
clinical utility of theNPI systenwas subsequentlgonfirmed ina large patient
cohort of 1629 operable pantsup to agel 70 (Galea et al., 1992Blamey et
al. modifiedthe systeminto six prognostic groups, providirsgmore detailed
evaluation d patienta g2ognosigBlamey et al., 2007The different prognostic

systems summarised in Tabletl

Tablel.4 Different prognostic groups and predicted prognosis

Group Prognosis
10-year OS (%)
TNMt  Stage 0 92
Stage | 87
Stage I 65
Stage Il 40
Stage IV 5
OS (%) Frequency (%)
5-year 15-year 5-year 15year
NPE34 D22 R 06 X 88 80 27 29
Moderate
(B.avs L Kp 69 42 54 54
Poor (>5.4) 22 13 19 17
10yearBGS (%) Frequency (%)
19801986 19901999 19801986 19901999
NPP EPG (2.02.4) 88 96 12 15
GPG(2.4B.4) 72 93 19 21
MPGI(3.414.4) 61 81 29 28
MPGII(4.435.4) 42 74 24 22
PPG (5.45.4) 15 55 11 10
VPG(6.4%.8) 12 38 5 4

Abbreviations:NPI, Nottingham Prognosis Inde®S, overall survivaBCS breast cancer
specificsurvivd; EPG, Excellent prognostic group; GPG, Good prognostic giB@Moderate
prognostic groupPPG, Pooprognostic groupVPG Very poor groupi(Kumar et al., 2016
2(Hayhittle et al., 198 3(Todd et al., 198)7 4(Galea et al.1992, and>(Blamey et al., 2007

Currently, the next generation of NPI, known as the NPI+, is under development
and classifies patients tumasiinto seven molecular subtypes (luminal A, N,
and B, basal p53 altered/normal, HER2/&Rl HER2/ER+); it is combined with
several traditional clinicopathologic variables. The NPI+ contains different

biological subtypes of breast cancer to give more aateupredictions(Green
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et al., 2013Rakha et al., 2024

1.1.3.6 ER/PR statuand HERXtatus

ER and PR have beaeed (1 2 | a&aS&a LI GA Sy ledh@rapg Sy STA
such as tamoxifen. ERdreast cancerpatients given five years of adjuvant

tamoxifen have an approxmately 50% reduced recurrence rate and
approxmately30%decreasan breast cancer mortalitfyeBCTCG, 2005BCTCG,

2011b. The prognostizalues of ER and PR direited and timedependent.It
hasbeenshown thatER or PR breast cancer patients lva significantlyworse
prognosighan ER-br PR patients (10year survival rate i56% or 55% 9%

or 68% respectively. Quch significant differenceare only observeduringthe

first five years of followup, after five years the risk for both typésalmost

equivalent to each othefCosta et al., 2002

Human epidermal growtfactor receptor AZHER2/neu, ERBB2) belongs tlee
epidermal growth factor receptor(EGFR)family, amplification and/or
overexpressiorwas historicallydetected inapproX¥mately 25-30% of invasive
breast cancerwith recent data suggesting a positivitate closer to 15%
(Slamon et al., 1987Slamon et al., 1989al et al.,, 2004Wolff et al., 2013
Mustacchi et al., 20105 HER2 amplification and/or overexpression are
associated with more aggressive tumeangsis and poor prognosis. Earlier
studies hae shown that HER2 amplification is significantly associated with poor
overall anddiseasefree survivain nodepositive patientdSlamon et al., 1987
Slamon et al., 198§9Targeting HERZ2 is currently a standard treatment for HER2+
breast cancer patients providing survival benefits in both early stage and
metastatic patients.Trastuzumab (Hercept® is ahumansed recombinant
anti-HER2 monoclonal antibody of provetinical benefit in HER2breast
cancer patients. It igenerallygivenas a 12 month adjuvant treatment following
completion of chemotherapyyhichresults insignificantincreased overall and
diseasefree survival(Slamon et al., 20)1There are other promising HER2

targeted agentssuch aslapatinib, pertuzumab,and T-DM1, which will be
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discusedin sectionl.2.

1.1.3.7 Genetic profiling phenotypes

Asdiscussed in sectioh.1.2.2 gene expression microarraiata has beemsed
to identify distinctmolecular subtypesf breast cancer, which yields important
prognostic ad predictiveinformation. Amongstfive coremolecular subtypes
(luminal A, luminal B,HER2+ basallike and normal breadike), the worst
overall survival andelapsefree survivalvere observed in HER2Znd basalike
subtypes (Sarlie et al., 200 Sgrlie et al., 200Botiriou et al., 2008In addition

to its prognostic value, genetic profiling provelesome information on
predicting reponse tospecifictreatments, e.g. HER2+ breast cancer respsnd
to HER2 targetd agents; andhormore therapies are very effective in the
luminal breast cancenvhereas basdlike subtypeis difficult to target due to
the lack of ER, PR and HER2 exprediore detailswill be discusedin section
1.1.4.3and 1.2 Thecharacteristics of each intrinsic molecular subtype of breast

cancer aresshown in Tabld. 5.

Tablel.5 Characteristicprognosis andreatment for five subtypes
5-year OS DFS Recommende:

Characteristié
(%Y (%f treatment?
. ER+and/or PR+, HERRi67
Luminal A R 90.3 86.8 HT
low
ER+and/or PRHERZor HER2+
Luminal B . . HERZ )88.7 83.2 HT, CT
K67 high
HER2+ (amplified and/or
HER2+ (amp 78.8 66.0 Ant-HER2CT
overexpressed), ER
Basallike ER, PR, HERZ(triple negative) 79.0 735 CT
Normalklike Not relevant - - Not relevant

Abbreviations: ER, oestrogenceptor; PR, progesterone receptor; HER, human epidermal
growth factor receptor; OS, overall survival; D#Seasefree survival HT, hormonal therapy;
CT, chemotherapy(Norum et al., 201} %(Onitilo et al., 2009

1.1.3.8 Other factors
K67 proliferation index has been used to evaludite prognosis ofbreast

cancer patients. K&7 isa nuclear protein that is expressed in the G1 tigh
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M phases of the cell cycle, thus the percentage e Kpositive cells can be
used as a indicatorof cell proliferation(Fitzgibbons et al., 2000Bvidence has
shown that patients witlBBRCAInutations have a significahg worse breast
cancerspecific surwial than those withoutBRCAImutations, however such
significant difference havenot been seen in patients witBRCA2nutations.
BRCAInutations are associated with breast cancer mortality, in patients who
received surgery alonéRobson et al., 2004 There are other factors such as
EGFR, p53 and cathep$n etc; most of the markers have shown prognostic
values, withconflicting results. However the lorigrm prognostic roleof such
factors and their independent value in multivariate analydiave notbeen
confirmed, thus they have not beedopted foruse in routine clinical practice
(reviewed in(Fitzgibbons et al., 2000 The summary of main prognostic and

predictive factors is shown in Taldes.

Table1l.6 Summary of main prognostic and predictive factors
Prognostic Predictive Time-dependent

Age at diagnosis K
Tumour size K
Axillary lymph node K K
Differentiation
Histological type
Histological grade
Lymphatic/vascular invasion
ER/PR status K K
HER?2 status K
Genetic profiling K K
(Warwick et al., 2004Arriagada et al., 20Q&oerjomataram et al., 20038

X

X XRRR

1.1.3.9 Novel nulti-gene assays

Duringrecentdecades, multgene signaturehaveemerged as usefalternate
toolsto provideprognostic and predictive informatioMammaPrin® (Agendia)

is a 76gene microarraypased assay and was the first gene signature approved
by the FDA(U.S. Food and Drug Administratio@urrently MammaPrint® is
performed, in certain countries and centregs a prognasc tool for patientsof

<61 yearsith node-negative, stage I/l angize <5cm tumour@/Neigelt et al.,
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20109. Another 50gene profiling toglcalled Predictiornalysis of Microarray
(PAM50),has beenrecently cleared bythe FDA(Toss and Cristofanilli, 2015
PAM50 generates a numerical scotee riskof relapse score (ROR)at can be
used to estimate the efficacy of neoadjuvant chemotherapyode-negative
patients(Parker et al., 2009The 21geneOncotype DX® (Genomic Healilas
developed using quantitative reserve transcription polymerase chain reaction
(QRTFPCRApassay to assess the risk of distant recurrenices. being increasingly
usedto predict the outcomesof adjuvant chemotherapy in B-and node
negative patientgToss and Cristofanilli, 20030ther novel multgene assays
includes a | LJv dzl y (i 5 E) Bréatt LJAaARS ViedSM (BCI;
BioTheranosticsand IHC4, the comparison and evaluation betwsanhtests
are ongoing in many clinical triaEming to provideaeproducible and acaate
prognosticpredictive information (reviewed if\Weigelt et al., 2010aloss and
Cristofanilli, 201).

1.1.4 Treatment strategies

Optimal treatmentstrategies catimit recurrence, control metastasis, enhance
AadzNBAGEE a0l ddza YR AYLINRGS LpatiestSy 1aQ |
require adjuvant therapy after primgr surgeryto achieve better clinical

outcomes Adjuvant therapy includes radiotherapy and systemierapy;the

latter encompassefiormone therapy, chemotherapy and biological targeted

therapy.

1.1.4.1 Surgery

The main aim o$urgeryis to completely remove thprimary tumour with local
excision of lymph nodes, to minimitecal/distant recurrenceSurgery is the
first treatment option for operable breast cancer patientand includes
mastectomy and breast conserving surgery (BCS). BCS reféing focal
removd of the primary tumour and regional lymph nodes, which is more
frequently applied than mastectomfAssociation of Breast Surgery at BASO,

2009. It has beenshown thatthe long term survivabf patientswho receivel
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BCSs equivalent to that irpatients who receivad mastectomy;though, BCS
appeared to significantly increas¢éhe local recurrence compared to
mastectomy(Veronesi et al., 2002Breast conserving therapy (BCT) includes
BCSnd adjuvant ratbtherapy. Radiotherapy has been shown to significantly
decrease 1§ear risk of recurrence and dear risk of breast cancer mortality
from 35.0% to 19.3% and 25.2% to 21.4%, respectively (EBCTCG, Borlla).
the patients who had mastectomy as treatmentthe possibility of breast
reconstructionis often discusse@nd is performed during the primary surgery

when possible(Association of Breast Surgery at BASO, 29aéold, 2009p

1.1.4.2 Radiotherapy

Radiotherapyis given as djuvant treatmentfollowing surgeryto limit the risk
of local recurrencelnternationally,radiotherapy is deliveretb a total dose of
50 Gy, in 25 fractions of 2 Gy given owIr33 day period In the UK,
hypofractionated radiotherapy has been extensyeised for early invasive
breast cancer patients, withigher doses per fractiowith the advantage of
lower total doses and shorter overall treatment tirre40 Gy in 15 fractions
over 3 weekgYarnold, 2009c Along term followup studyhas confirmed that
hypofractionated radiotherapyan resultin fewer complicationsi(e. breast
shrinkage, telangictasia, and breast oedemajpompared withthe 50 Gy
regimen and the loco-regional recurrence rate didot differ betweenthose
two regimens(Haviland et al., 20)3As mentioned abovén sectionl.1.4.]),
radiotherapyafter breast conselng surgeryhas been shown to significantly
reducethe risks of recurrence and breast cancer mortaliggBCTCG, 201)1a
Recently, anovel radiotherapy technique called targeted intraoperative
radiotherapy (TARGITas beenntroduced It delivers single dosef radiation
directly to the tumour bed; the processnormally finishes within 2@5min
during the operation TARGIT has been shown dmnificantly reduce non
breastcancer mortality;andit does notcauseany difference inbreast cancer
mortality or overall mortality empared with external beam radiotherapy

(EBRT)However, the 5year risk of local recurrence in TARGIT group was
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significantly higher than that ithe whole breast radiotherapy group (3.3% vs
1.3%)(Vaidya et al., 204 TARGIT trials have been conducted in particular
subsets of patients (i.e. womeaged 45 and older)t remains to be seen if it is
as effective in other groups (i.e. higisk) a TARGFB superiority trial (TARGIT
boost vsEBRDoost, clinicaltrials.gov identifier: NCT0179272¢as startedin
2013 aiming to assess its efficacy inmem with high risk of local recurrence
As only 1222 (35%) patients reached a median follow up of 5 ydedong
term effect of TARGIRIso remais to be assessed before being applied as

standard procedure.

1.1.4.3 Hormonre/endocrine therapy

Breast cancer patints whose tumouwsare ER and/or PBxpression positivare
considered to be potentially responsive to horneotherapy. The ways to
interfere with oestrogen levels inclugovarian ablation/suppressiqithe use of
selective oestrogemeceptor modulators (3BMs) é.g. tamoxifen) and
aromatase inhibitors (Al&.g.letrozole) (Puhalla et al., 200)2The seledbn of
treatment(s) is related with menopausal statusGenerally tamoxifen is
recommended for premenopausal patients, wkil Als are favoued for
postmenopausal patientsTamoxifen acts as an antagonist of oestrogen by
blocking oestrogen receptors the tumour cells(Lewis and Jordan, P6). As
mentioned in sectionl.1.3.6 ER breast cancer patients have a reduced
recurrence rate and breast cancer mortality rate affee years of adjuvant
tamoxifen Alscan prevent other hormones from traforming into oestrogens
by inhibiting aromatase enzymes, leading to subsequent decreased level of
oestrogen.Asthe ovariesare the main organ produas of oestrogen,Alscan
function in women with dysfunctioral ovaries (e.g. postmenopausal patients
and ovarian ablation/suppressign Evidence has demonstrated that the
application of Als either before or after using tamoxif&m cause reduction in
recurrence riskPuhalla et al., 20)2Recently hormoa therapy has beensed

in the neoadjuvant setting for BRpatients who havean inoperable tumour

and/or are not suitable for surgeryyith the aim of improwng the probability
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being able to conduct amperation.The objective response (OR) of neoadjuvant
hormonre therapy is approxmately 40%,and its high tolerability makes it an
attractive option for postmenopausglatients with ER+cancers(Smith et al.,

2005 Holmes et al., 2015

1.1.4.4 Chemotherapyand targeted therapy

As one of the most cheosensitive types of solitbimour, singleagentand
polychemotherapy hae been appliedin treating breast canceraiming to
reduce recurrencecontrol micrometastases and extend G A Swvival Q
(Hassan et al., 20)0 Conventional cytotoxic anticancer agentsnclude
alkylating agents, platium compounds, antimetabolitegnthracyclines and
tubulin-binding drugs Another type of cytotoxic agent is tyrosine kinase
inhibitors; seveal small molecular kinase inhibitors have shown activity in
different types of tumours, such as lapatinib in breast cancer and erlotinib in

non-small cell lung cancékind, 201).

Generally, in conventional treatment, polychemotherapy regimens are
extensively usedbr routine treatment of both early stage and advanced breast
cancer; examples include CMF (cyclophosphamide, methotrexate ddi),5
FEC (8U, epirubicin and cyclophosphamide), AC (doxorubicin (Adriamycin®)
and cyclophosphamide)-EMF (epirubicin, follwed by CMF), TAC (docetaxel
(Taxotere®), doxorubicin and cyclophosphamide) (reviewdgiassan et al.,
2010). Patients with locally advanced breastntaurs, or inflammatory
tumours, are also given neoadjuvant or preoperative chemotherapy.
Chemotherapy is also used together with targeted therapy; details are

discussed below, in sectidn2.

Although platinumagents have not traditionally been used to treat breast
cancer there are recent studies suggest that they may be highly effective in
particular cases i.EBRCA/2 mutation associated breast tumour and TNBC.

a neoadjuvant triglpatients were receivedegncitabine (G) and carboplatin (C)
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plus iniparib, the overalpathologic complete respons@CR was 39%. And
patients with TNBC anBRCA1/2nutation achieved a higher pCR rate (56%)
than patients withwild-type BRCA1/Z33%)(Telli et al., 2018

Another approach, still under active investigation, is the concept of synthetic
lethality ¢mutation in either gene alone leads to viability but simultaneous
mutation in both genes causes death. Targeting the genes that are synthetic
lethal to such mutations can kill only cancer cells without having effects on
normal cells (with intact gee function) (reviewed ifKaelin, 2005. An example

is the use of poly (ADRbose) polymerase (PARP) inhibitord8lRCAmutation
tumours.BRCA are involved in DSB repair, and PARP1 is ameninyolved in
SSB repaifLord et al., 201p The use of higher dose of Olaparib (a novel PARP
inhibitor) achieve an objective response rate at 41% (11 of 27) in women with
BRCA or 2 mutation and advanced breast tumours, with low grades toxicities
(Tutt et al., 201]

A growing number of molecular targets have been identified in breast cancer
and several targeting agents are available or currently under investigation.
Examples include agents that target HER1 (EGHER2, HER3, HER4 and
insulinlike growth factor 1 receptor (IGER); agents target intracellular
signalling pathways (PI3K/AKT/mTOR); -angjiogenic agents (vascular
endothelial growth factor, VEGF) and agents that target cell cycle regulation and
heat stock protein HSP90. Recently, as mentioned above, the effect of poly
ADPribose polymerase (PARP) inhibitors has been investigateBRGA1/2
mutation breast cancer and TNBC (reviewed(Mohamed et al., 2013.
Amongst these, targeting the EGFR family has shown the greatest effect and is

widely used in HER2+ breast cancer treatment.

1.2 HERZ2drgeted therapy m breast cancer

1.2.1 Mechanismsof action

HERZelongs tathe human epidermal growth factor receptor (EGFR) family,
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has three homologous receptors: HER1 (EGHERBB)L. HER3 and HERvhich
arealltyrosine kinas€TK)yeceptors. Structurally, they have ¢ domainsthe
intracellular TK domain, transmembrane domain and extracellulegand
bindingdomain. HER1, HER3 and HER4 are activatestégtorspecifidigand
binding at the cell membrane, followed by horfeeterodimerization with
other family membes. HER2 does not bind with any ligands, but when it is
overexpressed in breast tumowells it becomesa favoured cereceptor to
form heterodimers with other family membersr formshomodimeswith itself.
Dimerization leads tofurther activation of TKsfacilitating phosphorylation
cascads to trigger downstream signalling pathwaySonsequentlyactivated
downstream signals disrupthe expression ofseveral gens which can
accelerate tumorigenesis via promoting tumour cell proliferation, survival and
invasion(Figure 1.1) (Hudis, 2007Rimawi et al., 2015 Exceptionallyalthough
HER3has a defective TK, HER2/HER3 heterodimeation function can be
effectively attenuated by PI3K inhibirindicating its involvement ithe PI3K
pathway(Junttila et al., 200p

ligands @]
Q@ ’\ HERL, HER2,
HER3, or HER4,

e N

L P

Figurel.l Signal transduction by the HER family and potential mechanisms

of action of trastuzumabReproduced with permission frofiHudis, 200y Copyright ©
Massachusetts Medical Sogjet
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There are two classes of targeted drugs used in treating breast cancer:
monoclonal antibodies and small molecular inhibitors. Monoclonal antibodies
usually bind to the receptors to inhibit ligadmnding or dimerization; this
enables recruitment of imnme effectors (i.e. natural killers, NKs) or stimulates
an antibodydependent celmediated cytotoxicity (ADCC) effect. Small
molecules can effectively supress&se activation of the protein (reviewed in
((PérezGarcia et al., 20D). So far theFDAhasapproved several HERargeted
agentsfor HER2+ breast cancer, including monoclonal antibodies trastuzumab
(Herceptin®pnd pertuzumab (Perjeta®)the TK inhibitor lapatinib ditosylate
(Tykerb®), and trastuzumab drug conjugate Adrastuzumab emtansine {T
DMLYl ROt Fno®d {2YS 2F (GKS RNHzZZA I NB 02Y

chemotherapy depenitdgon the different clinical créria.

1.2.2 ApprovedHER?2 targetedtherapies

1.2.2.1 Trastuzumab

Although ADCC may be an important component to the efficatastuzumab
direct cellular effects, several mechanisms disrupting downstream signalling,

are also verymportant (Figurel.2).

1
F
B Trastuzumab
! Antigen binding
a» Humanized
C HER2 HERL, HER?,
HER3, or HER4

AT \ L‘\\\\\;\\\;‘l 1)
WA fREhaRARS
'y

~quged CEEESS

Signal-transduction pathways

Figurel.2 Signal transduction by the HER family and potentlméchanisms

of action of trastuzumabReproduced with permission frodudis, 200y Copyright ©
Massachusetts Medical Society.
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1) p95HERZs a truncatedactive form of HER2, cleavage of the extracellular
domain of HERRads tothe exposire of p95. Binding of trastuzumab to HER2
may reduce cleavage of the extracellular domain, which Islp&&-mediated
signal transduction; 2)rastuzumabmay directly disrupt HER2 hoot or
heterodimerization, thereby interrupng activation of downstream signalling;
3) trastuzumabmay cause tumour cell death viecruitingimmune effectos or
initiating ADC; 4) andrastuzumabmay result indegradation of HER2 itself
through endocytosis The possible mechanisms of trastuzumab can be
summarised as: reducing shedding of the extracellular domain, inhibiting
receptors home&heterodimerization, inducing immunec#vity and causing
endocytic degradation of the HER2udis, 200Y. In addition, by using a novel
guantitative assaya studyhasdemonstratedthat the quantitativevalue ofp95
expressionis significantly associated witprogressionfree survival(PFSand
overall surviva{OS)n HER2breast cancer patientgeated withtrastuzumab,
implying p95 may be a usefblomarker for assessingastuzumab response
(Duchnowska et al., 20)4uch a conclusion may, however, be preora as
certain studies suggesto prognostic/predictive significance with respect to
p95 expressionin another immunohistochemical studg=38) the p9SHER?2
expression was notssociated with overall survivgbrogressiorfree survival

and response torastuzumal(Kocar et al., 2014

Trastuzumahs the first targeted agent for treating HER2tetastatic breast
cancer(MBCandwasoriginaly approvedor usein combination withfirst-line
chemotherapy A study of trastuzumab in early stage HER2+ breast cancer
reporteda significant reduction ithe first disease eventseasefree survival
andrisk of death inthe trastuzumab group compad with the control group,
which led tothe FDA approval of trastuzumah combination with adjuvant
chemotherapyfor treating operable HER2+ breast cancer pati¢Rismond et

al., 2009. The efficacy of trastuzumalhas also been assessed in the
neoadjuvant setting.The addition of trastuzumab to anthracycline/taxe

based neoadjuvant chemotheragyas shownbenefit in terms of pathologic
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complete respons€31.7% vs 15.7%s control group)(Untch et al., 201
Despite trastuzumab shang impressiveeffects on improving HER2+ breast
cancer patient outcomén the both adjuvantand neoadjuvant setting some
patients still show resistane to therapy One study demonstrated that the
proportion of patients surviving free of disease was 93.9%ear 1, 85.8% at
year 2, 79.4% at year 3, and 75.0% at yegBdnifazi et al., 204 The
mechanisns of such trastuzumab resistangeinherent or acquiredyemain
unclear;more will be discussed in Chapter Bherefore, several attempts have
been made to identify biomarkers to assess those patients that may not
respond to trastuzumab. Previous resulfrom our group indicate that
determining the expression of the protease calpaimay be of benefiin this
regard(Storr et al., 2011

1.2.2.2 Lapatinib

Lapatinib (GW2016)asdesigned a adual tyrosine kinase inhibitor (TKI) of
HER1 and HER2. Unlike trastuzumab, which bintdhetextracellular domain of
HER2, lapatinib binds to the intracellular domains of HER1 and HER2 to inhibit
receptor phosphorylation and activation of downstreagnalling An earlier
clinical stug demonstratedthe benefits of lapatinib in combination with
capecitabinein HER2+metastatic breast cancepatients whose disease
progressed after adjuvant trastuzumalwhich led to the FDA approvaf
lapatinibfor HER2 metastatic breast cancdGeyer et al., 2006 The Adjuvant
Lapatinib and/or Trastuzumab Treatment (ALT3t@Jyhasreportedthat in the
adjuvant settingthat, using either lapatinib plus trastuzumab regimen or
lapatinib followed by trastuzumab regimeiboth regimens failed to show
superior benefis on improvingdiseasefree survivatompared to trastuzumab

monotherapy(PiccartGebhart et al., 2014

1.2.2.3 Pertuzumab
Aiming to overcome trastuzumab resistance and improve survigather

monoclonal antibodypertuzumah has beerdevelopedandrecentlyapproved
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for the treatment of HERR metastatic breast canceiPertuzumabis also
directed againstthe extracellular domain of HER#yt an epitope ofdomain Il,
which isdifferent from the binding of trastuzumab in domain I¥canprevent
HERZrom dimerizingwith other family members,itereby blocking activation
of downstream signallingFranklin et al., 2004Promising results from clinical
trials have shown thatthe addition of pertuzumab to trastuzumab and
docetaxel leds to significant improved progression free survival and overall
survival, and similar reéis were observed wittextendedfollow-up (median
follow-up of 50 months)Baselga et al., 2012Bwain et al.2015. Therefore,
dual HERZ2 blockade of pertuzumab and trastuzumab can result in an enhanced
anti-tumour activity thatcannot be achieved by pertuzumab or trastuzumab

alone.

1.2.2.4 Ado-trastuzumabemtansine

Trastuzumakemtansine (IDM1) is an antibodydrug ®njugate consishg of
the humanisedmonoclonal antibody trastuzumab andnacrotubule inhibitor
emtansine (a maytansinoid derivative). Trastuzumabshmith DM1 through a
non-reducible linker (MCC) that allows the conjugate be releasel
intracellularlyafter binding to HER2with increased effect and reduced toxicity.
Studieshave demonstrated thafl-DM1 maintairs all theactivemechanisms of
the unconjugated trastuzumab; but alsprovides enhancag anti-tumour
activity in vitroand in vivo(Junttila et al., 2011 A clinical study of 991 HER2+
metastatic breast cancgratientshasshown thatthe use ofT-DM1 can addan
extra 3.2 monthgo the medianprogression free survivaind 5.8 monthgo the
median overall survivalcompared with those who received lapatinib and
capecitabingVerma et al., 2012 The superiority of DM1 has been proved by
comparing wih other HER2 targeted regimens; it Heenshown that TDM1
can significantly improveprogression free survivaloverall survivaland
objectiveresponsecompared with other HER2 targeted therap{&sop et al.,
2014). The promisin@nti-tumour effects of T-DM1, and goodtolerance of the
drug, led to FDA approval ofDM1 in HER2metastatic breast cancgatients
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who had been treated with trastuzumab and taxatee provide additional

treatment optionsfor patients.

1.2.3 Other targeted agents

Neratinib (HKR72) is an irreversible, smaiiolecule orally administrated TKI
with activities against HER1, HER@ BIER4. It binds to the intracellular domain

of the receptors to disrupt autphosphorylation. A recent phase lll trial of
HER2+ early breast cancer patients shows that the addition of neratinib to
trastuzumab can improve invasideseasefree survivalDFS, IDFS, DFS+DCIS) in
patients at year 2 after the treatments. Further three year foHopvis currently
underway(Chan etl., 2015. Another small molecule TKI, afatinib (BH2992),

is a dual irreversible blocker of HER1 and HERZ2, inhibiting all signalling from
homo- or heterodimers formed by other family members. The efficacy of the
drug has been evaluated in HER2+ rs&dtc breast cancer patients whose
disease progressed after trastuzumab treatment. Results showed that patients
given afatinib oncelaily can reach a medigmrogressioAfree survivalat 15.1
weeks and medianverall survival at 61.0 weekkin et al., 201 Clinical trial
results of novel TKIs areny promising and a number of trials are underway to
assess their effect in treating HER2+ patients who experienced failure to

trastuzumab treatment.

Additional novel agents are under development. Amongst these;MMis a

novel biespecific monoclonahntibody directed against both HER2 and HERS3.

It contains two different monoclonal antibody fragments thus can bind to two

types of the antigen. Mammalian target of rapamycin (MTOR) plays a role in
mediating cell growth and proliferation by regulating a&ation of the PI3K/AKT

signalling pathway. Given the fact that the PISK/AKT signalling pathway is tightly
associated with HER2 family signalling, inhibitors of mTOR have been
investigated as potential antumour agents in HER2+ breast cangeiQ { dzf t A @I y
and Smith, 201 Heat shock protein 90 (HSP9O0) is a chaperone protein that

interacts with over 200 proteins, the lar includes apoptotic factors, protein
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kinases, transcription factors and many other proteins involved in pathways
that are dysregulated in cancer cells (e.g. EGFR family). Several studies are in
progress to assess the potential of HSP9O0 inhibitors irbawation with other
anti-HER?2 agents and regimens (reviewe(Linet al., 2018. A recent clinical

trial assessed the efficacy of HSP90 inhibitor AUY9Z2GRRnutant lung
cancer patients, the partial response rate was 16% (4 of 25 patients), however
this was limited by the drug toxicitiese.g causingdiarrhea, hyperglycemia,

and night blindnesg§lohnson et al., 20)5Therefore the efficacy and long term

use of HSP9O0 inhibitors still needs to be confirntexamples of approved and

novel HER2 targeted agents are summarised in Table 1.7.
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Tablel.7 Important currently approved and novel HER2 targ_]eted agents in HER2+ breast cancer

Agents  Molecular targets Mechanisms of actioh FDA approal*?
Trastuzumab mAb HER2 extracellular domain Inhibits dimerization HER2+ EBC and MBC(adjuva
Lapatinib Dual TKI HER1&HER?2 intracelluleK domain Prevents receptor HER2+ MBC

phosphorylation
Pertuzumab mADb HER2 extracellular domain Inhibits dimerzation HER2+ MBC (adjuvant)
HER2+ EBC (neoadjuvant)

T-DM1 Drug HER2 extracellular domain Delivers cytotoxic drug to HER2+ MBC

conjugate HER2+cells
Neratinib TKI HER1,HERHER4 intracellular TK Prevents autephosphorylation Not FDA approved

domain

Afatinib Dual TKI HER&HER?2 intracellular TK doma Inhibits kinase activity Not FDA approved
MM-111 mAb HERZHER3 extracellular domain Inhibits dimerization Not FDA approved
AUY922 HSP90 HSP90 Inhibits signal transduction Not FDA approved

inhibitor
Eveolimus mTOR PISK/IATmTOR pathway Inhibits signal transduction Not FDA approved

inhibitor

Abbreviations: mAb, monoclonal antibody; HER1, human epidermal growth factor redepttiER2, human epidermal growth factor recegoHHERS3,
human epidermal growt factor receptor3; HER4, human epidermal growth factor receptdr EBC, earlgtage breast cancer; MBC, metastatic breast cancer;
BC, breast cancer; TKI, tyrosine kinase inhibitor;; RiB#&sphatidylinosite3-kinase; mTORnammalian target of rapamyti T-DM1, adetrastuzumab
emtansine; FDA, Food and Drug AdministratigAwada et al., 2002%th Q{ dzf t A@Fy Y YR { YAGKZ wnAawmn
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1.3 Calpairsand calpastatin

As mentionedn section1.2.2.] studies from our group have suggested that
expression of calpain, a proteolytic enzyme, may be involved in trastuzumab
response (Storr et al.,, 2011 Calpains, and their eondenous inhibitor
calpastatin, may, as indicated below, bevolvedin a number of important
processes in relation to cancer progression and treatment response, with
studies having been conducted in numerous tumour types including breast

cancer(Zhang et al., 201 Zai et al., 201ai et al., 2014Zheng et al., 2014

1.3.1 Biology ofthe calpain system

1.3.1.1 Nomenclatureand structures

The calpain family is a group oalciumactivated proteolytic intracellular
cysteine proteases (EC 3.4.22Clan CA, family CZxpresseth a wide range

of cells and tissuegGoll et al., 2008 A neutral proteinaseextracted from rat
brain, in 1964,was first describd by Guroff(Guroff, 1964 and waslater also
extracted from chicken skeletal muscle, purified to a homogenous state and
named as calciurmactivated neutral protease (CAN@hiura et al., 1978 The
cDNA for calpain wadaned by Ohncet al, in 1984 revealingthe complete
structure of the calpain catalytic subunit; awthrifyingthe functions of two
important domains DIl and DI{Ohno et al., 1984 Subsguent cDNA and
genomic cloning studies led tthe identification of severatalpainrelated
molecules,including its endogenous inhibitor calpastati@alpains can be
named based on the corresponding gene produetg},. CAPN1CAPNZ2and
CAPNS{Goll et al., 2003Sorimachi et al., 201@no and Sorimachi, 2012t

the FASEB Federation of American Societies for Experimental Biglogy
conferencein 2001, a numerical calpain nomenclature was proposed: calpain
1 (large subunit encoded by CAPNL1), calgaiflarge subunit encoded by
CAPN2)calpain3 (encoded by CAPINZalpaind (small subunit encoded by
CAPNS1])etc. >-calpain and nralpain are used to denote conventional
heterodimer ofcalpairl and small subunignd heterodimer of calpai2 and

small subunitrespectively.
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There are at least5 calpain isoformshat have beemndentified;two of themost
extensively studiegand ubiquitously expressedd & 2 T 2 Ny’ a lcald@in YA ONZ
and milli (m)calpain; as well as their only known endogenous inhibitor,
calpastatin(Goll et al., 2008 Human>- and m-calpainwere first described
according tothe level of calcium ions required for their activatiam vitro
(Dayton et al., 1981 Both>- and mcalpain are heterodimers, shariagsimilar
28-kDa regulatory subunita(socalled calpair4, encoded by CAPNSWhilst

the 80kDa catalytic subunits amistinct calpainl isencoded by CAPNdnd
calpain2is encoded by CAPN2spectively{Goll et al., 2003Storr et al., 2011a

Ono and Sorimachi, 20LZ'he catalytic subunit and regulatory subunit can be
divided into four domains (DI to DIV) and two domains (DV to DVI), respectively
(Figure 1.3).

DI Dlla Dllb Dill DIV
necalpain [ [ (T ] I (00 000 caen
Protease C2-like EF hands
DV DVI
L 100 Q00 capns:
EF hands
Classical EF domain calpains Atypical non-EF domain calpains
CAPNL 2,8, | 1 [T U0V OO0 cApNs [T ] [TC7
9*and 11-14 and 6
capns* [NSIT TSSOV caeny [ T T |
capno* [ T T |

SOLH[00Zn fingers Q01 | \

Figurel.3 { OKS Yl G A O &calpabirOdiedztid®r agd¥calpain family
members. Reproducedfrom (Storr et al., 201a) , Nature Reviews Cancer, 11, 3B24;
Copyrigh? 2011 by Nature Publishing Group with permission conveyed through Copyright
Clearance Centre Inc.

Dl is autolysesvhenactivated by C&, occurring famway from the catalytic site;
andDII contains tw core subdomains Ila and llb the absence of Cathe two
subdomainsandissociate from each othelt is a highly conseed domainin
the calpain familyunderlyinganimportant role inregulating proteinfunction.

DIl is characterised by C2like (2L) domain andis involved instructural
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conformationwhen interactngwith calpastatin. Both DIgihdthe homologous
DVlcontans five EFhands (pentéEF handPEF) these arethe domairs that
are involved in calcium bindinga fifth EFhand interactswith CAPNSAnd
CAPN2ndis responsible for thbeterodimeric structurgSorimachi et al., 2010
Storr et al., 2011g

Some studiegefer to >-calpainand mcalpaint & G O2y @Sy i withy | £ O
other calpainsbeingreferredto & & dzy O2 y @S Mk 2.y & RO | 2 yLJI
structuralcharacteristig, the calpain family can be further subdivided into two

groups: typical/classical and atypicalfmalassicalAs shown irFigurel.3 the
GiG@LIAOKT ¢ OF f LDVAwhiEh ishang®& by Showing thé dintilarity y R

to the calpaincatalytic subunits. Nine out of fifteen calpains are typical calpains:
calpainl to-3,-8,-9, and-11 to-14. The atymal calpaingonsist of molecules

that have irregular C2L domain and missingh&ikd sequences in DIV, which

are considered to have mechanismfactiondifferent from typical calpains.

The atypical calpainsiclude calpairb to -7 and-10, as well as SOLEmall
optilobe-homology) and PalB subfamili€¢Soll et al., 2003Sorimachi et al.,

2010. In addition tothe structural characterstics, calpain can bgrouped

depending ortheir specific tissue expressio®f the 15 calpain members, six

are expressedn atissuespecificfashion the remainng nine are ubiquitously
expressed. The tissue specific calgaare calpaiR3 (skeletal muscle);6

(placenta and embryonic muscle},and9 (gastrointestinal systenil 1 (testis)

and-12 (hair folliclesjSorimachi et al., 20)0Care should, however, be taken

when considering tissue specificity as although certain calpains are
preferentially expressd in certain tissues they may also be expressed in other
tissues, albeit at much lower levels, or in different pathological conditjeuiis

be discussed in sectidn3.1.3.

1.3.1.2 Activation and regulation mechasims
The calpains can be activated by the presence of calciumeatrdcellular

signatregulated kinase (ERK) througfowth factorsignallingwhilstits activity
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can be regulated by autolytic cleavage, interaction with phospholipids,
phosphorylation, andnore importantly, its adogenous inhibitor calpastatin. In
tumour cells, calpain activity is also correlated with hypoxia and autophagy,

isdiscussedn subsequentsections

The molecular mechanism of calpain activation invotwas stages. Bindingfo

Ca&*leads to conformational changes in DIII, DIV andofbwed by binding of

C&* to the protease domains (lla and lldgading to rearrangement dhe

active site cleffMoldoveanu et al., 2002 Evidence ha shown that autolytic

cleavage ofhe N-terminal anchor peptide, followed by dissociatiortioé small

subunit fom the large subunitcan significantlyeduce C&* requirement for
activation(Nakagawa et al., 2001n addition to C#& regulation calpaimactivity
isregulatedin vivobythe endogenous inhibitor calpastati@alpastatirconsists

of a noninhibitory l-domain and four 15kDa repetitive inhibibry domains.

Due toitsd A YA NI f £ & dzy & G NHzO (i dzNB R with yiptal dzNB =
four calpain heterodimers independentliyjhe nhibitory domairs contain three

regions (AC) In the presence of C§ a shift of EFhands leads to exposure of
hydrophobic areas, which allows region A and C to bind with DIV and DVI (PEF
hand) on calpains, respectiveRegion B binds to DIII of calpain and bldbles

active site cleft only in the presence of calciiviendt et al., 2004Hanna et

al., 2008. The presence of DIl to DVI is essentiaklieregulatory effects of

calpastatin; calpain isoforms that do not have these domains can escape
inhibition by calpastatin, thus calpastatiny KA 6 A 1d 2yf & RAYSNARO
and mcalpain) (Moldoveanu et al. 2009. The structural overview of

calpastatin bound to ntalpain is shown in Figurez{Moldoveanu et &, 2008.
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Figurel.4 Complex between Cé&bound mecalpain and calpastatin.
Reproducedrom (Moldoveanu et al., 2008 Nature, 456, 404:08; Copyrigh? 2008 by Nature
Publishing Group with permission conveyed through Copyright Clearance Centre Inc.

The intracellular localisation of calpastatsalteredduring calpain activation,
which regulates interaction between calpastatin and calpaifs. early study
has shown that calpastatin, unlike calpains that are dispersed in cytosol,
accumulate close to nuclear invaginations, forming granlike structures.
Followingan increase in G4, calpastatinwas redistributed into the cytosol
(Tullio et al., 1999. Additionally, in vivo data showed thatthe cellular
localisation of calpastatin, as well asetlevel of soluble calpastatin protein
during calpain activation, was directly regulated by protein kinase A (PKA)
phosphorylation and phosphoptein phosphatase (PPasdg¢phosphorylation.

In vitro data show thathe phosphorylation of calpastatiis regulated by both
PKA and protein kinase C (PK¥erna et al., 2001

The calcium requirement for calpain activation can be altered through
interaction with phospholipids; the lattdpeingimportant componens of the
plasma membraneCalpain has been shown taeteract with phospholipid at

the plasmamembrane which allowsactivation ata lower C&* concentration.
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Among three phospholipids hpsphatidylinosito4, Sbisphosphate RIB) has
the highest level of interactivity for calpains, followed by
phosphatidylinosito4-monophosphate RIB, then phosphatidylinositol )
(Saido et al., 1992

Phosphorylation is another importantayto regulak calpain activity. Evidence
has shown that ntalpain is directly activated and phosphorylated EiKin
response to growth factor smglling further regulatinggrowth factor related
cell motility and adhesionGlading et al., 2004 Moreover m-calpain is
restricted by PKA phosphorylation at a specierine site in DIl he
phosphorylationcan limitdomain movement and retain foalpainin ad ®zBiE
state (Shiraha et al., 2002 Another study however, suggests that
phosphorylation of ERK or PKA has no direct reguyaffect on mxcalpain;in
fact, its activity is modulated directly by redistribution ofaalpain to the
plasma membrane and binding to Rl this contextERK phosphorylation of
m-calpain promotes its binding to BIRat the membrane; whilst PKA
phosphorylation of rrcalpain nhibits its binding to PHPand keeps rrcalpain
away fromthe plasma membrane, thus leading to negative controltloé
activity (Leloup et al., 2000PN2 0 SA Yy 1 A Yy lads&involved inthe Y/ © 0 2
phosphorylation of both>- and m-calpain,andis relatedto nicotine-induced

cell migration and invasion in lung cancer cefls and Deng, 2006

In all the activity of calpains in cells is strictly regulated by several mechanisms;
including adjusting CGarequirement for the activation, autolytic cleavage,
phosphorylaion, interaction with substrates (e.g. phospholipids, protein
kinases)calpastatin interactionsndboth calpain and calpastatintracellular

location @s discussed aboye

1.3.1.3 Calpains in health and disease
Aberrant calpain activitypr gene mutationgn calpain family membeysan lead

to a number of diseases/pathological disordeas, well agumorigenesisFor
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example, be interruption ofcalcium homeostasisads tocalpain dysregulation,
which resuls in both acute neurodegenerative disorderand chronic
neurodegemrative diseaseg(g.! f T KSAYSNADE RAANBAFE2Y Qa
(PD)and Huntington diseas@HD) (reviewed in(Voskr et al., 200§). Increased
calpaincleaved alphdl-spectrin and its breakdown products were found in the
cerebrospinal fluid (CSF) of traumatic brain injury (TBI) patients, compared
patients with other central nervous system (CH&prders(Farkas et al., 2005
RecentlyAD patients hae shown increased level of calpain activitydBFand
combining calpain activity in CSF with other traditional CSF biomapkiis
42, htau, and ptaul81)might provide prognostic valuein AD patientgLaske
et al., 2019. In terms of other calpain family membersutations in CAPN3
(also called p94encodng calpain3) havebeen foundto causeskeletal muscle
disorderlimb-girdle musalar dystrophy type 2A diseageGMD2A), which is
also the most extensively studied human calpainopdfRighard et al., 1995
Ono et al., 201p Studiessuggested thepolymorphisnsin CAPN10 (encauy
calpainl10)could affectsusceptibility to type 2 diabetgglorikawa et al., 2000
Calpains havealso been foundto be associted with a wide range ofother
disease states, including cataracts, multiple sclerosis, polycystig syagrome,
ageng, cardiac disease and pulmonary hypertension (revieweatz and
Starling, 2005Chakraborti et al., 2092 As discussed in sectidn3.1.2 both

>- and mcalpain are tightly regulated by their endogenous inhibitor calpastatin,
thus aberrant calpain activity sometimes comes alonith vdysfunction of

calpastatinwhichwill be discussed below.

L y i SNB & éntl yngalp&ir has>been shown tplay important roles in
progenitor function. Results from transgenic mice have demonstrated
fundamental roles for calpains during embryonic development. One early study
showed that heterozygous CAPNS1mice are viable and fertile, but that
homozygousCAPNS1/-embryos die in midgestation. Knocking c0APNS1

6 2 f A & KS-4ando adalfain *eading to downregulation of both

heterodimers, suggesting the presence GAPNSIlis a prerequisite for
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functional calpains in embryonic developmdatrthur et al., 200D The same
group has bee able to further clarify this result by showing th&APNZ
embryos die at the preimplantation stage, confirming that functionatatpain

is essential for embryonic developmefdutt et al., 2006 AlthoughCAPN1:
mice are viable and fertile, they presemiith impaired platelet function,
adz33SadAay3a y2N¥If LIX I G S-tahdin(AZadmyeOdl A 2 Y
2001). Collectively, knocking ouCAPNSDr CAPN2in mice can result in
embryonic lethality; whilst knocking o@APNIn mice causes plateletagnage.

5 S & LI& (e&d nwealpain sharing similaritiesn vitro, results suggest
substantially different rolesin vivg but that mcalpain may be able to
O2YLISyal G4S FeandinjaKi&st Huging ambg/dgene@ritt et al.,
2006). Calpastatin studieare much less common but a recent study detected
CAST mutation in four individuals from three families of different ethnicities,
and reported that the mutations iI€ASTGene that leads to loss of function were
responsible for a rare specific type of pegliskin syndrome (PS&)n et al.,
2015

Mostinvestigations into the role of thealpain system in disease pathology have
usedmurine modek, with studies abouthe relationship between calpains and

calpastatin inhuman diseaséeingvery limited. In a recent study, increased

SELINB & & A 2 y-galpdinialoiviihevan@n§ASF ganexpressionvas

observed in high risk childhood acute lymphoblastic leukaemia (ALL) blast

A

A1 YLX SAT yR GKS | 0 dzgaipdingis absycwen/migk | Oi A &

lower level of spontaneous apoptosis in those patiefMiskosik et al., 201p
Another study noticed a significant negative association between calpain
activity and calpastatin levelin acute myelogenous leukaemia (AML) blast
samples,determiningpatients with lower calpain activity were more likely to
have complete remissiofNiapour etal., 2013. Our groupinitially became
interested in the calpain system having shown thaw levek of calpastatin
MRNA and protein expressianeassociated with the presence of ivinvasive

breast cance(Storr etal., 2011 Storr et al., 2012n
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Although the number of studies issomewhat limited aberrant @lpain
expressiovactivity has been found inumeroushuman cancers, thougtesults
vary between differenttypes of tumoursincreased calpaiti mMRNA expression
wasobservedin renal cell carcinong and haseenshown to associate with
advanced lymph node status in patierfBraun et al, 1999. Overexpressn of
m-calpain has been found in colorectal adenocarcingb@kshmikuttyamma et
al., 2004. Calpain4 expressiornwas elevated in nasopharyngeal carcinoma
(NPC) intrahepatic cholangiocangoma (ICC) glioma and hepatocellular
carcinoma (HCCand was associated withaggressive tumour behaviour and
poor prognosis in patient&Zhang et al., 201Zai et al., 201Dai et al., 2014
Zheng et al., 204 Increasedcalpastatin protein expressiowas noticed in
endometrial tumour specimensompared to benign sampleandy 2 I £ § SNB R
or m-calpain protein expressiowas observedSalehin et al., 20)0The roles

of other calpain family members in cancervieabeen widely reviewed
Collectively, evidence includesreduced calpaif8 variants expression in
melanomajncreased calpah® protein expression in uterine cervical neoplasia
uterine sarcomas/carcinoseomas and liver cancer;reduced CAPN9 ge
expression in gastric cancgfoshikawa et al., 2008torr et d., 2011a Moretti

et al., 2014Liu et al., 201p

A number ofimmunohistochemialbasedstudiesby our grouphavesuggested
that calpainl,-2 and calpastatinare extensivelyexpressed in breasbvarian,
gastrcoesophagealpancreas, bile duct and ampuliamours, and associat
with patient prognosis or treatment respong8torr et al., 2011pStorr et al.,
20123 Storr et al., 2012pStorr et al.,, 2012cStorr et al., 2018 Growing
evidence bothin vitroandin vivg has showrthat the calpains are involved in
the tumorigenc processregulating processesuch as invasion, migration and
metastasis Fa example, upregulatiorof calpainr6 has been suggested to
promote cellular proliferation, inhibit apoptosigand inducecell cycle arrest
which may be regulated bthe PI3KAKT signalling pathway and microRNAs
(miRNA)Liu et al., 2011Liu et al., 201p There is a plethora ah vitro data
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showing a regulatory link between calpain activity and tumour cell invasion,

migration and metastasis, this is describedyfin section1.3.2

1.3.2 Calpain functions

1.3.2.1 Calpains and migration

Theacquiredmigration abilityof tumour cells is essential foheir invasioninto
adjacent tissues, which subsequently contributes to distantastasis Cellular
movement in normal cellsjnvolves multiple steps:generation of membrane
protrusions at the leading edge and attawlntto the new sitebythe cell front;
connecting actin cytoskeletonto the extracellular matrix substratum;
generatingd LJdzf f A yoFeomote@edchnent of thecell adhesion at the
trailing edge andhat allowsthe cellto move forward(reviewed in(Wells etal.,
2009). Calpain has been shown to regulate cell migration through targeting
numerous focal adhesion related proteins, such-asdherin(RiosDoria et al.,
2003z -catenin (RiosDoria et al., 2004 talin (Franco et al., 2004 focal
adhesion kinas¢éChan et al., 2000 and ezrin(Hoskin et al., 200)5E-cadherin
belongs to afamily of transmembrane glycoproteins, and plays an important
role in celicell adhesion, and maintaining adherence junction and tissue
morphogenesis. In breast cancer cells calpain has been found to degrade E
cadherin into a truncated form, and this iomycirnrinduced process can be
effectively blocked by calpain inhibitofRiosDoria et al., 20080 a dzi I § A 2y A\
catenin occurs frequently in some cancers, although relatively rareeasb
tumours. It has been shown that calpathS RA | § SR LING@&ténth2zaene 3 A &  ;
RA & NHzLJG & O tcaiehin and llead fozhyClea? &cumulation of protein
fragments, which may lead to increased tumorigenesis in prostate and breast
cancers(RiosDoria et al., 200 Talin is an importanfocal adhesion protein
involved in integriamediated adhesion, which links the connection between
integrin andthe actin cytoskeleton.One studyhas found that calpain can
directly cleave talin andegulateadhesion disagsnbly at the rear of the cells
(Franco et al., 2004
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Furthermore, inbreast cancecells, calpairl has been sbwn to interact with

ezring an important membrane/cytoskeletorlinking protein that regulates
integrinbased focal adhesion (FA) and invadopodia formation. Downregulated
ezrin was accompanied by reduced cleavage of calpainrststsuch as talin,
FAKand cortactin, which was associated with FA and invadopodia disassembly
(Hoskin et al., 2015Silenciry calpain expression by siRbekefficiently inhibit
matrix metalloproteinases MMP9g secaetion and limit the ability of cell
adhesion and invasiom osteosarcoma cell§-an etal., 2009. Calpain4 has

been shown to promote cell invasion and metastasis through upregulation of
MMP2via activating nuclear factor (NF). 2 NJ F2O0lf | R&Sarzy
signalling pathwayg¢Dai et al., 2014Zheng et al., 2014 Downregulation of
hematopoietic PBXnteracting protein (HPIP), a microtubtiténding protein in
MCF7 cells was accompanied by decreased activation of cahamsulting in
reduced talin cleavage; conversely overexpression of HINDAMB-231 cells

can promote talin proteolysis. Since HPIP has been found to be involved in cell
migration of breast cancer cells and was overexpressed in invasive breast
tumours; the crosstalk between HPIP and calgaican further regulate cell
migration and adhesion in breast cancer céBsigide et al., 2004In summary,
growing evidence emphasises the importance of calpain in regulating tumour
cell migration and invasion, this consequently contributes to distant metastasis

and disease progressi.

1.3.2.2 Apoptosisand survival

Apoptosisis a highly regulated antightly controlled intracellular mechanism
that leads to the death of cells. There are two cell signalling pathways involved
in suchregulation: the intrinsic pathway, which involves the redeaf proteins
from the mitochondria into the cytoplasm; and the extrinsic pathway, which
involves protein receptors at the plasma membrafreviewed in(Hancock,
2010). Conventional calpains have been shown to promote both cell survival
and cell death during tumorigenesis, depending on the varying cell apoptotic

stimulus, protein exgssion and the cellular distributigifan et al., 2006
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In cell sirvival pathways, conventional calpains cleave p58Jyd, cFos and €

Jun (Gonen et al.,, 1997 and treatment with calpain inhibitor I (ALLN), in

various tumour cell lines, resulted in pB@pendent apoptosis, cell cycle arrest,

and caspase activation (i.e. caspages3, -6, -8, and-9) (Atencio et al., 2000

In breast cancer, inhibition of calpain by calpastatin has been showrotnote
TNFh-induced NFF . | Oli(Rei@tall,RAF KA S OFf LIk AY Of
h Sy O2 dzNJ-mk8ided hcBvation of NF . = FdzZNIKSNJ T OAf
survival(Pianetti et al., 200)L One study has fountthat calpain proteolysis of

L&, yR | OGADlI dACY 2075 badSyds 6SR 08
calpastatin(Chen et al., 2000

In additiontop53andNF . = OF f LIr Ayad OFy RS3IN}IRS {KS
and the latter can sensitise cells to apoptosis. Myc is estimated to be activated

or dysregulated in up to 70% of human tumours (reviewe(Diang, 201p. A

group has observed calpainactivity and reducedkvel of calpastatin protein

A Y -Myctransgenic model of-Bell lymphoma cells; and the calpain inhibitors
PD150606 or MDL28170 have been shown to induce caspase
dependent/caspas®-independent apoptosig vitro (Li et al., 2012 In colon

cancer cells, the cleavage of Myc by calpains has been shown to promote
tumour cell sirvival; whilst blocking cleavage of Myc with calpain inhibitors
(calpeptin, calpain inhibitor XII and VI) or by overexpressing a cleagaigéant

mutant of Myc profoundly promoted cell deaflConacciSorrell et al., 2014

In terms of apoptotic pathways, evidence has shownt tbalpain cysteine
proteases are involved in the apoptotic machinery through interaction with
caspase family members; calpains appear to have both positive and negative
role in the induction of apoptosis. A number of caspase family members can be
processeddy calpains. Direct cleavage of caspd@sed, -10 and-12 by calpain

has been demonstrated, with confounding effects on apoptosis. Amongst
those, caspas€ and -10 were activated by calpain cleavage, along with

increased proteolytic activitfGafni et al., 2009 whilst cleavage of caspade
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was required for endoplasmic reticulum (ER) stieskiced apoptosigTan et

al., 200§. Calpain degradation of caspaeroduced an inactivated form of

the enzyme, which was unable to activate downstream cas3g&hua ¢ al.,
2000. As mentioned above, two main cysteine protease systems both
participate in apoptosis. Wang et al. has summarised some characteristics of

caspase3 and calpains (Table8) (Wang, 200D

Tablel.8 Comparing and contrasting the properties of caspa@@nd calpain

Caspase 3 Calpain
Protease class Cysteine aspartyl Calcium dependent
proteases cysteine protease
Endogenous inhibitor (s) 1AP1, IAP2, NAIP Calpastatin
Resting mode Inactive preenzyme Inactive preenzyme
(32kDa) (80+29kDa)
Activation mode Proteolytic processing CaZ2+, then autolytic
(to 17+12kDa) processing (to 78+18kDa
Preferred cleavage site  AspxxAsp*x (Leu, Val, Lle)x*x

*)

Endogenous substrates Sibset of cytoskeletal, Same
cytosolic and nuclear
proteins or enzymes

Consequence of substrat Produces limited Same
proteolysis fragment (s),
sometimes proteolytic
activation
Celtdeath involvement  Most forms of Most forms of necrosis,
apoptosis some foms of apoptosis
Inhibitors as Yes Yes
neuroprotectants

Abbreviations: IAP, inhibitor of apoptosis protein; NAIP, neuronal apoptosis inhibitory protein.
Reproduced fromWang, 2009, Trends in Neurosciences, 23,-2®, Copyght© 2000 by
Elseviewith permission conveyed through Copyright Clearance Centre Inc.

Calpastatin can be cleaved by caspase during-ohaigced apoptosis. The 110

kDa highmolecularweight (HMW) form of CAST has been found to be
produced by caspase clege during early apoptosis in aifAS treated Jurkat

T-cells, staurosporine treated neuroblastoma-SM5Y cells and TNF G NB I 4 SR

U937 monocytic leukemic cel@/ang et al., 19986rn-Ares et al., 1998
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In addition to caspases, calpains can also facilitate apoptosis through cleavage
of Bct2 family membersCalpan has been shown to be responsible for the
cleavage of the prapoptotic protein Bax during druigduced apoptosis
(Wood et al., 1998 Calpain was activated during ionomyamaduced apoptosis

and Bcl2, Bid and BeX_have all been found to be truncated by calpain, which
was accompanielly activation of caspasg, -7 and-9. Calpairmediated BcP

and Bid cleavage has been shown to induce cytochrome c release from
mitochondria (GitParrado et al., 2002 Galpains can also cleave various
apoptosisassociated proteins, further promoting apoptosis cascades, such as
CDKS5, JNK, JUN, FOS and APAF1 (revie@ddretti et al., 2014 Storr et al.,
2019). The role of calpains in apoptotic pathways was summarised by &to

al., as shown in Figure 1(Storr et al., 2011a
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Figurel.5 Extrinsic and intrinsic apoptotic pathways can be influenced by

calpain activity.Reproduced from (Storr et al., 2011g, Nature Reviews Cancer, 11, 364
374; Copyrigtt 2011 by Nature Publishing Group with permission conveyealigin Copyright
Clearance Centre Inc.

A lot of conventional chemotherapy is based on the induction of apoptotic
pathways, and calpain may be an important factor in chemotherapy induced

cell death. The majority of studies have been carried on cisplatincied
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apoptosis. During cisplatimduced apoptosis, calpain has been found to
activate Bid and promote its translocation to mitochondria, which was
accompanied with mitochondrial release of cytochrome c and apoptosis
inducing factor (AIF), leading to agopis in human lung adenocarcinoma cells.
Whereas combined inhibition of calpain activity by calpeptin and PD150606 can
effectively block Bid activation, delay or reduce cytochrome c release and
disrupt subsequent caspas¥#-9 activation(Liu et al., 2008Liu et al., 2009

The treatment of calpeptin or calpain siRNA reduced cispiatnoced
L2 LJG2aAa GKNRdAzZAK NERdgtdplasing Broteidr The | Y R
GNF YAONRLIGIAZ2Y FIFOG2N) LIJroh A& I yiikeh Y LI2 NI
cytoplasmic protein has been shown to regulate p53 distribution and function.
These results sugsted that inhibition of calpain attenuated the cell sensitivity
to cisplatin(Al-Bahlani et al., 201, Woo et al., 2012 During cisplatinnduced
apoptosis of melanoma cells, the inhibition of calpain by combined inhibitors
(i.e. MDL28170, calpeptin and PD150606) effectipedtected cell apoptosis
through reducing caspas#'-7 activity or enhancing autophagic respor{Bel

Bello et al.,, 2007 Del Bello et al., 2033 A limited mumber of
immunohistochemistry based studies have suggested links between the
calpain/calpastatin system and response to therapy (conventional C/T and
targeted therapieg see Chapter 1(Storr et al., 2011,cStorr et al., 2012/5Storr

et al., 2013 Dauvis et al., 204); but few, if any, have investigated apoptosis or

caspase expression as also being involved.

1.3.2.3 Other functions

In additionto above calpainshave alsobeenimplicatedin the regulation of
autophagy andhe response tdhypoxia Hypoxia often occurs irod tumours,
andhypoxiainducible factorm b éulh WeRtdnsgivelyoverexpressedby many
tumour celk; it is a proteolytic substrate of calpairfZhou et al., 2006 Unlike
other cellular functions, He relationship between autophagyalpainand
cancer is controversiaBveral autophagyelated gene (Atg) proteins can be

R S 3 NJ R S-galpaid & vitro, providing links between autophagy and
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apoptosis, the latter is a critical controlling process in tumorigen@ssman
et al., 2010Q. Recent evidencehas demonstrated that calpain inhibitsrcan
restore calpairdependent cleavage of p62/SQSTMi protein involved in
assembly of organelles and degraded by autophag cancer stem cells
(Colunga et al., 2024

1.3.3 Therapeuticresponseand calpain inlibition

The physiological functions of the calpain familywénaeen widely studied
Several studiesdemonstrate that calpains are overexpressed in tumour
tissues/cells compared wittheir normal counterparts, with variation between
different types of tumouws; indicating that calpains are associated with
malignancy and tumour progressiofalpainoverexpression isignificantly
associated with pooprognosisn a number of tumour typesncludinglCC and
glioma, as well alymphatic metastasis in renal cetircinoma(as discussed in
section 1.3.1.3. High calpain expression has been associated wattherse
survival of breas{Storr et al., 2012aStorr et al., 2011cPu et al., 201p6and
ovarian tumours (Storr et al., 2012y whereashigh expression has been
associated with improved survival of pancredgtorr et al., 2012and gastre
oesophageatumours (Storr et al., 2018 A summary, angxamples, of the

involvement of calpains in cancer are listed in Table. 1.
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Table1.9 Examples of aberrant calpain expression/activity atiteir prognostic values in different types of human cancer

Calpain Cancer types Aberrant Prognostic values Ref
protein/gene expression/activity
Calpainl/CAPN1 BCC Low expression - (Reichrath et al.,
2003
SCC and BCC mMRNA - (Reichrath et al.,
overexpression 2003
RCC MRNA Associatevith lymph node metastasis and (Braun et al., 1999
overexpression histologic type
Childhood ALL MRNA/protein - (Mikosik et al., 201p
overexpression
Gastric/GOJ Overexpression Associatevith improvedOSin patients treated (Storr et al., 2018
adenocarcinoma with surgery + adjuvant or neoadjuva@i
HER2+ breast Overexpression Associatevith adverseRFSn patients treated (Storret al., 2011
cancer with trastuzumab following adjuvar@T
Calpainr2/CAPN2 Colorectal Overexpression - (Lakshmikuttyamma

adenocarcinoma

Basal like and TNB( Overexpression
Pancreatic cancer Low expression
Ovarian cancer Overexpression

Gastreoesophageal Low expression
adenocarcinoma

et al., 2004
Associatevith adverseBCSS (Storr et al., 2012n
Associatewith adverseOS (Storr et al., 2012c
Associatewith adversePFSn patients treated (Storr et al., 2012p

platinum-basedCT
Associatewith adverseOSin patients treated with  (Storr et al., 2018
neoadjuvantCT
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Table 19 Continued

Calpain Cancer types Aberrant Prognostic values Ref

protein/gene expression/activity

Calpaird/CAPN4 Glioma Overexpression - (Cai etal., 2024
ICC Overexpression Correlate withadverseOS high recurrence rate  (Zhang et al., 2093

Calpainr9/CAPN9 Gastric cancer Low expression - (Yoshikawa et al.,

2000

Breast cancer Low expression Correlate withadverseDSS (Davis et al., 2004

Calpastatin/CAST Endometrial cancer Overexpression - (Salehin et al., 2030
CBD and ampulla  Low expression Correlate withadverseOS (Storr et al., 2012c
cancer
Gastreoesophageal Low expression Correlate withadverseOSin patients teated with  (Storr et al., 2018
adenocarcinoma neoadjuvantCT

Calpain AML Increased activity - (Niapour et al., 201
Childhood ALL Increased activity -

Abbreviations: SCC, Squamous cell carcinoma of skin; BCC, basal cell carcinoma of skin: RCC, Renal cell carcinonigmphablastiteleukaemia;
GOJ,gastrmesophageal junction; TNBC, triple negative breast cancer; ICC, Intrahepatic cholangiocarcinoma; AML, Acute myelogeiz [@Bka
Common bile duct; CT, chemotherapy; OS, overall survivalr&&Sefree survival BCSS, breast canegpecific survival; PFS, progression free survival,
DSS, disease specific survival.
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The expression of calpains may be tumour tydependent with opposing
effects often observed. Assumptions made from calpain expression regarding
calpainactivity levels in human malignancies may lead to incorrentlusions;
however expression data suggest that the use of calpain inhibitors might show

potential as anticancer therapeutic tools in several tumour types.

Efforts have been made to develapd design calpain inhibitors that have high
selectivity and potency. In addition to calpastatin, the endogenous specific
inhibitor of calpain, many commercial calpain inhibitors are used such as
leupeptin, calpeptin, calpain inhibitor I,-6&, PD150606 ah MDL28170;
however the majority of such agents also inhibit other cysteiregases (e.g.
papain andcathepsins) or have low cell permeability. Most calpain inhibitors
are derived from natural compounds or from chemical synthesis, there are two
main clases: nonrpeptide inhibitors and peptidomimetic inhibitors.
Peptidomimetic calpain inhibitors were named after their mechanisms
mimicking the natural interaction between calpain and its endogenous inhibitor
calpastatincan directly target the active sitd calpain (Donkor, 2015). The most
widely used agent is still calpeptimceltipermeable calpain inhibito€alpeptin,
asyntheticpeptide inhibitor canpenetrate into the cells antdind to the active

site of calpainwhichreversibly inhibis calpain atvity. It wasoriginallyfound

to inhibit calpain activity irC&* ionophore pretreatedintact platelets, where
leupeptin did not have anynhibitory effect. Calpeptin has showrseveral
advantagesin that it is more specific to calpainthan leupeptin furthermore

it has no effect on trypsilsujinaka et al., 1988

Thepotential of calpain inhibitos asanti-canceragents has been investigated

using severalexperimental tumour modelsA calpair2 inhibitor (ZLLYCH2F)

has been shown to reduce colon tumour volumevivothrough disrupton of

OFf LI Ay Of SI @+-9S ¢ &0fLS . NRoHeRcBA.f A5 (A 2 Y
Inhibition of calpain activity and knockdovaf m-calpain in gastric cancer cells

was associatedvith enhanced 58U sensitigy in resistan cells; consistently,
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higher expression of calpastatin was observed iR sensitive cells compared
to 5-FU resistant cell@\Nabeya et al., 20)1Longterm androgen depletions
asso@ated with more aggressive prostate cancer phenotydee to its
androgenresistance(AR)status increased level otalpain2 and its cleavage
product filamin Alan actinbinding protein) haebeen observed il\Rnegative
androgenindependent prostate cel lines. In this context, gppression of
calpain activity with calpeptincan effectively inhibit calpainmediated
degradation of filamin A in ARegative prostate cancer cella/hich prevens

the progression of cancer &naggressive phenotypg.iu et al., 2014p

There iggrowing interestin calpairsinvolvementin tumour cell apoptosisvith
promoting and protective rolg of calpainbeing demonstrated in numerous
tumour types the overalloutcomemaybe dependent on the apoptotic stimuli,
cross talk with other apoptosis family members (e.g. caspasesyity and
cellular localizatiorof the protein (reviewed in(Storr et al., 2011p. Theuseof
calpain inhibitor! (ALLN and a plant extractastragalus saponingAST)in
combinationcan enhance endoplasmic reticulum (BRgssinduced apoptosis
in colon cancer, leading to reduced tumour sizgivo(Wang et al., 2014bAST
was extracted from the root of a medicinal hefstragalus membranaceus
which was found to have anti-cancer activity incolon cancer cells and
xenografty(Tin et al., 200¥ However, several studidgaveimplied that calpain
activationisrequired for cisplatin (ciplatinum (1) diammine dichloride, CDDP)
induced apoptosis inmelanoma cells,ovarian cancer cellsand lung
adenocarcinoma cellsThesuppressiorof calpainhas been demonstrated to
reducethe sensitivity tocisplatinin ovarian canceandthe cell death protective
effect of calpain inhibitors has been observed in melanoma ¢{ieks$ Bello et
al., 2007 Liu et al., 2009AlBahlani et al., 2011In all, the rde of calpain in cell
survival and apoptosis is not fully understood compared with its role in cell
migration and invasiorand partly depends orthe cell microenvironment and

tumour characteristics.
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Limited studieshave beencarried on investigamg the role of calpainin the
therapeutic response ibreast cancerHER2 induce#lF¢ .activation can be
inhibited by PTENtumour suppressor gene) and regulated by calpain
proteolysis ol ¢ (Phanetti et al., 200)L RecentlyKulkarni etal. conducted two
studies to investigate the involvement of calpainsaaponse tdrastuzumab in
HERZ2 breast cancerA main observationwas thatcalpain indued cleavage of
HERZ2 in HERDreast cancer celland tumours In addition,calpaininhibition
induced downregulation of PTEN and upregulation &€T in bothacquired
trastuzumabresistant and pareratl HER2 breast cancecells. Finallyfollowing
trastuzumab treatment, inhibitiomf calpainactivity by calpeptin or MDL28170
increasel cell proliferaion in trastuzumabksensitive cells; but decreadeell
proliferation inacquiredtrastuzumabresistant cellsandknockdownof calpain

4 appeared toinhibit cell survivaland enhanceresponse totrastuzumab
(Kulkarni et al., 201,&Kulkarni et al., 201)2As discussedbove (sectiori.3.1.3,
immunohistochenrcal studies have shown that high calpainl expressionis
associated withworse response to adjuvant trastuzumab treatmemtHER2+
breast cancer patientsTaken togetherthe results ofsuchstudies suggest a
mechanism by which calpain activity may contribute to the
sensitvity/resistance of trastuzumabHoweverthe exact mechanismis still
unclear,and may differ between acquirdthherent trastuzumabresisant and

sensitivecancermodels

1.3.4 MSKs and their role in breast cancer

Mitogen and stressactivated kinases (MSKsyatear serine/threonine protein
kinases, are important substrates of the mitogactivated protein kinase
(MAPKjactivated protein kinases (MAPKAPKSs) far{fdargnello and Roux,
2011). Two novel protein kinases MSK1/2 were originally described by Deak et
al. in 1998, based on their significant identity to theaexminal ribosomal S6
kinases (RSKs). Human MSK1 and MSK2 aré%3dentical to each other, and
present significant homology to RSKs (approximately 40% identity). An initial
study revealed that MSK1/2 are activated through MAPK/ERKSs signalling in

response to mitotic agents sucls apidermal growth factor (EGF) and phorbol
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ester (TPA, IB-tetradecanoylphorbotl3-acetate); or through MAPK/p38
pathway in response to stress stimulus such as UV radiation, oxidative and
chemical stresfDeak et al., 1998 Consistent with this, the specific inhityitof
MAPK/ERKs (PD98059) can block growth fanttwced MSK activation, whilst

the inhibitor of MAPK/p38 (SB203580) can block stress stimntiueed
signalling to MSK®eak et al., 1998Because of the dual activation mechanism

of MSKs, the inactivation of MSKs can only be achieved by blocking both
pathways simultanewasly; the activity cannot be completely inhibited if only

one pathway was blocked (reviewed(Mermeulen et al., 200%.

Similar to other MAPKAPKs, MSK1/2 contains two distinct protein kinase
domains within a single polypeptide, which is an uncommon structure in most
of the protein kinases. Thie-terminal domain of MSK1/2 belongs to the AGC
(PKA, PKG and PIC families) protein kinase family; the-t€rminal domain
belongs to the calcium/calmodukidependent protein kinase (CAMK) family.
The Gterminal domain is phosphorylated by the upstream MAPKSich
subsequently triggers the phosphorylation of-t&tminal domain. Upon
activation, the Nerminal domain phosphorylates other downstream
substrates (reviewed in(Cargnello and Roux, 2001 Both MSK1/2 are
ubiquitously expressed, including heart, brain, placenta, lung, liver kidney and
pancreas tissue, with predominant expressiobserved in brain, placenta and

skeletal muscl¢Deak et al., 1998

MSK1/2 accumulates in the nucleus of unstimulated and stimulated cells, and
is involved in nuclear events, including transcriptional regulation and regulation
of the chromatin environment. Many transcription factors have been identified
as substrates oMSK1/2 and phosphorylation by MSK1/2 can increase their
activity. MSK1/2 can phosphorylate cAMP response elerherding (CREB)
protein and activating transcription factor 1 (ATF1) in response to mitogens and
stress; the phosphorylation of CREB at Serl3fpeared to regulate

transcription of several immediate early (IE) genes, includifag,cJunB and
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Egrl(Wiggin et al., 200R In addition to CREB and ATF1, other transcription
factors have been identified as phosphorytetitargets of MSK1/2, such as-NF
¢. X aAradylft GNIYYaRdzOSNI FyR | OGAGF (G2NJ
transformationspecific [ETSElated protein 81 (ER81) (reviewed(@argnello

and Roux, 201). In terms of gene activation and chromatin regulation, MSK1/2
contributes to regulation of histone H3, a component of the nucleosome, and
HMGN1 (HM&4), a chromatirassociated protein. It has been shown that
stress and mitogenstimulated phosphorylation of histone H3 and HMGNL1 in
fibroblasts is compromised in MSKMSKZ- mice (Soloaga et al., 2003The
physiological function(s) of MSKs remains to be completely determined,
howeverit has been suggested that MSK1/2 may have a role in regulating the

immune system and neuronal function (reviewed\ermeulen et al., 200%.

In breast cancer, recent studies have suggested that MSK1 may play a role in
steroid-hormone induced breast cancer cell proliferation. Depletion of MSK1
has been shown to inhibit oestrogen (E2) or progesterimiced breast
cancer cell (B7D) proliferation and tumour growth in hormordependent
breast cancer murine xenografts. The study also showed that MSK1 participated
in G1S phase transition and ratated cell cycle associated gene expression in
response to hormones, evidenced by the recruitment of MSK1 to specHic PR
binding sites in chromatinReyes et al.,, 20)4 Breast tumowassociated
osteoblasts (TAOR)erived CXCL5 induced MZFand MDAMB-231 cell
migration and invasion has been reported to be associated with increased MSK1
activation (Hsu et al., 2013 In F47D cells, alcohedxposure can cause
increased expression and activation of pratocogene tyrosingrotein kinase
(ROS1); the latter induced MSK1 activation through the MAPK/ERKs pathway.
ConsequentlyMSK1 phosphorylated histone H3S10 coupled with increased
expression of IE genes such a®g; resulting in enhanced breast cancer cell

proliferation (Lee et al., 2013

MSK1 and MSK2 are both nuclear serine/threenprotein kinases; although
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they share similarity they are different complexes and exert differencing effects.
Interestingly, a study has emphasised the differential roles of MSK1 and MSK2
in breast cancer cells following Wadiation. UVradiation has ben shown to
induce activation of the NF . Llc p & dzo-MEF2BIi cells, yivhich 5s!
mainly dependent on MSK2 rather than MSK1. The depletion of MSK2 was
found to reduce cell viability following Uthddiation, suggesting MSK2
mediated NFF . | O { A @blved in 2egulating celksyrvival in MDAB-231
cells(Jacks and Koch, 201®Recenlly MSK1/2 were also found to be involved in
regulation of phorbol estemduced activation of trefoil factor 1 (TFF1), a breast
cancer marker, in MCF cells(Khan et al., 201)3 As will be dscribed during

this chapter, results from phosphokinase signalling experiments suggested that
there may be a link between the calpain system and MSIK1& a result of
such data it was thought interesting to examine MSK expression in breast cancer

samples correlating data with calpain system protein expression.

1.4 Hypotheses and aims

1.4.1 Hypotheses

1. Galpainfamilyinvolvementin proliferation,apoptosis, migration and cellular
signal transductiowliffersin different breast cancemolecular subtypesand
contributesto the differential prognosis in patients

2. Resistancdo trastuzumab in HER2+ breast cancer cells can be modulated by
agens that inhibit calpain activity or bghRNA mediatednocking down
calpairicalpastatin genes. The corresponding mechanismare different

betweeninherentand acquiredrastuzumabresistart models.

1.4.2 Aims and objectives

1.4.2.1 Aims

1. Explore the differential role of calpain familpmembers in regulating
proliferation, migration,apoptosis and signal transduction in different breast
cancermolecular subtypes

2. Confirmthe role of calpairl expression as a biomarker of trastuzumab
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response and explore the molecular mechanismby whichthe calpain
family regulate the therapeutic responseo trastuzumab inHER2+breast

cancer cells.

1.4.2.2 Objectives

1.

Investigate whether altang calpain activity lfy usingagens to inhibit
activity/knocking down the genesing shRNA) has differential effean
proliferation,apoptosis, migration and signal transduction in different breast
cancermolecular subtypesAsses®ffectsusinga variety of endpoints and

in vitro assays (i.ecell growth curve AnnexinV FITC assay, scratelound

migration assay and phosphokinase agjay

. Based upon the previoum vitro study, suggesting inhibition of calpain

activity mayinvolve in the expression of phosphdSK1/2 expression, it was
decided to explore the associations between calpain and MSK1 protein
expression; as well as the prognostic value of MSK1 protein in early invasive

breast cancer patients.

. There is close link b&een caspase family and calpain family, and regarding

important of role calpain in apoptosis, it was decided tesessthe
associations between calpain and two representative caspases (ca3@ase
-8), as well as the prognostic value of caspas#e-8 inearly invasive breast

cancer patients.

. Validate the prognostic role of calpainin HER2+ breast cancer patients

treated with adjuvant trastuzumab regimeiy using expanded and

independent patient cohog

. Determine  how manipulating calpain activitinfluences therapeutic

response to trastuzumab in botimherent and acquired trastuzumab

resistart HER2+ breast cancer cell lines
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expression: effects on phenotype and cell signalling
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2.1 Introduction and aims

211 Aims

The aimsand objectives of the current chapter were to:

1. Assess calpain family protein expression/activityvitro acrossdifferent
breastcancer molecular subtypes.

2. Explore the role of calpains in regulating breast cancer cell proliferation,
migration and signahig pathways.

3. Investigate the relationship between the calpain family and MSK1 protein
expression in breast tumours; and evaluate the prognostic value of MSK1 in

breast cancer patient samples.

2.1.2 Manipulating calpain activity

Several commercial inhibitororf calpain are currently available, such as
leupeptin, calpeptin, calpain inhibitor I-:68, PD150606 and MDL28170, etc.
The majority of these are synthesised as peptide analogues that bind to the
active site of the protease. However, most of the compoulaak specificity,
which leads to possible cross reactivity with other cysteine proteases. This may
be due to the similarity of active sites between different types of cysteine
proteases (e.g. cathepsin, papafWjang and P&Vai, 1994 Goll et al., 2008 It

KFra o06SSy adzZa3aSaiSR GKFG GKS dzasS 2F alLd
Ca* requirement for calpain activation. However a comparison of four protein
substrates (casein, casein treated with urea and EDTA, myofibrils and troponin)
and three synthetic substrates (SueuTyrMCA, Bod.euThrArgMCA, and
SucLeulLeuValTyrMCA), revead no obvious difference in Eaequirement

for proteolytic activity of the calpains between these seven substriBagett

et al., 199). In mammalian cells, RNA interference (RNAI) can be achieved by
small interference RNA (siRNA) or short hairpin RNA (shRNA), resulting in
silencing of sequenespecific genes. The siRNAs can be synthesised and
transfected into mammalia cells, causing effective but transient suppression

of specific gene expression. On the contrary, RNAI can be mediated by shRNA

that results in stable suppression of gene expression over longer period
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(Elbashir et al., 2001, Paddison et al., 2002). THeN#h has been used to
knockdown calpai®t in nasopharyngeal carcinoma and hepatocellular
carcinoma cell lines demonstrating its validity as an approach to study the
calpain system; as a result, knockdown of calghiresults in decreased

proliferation andin vivotumour growth(Dai et al., 2014Zheng et al., 2004

60



Chapter 2 Breast cancer calpain system protein expression

2.2 Materials and methods

2.2.1 Cell lines and growth medim

Six breast cancer cell lines including two lum({i#a7D and M&7), two HER2+
(SKBR and JIMTL), and two basdike (MDAMB-468 and MDAVIB-231) were
used in the current study; all cell lines were used within a 12 passage window.
All cell lines were aginally obtained from the American Type Culture Collection
(ATCC) zart from the JIMTL cell linewhich wasobtained from the Leibniz
Institute DSMZ German Collection of Microorganisms Cell Cultures. Cells were
routinely grown in T75 flasks with routingrowth medium in a humidified
incubator at 37C with 5% Cg&and other sizes of tissue culture flasks and plates
were ud according to the requiremeintf specific experiments. Cell lines were
cultured in defined medium listed in Table 2.1. Iron suppleteémionor bovine
serum Gibco, Life Technologies)as heatinactivated by incubating for 30
minutes in a 58C water bath before use. All tissue culture related reagents were
pre-warmed to 3PC in a water bath. All cell lines were regularly screened for
myaoplasma infection, conducted by senior technicians every 6 months, using
the MycoProbe® Mycoplasma Detection Kit (R&D Systems). Cell lines were also
routinely verified for authenticity using Promega Powerplex® 16 short tandem

repeat (STR) system, conducteglDr. Sarah Storr every 6 months.
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Table2.1 The list of cell culture medium

Cell line Reagents Source Volume

T-47D 5dz 6 SO002Q4 a2RATASR 91 3f S$Qa aS-RA D5796, Sigma, UK 500 mL

Luminal glutamine,and sodium bicarbonate, without sodium pyruvate)

(ER+,PR+, Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL

ERBBMHER2) Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg P4333, Sigma, UK 5.6 mL
streptomycin/mL)

MCF7 RPMi1640 medium R8758, Sigma, UK 500 mL

Luminal Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL

(ER+,PR+, Penicillin/Streptomycin (with 10,000 units peitiin and 10 mg P4333, Sigma, UK 5.6 mL

ERBBMHER2) streptomycin/mL)

JIMT1 5dzf 6 S5002Q4 az2RATASR 91 3f SQa aS-RAD5796, Sigma, UK 500 mL

Basallike glutamine, and sodium bicarbonate, without sodium pyruvate)

(ER.PR, Heat Inactivéed Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL

ERBBMHER2+) Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg P4333, Sigma, UK 5.6 mL
streptomycin/mL)

SKBR McCoy's 5A medium (modified, withglutamine and sdium bicarbonate) M9309, Sigma, UK 500 mL

HER2+ Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 56 mL

(ER,PR, Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg P4333, Siga, UK 5.6 mL

ERBBMHER2+) streptomycin/mL)
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Table 2.1 Continued

Cell line Reagents Source Volume
MDAMB-231 aAyAYdzy 9aaSyidAlf aSRAdzy 9F 3t S 0eM2279, Sigma, UK 500 mL
Basallike bicarbonate, without tglutamine)
(ER,PR, Heat Inactivated Iron Supgmented Donor Bovine Serum Gibco, Life Technologies, UK 57 mL
ERBBMHER2) Penicillin/Streptomycin (with 10,000 units penicillin and 10 mg P4333, Sigma, UK 5.7 mL
streptomycin/mL)
L-glutamine (200 mM) G7513, Sigma, UK 5.7 mL
MEM Nonessential anmo acids solution (100x) M7145, Sigma, UK 5.7 mL
MDAMB-468 aAyAYdzy 9aaSyidAlf aSRAdzY 9F 3f S 06 eM2279, Sigma, UK 500 mL
Basallike bicarbonate, without tglutamine)
(ER,PR, Heat Inactivated Iron Supplemented Donor Bovine Serum Gibco, Life Technologies, UK 57 mL
ERBBHER?2)
Penicillin/$reptomycin (with 10,000 units penicillin and 10 mg P4333, Sigma, UK 5.7 mL
streptomycin/mL)
L-glutamine (200 mM) G7513, Sigma, UK 5.7 mL
MEM Nonessential amino acids solution (100x) M7145, Sigma, UK 5.7 mL
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2.2.2  Subculture

Tissue culture was performeid a class Il biological safety hood, which was
cleaned byusing70% ethanol before and after use. Cells were cultured in flasks
until reaching 7680% confluence. To subculture, the original medium was
removed and cell layer was washed wihdzf 6 SpBdSphddsibuffered saline
(PBS, Sigma, UK). 0.5mg/mL trygsIdiTA (Sigma, UK) was added to the flask to
ensure the monolayer was completely covered and the flask was left {8045
Then trypsiREDTA was removed and the flask was incubated &€ 3@r 35
minutes. Cells were checked under a microscope to ensure detachment.
Complete medium was used to deactivate trypRIDTA prior to harvesting the
cells. The harvested cells were split into a new tissue culture flask and fresh
medium added to give an approptétotal volume (5 mL in T25 flask, 15 mL in
T75 flask and 25 mL in T175 flask). The flask was then returned to the incubator
at 37°C with 5% CO

2.2.3 Cryopreservation and recovery from cryopreservation

Cells were initially expanded then frozen in liquid atgen to keep them at low
passage number, in order to ensure the passage number of the cells used in
experiments were within the specified ranges. When reaching8(¥
confluence, cells were harvested with trypstDTA and the total number of
cells and perentage of viability were determined using a haemocytometer or
Countess® Automated Cell Counter (Life Technologies, NY). The cell suspension
was then centrifuged at 170 x g for 5 minutes. The supernatant was discarded
and the cell pelletwas resuspended inan appropriate volume of freezing
medium [10% dimethyl sulfoxide(DMSQ and 90% complete mediujmo
achieve a final concentration approximatelyl X1 cells/1 mL. The cells were
stored in a labelled cryoviah a container which controlled the rate of
temperature descentto 1°C/minute. Cells were placed a80°C overnight

before transferring ito liquid nitrogen ¢18C°C) until further use.

The cryovia containing the frozen cells were retrieved from liquid nitrogen

storage and were thawed immediatalya 3PC water bathThe cell suspension
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was transferred dropwise inta centrifuge tube containingrBL of complete
medium, followed by centrifugation at 170 x g for 5 minutes. The supernatant
was discarded and the cell pellet resuspended in fresh growgtium, put into
a new tissue culture flask and returned to the incubator. Culture medium was

changed the following day, and the cells cultured following routine procedures.

2.2.4 Chemicals and drug preparation

The tBocLeuMet-CMAC (Invitrogen, USA) stockusmn was prepared in
DMSQO(Sigma, UK) at a concentration of 2 mM and storeeR@C. Calpeptin
(Merck Millipore Corporation, Germany) was dissolved in DMSO at 100 mM and
stored at-20°C. The calcium ionophore A23187 (Sigma, UK) was stored in 10
mM stocksolution in DMSO a0°C. The stock solutions were sdltuted in
complete culture medium to achieve the final concentrations for individual
treatments. DMSO was added the negative control groups at the same
volume equivalent to that in the drug trelsent group (the final percentage of

DMSO was < 0.1% ykxceptthat indicated in individual experiment

2.2.5 Protein extraction and determination of protein concentration

Cells were harvested and pelleted by centrifugation at 170 x g for 5 minutes.
The pellés were washed once in iemld PBS to remowvesidualserum proteins

and pelleted by centrifuging. The pellets containing 5 % 10x 10 cells were

NB & dza LIS y R SIRmL kglal wolumes of RIPA buffer (Sigma, UK) or lysis
buffer (as described in séon 2.2.6.4and 2.2.9 in microcentrifuge tubes,
supplemented with 1X Halt Protease Inhibitor Cocktail containing protease
inhibitor, phosphatase inhibitor and EDTPhermoFisher Scientific, USA), with
gentleshaking for 30 min at°€.The lysates were clarified by centrifugation at
14,000 x g for 5 miandthe supernatants collected in fresh tubes as whodd!
protein. Lysateswvere aliquoted to avoid repeated freezkaw cycles causing
protein degradation and stored immediately-80°C for long term use. Thawed

lysates were kept on ice prior to conduct Western blotting experiments.

The protein concentrations of cell lysates (used in secidh6.4and 2.2.9
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were determinedusing aBio-Rad DC protein assay (Btad, USA). The DC
protein assay is a colorimetric assay for detecting protein concentration
following detergent solulisation. The colour developmens based on the
reactionbetweenprotein with copper in alkaline and the subsequent reduction

of Folin reagent by the coppéreated protein Colour changean be detected

at maximum absorbanaaf 750 nm and minimum absoanceof 405 nm(Lowry

et al., 195} ¢KS | aaleé ¢l a O2yRdzOGSR F2f¢ ¢
instructions, a protein standard curve was geated using bovine serum
albumin (Sigma, UK) diluted in lysis buffer at different concentrations (0, 0.05,
0.1, 0.25, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 mg/mL). The absorbance values at 620
nm were plotted against corresponding protein concentrations. Theagee
absorbance reading was carried out based on the standard curve to determine

the protein concentration in each sample.

2.2.6 Detection of calpain activity

2.2.6.1 T-Boc calpain activity assay

The calpain activity in living cells was detected using geetheable calpain

substrate tBocLeuMet-CMA(Qt-Boc) Calpain cleavage ofBOC can produce
fluorescence with maximum excitation @5nm/emission 430 nm. The

treatment of cells with calpeptin, a calpain inhibitor, led to the decrease in
fluorescence intesity and the calpain activity was expressed as relative
fluorescence intensity. 5X30DAMB-231 cells were seeded into T25 tissue

Odzf GdzNBE FflFalaod ! FGOSNI vn K2dz2NEX GKS OS
>a OFfLISLIWAY F2N onndmysedzu SETo @WF O NB NI &
F2tft26SR 0& wmnn >a OFfLISLIAY F2N Iy SE
were treated with increasing concentrations of calpeptin (100, 150, 200 and 250

>al0 F2NJ on YAydziSad ¢KS OFf OAdaft A2y 2 L
extracellular C# through the plasma membrane, leading to increase &f ©a

the cytosol (Dedkova et al., 1999). DMSO was adddtidmegative control

groups at the same volume equivalent to that in the drug treatment groups.

Then the cells were haested and diluted to 5X20nL in 500> [serum free

RPM#1640 medium, which was aliquoted into twdl@ dzLJa @ashpHn >[
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prewarmedt. 20 6H Ya aG2010 2NJH >[ 5a{h oF
each group, respectively. The samples were added intoaedBfluorescence
platewithoptOl € 062G02Y omnn >t Ay RdzLX AOIFGS |
FLUOstar OPTIMA Microplate Reader {peated to 3?C). The fluorescence

was continuously recorded on a 10 cycle kinetic window (excitation/emission
350/430, gain 2000). The values frahe control group were subtracted from

the total activity values to obtain pure calpain activity; and resulesre

normalised to the baseline and medium alone. The percentage of calpain
activity inhibition was calculated as: inhibition of calpain activity (%)-=
(fluorescence of treated cells/fluorescence of untreated cells (contrdljJ0%.

All measurements were assessed in duplicate and data represented as the

average + standard deviation of at least two independent experiments.

2.2.6.2 AMC calpain activity assa

A second calpain activity assay was performed using a fluorogenic calpain
activity assay kit (Calbiochem) following the manufacturer's instructions. The
calpain substrate, Std VYAMC (Suc LeueuValTyrAMC) was provided in

the kit and the fluorescereintensity was detected at an excitation wavelength

of approximately360-380 nm and an emission wavelengbh approximately

440460 nm. The calpain activity was quantitated using an AME@n{ino-4-
methylcoumarin) standard curve and displayed as relativeréscence units

(RFU). 2.5X20MDAMB-231 cells were seeded into T175 tissue culture flasks.

' FGSNI vn K2dz2NEE OStfta ¢SNBE GNBFGSR gAd
F2NJ on YAydziSaT 2NJ G4NBIFIGSR 6A0K wH >a !
> a  Optif fad&8n extra 30 minutes. The treatments were applied in complete

culture medium and serum free medium. DMSO was addethé¢onegative

control groups at the same volume equivalent to that in the drug treatment

groups. Cells were collected in lysis bufprovided in the kit and the protein
concentration was determined using a BCA protein assay (as described in
section 2.2.5. The AMC (Amino4-methylcoumarin) standard curve was
prepared using serial dilutienof the standard ranging from a concentration of
0625Mn >a O0ADPSP NI NPCHPI MOHPYYAMCOPp I p=
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was diluted 106 2f R A UK ! d&keé . dZFFTSNI LINROJARS
standards and samples were added to wefla 96wellplatez ' YR pn >[ RJ
substrate were added to each well. The plate was incubated at room
temperature for 15 min before analysing on a BMG FLUOstar OPTIMA
Microplate Reader (excitation/emission 350/430, gain 1500). The fluorescence

value was assessed duplicate and was normalised by subtracting the blank

value (AMC standard curvd)ata are represented as the average * standard

deviation of two independent experiments.

A s oA = 7

AlphaT 2 RNRA y = | f-§pedrinfii§ hidvifgertarit component of the
membrane cytoskeleton. It is a well characterised calpain substrate, when
OF f LI Ay Afédrincénibd dddraiiedl Rto two specific 1kBa and 150

15F FN}Y3IYSYylGao ¢ Kdza OGiodiinldas\ppliediasidviay ¥ A O
G2 RSGSOG OFf LI AY | Ol A D AMddén inoWestedad A y 3 |
blotting (Dutta et al., 2002 1XD°% MDAMB-231, MCF/ or SKBR3 cells were

seeded into T25 tissue culture flasks. After 24 hours, NMBA231 and MCH

OStfa ¢SNB GNBIFISR ¢gAGK mnn >a OI f LISLIU
GSNBE GNBIFIGISR ¢6AGK mnn >a @&y MDABBIBAY F2 NJ
OStfta oSNB GNBIFGSR ¢6A0GK Hnseran freedapdvy T 2 |
complete medium(as described in sectio®.2.6.2. DMSO was added tihe

O«

negative control groups at the same volume e@lent to that in the drug
treatment groups. The cells were collected in the same lysis buffer prepared for
casein zymography (described below) and following the procedures described

in section2.2.5

The total OSt t fe&aliSa 6SNB YAESR $AGK m E
OLYGAGNRISYT !'{!0 FYR ™M E bShacdring wSRdz
G2 YIydzZFF OG0 dzZNENRE AyauNHzOGA2yad ¢KS &l
Hn >[ 2F alYLX S gla t2FRSR Ayia-2%St OK 4
BisTris Protein Gel (Invitrogen, USA) by electrophoresis at 125V for 90 minutes.

Then he protein was transferred from the gel onto a nitrocellulose membrane

68



Chapter 2 Breast cancer calpain system protein expression

by electrophoresis at 25V for 90 minutes. The blot was blocked with 3% milk in
0.1% PBSween 20 at room temperature for 1 hour and then incubated in
primary antibody solutionanti-h -fodrin (1:1000, Enzo Life Sciences, UK)
overnight at 4°C. After 3 x 5 minutes washes with 0.1%TR&®n20, the blot

was incubated with antmouse horseradish peroxidase (HRBjhjugated
secondary antibody (1:1000 diluted in blocking buffer), based on th& ho
species of the primary antibody, at room temperature for 1 hour. Before
detection, the blot was washed again as described above. The bands were
visualised with 1:1 mixture ofAmersham enhanced chemiluminescence
reagentgGE healthcare, UK) and developsihg Amersham hyperfilm ECL (GE
healthcare, UK) or scanned using Odyssey® &O(RIBiosciences, UK)thie

blot needed to be reprobed, it was washed with @@ for 15 minutes and
incubated in stripping buffer (Abcam, UK) at room temperature for 15utas

The blot was blocked again as described above, followed 4{pyot@ing with

anti+ -actin 1:1000 dilution (Abcam, UK) at room temperature for 1 hour. Then

the blot was developed again as described above.

2.2.6.4 Casein zymography

Casein zymography, a methodor detecting calpain activity after
electrophoresis in caseicontaining acrylamide gels, was conducted as
described previously with some modificatioffgthur and M/kles, 200D After
electrophoresis, in the presence of €and reducing agents, casein can be

digested by active calpain generating a clear band on stained gels, and reflect
calpain activity. IXEMDAMB-231, MCF and SKBR3 cells were seeded into

T250 A 83&dzS Odzf GdzNBE Tt aia FyR ailNBIILSRIAA
alone for 30 minutes at 3C. Alternatively, MDMB-231 cells were treated

GAGK OFfLISLIWNAY émnn 2N vwnn >atv Fd RATF-
and 24 hours). DMSO was addedtb@ negative control group at the same

volume equivalent to that in the drug treatment group. The cells were then
collected in lysis buffer [50 mM HEPES (pH 7.6), 150 mM NacCl, 10% (v/v) glycerol,
0.1% (v/v) Triton 00, 5 mM EDTA, 10 mM thercaptoethand] and the

procedures described in sectioB.25 followed. Casein (10 mg/mL) was
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copolymerised ina 10% (w/v) acrylamide resolving gel and a 4.8% (w/v)
acrylamide gel (without casein) was used as the stackihgige preparation
of the gelsslisted in Table 2.2Arthur and Mykles, 2000

Table2.2 Resolving andtackinggels

Solution Resolving gel (mL) Stacking gel (mL)
Acrylamide (30%) 3.3 0.8
Buffer A, 1.5M TrisHCI, pH 8.8 15
Buffer A, 0.9M TrisHCI, pH 6.8 1.25
Casein, 10 mg/mL 2
dH0 3.1 2.95

Mix and degas briefly
TEMED Mo > p >
10% ammonium persulate pn >] Hp >

Abbreviations: TEMED, TetramethylethylenediamiReproducedfrom (Arthur and Mykles,
2000, Methods in Molecular Biology, 144, 1Q96; Copyrigh©® 2000 by Springerwith
permission conveyed through Copyright Cleara@Geatrelnc.

Sttt ftealrisSa 6SNB YAESR 6AGK |y Sldz ¢
Buffer (Invitrogen, USA) then loaded into each well. The casein gel was
electrophoresed at 125 V f& hours at 4C in a precooled electrophoresis

buffer [25 mM Tris base, 125 mM glycine,niM EDTA, and 10 mM-2
mercaptoethanol, pH 8]. The gel was then rinsed ir680mL C# incubation

buffer [50 mM TrisHCI (pH 7), 5 mM CaCl0 mM 2 mercaptoethanoljwice

at room temperature, 280 minutes each time; then incubated in fresh’Ca
incubation buffer at 4C with shaking overnight (to activate calpain). After
incubation with calpain activation buffer, the gel was washed three times in
dH0, and then micravaved at 450W for 1 minutdhe gel washen stained in

DSt/ 2RSu . tdzS {GFAYy wSI3ISyld O0¢KSNI¥Y2CAa
washing in dBD for 3060 min. Calpain activity was visualised as a clear band

in the dark blue gel. Gel scanning was cornedaisingOdyssey® Fc {COR

Biosciences, UK).

2.2.7 Cell growth curves

Growth curves were initially conducted over a 96 hour time course to determine
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control cell characteristics; they were subsequently used to determine the role
of calpain in cell proliferan by applying the cell permeable inhibitor calpeptin.
1x1® MDAMB-231, 1x18MCF7 and 6x18SKBR3 cells were seeded into each
well of a 6well tissue culture plate. After 24 hours cells were treated, in
triplicate, with calpeptin at different concentteA 2y & 0 NnX HP X p N
DMSO was added tbe negative control groups at the same volume equivalent

to that in the drug treatment groups. At 24, 48, 72 hours after drug treatment,
cells were trypsinised and the total cell number counted by haemocgtem
Growth inhibition was expressed as the percentage of total cells in drug
treatment cultures compared with untreated cultures. Data represent the

average + standard deviation (SD) of at least two independent experiments.

2.2.8 Haptotaxis (scratch wund) migration assay

Haptotaxis (scratch wound) migration assays were performed as described
previously (Safuan et al., 20)2 MDAMB-231 and MCH cells were an-
transfected, hadcalpastatinknockdown by shRNA, or were transfected with
non-targeted/scrambled shRNA; transfection and clonal selection was

conducted by Dr. Sarah Storr fl@2.3).

Table2.3 Cell lines transfected with shRNA used in migration assay

Cells Transfected Seeding density Abbreviations
MDAMB-231 .
. Wild-type cells 4X10 cells/well  231-WT
wild-type
MDAMB-231 Transfected with
: 4X10 cells/well  231-Neg
negativectrl vector only
MDAMB-231 Transfected with
W 5X1G cells/well  231-Scr
scranbledctrl non-target ShRNA

MDAMB-231 Transfected with

CAST knockdown calpastatinshRNA
MCF7 wild-type  Wild-type cells 5X10G cells/well  MCFAWT
MCF7 negative  Transfeted with

4X16 cells/well  231-calpastatinkKD

5X1G cells/well  MCF7Neg

ctrl vector only
MCF7 Transfected with
5X1G cells/well  MCF?Scr
scrambledctrl non-target ShRNA
MCF7 Transfected with MCF*%calpastatin
. 5X1G cells/well
CAST knockdown calpastatinshRNA KD
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In the current study transfeetd cells were préncubated with A23187 at a nen

G2EAO O2y OSYy (N} GAZY 2 F2afflucinmthd@@ISJOurn K 2 dzl
ANR dzLIQa LINBYGA2dza RIdGF aK2gSR GKIFG GKS
complete culture medium caused only 5.1% cetipsis and necrosis in MDA

MB-231 cells, but in serum free conditions the percentage increased to 95.6%
(conducted by Dr. Yimin Zhang). In the same manner, A23187 in complete
culture medium resulted in-80% cell apoptosis in MGRChen et al., 2004A
range 50 6SSy nom >a G2 wmnn >a 2F ! HomMyT
cause a large Cainflux in MCF7 cells(Journé et al., 2004 and addition of 3

>a !HomyT OlFY NIYLARf& fSFR G2 I Od4AQgI
erythrocytes(Molinari et al., 1994 For the migration assay, 4X16r 5X10

cells/well (as indicated abov&yasseeded intoa 12-well tissue culture plate.

After 24 hours, a confluent tumour cell monolayer had medium regdiawith

complete medium with or without2 a ! Homy T | YR Ay Odzo |l (SR
hours. After treatment, confluent cell monolayers were scratched with a pipette

GAL) G2 ONBIGS | g2dzyRd ¢KS Y22y2fl @SN ¢
remove any celluladebris and smooth the edge of the wounbhe medium

gl a NBLJXIFOSR gA0K O2YLX SGS Y&RSigdzy, 02y
UK) for the duration of the assay, to inhibit cellular proliferation. Wound closure

was monitored by photomicrographs taken gtZ) 4, 6 and 24 hours following

the scratch. The percentage reduction of the scratch area at different time

points represented the rate of tumour cell migration and was acquired using

Image J 1.43u software (National Institute Health, USA). All of theriexgnts

were performed in triplicate and repeated at least three times. Data represent

the average * standard deviation (SD) of three independent experiments.

2.2.9 Human phosphokinase signalling array

The role of calpain in regulating signal transduction assessed using a Human
Phosphokinase Array Kit (R&D Systems, USA). The kit can simultaneously detect
the relative level of phosphorylation of 43 kinases at phosphorylation sites and

2 related total proteins Phosphokinase array experiments for MBIR-231

and MCF7 cells were conducted previously By, Sarah StorHere 5x10SKBR3
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cells were seeded into T175 flasks and treated with or withomtn > a O £ LJS LJ
for 30 minutes. DMSO was added to a negative control group at the same
volume equivalent to that in the drug treatment group. The cells were
harvested and collected in Lysis Buffer (provided in the kit) and the
concentrations of proteins eterminedby the Bio-Rad protein assay following

the process described in secti@2.50 cnn >3 2F G2GFt LINRG
[@aAda . dZFFSNIFYR ! NN} & . dZFFSNIwm F2f{f25
final volume of 2 mL. The arrays were blocked with Array Buffer 1 for one hour

in advance followed by incubation with the protein samples overnight°@t 4

The array was then whsd with 1x Wash Buffer for 38 minutes to remove

unbound proteins and incubatk with corresponding Detection Antibody

Cocktails for 2 hours at room temperature. StreptavitiRP and ECL reagents

were appliedto the array sequentially with extensive wassfollowing each

step. The arrays were visualised usingaxfilms with multipk exposure time

points. A signal was produced at each spot on the array corresponding to the
amount of phosphorylated protein bound. The positive signals (reference spots)

were included to ensure that the arrays have been incubated with Streptavidin

HRP dting the assay procedure. The relative change in phosphorylated kinase
proteins between treated/untreated samples were determined by comparing

corresponding signals on different arrays.

2.2.10 Western Blotting

The specificity of antibodies to be used iimmunohistochemical studies (in the
current chapter) was determined by Western blotting, as described in section
2.2.6.3 Blots were then blocked and probed with various primary antibodies,

followed by the coresponding conjugated sendary antibodies (Table 2.4).
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Table2.4 List of antibodies used in Western blotting

Antibodies Source Host Clone Dilution Size
Type (kDa)

Anti-h -fodrin Enzo Life Mouse AA6 1:1000 240
Sciences

Anti-Calpainl Santa Cruz Mouse P-6 1:1000 80

Anti-Calpain2 Abcam Mouse 3Gl1 1:2000 80

Anti-Calpain Il Merck Rabbit - 1:1000 80
Millipore

Anti-Calpairsmall Merck Mouse P-1 1:1000 30

subunit Millipore

Anti-Calpastatin Merck Mouse PHL1 1:1000 70-150
Millipore

Anti-MSK1 Bethyl Rabbit 9252 1:2000 90
Laboratories

Phosphe R&D Rabbit 1013D 1:1000 90

MSK1(S376)/MSK2(¢

60)

AntiJ -actin Abcam Mouse 8226 1:1000 42

Anti- -actin Abcam Rabbit 8227 1:1000 42

Anti-mouse Dako Mouse - 1:1000 -

secondary HRP

Anti-rabbit secondary Dako Rabbit - 1:1000 -

HRP

2.2.11 Clinical samples

Theimmunohistochemicastudy was performed using @hort of 1902 early
stage breast cancer patients treated at Nottingham University Hospitals
between 1986 and 1998 with long term follewp. Information on clinical
KAad2N®R yR 2dzi02YS YIFAYGFAYSR

clinical history ad tumour characteristics were asssed in a standardised

gl a

manner.The median age of the patients was 55 years (ranging from 18 to 72)
and median followup time was 177 months (ranging from 1 to 308 months).
63.2% (1203 of 1902) of the patients had stagseakse.

Patients were managed under a uniform protocol, where all underwent
mastectomy (n=1067, 56.1%) or wide local excision (n=819, 43.1%) and
approximately half of the patients received radiotherapy (n=1025, 53.9%).
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Systemic adjuvant treatment was giv dependent upon NPI values, ER and
menopausal status. Patients with an NPI value less than 3.4 did not receive
adjuvant chemotherapy, whereas patients with an NPI value of 3.4 or above
were chosen for CMF chemotherapy (cyclophosphamide, methotrexat&-and
fluorouracil, n=320, 16.8%) if they were ER negative or premenopausal; patients

with ER positive disease were candidates for hormone therapy (n=674, 35.4%).

Breast cancespecific survival was defined as the time interval (in months)
between the starof primary surgery to death resultant from breast cancer. ER,

PR and HER2 status were available for this cohort and have been described
previously(AbdelFatah et al.2010. The positivity of ER and PR were based

upon and determined if staining was above 1%. HER2 expression was
determined by immunohistochemistry witthromogenidn situ hybridisation

(CISHl used as the arbiter in cases with an immunohistochemistoyesof 2.

Basallike molecular subtypesvas defined as the detection of cytokeratin (€K)

5/6 and/or CK14 expression in 10% or more of invasive breast tumour cells,
irrespective of ER, PR or HER2 status (Rakha et al., 2006). This study was
reported in accadance with REMARK criterdcShane et al., 2005 The
Nottingham cohort was approved by Nottingham Research Ethics Committee 2

dzy RSNJ 0 KS LINRP2SOG a45S@St2LISyd 2F | Y2
OF yOSNJ ws5 d6b2d nolLam w9/ wlab@dI HAHOM

of the cohort are shown in Table 2.5.

75



Chapter 2 Breast cancer calpain system protein expression

Table2.5 Clinicopathologic variables of patient cohort

Variables No. (%) Variables No. (%)

Age (mean + SD, years 54.25 (£9.77) | ER status

Xnn &SI Na 165 (8.7%) | Positive 1370 (72.0%)
>40years 1736 (91.3%) | Negative 476 (25.0%)
ND 1 (0.1%) ND 57 (3.0%)
Tumour size rffim) 2.06+£1.14 PR status

M0 mm 1185 (62.3%) | Positive 1035 (54.4%)
>20 mm 708 (37.2%) | Negative 739 (38.9%)
ND 9 (0.5%) ND 128 (6.7%)
Tumour stage HERZ2 status

I 1203 (63.2%) | Positive 243 (12.8%)
Il 531 (27.9%) | Negative 1602 (84.2%)
1] 160 (8.4%) ND 57 (3.0%)
ND 8 (0.4%) Basal status

Tumour grade Positive 368 (19.3%)

I 346 (18.2%) | Negative 1390 (73.1%)
Il 632(33.2%) | ND 144 (7.6%)

1] 915 (48.1%) | Triple-negative status

ND 9 (0.5%) Positive 315 (16.6%)
NPI 4.16+1.18 Negative 1516 (79.7%)
R.4 619 (32.5%) | ND 71 (3.7%)
3.41-5.4 948 (49.8%) | Breast cancespecific survival
>5.4 324 (17.0%) | Alive 1064 (55.9%)
ND 11 (0.6%) Dead 505 (26.6%)
Lymphovascular invasion ND 333 (17.5%)
Positive 492 (25.9%) | Recurrence

Negative 1070 (56.3%) | Present 752 (39.5%)
ND 340 (17.9%) | Not present 1103 (58.0%)
Operation type ND 47 (2.5%)
Mastectomy 1067 (56.1%) | Distant metastasis

WLE lumpectomy 819 (43.1%) | Present 579 (30.4%)
ND 16 (0.8%) Not present 1310 (68.9%)

Continuous data are shown as meastandard deviation (SD). Abbreviations: NPI, Nottingham
Prognostic value; WLE, wide local excision; ER, oestrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor 2; ND, not determined.

2.2.12 Tissue microarray construction ahimmunohistochemistry
Protein expression was investigated in a tissue microarray (TMA) by using
immunohistochemistry The TMA was constructed by the Breast Pathology

Group at the University of Nottingham. A single 0.6 mm tissue core was used

76



Chapter 2 Breast cancer calpain system protein expression

for each patent with the core being taken from a representative tumour area

as assessed by a specialist breast cancer histopathologist. Freshly atit 40 K A O |
TMA sections, mounted onto-tka adhesive slides (Leica Biosystems), were
used and immunohistochemistry was performé8torr et al., 2011 The
specificity of antibodies was nérmed by Western blotting, as described in
section2.2.1Q prior to use on the tumour specimens. Antibodies generating
expected single bands without nespecific bands were applicable for TMA
staining. The opinal concentrations of antibodies to be used for
immunohistochemistry were initially determined using breast tumour
composite sections which consisted of six stage | breast tumours (grade | to Ill),

following the procedures described below.

Briefly, sliees were heated at 6@ for 10 minutes then dewaxed in two xylene

baths (5 minutes each) and sequentially rehydrated in three industrial
methylated spirit (IMS) baths (2 minutes each), followed by a 5 minute wash in
running tap water. The whole procedure svaonducted automatically using an
Autostainer XL staining System ST5010 (Leica, USA). Antigen retrieval was
performed in 0.01 mol/L sodium citrate ffer (pH 6) in a microwave, 790 for

10 minutes followd by 450V for 10 minutes. The slides were then leddnto

a sequenza slide rack (ThermoFisher Scientific, USA) and staining was achieved
using a Novolink Polymer Detection System (Leica, Denmark) following the
YIydzFI OGdzZNBENEQ AyadNHzOOGA2yad . NASTFfes
neutralised with Perogiase Block reagent for 5 minutes at room temperature;
followed by application of Protein Block reagent for 5 minutes at room
temperature, to minimise noispecific interactions of the subsequent detection
reagents. Primary antibody (aftdiSK1, 1: 200, Bethyaboratories, USA) was

diluted in Bond Primary Antibody Diluent (Leica, Denmark) and applied to the
tissue for 1 hour at room temperature. Post Primary reagent, a polymer
penetration enhancer, was applied on the slides for 30 minutes; followed by
NovoLirk Polymer (antmouse/rabbit Ig&@olyHRP) for another 30 minutes.
LYYdzy2KAaUu2O0KSYAOIf NBI OidiamigohenzitiSeNBE DA 2
(DAB, Dako) and counterstained with haematoxylin. 2 x 5 minutes wash with
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Tris buffered saline (TBS) was applidb#ing each step during the procedure.
Then the slides were loaded intbe Autostainer for dehydration: 5 minutes
wash with running tap water followed by @xminutes IMS baths, and then 2 x

5 minutes xylene baths. The tissues were mounted with DPZa(Ll@&ermany)
and left to dry overnight. Breast tumour composite sections were used as

positive and negative controls; negative controls had primary antibody omitted.

Staining was assessed at 20X magnification followingreggiution scanning
(Nanozoomer Digital Pathology Scanner, Hamamatsu Photonics). Protein
expression was assessed using a sgumaintitative immunohistochemistry H
scoring as previously describgstorr et al., 2011c The staining i@nsity was
assessed as: none (0), weak (1), medium (2) and strong (3),-acafés were
calculated by multiplying the percentage of positive areas by the staining
intensity, giving rise to a score ranging between 0 and 300. 30% of scores were
examined bya second independent assessor, blinded to clinicopathological and
survival endpoints. Single measure intraclass correlation coefficients (ICC)
analysis was conducted to determine the level of agreement between
independent scorers. For MSK1, ICC was 0(88tdducted byDr. Narmeen
Ahmad), showing good concordance between both scorers. The cut point of
immunohistochemical scores was determined in a4btased fashion using-X

tile software. The Xile software provides a nohiased cutpoint by describing

the presence of substantial tumour subpopulations and showing the strong
associations between tumour biomarker expression and patient outcomes
(Camp et al., 2004

2.2.13 Statistical analysis
Results fromin vitro experiments were represented as average * standard
deviation (SD) of at least two independent experiments with each performed in
duplicateor triplicate. The Studenttest (comparing two groups) and ANOVA
one-way test (comparing >2 groups) were used to evaluate the variation
between control and drug treatment groups. For the immunohistochemistry
study,a LIS NI yQa NI y 1 ( $és§ corgelation Helweei tReN S R
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expression levels of different proteinshd relationship between categorised
LINEGSAY SELINBaaAzy yR Ot AyAO2LI GK2f 23
chidljdzZt NB (Said 22F2NaarDKENMRyYySHLOG (Said
than 5 in a Z 2 table. Survival curve analysis was aactdd using the Kaplan

Meier method and significance determined using the -kagk test.
Multivariate survival analysis used the Cox proportional hazards regression
model. All differences were considered statistically significant at the level of
P<0.05 Shtistical analysis was performed using SPSS 22.0 software or
GraphPad Prism 6 gafare (GraphPad Software Inc.).
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2.3 Results

2.3.1 Detection of calpain activity

The analytical techniques for detecting calpain activity in living cells, including
immunofluorescence assays, Western blotting and zymography, were
optimised in the current study prior to studying the functional roles of calpain.
Calpains have abundant substrates that exist in a wide range of tissues and cells,
such as cytoskeletal proteins M&Randtau! Y2y 3 (G KSaSJodridl aSAy
are two well characterised calpain substrates and are widely used for detecting
calpain activity.Several synthetic fluorogenic substrates such as-IS2€Tyr

AMC andt-BocLeuMet-CMAC are available and were used as calpm

substrates in the assay&oll et al., 2008

2.3.1.1 T-Boc calpain activity assay

The calpain cleavage of the fluorogenic substraBot was used to measure

the calpain activity in breast cancer cells. MBIB-231 cells were treated with

100>a OF f LISLIWGAY FE2yST 2N ndmM >a>d HOMY T
calpeptin for 30 minutes; alternatively, increasing concentrations of caipept
6mMnnX mpnX Hnn YR Hpn >a0 gSNBE I RRSR
for 30 minutes. The results fromanyindependent experiments (n=26) were

pooled together and, as shown in Figure -A1treatment with 100> a

calpeptin for 30 minutes resulted an average of 26% inhibition (the".6ycle),

with considerable variation between experiments.
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Figure2.1 Detection of calpain activity was optimised by usingBbc activity

assay(A) MDAMB-231cellsg SNB GNBIFGSR Ay GKS LINBaSyOS 2NJ |
for 30 minutes (n=26); (BYDAMB-2310Sf f & 6SNB GNBIFIGSR gAGK wmnn >
A23187 alone for 30 minutes; or treated with A23187 for 30 minutes followed by calpeptin for

30 minutes (n2); (CMDAMB-231 cells were treated with calpeptin for 30 minutes at various
concentrations (n=2). Data represent the average * standard deviation (SD) of at least two
independent experiments, with each experiment performed in duplicate.

As shown in Fige 2.2B (n=2)mnn >a Ol ft LISLIWiAY Ff2yS Ol
34% inhibition (the 1008 Of SO T YKAES nodm >a ! HomMy T
by 10% compared to the control. When adding A23187 followed by calpeptin,

the calpain activity was decreased by 19%, suggestipgu@h can attenuate

activation effects of A23187ncreasing concentrations of calpeptin did not

show dosedependent inhibitory effects, causing -B83% inhibition of calpain

activity (Figure 24, n=2). Inconsistent results were observed over
experiments the maximal inhibition effects of calpain activity was ~53% (the

10" cycle); however eight of them showed no detectable alteration after
treatment with the inhibitor (the fluorescence of calpeptin treated cells was

nearly equivalent to untreated cellsilthough the IC50 of calpeptin in this
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Faalke OFy ©S |OKAS@OGSR G | 02y OSydNI i
instability and reproducibility difficulty of the assay has been noted when

interpreting the data.

2.3.1.2 AMC calpain activity assay

Calpain activif was also detected using the SLiIcVYAMC substrate in a
fluorometric assay. MDMB-H oM OSt fa oSNB GNBFGSR gAd
>a OFfLISLIWAY Ift2yS F2N) on YAydziSaT 2N
followed by calpeptin for an extra 30 minutes. Aswwn in Figure 24, in
serumfreemedizY > (G KS GNBI GYSyd 2ifhibitedcalpama OF f I
activityby 3208 K2 ¢ SOSNE GKS GNBIFGYSyld 2F w >
inhibit calpain activitypy 61% When the combinational treatment applied, the

cabain activity was still decreaséy 69% compared with the control.

A 12000 m Ctrl B 5000
—_ M Calpeptin )
2 =
& 10000 - A23187 < 4000
]
e E
’g’ = A23187+calpeptin I 5
g 8000 ¢ 3000
£ g y=361.82x+736.12
wi
R o R?=0.9958
g 6000 § 2000 -
= -
< g
2 4000 £
£ = § 1000
g 3
2000 -
o+——F—"—7—7—
0 0 1 2 3 4 5 6 7 8 9 10 11
. AMC concentration (x 10* pmole)
serum free with serum

Figure2.2 Detection of calpain activity was optimised by using AMC activity
assay(A)MDAMB-231Sf f a ¢gSNB (GNBIGI8RI mhiiK>a Ohf LBy
30 minutes; or treated with A23187 for 30 minutes followed by calpeptin for 30 minutes. (B)

¢KS !ta/ &0FyRFNR OdzNWS 61 a4 LINBLI NBR F2ftft26Ay3
the average + standard deviation (SD) of iwdependent experiments, with each experiment

performed in duplicate.

In complete culture medium, A23187 markedly increased calpain activity by
94%, compared with control; and A23187 treatment followed by calpeptin
effectively inhibited calpain activitidowever, the treatment of calpeptin alone
had no obviousnhibitory effect on calpain activitydecreased byi7%). The

calpain activity was quantitated using an AMC standard curve (Figui) 2u2d
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displayed as relative fluorescence units (RF)all, calpeptin did not show
markedinhibitory activity in this assay either in tteerum free or complete
medium Thusit is difficult to obtain accurate assessment of calpain activity by

using this assay.

A s oA = o7

AsRSAONAOGSR 02@Ss Olfédid- day gererdtdl MloR I G A 2
proteolytic breakdown products (148&150kDa). The distinct fragmentation

LJ- G G S Ngfrin shad been widely used as an assay for calpain activity in
skeletal muscle and neuronal ce(Butta et al., 2002Takamure et al., 2005
¢CNBFiYSyld 6AGK mn >a YR Hn >a ! HoMyT
cleavage and generate 14&nd 150kDa fragments in rat myoblasts within 1

hour (Huang and Forsberg, 199&s shown in Figure 24, the full length 240

151 LINP-fodsidcgn be Seen®m the immunoblot analysis; however the

Of SI @I 3S LINPRRAERG/U 8022dF R y20 0SS RSGSOGSR

treated or untreated cells.

MDA-MB- SKBR

A 231 MCF-7 3 B serum free with serum
Calpeptin_30 min + + + A23187 [+ - + - - |+ - + - -
Calpeptin_6 hr + + Calpeptin | - + + - -|[- + + - -
Ctrl_30 min | + + + Ctrll [ - - - + +|[- - - + +
Ctrl_6hr + + Ctrl2 |- - - - +|[- - - - +

220 | o, W e ot s s O o s et e |[€—r-fOdTIN 220 .-c—-—— Il i b [€— a-fodrin
120 + oy — b e e b le— Cleaved
KkDa 120 |& - fragments
kDa

PB-actin

—— —— B-actin

A 4 ooA = 7

Figure23 DSGSOUGA 2y 2F OF t LI A yodrih degradetibni @ o0 &
was optimised by using Western blottingA) Cells were treated in the presence or

absenceof 106 a OF f LISLIGAY F2NJ on  Y-MB2RAIcBIE wdreyréated K 2 dzNA
GAGK H >a !HomMyT 2N Han >a @atdd WS IAPBASY fort30 2y S T2
minutes followed by calpeptin for 30 minutes. Each experiment was conducted B8O

was added toQrll and Qrl2, with the same volume corresponding #23187+calpeptin

calpeptin only

' FGSNI GNBIFOYSY(G 2% dzil S3iaFfRad6@YOSRTBNI o mn
for 30 minutes, the immunoblot showed a 2&Da band, in addition to a ~150

kDa fragment (Figure 2B).L Y & S NHzY ¥ NB&in Wsd griRektddh 2 y > h
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from calpainmediated cleavage following calpeptin treatment. A neatk
increase of 15€ 5 I|-fodfin fragment induced by A23187 was detected; the
formation of 150kDa fragments was partially attenuated by the addition of
calpeptin to A23187. Irtomplete medium relatively weak but detectable
signals were seen at sit80- and 240-kDa, but there was no obvious difference

between A2318#reated, calpeptintreated or combined treategsamples.

2.3.1.4 Casein zymography

A zymographic assay for calpain activity, using a caseitaining acrylamide

gel, was also optimised. In the curtesmssay, the gel was piacubated with

Ca* buffer overnight to initiate calpain activity. As shown in Figure/,.4or

the cell lysates from SKBR3 and MIAB-231, casein zymography detected no

obvious differences in casein degradation betweem n > a  QreatetdJS LJG A Y

and untreated cells; while the bands were barely visible in MG&mples.

Calpeptin

Active calpain
—_—

Figure2.4 Detection of calpain activity by assessing casein degradation was
optimised in casein zymogrdyy. (A)Cells were treated in the presence or absencQf

>a Ol t LISLJG A y (BFNDMMBaHo MY AQSdzif S3a T SNB G NBF GSR A GK
for 30 minutes, 6 or 24 hours. Each experiment was conducted once.

There was no apparent change insea degradation in MDMB-231 cells
GNBFGSR gAGK wmnn 2N wnn>a OFf LISLIAY
comparison with controls (Figure 2B). The major difficulty of casein
zymography is to obtain precise quantified results. The -stamdardised
staining/washing steps, as well as scanning might also affect sensitivity and
reproducibility of the assayArthur and Mykles, 2000 One study has
demonstrated that inOF a SAy 1 & &miNlpodidd the> most

prominent activity at pH7.5 (ranging from ¥#728), while mcalpain was at
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pH7.3 (ranging 7:7Z.4); indicating analysis of calpain activity by casein
zymography is highly dependent on pH le@hao et al., 1998 Therefore a
strict pH control and standardised protocol should be considered for further

investigation if using casein zymography.

Collectively, amorgj four different assays, fluorometric assays (i-8dc and

AMC) can generate quantitative measurements of calpastividy; as for
RSGSOGAZ2Y 2F OFf LI Ay | Otodiddndcasei@ithe & dzo &
results were difficult to quantify. Inconsistent results were obtained from the t

Boc assay, and it could not detect a dapendent inhibitory effect of

cdpeptin. However it appeared thatBoc showed favourable sensitivity over

other assays, as it can detect up to appnaately 50% of calpain inhibition in

the cells. Based on such data, it was decided to use-Bwectactivity assay for

future experimentsto ensure and check that calpain was active.

2.3.2 Calpain/calpastatin protein expression

In order to study the functional role of calpa@mnd calpastatin protein
expressiomacross six breast cancer cell lines were first examined by Western
blotting. As shan in Figure 2.5, apart for MBMB-231 cells, that expressed
slightly lower level of calpaif, the remaining five cell lines showed samil
calpainl expression levels; which was consistent with quantitative Western

blotting results conducted by anotheraup member (Ms Bhudsaban Sukkarn).
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Figure2.5 Calpainfamily and calpastatin protein expressioacrossdifferent

molecular subtypes of breast cancer cell®rimary antibodies against calpain
calpain2, calpaind and calpastatin were used. Experiments were repeated twice with separate
lysates from different passage numbers and the representative blots are shown above.

MCF7 cells expressed an observable lower level of calpasompared with

the otherbreast cancer cell lines, which was consistent with a previous report
from Wu et al. that calpai2 was not expressed in MTFcellgfWu et al., 200B
There was no obvious difference in calpdirexpression between six breast
cancer samples. Calpastatin protein was expgdsecross six breast cancer cells
with two fragments being detected in all of the samples. MCBIMT1 and
MDAMB-468 cells expressed relatively high levels of calpastatin, while
relatively low but detectable amounts of calpastatin protein were obseiwed
T-47D, SKBR3 and MBMB-231 cells. Calpastatin protein expression was
quantified using two colour fluorescence Western blotting. As with ECL
Western blotting, high levels of calpastatin were seen in MCHMTL and
MDA-MB-468 cells, while lower amoustwere observed in-#7D, SKBR3 and
MDAMB-231 cells (Figure 2.6).
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Figure2.6 Quantification of calpastatin protein expressioacrossdifferent

molecular subtypesf breast cancer cell®rimary antibodyagainst calpastatin was
used. Experiments were repeated three times with separate lysates from different passage
numbers of cells. The representative blots as above. (A) Representative blots of three
independent experiments; (B) data are presented asaherage * standard deviation (SD) of
three independent experiments.

Thee is a trendshowed that the sequence of endogenous calpastatin
expression level, from high to low, is JHU'®> MDAMB-468 > MCH > SKBR3 >
MDAMB-231 > T47D. However, the expressidevels between all cell lines
were not significantly different, and varying amounts of protein expression can

be seen between experiments.

2.3.3 Calpain activity across different breast cancer gablecular subtypes

The inhibitory effects of calpeptin on lpain activity at different incubation
time points (30 minutes, 6 and 24 hours) were assessed in three different breast
cancer cells: MDMB-231, MCF and SKBR3. They are representative cells
lines for basalike, luminal and HERZtibtypes respectivelyAs expected, the
treatment of the three cell lines with calpain inhibitor calpeptin resulted in a

decrease in dpain activity (Figure 2:A, BC).
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Figure2.7 Inhibition of calpain activity across differe molecular subtypes

of breast cancer cellsvDAMB-231 (A), MCH (B) and SKBR3 (C) cells were treated with
mann>a OFfLISLWAY F2NJ on YAydziSas c | y®Reycden K2 dzN&
in the three cells. Data represent the average + standard deviation (SD) of two independent
expaiments, with each experiment performed in duplicate. Statistical significance determined

by oneway ANOVA test compared to control is indicated by asteriBk0:05, **P<0.01 vs

control.

However, in the three cell lines, the inhibition effects of calpelid not show

a time-dependent pattern; even with prolonged exposure up to 24 hours,
calpeptin did not completely blockalpain activity. In MDMB-231 cells

OF t LISLIWGAY |G | 02y Odppfakidately2030% indiBitom n n > a
of calpain activity (the 10 cycle) as shown in Figure ZD7 with significant
difference seerat all time pointsIn MCF7 cells calpeptin resulted in significant
reduction (approxmately 38-48%) in calpain activity at all three time points. In
SKBR3 cells20% calpain inhibition was observed at 30 minutes; larger
significant inhibition effect§approximately45-54%) were observed at 6 and 24
hour time points. Theelativelylow level ofinhibition effectwas observed at 30
minutes onlyfor SKBR3 cell®ut not in other two cell linesyhich might be a

reflection of the phenotypic differeces MDAMB-231 andMCF7 cells are non
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HER2 overexpressing cell linediereas inSKBR8ellsHERZs overexpressed.

The incubation of purified human calpalrhas been shown to cleave HER2 and
phosphel 9wH Ay {Y.wo OSffaz FyR &dzOK ST7FE
calpeptin for 6 hourgKulkarni et al., 2000In contrast, HERZ2 can inhibit calpain

1 activityby upregulating calpastatifAi et al., 2018 These studies suggested

the potential link between HER2 and calpainwhich might provide a possible
explanaton for the low level of inhibitory effect of calpeptin 8KBR3 celbst

30 minutes.

It is difficult to compareactivity across the three cell lines; it appeared that
MCF7 cells had the highest level of active calpain (fluorescence reading
between 70008000), followed bysKBR3 cel{between 50006000), and MDA
MB-231 cellspresented the lowest calpain activity (between 468000).
Unexpectedly, MDMB-231 cells had the most aggressivenorigenesis and
migratory ability, but with the lowest level of lgain activityin the current study
However, it is difficult to drawa direct link between calpain activity and
migratory ability; as several other factors are attributable for cell migration, i.e.
cell focal adhesion and interaction with extracellulartma(as introduced in

Chapter 1)More details will be discussed in sectipm.

2.3.4 Role of calpain in functional effects

2.3.4.1 Proliferation

The antiproliferative effects of calpeptin on MBMB-231, MCF and SKBR3

cells, were assessed by conducting growth curves following treatment of the
OStfta 6A0K AYONBlIaAy3d O2yOSyuNridAirzya 2
48 and 72 hours. For the three cell lines the growth curves showed a
dramatically inhibiton at ev&r (A YS LIR2AYyG TF2ff26Ay3
treatment (Figure 2.8A, B&C, right) After 24 and 48 hours treatment with

O2y OSYiGNIGA2ya t26SN) GKFrYy pn >ax OF L
proliferative effects on the three cell lines. Calpeptin caused a madose

dependent reduction at the highest concentration after 72 hours, reaching the

lowest percentage of cell numbeat 29, 14 and 32% in MBEMiB-231, MCF
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and SKBR3 cells, respively (Figure 28\, B&C left).

A %00 MDA-MB-231  '®%%  pMpDA-MB-231

900000 |
800000 -
700000 |

& 600000 |

S 500000 |

5 R
g B8
o o
2

80.0 -

60.0 S 400000 |

40.0 - 300000 - z /
= 200000 %T_/ﬁ/%
20.0 - =
100000 b|

0.0 T T T T 1 r 0

Percentage of cell number (%)

0 25 50 75 100 125 -24 0 24 48 72 96 120
Calpeptin (pM) Time (hr)

w
8

MCF-7 250000 1 MCF-7

=
N
o

200000 -

g

Cell number

g &
g &
(=] o

50000 -

Percentage of cell number (%)

| - - , : . . : :
0 25 50 75 100 125 0 24 48 72 96 120
Calpeptin (uM) Time (hr)

c =° SKBR3  '*%® SKBR3

Proportiono f cells (%)
Cell number

0.0 T T T T 0 T T T T ]
0 25 50 75 100 1 0 24 48 72 96 120
Calpeptin (uM) Time (hr)
2ahr ashr 72hr ~4¢—0uM —i—25uM 50uM ——100uM

Figure2.8 Effect of calpeptin on proliferation of breast cancer cells and

corresponding growth curvesDAMB-231 (panel A), MGF (panel B) and SKBR3 (panel
C) were treated withvariousdoses of calpeptin for 24, 48 and 72 hours. Data repretsat

average + standard deviation (SD) of two independent experiments, with each experiment
performed in triplicate.

When comparing betweethe three cell lines, 50% inhibitionasseen in MCF
7andSKBR3cellsd SFNXI & | & un K2dN&mf &d i Ry SK
treatment, the three cell lines demonstrated very similar sensitivity to calpeptin,
estimatedIC50 values were approximately equal, ranging betweexp80 > a &

When the incubation time increased to 72 hours, MCéells had aestimated
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IC50 value of between 668 p > a FMB&3L !and SKBR3 cells both having

estimatedIC50 values of between 80p >a @

2.3.4.2 Migration

To examine the function of calpastatin in regulating breast cancer cell migratory
ability, MDAMB-231 and MC¥H cells were stably tresfected with pRS plasmid
vectors encodingcalpastatin shRNA (conducted by .D&arah Storr), with
successful knockdown otalpastatin verified by Western blotting. As
demonstrated in Figure 2-8, for MDAMB-231 cellscalpastatinwas partially
knockdown ly shRNA(construct 1) compared withwild-type, negative and
scrambled control. For MEFcells calpastatinshRNA construct 2 was selected

to use in the migration assay, as it showed complete depletion of calpastatin

compared toconstruct 1(Figure 2.9B).

> & N N
N S & [N N o
g ¥ & & & ~§ ~§
& & < ~ ) ©
S & & e £ & & &«
A N & > &F L P )
Sy S PR «‘y‘:\(’ A
N ~, ¢ & & & &
A VD B T LSS
120 — - . 120| — .
100 — = == | Calpastatin 100 — ®8 & «~ & Calpastatin
kDa kDa
— e, | [} -actin == &= s e | B -actin

Figure2.9 Knockdown ofcalpastatinin MDA-MB-231 and MCH cells was

tested by Western blottingMDAMB-231 (A) and MGF (B) cellscalpastatin knockdown,
scrambled control, negative control awdld-type cells. Primary antibody against calpastatin
g1 a dza Sdetin lexyprBssion was detected to serve as loading controls. Each experiment
was conducted once.

The primary antibody detected duplicateatids in MDAMB-231 cells, while
only one band was detectad MCF7 cells The reason for this was unclear; the
difference may be dependent on the different breast canadtypes By using
Western blotting, anticalpastatin antibody can detect single band in protein
extracted from skeletal muscle tissues; andtain detect duplicate bands in

protein from cardia tissues(Parr et al., 2001l
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As shown in Figure 2.148&B, knockdownof calpastatirhad no significant effect

on MDAMB-231 cell migratioreither with or without A23187Although the

difference was not statistically significantetaddition of A23187 tthe culture

medium seemed to slightly decrease migration of MIAB-231 calpastatin

knodkdown cells, compared witvild-type cells
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Figure2.10Effect of calpastatin knockdownon migration of breast cancer

cells. MDA231 (A&B) and MGF (C&D) cells, calpastatin knockdown (GKBJ, negative
control (Neg), scrambled control (Scr) anild-type (WT) cells were included. Data represent
the average + standard deviation (SD) of three independent experimeniseatch experiment

performed in triplicate.

Knockdown ofcalpastatinin MCF7 cells did not alteicells migratory ability

either in the presence of A23187 or the absence of AZ3bbservedn Figure

2.10-C&D. It was also noted that A23187 supplementeddmen caused a

redudion in migration of MCH wild-type cells; the percentage of wound

closure at 24 hours decreased from 19.9% to 10.7%. MIBA&R31 (basalike)

exhibited a more aggressive migratory abilihban MCF7 (luminal). Wien

comparing the averagspeed of migration within 24 hours, the speed of
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percentage wound closure between two cell lines is 2.9% per hour vs 0.8% per
hour (P<0.01). Untreated MDMB-231 cells started to migrate within the first

6 hours and almost closed the wound within 24 ho(approximately70%
wound closure); whereas M&Fcells remained at the initial wound margin
after 6 hours(approximately1l0% wound closure) and wound closure was

approxmately 20% after 24 hours.

2.3.4.3 Signalling pathways

The regulatory role of calpain on tslgnalling pathways was analysed using a
phosphokinase array that assessed the phosphorylation level3 dluman
phosphokinasesind 2 total proteins MDAMB-231, MCF/ and SKBR3 cells

GSNBE GNBFGSR Ay GKS LINBaSyOS auxs-l 6aSyo0
calpain activity under these conditions was previously described in set8dh

The arrays for MDMB-231 and MC¥H cells were performed by DBarah Storr.

Results show that the phosphorylation &s of MSK1/2 (S376/S360) were
increased in MDMB-231 cells after treatment with calpeptin, but with no
detectable MSK1/2 phosphorylation chasgin MCH or SKBR3 cellster the

treatment (Figure 2.11, indicated by arrows).
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Figure2.11Effect of calpeptin on phosphorylatlon of 23 human
phosphdkinases in breast cancer cellsiDAMB-231, MCF7 and SKBR3 cells were
GNBFGSR Ay (GKS LINBaSyOS 2N 10aSy0S 2F man >a
each cell line was conducted once.
The phosphorylation of CREB (S133) and p70 S6 kinase (T389) was markedly
downregulated by calpeptin in MDMB-231 and MCH cells, respectively
(Figure 2.11, red and blue squares). ERK1/2 phosphorylation (T202/Y204,
T185/T187) was activated in all three cell lines, with the lowest lev&IKBR3
cells Calpain inhibition by calpeptslightlyenhancel ERK1/2 phosphorylation
in SKBR3 cells (Figure 2.11, green square). The three cell lines expressed high
endogenous levels gshosphorylated p53 (S392/S46/S15); while SKBR3 cells
expressed slightly lower level of p53 at S15 coragavith other two cell lines.
In addition to the proteins mentioned above, several other phosphokinases
were differentially expressed itne three cellines and seem to be regulated
by calpain/calpeptirg these are listed in Table 2.6
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Table2.6 The phosphokinases expression in breast cancer cells and changes in phosphorylation induced by calpeptin.

Changes in Phosphokinase Changes in Phosphokinase
phosphorylation expression phosphorylation expression
Coordinate Target 231 MCF-7 SKBR3231 MCF-7 SKBR3Coordinate Target 231 MCF-7 SKBR3231 MCF-7 SKBR!
A3, A4 Lloyh 0¢tmMynk, myHUO O M H D9, D10 STAT5a (Y694)
A5, A6 ERK1/2 (T202/Y204, T185/Y187) O 0] H H M [D11, D12 p70 S6 Kinase (T421/S424) @] H
A7, A8 JNK 1/2/3 (T183/Y185, T221/Y223) + (@] M D13, D14 RSK1/2/3 (S380/S386/S377) (@] (0] M L
A9,A1I0 D{Ymohki O6{HMK{ DO 0 M M |D15, D16 eNOS (S1177)
A13, Al4 p53 (S392) O O H H H |E1, E2 Fyn (Y420)
B3, B4 EGFR (Y1086) O O L E3, E4 Yes (Y426)
B5, B6 MSK1/2 (S376/S360) + 0 L L E5, E6 Fgr (Y412)
B7, B8 latYhm 60¢mMyod0 M E7, E8 STAT6 (Y641) O
B9, B10 Akt 1/2/3 (S473) 0 L H |E9, E10  STAT5b (Y699) 0 M
B11, B12 Akt 1/2/3 (T308) M E11, E12 STAT3(Y705) @) H
B13, B14 p53 (S46) o O H H H |E13, E14 p27 (T198) O L L
C1,C2  TOR (S2448) - L E15,E16 t[/ m'mM o6, Tyo0O O + L H M
C3,C4  CREB (S133) - 0 M H M |F1, F2 Hck (Y411) 0
C5, C6 HSP27 (S78/S82) 0] L F3, F4 Chk-2 (T68) (0] O + L L
C7,C8 lat YPH OCMTHDU L F5, F6 FAK (Y397)
C9,C10 i m/ I GSYAY 0 L F7, F8 t5DC wi o6, Tpwm0O
C11, C12 p70 S6 Kinase (T389) - L F9, F10 STAT5a/b (Y694/Y699) O
C13, C14 p53(S15) (6] @) H H L |F11, F12 STAT3 (S727)
C15, C16 c-Jun (S63) L F13, F14 WNK1 (T60) L
D1, D2 Src (Y419) L F15, F16 PYK2 (Y402)
D3, D4 Lyn (Y397) G3,G4  PRAS40 (T246)
D5, D6 Lck (Y394) G11, G12 HSP60
D7, D8 STAT?2 (Y689)
AbbS @A GA2YaY bl b KAIK LK2ALK2NEBfIGA2Yy § S@SE T ba b3 phdsghirfdisnidesel inciéased laffe2chlieptin G A 2 v

i NB I ( Ygphosphorylation level decreased after calpepttigatment; "O",phosphoryation level did not change after calpeptieatment; blank phosphorylation level

was too low or cannot be detected.
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Chapter 2 Breast cancer calpain system protein expression

As MSK1/2 (S376/S360) phosphorylation differences were particularly evident
across the three lines, and showed differential effects wdlpain activity, we
decided to study its expression in breast cancgtlines, by Western blotting,

and tumour specimens, by immunohistochemistry.

In order to generate firm conclusions, as arrays were conducted only once for
each cell line, the arrasesults were tested in Western blotting by using the
primary antibody against phospRdSK1/2 (S376/S360) (R&D, USA). NUBA

231, MCF and SKBR3 cells were treated under the same conditions as used in
the phosphokinase array experiments. Unexpectedly, phosvSK1/2
(S376/S360) protein expression was not detectable, either before or after
calpeptin treatment (data not shown; conducted with separate lysatemf

two independent experimentsyithout inclusion of the positive contrdysates.

The reason foruch lack of detection is unclearmay be that phosphd1SK1/2

is expressed at relatively low levels, as suggested by the phosphokinase array
data with MDAMB-231 and MCH cells, any slight variation in signal may be
due to alterations from external stiali, leading to inconsistencies between
experiments and making reproducibility difficult. If further investigatisn
required, Hela cells treated with phorbol -i@yristate 13acetate (PMA) cEGF

can be considered to include as positive control.

2.3.5 Immunohistochemistryon patient samples

2.3.5.1 Antibody specificity andmmunohistochemistryoptimisation

Based on the phosphokinase array results, the prognostic value of /8K
breast tumours were further examined by using immunohistochemistry. Before
conducting tke immunohistochemistrythe specificity of MSK1/2 antibodies
were assessed by Western blotting. Several antibodies from different sources
were screened by Western blotting by using various tumour and normal cell
lysates. The arfISK1 antibody (Sigma, U)ly detected a weak signal (band

at size 9&kDa) in MDAVIB-231 cells, along with other unspecific bands at
different sizes (Figure 2.1R).
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Figure2.12Specificity ofanti-MSK1 antibodiesvere determined in Western

blotting by using various cell line®Rrimary antibodies against (A) MSK1 (Sigma), (B)
MSK1 (Bethyl) were used. Each experiment was conducted once.

As shown in Figure 2.1R, the antiMSK1 antibody from Bethyl Laboratories can
detect a singlspecific band of the expected size atiDa over multiple human

cell lines-a degraded protein band between 3 kDa can be seen in MCBA
normal breast cells (conducted by Mr. Laurence Hall). Therefore this antibody
was deemedsuitable for immunohisbchemicalstaining on breast tumour
specimens and theantibody concentration was optimised using breast
composite sections prior to staining on the full tissue microarray (conducted by
Mr. Laurence HallY'he specificity of MSK2 antibodies was also tesisdshown

in Figure 2.13\, the antiMSK2 antibody (NOVUS Biologicals, USA) detected a
weak band at the expected size in MdMB-231, MCF/, SKBR3 and MQBA
cells, but two nopspecific bands can be seen between48DkDa and 10020

kDa, respectively.
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Figure2.13Specificity ofanti-MSK2 antibodiesvere determined in Western

blotting by using various cell line®rimary antibodies against (A) MSK2 (Novus), (B)
MSK2 (Bethyl) were used. Each experiment ecaslucted once.

Another anttMSK2 antibody (Bethyl Laboratories, UK) was subjected to
Western blotting, and the specificity was confirmed as shown in FigureR.13
(conducted by Mr. Laurence Hall). MSK1/2 are active in the nucleus, so MSK1/2
is expectedo show nuclear staining in the tumour cells. However, when the
concentrations of antMSK2 antibody (Bethyl Laboratories, UK) were optimised
in the immunohistochemistry unexpected predominant cytoplasmic staining
was observed (data not shownlherefore,this antibody was not eligible for
immunohistochemistryThe specificity of phosphbISK1/2 (S376/S360) were
also assessed in Western blotting, after trying three different antibodies
(includinganother pMSK1(S376) antibody that could not detect any sigiadé

not shown), none of them could detect a specific single bandhefexpected
size (Figure 2.1A&B).
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Figure2.14Specificity of phospheMSK1/2 antibodies wre determined in

Western blotting by usingrarious cell linespPrimary antibodies againgt) phosphe
MSK1 (Abcam) and (B) phospi&K1/MSK2 (R&Dyvere used. Each experiment was
conducted once.
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Collectively, after testing the specificity of several total and phog@isiK1/2
antibodies (i.e. two atibodies for MSK1, two for MSK2, two for phosgi&K1
(376), and one for phosphbISK1/2 (S376/S360)), the aMiSK1 antibody

(from Bethyl Laboratoriesyas selected for use

2.3.5.2 Staining pattern and statistical analysis

Following confirmation of ardMSK1 atibody specificity, MSK1 protein
expression was detected hysing immunohistochemistrin a large cohort of
breast cancer patientéconducted by Mr. Laurence HaljISK1 demonstrated
diffuse nuclear staining with some heterogeneity between adjacent tumour
cells, varying form wealo intense staining. No cytoplasmic staining was
observed. DCI&ellsshowed variable intensity staining in some cases (4 out of
13 TMA slideswere independently scoredy Dr. Narmeen Ahmad, with
descriptive pathology was providedy pathologist Dr. Mohammed A
Aleskandarany, with all being assessed by the current autSomeTMA cores
were not scored due to insufficient tumour or the core being missing, a total
number of 1270 cases were assessed. Typical staining patterns ar@ stow
Figure 2.15.
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Figure2.15Representative photomicrographs of high and low MSK1
protein expression.Panel A (high expression) and panel B (low expression) at X10
magnification with X20 magnificationy & S LI y St 'y R a0OFf S 06F NJ NB LINJ

MSKZ1 staining had a mediarsklore of 190+83 and ranged from 0 to 304ailX
was used to generate an unbiased cut point of 115, with 364 cases (28.7%)
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having low expression and 906 cases (71.3%) having éxginession.
{ LIS NXY I y qar codelafidn deinonstrated significantalbeit weak,
biological correlation between MSK1 and calpairfr=0.117,P<0.001), and
calpastatin expression (r=0.134<0.001); though the associations were
marginallyrelevant. No significant correlation was found between MSK1 and
calpain2 (r=0.07,P=0.061) or calpaik® expression (r=0.004£-0.92).Further
significant weak, correlations were found between MSK1 and calpastatin
(r=0.169,P=0.021) inthe basallike subgroup; betweercalpair2 (r=0.182,
P=0.026) and calpastatin (r=0.173=0.031)in the triple-negative subgroup
(Table 2.7)Due to correlation coefficient values, the associations were not

deemed to bebiologicaly relevant.

Table2.7 Correlation betweencalpain family, calpastatin andiSK1protein
expressions in different subgroups

HER2+ Basallike Triple-negative
Correlation Sig. Correlation Sig. Correlation  Sig.
Coefficient Coefficient Coefficient

Calpainl -0.077  0.385 0.091 0.213 0.099 0.222
Calpain2 0.009 0.923 0.115 0.118 0.182 0.026
Calpain9 -0.123 0.26 0.149 0.11 0.009 0.929
Calpastatin ~ 0.565 0.052 0.169 0.021 0.173 0.031

Abbreviations: Sig, significance.

Relationship with clinicopathologic variables
t S NA 2sfjaied téskwas performed to examine for association between
MSK1expressionwith clinicopathologic criteriaHigh MSK1 expression was
AAAYATFTAOLIYyGt e Faaz2OArl (2SsR83gdfalR0.0I4)i A Sy (&
f 26 SN OdzYy ZN30H NI=FARSn dnnm0O T f 23QBO4bt L @I
di=2,Ps:ndonnt 0 9w LI2%50.086,S.=1<dD0P) daiBR O .
LJ2 a A ( A @ S2=41.d27 2 dzNE0.0D1). While low MSK1 expression was
significantly associated with the presence of trigleS 3 | ( A @S 2=6604362 dzZNB 0
d.f.=1,P<0.001) and basdl A { S (i &zY3BBaNIEF.=18<0.001)Low MSK1
expression wasalso significantly associated with the presence of distant
YS il a®418a86@ d.f&1P<0.001), recurrence 2=6.220, d.f.=1P=0.013)
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associations between protein expressiondaclinicopathologic variables are

shown in Table 3.

Table2.8 Associations between MSKIprotein expression and various
clinicopathologic variables

MSK1 (n=1270)
Low expression  High expression  P-value

Variables

Age (years)

Xnn &SI NA 49 (3.9%) 74 (5.8%) 0.004
>40 years 315 (24.8%) 831 (65.5%)

Tumour size (mm)

XHNYY 207 (16.4%) 545 (43.0%) 0.275
>20mm 156 (12.3%) 358 (28.3%)

Tumour stage

I 227 (17.9%) 540 (42.7%) 0.544
Il 105 (8.3%) 275 (21.7%)

1] 30 (2.4%) 89 (7.0%)

Tumour grade

I 38 (3.0%) 169 (13.3%) <0.001
Il 96 (7.6%) 326 (25.8%)

1] 229 (18.1%) 408 (32.2%)

Nottingham Prognostic Index

U3.4 85 (6.7%) 290 (22.9%) 0.007
3.41:54 198 (15.7%) 451 (35.7%)

>5.4 79 (6.3%) 161 (12.7%)
Lymphovasalar invasion

Positive 107 (10.1%) 248 (23.4%) 0.263
Negative 190 (17.9%) 517 (48.7%)

Operation type

Mastectomy 213 (16.9%) 520 (41.3%) 0.682
WLE Lumpectomy 147 (11.7%) 378 (30.0%)

ER status

Positive 205 (16.7%) 704 (57.2%) <0.001
Negative 139 (11.3%) 183 (14.9%)

PR status

Positive 147 (12.3%) 538 (45.0%) <0.001
Negative 196 (16.4%) 314 (26.3%)
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Table 2.8 Continued.

MSK1 (n=1270)

Variables Low expression  High expression  P-value
HER?2 status

Positive 49 (3.9%) 125 (10.1% 0.894
Negative 306 (24.6%) 762 (61.4%)

Basallike status

Positive 96 (8.1%) 153 (13.0%) <0.001
Negative 247 (20.9%) 685 (58.0%)
Triple-negative status

Positive 104 (8.5%) 109 (8.9%) <0.001
Negative 237 (19.4%) 774 (63.2%)

Breast cancespecific survival

Alive 577 (41.7%) 342 (24.7%) 0.01
Dead 259 (18.7%) 207 (14.9%)

Recurrence

Present 167 (13.5%) 362 (29.3%) 0.013
Not present 178 (14.4%) 530 (42.8%)

Distant metastasis

Present 138 (11.0%) 267 (21.2%) 0.002

Not present

220 (17.5%)

635 (50.4%)

Abbreviations: ER, oestrogen receptor; PR, progesterone receptor; HER2, human epidermal
growth factor receptor 2. Correlations between MSK1 protein expression and clinicopathologic

variables was assessed using Pearson's@iS §(Sad 2F [aaz20AlGA2y 6.
if in a 2X2 tables and cell count was less than 5. Signifeealues are indicated by bold font.

Relationship with clinical outcomes
Low MSK1 expression was, in the total patient cohort, significaispciated
with adversebreast cancespecific surviva(P=0.009) as showrby Kaplan

Meier survivabnalysigFigure 2.16).
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Figure2.16KaplanMeier survival curves fomreast canceispecific survival

based upon MSK1 expressidtotal patient cohort). Curves show low (blue line) and
high protein expression (green line) with significance determined using thextdgtest. 364
(28.7%) cases had low expression and 906 (71.3%) cases had high expression.

Fa multivariate analysis, potential confounding factors including age, tumour
size, tumour stage, tumour grade, NPI value, lymphovascular invasion, ER, PR
and HER2 status (with individual KapMeier statistics ofP<0.® for all
variables) were included. K1 expression was not an independgnt
associated wittbreast cancespecific survival (hazard radio (HR) =0.899, 95%
confidence interval (Cl) 0.666.161;P=0.415).

Subgroup and combined biomarker analysis

As mentioned previousi\MSK1 showed differdial phosphorylation levels in
different subtypesof breast cancer cells, as well as being differentially regulated
by calpeptin in MDAVIB-231 cells (basdike). The prognostic significance of
MSK1 protein was thereforturther assessed in differerdubtypes of breast
tumours. As shown in Table 2.5, 243 (12.8%) patients had HER2+ tumours, 315
(16.6%) patients had tripleegative tumours, and 368 (19.3%) patients had

basallike tumours.

MSK1 expression was investigated in, HBRRle-negative and basdike
diseasesnd showed interest in both HER2 and bdi& groups P<0.001 and
P=0.022, respectively; Figure 2-B&C). This was further investigated in the

individual subgroups.
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Figure2.17KaplanMeier survival curves folbreast cancesspecific survival

based upon MSK1 expression shown as subgro@os-HER2 positive and negative
tumours with high and low MSK1 expression; (B) tripdgative and nosriple negative

tumours with high and low MSK1 exgssion; (C) basdike and norbasal like tumours with
high and low MSK1 expression.

When additional analyses were performed on only HER2+ and -ldesal
subgroups, there were no significant associations (Figure 2&IB) significant
associations wererdy observed in HER2 negative amah-basal likesubgroups

(P=0.006and P=0.024 respectivelyFigure 2.18B&F).
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Figure2.18KaplanMeier survival curves forbreast canceispecific survival
based upon MSKegxpression(subgroups. (A) HER2 positive; (B) HER2 negative; (C)
triple-negative; (D) non tripkeegative; (E) basdike and (F) notbasal like.

Additional combinational analyses were conducted éxamine prognostic
signficance of MSK1 plus calpaln -2, -9 or calpastatin:thigh MSK1/high
calpain, low MSK1/low calpain, high MSK1/low calpain and low MSK1/high
calpain. None of the groupings were associated viitbast cancespecific

survivalin either the totalgroupor any of subgroupsAppendixA -Table AL).
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2.4 Discussion

Impaired calpain activity or genetic mutation in calpain family members has
been described in several pathological conditions and human carcinogenesis.
The calpain family has been implicat&d tumour progression through the
proteolysis of numerous specific key substrates including focal adhesion kinase,
talin, inhibitor of NFkB and several oncogenes (discussed in Chapter 1). Despite
solid evidence supporting the critical role of calpaingumorigenesis, few
studies have provided direct evidence of calpain activity in breast tumours. No
studies of the calpain family have systematically compared their differential

roles in differentsubtypesof breast tumours.

In order to investigatdaf capain demonstratedaltered expression patterns
across differensubtypes six breast cancer cell lines from luminal -47D and
MCF7), HER2+ (JIMTand SKBR3) and batké (MDAMB-468 and MDAVIB-
231) were screeneavith three of them being selected tesaess calpain activity
and inhibition by calpeptin. Data show that the calpain family members
(calpainl, -2 and-4) and calpastatin are expressed across all six breast cancer
cell lines. Sermjuantitative Western blotting results showed thiarr calpainl
and -2 was similar across cell lines wiiDAMB-231 cellsexpressinga
relatively low level of calpait, with MCF7 cells expressing a very low level of
calpain2. Such results are consistent with quantitative Western blotting results
conducted by anotar group member (Ms Bhudsaban Sukkarn), showing that
calpainl and -2 are expressed lowest in MEMB-231 and MCH cells,
respectively. Another study also measured calpain protein expression in
tumour cells, including MGF, 747D and MDAVB-231, and demostrated
that MCF7 cells specifically express high leva calpainl but not calpair2
(Wu et al.,, 2005 The small subunit shared by calpdinand -2, calpaird
protein expressiorwas similar among thsix cell lines but calpastatin protein
expression variedJIMTF1 had therelatively highercalpastatin level, while-T
47D had therelatively low level, however the difference was not significant
The antibody used to assess calpastatin expression detelipticate bands
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between 100120 kDa. Calpastatin has four distinct isoforms with different
molecular weights that are differentially expressed in different tissues. By
Western blotting, a single band at 1-Bba was detected in proteins extracted
from skeleéal muscle tissues, duplicate bands at 135/44%a were seen in
cardiac tissues, and antalpastatin antserum detected three 135, 145 and

172 sizes bands in skeletal whole muscle homogen&as et al., 20011

From the present studWMCF7 cells had the highest level of active calpain
activity followed bySKBR3 celtken MDAMB-231 cellsMCF7 cells expressed
lowest calpair2 protein but had the highest calpain activity compared with
other breast cancer cells. i$ difficult to make direct comparissrbetween
calpain protein expression and actiyitgspecially calpairl and -2 has
differential roles in tumorigenesi&RK can directly activate and phosphorylate
m-calpain (calpait 0 NJ i K-&ain{(ddlpaifl) through growth factor
receptor signalling, which is an important signalling pathway in tumorigenesis
(as discussed in Chapter Aflditionally, ly usinga large breast cancer patients
cohort (n=1371) and a verification cohort (n=38@)eviousstudy from our
group indicated that high calpaid expression, but not calpaih was
associated with survival in patients with batiké and triplenegative disease.
Calpain2 expression was also associated with presence of-tparoural
lymphovascular invasio(storr et al., 2012a Our group also got information
on calpair9 being importantDavis et al., 200)4and unpublished information
that, in locally advancegdrimarybreast cancer patients with nemflammatory
diseases, high calpastatin expression was significantly associateddvithse
breast cancesspecific survival, as was wWo calpain2 expression. In
inflammatory cases, high calpain and high calpastatin expression is
associated with improvedrbast cancesspecific surviva(Storr et al., 201p
Those results emphasised that calpdiand-2 has differential role in different

types of breast cancer.

Several commercial inhibitors of calpain are available, such as leupeptin,
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calpeptin, calpain inhibitot, E64, PD150606 and MDL28170, etc. Although
each of these has shown effective inhibition of calpain activity, none of them
are particularly specificThe majority also have inhibitory effects on other
cysteine proteases (e.g. papain and cathep&s)iriroduced in sectior2.1.2).
Calpeptin, a widely used synthetic calpain inhibitor, was used to assess calpain
inhibition in breast cancer cells. Based on preliminary studies in our group
(conducted by Dr. Saraho®), the sensitivity of calpeptin was superior to
another inhibitor, PD150606. From current results, calpain activity was partially
FGGSydz2r SR o0& OFftLSLIAY Fd F 02y OSy N
hours treatment(approximately20-54% inhibitior); however the inhibition did

not show a timedependent relationship and calpeptin could not completely
abolish activity even with longer incubation times. Calpeptin seemed to have
the most effective inhibition on MCF cells compared with MDRB-231 and
XBR3 cellsin MCF7 cells, the maximal inhibition of calpain activity by
calpeptin was seen as early as 30 minutes treatment; while in SKBR3 cells the
most significant inhibition was only observed after 6 and 24 hours treatment;
and calpeptin only resultk in 2630% inhibition in MDAD-231 cells even

after 24 hours.

To determindf calpain modulates breast cancer cell proliferation, and compare
effects betweenbreast cancer subtypesthe cells were prdéreated with
different concentrations of calpeptifor different incubation times. The results
demonstrated that inhibition of calpain activity by calpeptin inhibited
proliferation in MDAMB-231, MCF and SKBR3 cells. More specifically,
calpeptin did not shovany obvious antiproliferative effect during tte first 24
K2dzNE AT GKS O2yOSYGNY A2y ¢l a f26SNI
comparison ofestimatedIC50 values showed that calpeptin presented similar
effects across three cell lines. While after 72 hourseatimated IC50 value
between 8085 >a ¢l & 20aSNIWSR MB23% dellswand I Y R
between 60c p  *foa MCF7 cells. Another study found that calpeptin

treatment for 96 hours caused 480% and 10% decreasecell proliferationin
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MCFT omMn >3k YMBH olmy ©Sd51a o ctivgly(Matdga &f[ 0 = NI
al., 2013. Although the dose of calpeptin in our study is nearly 4-fol& of

GKFG Ay GKSANI addzRe omnn >a JetheriSlj dza O f
may indicate that the growth inhibition of calpeptin is more effectivethin

luminal subtype breast cancer cells (i.e. MCIeells) and calpeptin may
LINEFSNByGAFffe FFSOG 2Saidedadid@)ysalNS OS LI
oestrogen hornone that tightly correlates with biological functions of
oestrogen. It has been reported that-#®luced proliferation of MGF cells can

be inhibited by prei NB I G YSY G 6AGK wmnn > @va@lett LIS LIG A
al., 20143 Four aldehyde calpain inhibitor analogues have shown differential
anti-proliferative effects on one prostate cancer, one cerviaioer and two

leukaemia tumour cell lines, with IC50 values ranging betweem&2d d > a
(Guan et al., 2006).

To determine whether calpastatin plays a role in cell migration, cell haptotaxis
assays were performed otalpastatinknockdown cells. MDMB-231 (basal

like) and MCH (luminal) cells were stably transfected usoaipastatinshRNA
(conducted by Dr. Sarah Stqrand the knockdown afalpastatinconfirmed by
Western blotting. Calpastatin negatively regulates calpain activity. It has been
shown that calpastatin expression level has a direct opposite effect on calpain
activation andproteolytict OGA @A G& Ay | G(GNIya3aSyiao Ydz
disease (Vaisid et al., 2007 Previous data from our group found that
knockdown ofcalpastain in MDAMB-231 cells did not elevate calpain activity
compared to the controls or wiltlype counterparts (Dr. Sarah Storr,
unpublished data Resultérom the current migration assayshowed thathere

Is no statistical difference between the migratiori wild-type and calpastatin
knockdown cellgitherin MDAMB-231or MCF7 cells. There was an indication
that in the presence of calcium ionophore A23187, calpastatin knockdown
MDAMB-231 cells had reduced migratory ability; however, this was not
statistially significant in comparison with controlsuch a change was not

found in the absence of A2318Treatment withA23187 has been shown to
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cause subsequent activation of calpain activity in platelétgoblasts and
erythrocytes(Molinari et al., 1994Small et al., 2002Nayak et al., 20D)1In the
currentstudy, calpastatin was not completely inhibited, therefore it is unknown
if any residual calpastatin activity would have an effect on cell migration.
Additionally,the concentration of A23187 and the incubation time nmey be
sufficient to activate calpaiactivity in breast cancer cells.retrospect it would

be ideal to try different concentrations and incubation timé&h A23187 and
detect the calpain activity level in the cells. Alsshibuldbe considered to
include positive controls. Further invegation is required to provide a firm
conclusion and detailed explanatioht.was also noted thatnicubation with
A23187 slightly decreased migration of wijghe MCF7 cells. Earlier evidence
have suggested that A23187 can downregulate ER protein/mRN&sskpn
and regulate its transcriptional activity in MCFells(Ree et al., 1991Journé

et al., 2004. Such alterations may have potential effect on cells migratory ability.

Basallike breast tumours have more aggressive clinical behaviour and poor
prognosis compared with luminauktype. In the current results,wild-type
MDAMB-231 cells displayed a markedly incsed migratory ability thamvild-

type MCF7 cells. Together with the Western blotting results, as MCF
expressed lower calpai® protein leves, it may suggest that calpaih rather

than calpair2, has a dominant role in regulating migration in MCEells. This
assumption can be evidenced by Wu et FAYRAY 3Ia (K-GO aK2s
1 is exclusively responsible for degradation of filamin and talin (two important
adheson components) in MGF cells, and that restored expression of calpain

1 but not calpair2 could enhance the cellular migration rgi&u et al., 200%

In comparison,MDAMB-231 cells expressing high level of calp&inwith
increased migratory ability.sAmentioned previously, high calpa2expression
was associated with poor prognosis in bagdad breast cancer patientdt may
suggest that calpai2 has a dominant role in reating migration in MDAB-

231 cells. It would be interesting to investigate if knockout of caljjaand

calpain2 separately, rather than knockdown calpastatin in cells, would show
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differential effects on MDAB-231 and MC¥ cells.

Calpastatin is thenly known endogenous inhibitor of calpain; several studies
have reported that calpains increase tumour invasion and metastasis. Previous
studies from our grouphave shownthat lower expressionof calpastatin
MRNA/protein was linked with increased lymphswgalar invasion in breast
cancer (Storr et al., 2011pStorr et al., 2012a Lymph node metastasis
associatedvith upregulation of calpatl mMRNA in renal cell canomas(Braun

et al., 1999. In contrast, inhibition of calpain activity has ledadecrease in
cell migration via enhancing integraytoskeletal linkage and reducing the
speed & cell detachment(Huttenlocher et al., 1997 Reduced cellular
migration has been shown in MFcells transfected with calpaibh SIRNAWu

et al., 2000.

Although calpainhas been shown to increastimour cell migration and
invasion, the regulatory mechanisms remain unclear. One study showed that
overexpression of calpastatin led to calpain inhibition in melanoma transgenic
mice, and actually increased metastatic dissemination to regional lymph nodes
by promoting tumour cell ngration (Raimbourg et al., 2033 Predominant
calpainl activity has been detected in resting neutrophils; specific inhibition of
calpainrl in neutrophils promoted cellular polarisation, eshokinesis and
migration speedLokuta et al., 20083 Interestingly, calpaimediated cleavage

of paxillin was rported to impair focal adhesion disassembly and cell migration

in Hela cell¢Cortesio et al., 2001

The role of calpain on signal transduction was examined using phosphokinase
arrays. The current study focused mainly on MSK1/4nkibition of calpain
activity by calpeptin upregulated MSK1/2 phosphorylation in MDB231
cells; while in MG¥ cellsthe phosphorylation was not affecte@ompared to
other two cell lines, MSK1/2 phosphorylation was not detectable in SKBR3 cells

either beforeor after calpeptin treatment. To date it is the first evidence that
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links calpains and MSKs in breast cancer cells, especially idikasabtype
MSK1/2 and calpains share several key substrates and signalling pathways in
tumorigenesis. As discussed mmeviously firstly, MSK1/2 can be activated
through MAPK/ERKs signalling in response to EGF, whilst conventienal m
calpain can be activated by ERK through growth factor receptor signalling. In
addition, both MSK1/2 and calpains have been shown to prorbogast cancer

cell survival via transcription factor NF. ® [CREBiad béen confirmed as

a phosphorylation target of MSK1(2s introducd before)Our results showed

that suppressed calpain activity in MBDAB-231 cells upregulated MSK1/2
phosphoryladion, in parallelwith decreased CREB phosphorylation, which may
suggest a potential connection between calpain, MSK1/2 and CREB signal

transduction in basdlike subtype.

Although the above data from phosphokinase arrays may be interesting and
may haveadded information to the known regulatory functions of calpains in
signal transduction, the results must be viewed with caution, as MSK1/2 results
could not be validated in Western blotting. IR&® A G A2y X mnn >a Ol f
minutes caused appraxately 50% inhibitionof calpain activity; it remains to

be seen if the results would be different if the residual calpain activity were
completely inactivatedAlso cross reactivity between antibodjéke specificity

of the antibody, and distinct lysis buffer used in phosphokinase arrays and
Western blotting may also contribute to the discrepancies between
phosphokinase array and Western blotting dafdus the informationthat
comes from the arrayssilimited, and further investigation and evaluation

should be made in order to draw any firm conclusion

The initial array data, showing differential levels of MSK1/2 phosphorylation,
was interestng and it was thought worthwhile to further explore the
importance of MSK1/2 in breast tumours, particularly as total MSK1/2
expression had not previously been assessed in breast tumour specimens. After

trying several antibodies from different sources, a suitable-BI8iK2 antibody
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that presented nuclear staing in immunohistochemistry could not be found,;
equally, using antibodies directed against phosph®K1/2, no MSK1/2
phosphorylation could be reliably detectedgell samples. Future work might
consider using such stimuli to activate MSK1/2 phosphorylatiitimately, it

was decided to focus on expression and prognostic significance of MSK1.

In the current study, by using a large invasive breast cancer patient covert,
found a significantly positive correlation between MSK1 and calpaiand
calpastain expression, respectivelgignificant coefficients suggest that such
associations may not be biologically relevakaplanMeier survival analysis
showeda significant association between high MSK1 expression and improved
breast cancespecific survivabut this did not remain as an independent factor

in multivariate analysis. High MSK1 expression was significantly associated with
older age, lower tumour grade, lower NPI values, ER positive and PR positive
tumours, all of which are indicative of a bettprognosis. In agreement with

this low MSK1 expression was also found to be associated withrédsence of
distant metastasis, recurrenc@nd death due tobreast cancer, as well as the
presence of triplenegative and basdike disease Collectively, thessociation

of MSK1 expression with ER, PR status, tnplgative and basdike diseasds

of particular interest as it potentially links with tle vitro phosphokinase array

results.

Theimportance of MSK1 in predicting clinical outcomes in diffeseibtypes of
breast cancer was also examindhe significant association was seigrnthe
HER2 negativeand non-basal like subtypes;, high MSK1 expression was
significantly associated wiimprovedbreast cancesspecific survivalT his study

is the first b examine the total MSK1 protein expression in breast tumour tissue

and evaluate its prognostic significance in breast cancer patients.

GCombinational analyses were performed to determine the prognostic

significance of MSK1 plus calpdincalpain2, cal@in-9 and calpastatin (i.e.
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high MSK1/high calpains, low MSK1/low calpain, high MSK1/low calpains and
low MSK1/high calpains), ithe total patient group and each subgroup
however, no association with survival was observEde current study did not
compae MSK1 protein expression in breast tumours witat found innormal
breast tissues. Several lines of evidence suggest that phosphorylated MSK1 is
significantly overexpressed in chronic solar-&posed mice skin, human
squamous cell carcinoma (SCC) dasp and poorly differentiated
nasopharyngeal carcinoma tissues compared with their normal tissue
counterparts(Yao et al., 2014.i et al., 201p Morerecently, a novel compound

was identified as a MSK1 inhibitor, and has shown effectivecaniter effects

on skin cancer by disrupting MSK1 phosphorylation and M&&diated
downstream signallingLiu et al., 2014a It might be interesting to examine
whether combined use of this MSK1 inhibitor and calpain inhibitor would have
further effect on regulation of calpain activityThe role of M81 in
tumorigenesis may be varied in differendimour typesbecause of its wide
range phosphorylation substrates and the involvements in transcription,
chromatin transformation, inflammation and cell apoptoéi®&ermeulen et al.,
2009.
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2.5 Summary

1.

Calpain/calpastatin protein family expression wagressed in breast cancer

cells with differentmolecular subtypes

. Inhibition of calpain activity had anproliferative effects on breast cancer

cells

. Knockdown ofcalpastatinby shRNA had nsignificanteffect on cellular

migratory ability in MDA31 andMCF7 cells, with or without calcium

ionophore stimulation.

. High MSK1 expression was significantly associated with imprioxesbt

cancerspecific survival,but was not an independent factor when
considering potential confounding factorfie associatiorbetween MSK1
expression and survival was also obseriedHER2 negativpatients and

patients withoutbasallike diseases
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3.1 Introduction and aims

3.1.1 Aims

The aims and objectives of the current chapter were to:

1. Explore the #ect of manipulating calpain activity on breast cancer cell
apoptosis and apoptotic related signalling pathways.

2. Evaluate the prognostic value of casp&#e8 expression in breast cancer
patients, determining if there were any relationship(s) between agp

family and caspas®8/-8 protein expression.

3.1.2 Apoptosis and cancer

Apoptosis is a highly conserved and tightly regulated intracellular mechanism
that leads to the cell death. The term was first described by Kerr et. al., which
highlighted the significase of dying cells by distinct biochemical and
morphological changes, including chromatin condensation, DNA
fragmentation, cytoplasmic shrinkage and membrane bleblikerr et al.,
1972. There are two major pathways that initiate apoptosis: the activation of
death receptors at the plasma membrane (extrinsic or death receptor pathway);
and the release of proteins from mitochondriata the cytoplasm (intrinsic or
mitochondrial pathway). Generally, the extrinsic pathway is initiated in
response to ligand binding of death receptors (DRs) superfamily (such as CD95
and tumour necrosis factor (TNF)) at the cell surface, resulting inatiotivof
capase8 followed by caspasB8. The intrinsic pathway is triggered by
mitochondrial release of cytochrome c, leading to formation of Apafnd
cytochrome ¢ complex (apoptosomes) with the assistance of ATP, that
subsequently activates caspa8efollowed by caspas8 (Hengartner, 2000
Hancock, 2010

The preapoptotic Bcl2 family member Bid connects mitochondrial and death
receptor pathways. Caspas® cleavage of Bid generates a truncated Bid
fragment (tBid) and causes its translocation to mitochondria, resulting in the
release of cytochrome ¢ and amplifying the apoptotic sighiaét al., 1998 In

both pathways, central players of apoptosis are caspasegroup of cysteine
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aspartyl proteases, which functiothrough proteolytic cleavage of various

substates.

Dysfunction in apoptosis has been implicated in numerous pathological
disorders, such as autoimmune disease, inflammation, neurodegenerative
disease, ischaemia/reperfusion, heart failure, and most importantly, cancer
(reviewed in(Fadeel and Orrenius, 20))5Resistance to apoptosis is considered
as a hallmark of cancer; it contributes not only to tumorigenesis, but also
underlies cancer cell resistance to a variety of treatments. Cancer cells can
acquire resistance to apoptosis by overexpression of-a@mbiptotic proteins
such as Be2, BchX, BctW and Mcll or by the downregulation or mutation of
pro-apoptotic proteins suclas Bax, Bak, Bid and Bad (revieweddney and
Krammer, 200). Early studies of -Bell follicular lymphoma found that the
chromosomal translocation t(14;18) coupled wienhanced Be2 activation,
could promote lymphoma cell survival; whilst mutation in the Bax gene has
been observed in 21% (6 of 28) of hematopoietic malignant cell lines
(McDonnell et al., 1989Meijerink et al., 1998 In vivodata has provided
evidence that Bax can act asmour suppressor. Expression of Bax has been
shown to be induced by p53 in transgenic murine brain tumours, leading to slow
tumour growth and a high level of apoptotic cells; whereas in-dBzficient
mice, tumour growth was accelerated and apoptosis wsgnificantly
decreased, suggesting that Bax is essential for the functionadpp8ndent
responsg(Yin et al., 1997

A number d anti-cancer chemotherapeutic agents and ionising radiation can
target cancer cells by induction of apoptosis, failure to activate apoptotic
programme has been implicated in drug and radioresistance. A recent study has
shown that high Be2 expression iassociated with poodiseasefree survival
andoverall survivain patientswith ER/PR negative and tripfeegative tumours

who received no adjuvant treatmeilonma et al., 2015 0n the contrary, high
expression of the pr@apoptotic Bak can predict a favourable overall survival

rate in breast cancer patients treated with Taxol, especially in luminal and
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HER2+ subtypes; and increased Bak expression sensitised breast cancer cells
response to Taxol treatmerftuo et al., 2016 In addition to the above, there

are other mechanisms that can affect the sensitivity of tumour cells to
apoptosis, such as alteration of p53 pathways, disruption of RiSKiathways,
impaired activity of transcription factor NF. = |y R | 6 SNNJ y

expression (reviewed ifigney and Krammer, 200@uyang et al., 2002

3.1.3 Caspase/-8 in cancer

The caspase familgelongs to a group of cysteine proteases, and 14 family
members have been identifiePop and Salvesen, 200€aspases are, based

on their function, leation and structural characteristics, generally classified as
apoptotic caspases and pinflammatory caspases. Although the first member

of the caspase family, interleukim converting enzyme (ICE; also known as
caspasel), was identified as having astinct role in inflammatory response
(Thornberry et al., 1992 at least 8 of 14 caspases are important regulators of
apoptosis(Shi, 2002 Typical apoptotic caspases can be subdivided into two
groups: the initiator caspases (i.e. caspas8,9 and -10); and effector
caspases (i.e. caspalg6 and-7). All caspases exist as inactive zymogens and
their activdion requires proteolytic activity during apoptosis. An effector
caspased.g.caspase3) can be activated by an initiator caspasey(caspase

8) through cleavage at the internal Asp residue, leading to disassembly of the
large and small subunit; the iffitor caspases, however, are activated by
dimerization via the signal obtained from death receptors (such as TNF and TNF
ligand, Fas and Fas ligand, TRAIL and its ligand). The downstream caspase
cascadailtimately leads to cell deat{Shi, 2002Ried| and Shi, 2004

As mentioned above, caspases are central players in the apoptotic machinery
and aberrant caspase expression and/or activation has been implicated in
tumorigenesis. Amongst the 14 caspase family members, casghse a key
downstream effector, which is activated by initiator casp8ser-8, proceeding
apoptotic signalling by cleavage of several downstream proteins. Aberrant

caspase3/-8 expression has been implicated various types of cancefor
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example caspases protein expression was found to be significantly reduced in
moderately and poorly differentiated prostate cancer specimens compared

with well-differentiated prostate tumours and normal tissuéd/inter et al.,

2001) and high caspas@ expression was observed in oral squamous cell
carcinomas and acut@yelogenous leukaemia compared with normal samples
(Estrov et al., 1998Hague et al., 2004 In addition, ataved active caspas

can predict a favourable overall adiseasefree survivak Yy I RAAGA Yy OG 0
OStt y2ymnl 2R3ITAY f & YLIK2 YKonstanfirtdowheyaf, NI O NI
2007, Ling et al., 2011 and high caspase3 expressionwas significantly
associated with improved prognosis in patients with hepatocellular carcinomas

that had complete resectiofHuang et al., 2010aOn the other hand, ks of

caspase8 mMRNA/protein expression has been noticed in high grade small cell

lung cancers, neuroendocrine lung cancers and childhood neuroblastoma. Both
studies suggested that caspa8amight act as a tumour suppressor in certain

types of lung cancesind neuroblastomdTeitz et al., 2000Shivapurkar et al.,

2002. Studies have shown that CASP8 (enapdinaspasd) gene
polymorphism may contribute to the increased risk of oesophageal squamous

cell carcinoma and advanced gastric can@oung et al., 2003Jmar et al.,

2011 Yin et al., 2014

Thus far there have been limited studies carried out investigating the role of
caspase3/-8 protein expression, as wel @aheir prognostic potential, in breast
cancer.Immunohistochemicabased studies have reported that the levels of
caspase3 (uncleaved and cleaved forms§, and-8 protein expression were
increased in breast carcinomas (patientsmbersranging from 810 210);with
reports from Vakkala et al. and Blazques etsdlowing that there was no
significant association between caspaseexpression and patienpverall
survival(Vakkala et al., 199%adjiloucas et al., 200h Q5 2y 2 @y ,SG I f d
Blazque et al., 200§ Interestingly, one study explored casp&sexpression in

a relatively small breast cancer patient cohort (n=137), showing lingi
caspase3 expression had a negative influence owverall survival in breast

cancer patientg§Nakopoulou et al., 2001
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3.2 Materials and methods

3.2.1 Cell lines and culture
Subculture, cell line verifications and mycoplasma screening were described in

section2.2.1and2.2.2

3.2.2 Chemicals and drug preparation

Staurosporine (Sigma, UK) was dissolved in DMSO (Sigma, UK) as stock solution
of 1 mM and stored at20°C. Calpeptin was prepared and stored as described

in section2.2.4 Dilution and the negative controls were prepared the same as

described in sectio.2.4

3.2.3 Annexin VFITC assay

As discussed in sectidl.2 apoptotic cells undergo a series of characteristic
morphological and biochemical changes. Under physiological conditions
phosphatidylserine (PS) is normally confined to the internal side of the plasma
membrane. In the early stage of apoptosis, cekpose PS from the inner
plasma membrane to the outside of the cell, while the plasma membrane
remains intact. Externalisation of PS on the cell surface makes such apoptotic
cells amenable to detection by Annexin V, a recombinant protein that strongly
binds with PSresidues in the presence of calcium ions, and can be applied for
the detection of early apoptosis. Externalisation of PS is not, however, exclusive
to apoptosis, but also occurs during cell necrosis. The latter is characterised by
loss of cell mmbrane integrity, followed by leakage of cellular components (i.e.
nucleic acids), that can essessedia propidium iodide (PI) stainiriyermes

et al., 1995Van Engeland et al., 1998earing this in mind, cells were stained
with fluorescein isothiocyanatc (FIH@belled Annexin V, with dye exclusion of

Pl, and reasured by flow cytometry (i.e. fluorescenaetivated cell sorting,
FACS). The assay was used to determine viable (AnRéXirearly stage of

apoptosis(Annexiri/Pl), andlate stage of apoptosis &ead/necrotic cells (P).

MDAMB-231, MCFF and SKBR OSftfa 6SNB (GNBFGISR gAlK
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30 minutes, 6 and 24 hourBMSO was added tie negative control group at

the same volume equivalent to that in the drug treatment group. MDB:231

and MCF7 cellswere i NBI 6 SR @gAGK M >a 242hBursa 0 | dzNJ
(optimisation was conducted by Dr. Yimin Zhang) and SKBR3 cells were treated
GAOGK M >a 2F adl dNPALRZNAYS Fadiman K2 dzNE
et al., 1998 Belmokhtar et al., 2001 Apoptosis of cells were measured using

an Annexin WITC apoptosis detection kit (Sigma, UK) following the
mandzfF I OG dzZNBENXQRa Ay aidNHzOGA2yad . NASTFfexr |-
medium and cells attached on the flask were collected following trypsinsation.

And all the cells were combined into the same tube. Cells were pelleted by
centrifugation at 17@ for 5 minutes at room temperature, followed by washing

twice with icecold PBS. The supernatant was removed and the cell pellet was
resuspended in 1x binding buffer (provided in the kit) at a concentration of
1IX160St fa kY[ ® ¢ KSy iopwastransferred ifito apfdtid 12 & dza LIS
E 7p YY GS&0 GdzoSsz IyR AyOdzm!l &8BR 6 A FK
Oz2yeadaAl 4S | yR ™ solutigns(dth prowided in thé kit)y The t L
mixture was incubated in the dark at room temperature for 10 minufidse
fluorescence of the cells were immediately analysed using a Beckman Coulter
FC500 MCL flow cytometer system (Beckman Coulter, USA) by reading on
multichannel of FL1 (525 nm for FITC) and FL3 (620 nm for PI). Data generated

from the flow cytometer wereanalysed using FlowJo 7.6.5 software (Tree Star).

The percentage of cells in each population (i.e. viable, apoptotic and
dead/necrotic cells) was plotted. Data represent the average percentage +

standard deviation (SD) of three independent experiments.

3.2.4 Human apoptosis array

The role of calpain in regulating apoptesedated signal transduction was

assessed by using a Human Apoptosis Array Kit (R&D systems, USA). The kit can
simultaneously detect the relative expression levels of 35 apoptetased

proteins (in duplicate). MDMB-231 and MCH cells were treated with or
gAOK2dz0 mnn >a OFftLISLIAY F2N on YAYdz
collected in Lysis Buffer (provided in the kit) and the concentrations of proteins
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were determined by Bi®Rad proteinassay following the process described in
section2.250 onn >3 2F G20Ff LINRBGISAY 61 & YA
,dzZFFSNI M F2t€26Ay3 YIEydzZFlF OGdzNENBRQ Ayad
The arraysvere blocked with Array Buffer 1 fdrhour in advance followed by
incubation with the protein samples overnight atCl The array was then

washed with XWash Buffer for 310 minutes to remove unbound proteins and
incubated with corresponding Detectiom#body Cocktail$or 1 hour at room

temperature.The arrays were visualised described in sectidh 2.9

3.2.5 Western Blotting

The specificity of caspaszand-8 antibodies was determinedsing Western
blotting, prior to immunohistochemical staining of patient specirsgiollowing
the steps irsection2.2.1Q A number of antibodies were checked for specificity

and those used in the current apter are listed in Tablg.1.

Table3.1 List of antibodies used in Western blotting

Antibodies Source Host Type Clone Dilution Size (kDa)
Cell Signalling

Anti-caspase3 Technology  Rabbit 9662 1:1000 35
Thermo

Anti-caspase8 Scientfi Rabbit PAX29159 1:500 62

Anti-HSP60  R&D Systems Mouse 264233 1:1000 62

Anti- -actin Abcam Mouse 8226 1:1000 42

Anti-mouse

secondary Dako MouseHRP - 1:1000 -

Anti-rabbit

secondary Dako RabbitHRP - 1:1000 -

3.2.6 Clinical samples
The immunohistochmical study was performed using a cohort of 1902 early
stage breast cancer patient3he Information on clinicopathologic variables

were described isection2.2.11

3.2.7 Tissue microarray construction and immunokighemistry

The TMA was constructed by the Breast Pathology Group at the University of
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Nottingham and cut sections supplied fionmunohistochemistryuse, and as
described in sectio2.2.12 The concentrations afntibodies were optimised
following the procedures described in secti@r2.12 Caspae-3 staining was
achieved using a Vectastain® Universal Elite® ABC Kit (Vector Laboratories,
USA); caspas@ staining was dgeved using or a Novolink Polymer Detection
System (Leica, Denmark) (as describedeiction2.2.12. For the Vectastain®
Universal Elite® ABC Kit, the majority of the procedures were the same as a
Novolink Pgtmer Detection System except for the following modifications.
Endogenous peroxidase activity was blocked by using 0.3% solution of hydrogen
peroxide (H2Oz) in methanol with incubation for 10 minutes. The blocking
solution was replaced with 2% serum solati¢provided in the ABC kit) with
incubation for 30 minutes at room temperature. The primary antibody was
diluted in blocking solution in an appropriate ratio decided according to the
optimisation (described in sectidh3.3.]). The post primary block solution was
replaced with 2% biotinylated secondary antibody (provided in the kit) with 1
hour incubation at room temperature. The Novolink polymer was replaced with
avidin coupled to biotinylated horseradish pemase reagents (ABC reagents),
which was 2% of reagent A and B diluted in PBS, and incubated for 30 minutes

at room temperature.

Staining was assessed at X20 magnification followingregiution scanning
as described isection2.2.12 ICCs between scorers were 0.898 and 0.732 for
caspase3 and caspas8, respectively (conducted by Dr. Yimin Zhang), showing
good concordance between both scorers. The cut points of
immunohistochemical scores were determinedainonbiased fashion using X

tile software as described section2.2.12

3.2.8 Statistical analysis

The same as described in sectiha.13
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FACS analysis apoptosis

The role of calpain in breast cancer cells apoptosis was assessed by using flow
Oli2YSUNED® W
(Mooney et al., 2002Xue et al., 2008 The treament time of STS for MDKB-

> a

{GF dZN2 A L2 NRA Y S

6{¢{0

231 and MCH cells (24 hours) was optimised previously (conducted by Dr.

Yimin Zhang, data not shown), and the treatment time of STS for SKBR3 cells
AYRdzOSR |

was optimised. As shown in Figur&3.

M >a

{ ¢

cells, with maximal increase being observed at 6 hours, the percentage of

apoptotic cells in the STS treatment group was L.&3d of control group. 24

hour treatment with STS produced inconsistent results, whichexakided in

0KS 2LIWAYAAlI GAZ2Y

hours was set as the positive control for SKBR3 apoptosis analysis.
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Figure3.1 Optimisation of staurosporine (S3) treatment time in Annexin V

FITC apoptosis ass®esults are displayed as dot plots oflAnnexin WITC) vs. R.(PI)
florescence. The figure shows representative results from two independent experiments.
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The role of calpain in breast cancerlseapoptosis was assessed using MDA

MB-231, MCF7 and SKBR3 cells. As shown in Fig8E 3.0 NB I G YSy G gA i
of STS for 24 hours induced significant increase in both apoptotic and necrotic

cells in MDAVIB-231 cells; and in MCFcells STS induced significant increase

AY YSONRBGAO OStfta odzi y20 Ay ddeLIGi20A
hours induced significanhcrease impoptotic cells ilSKBR3 cell®ut had no

significant effect on necrotic cells. The results also reassured SiS&ngsa

suitablepositive controlfor the Annexin WITC apoptosis assay.

MCF7 cells are caspas3 deficient (Devarajan et al., 2002); one study found
that MCF7 wild-type cells are less sensitive to STS than MEElls expressing
caspase, suggesting STigduced apoptosis is caspalalependent (Xue et al.,
2003). This may provide a possible exgition for the unchanged apoptosis in
STS treated MCF cells. When comparing three cell lines, the endogenous
apoptosis level in MDMB-231 cells (0.9%) was lower than MTFEL2.9%) or
SKBR3 (12.0%) cefssmilar pattern was also observedtime Yuanet al. study,
showing lower endogenous apoptotic death in MDKB-231 cells compared

with MCF7 and SKBR&lIs(Yuan et al., 2012).

As mentioned previousty G NS G YSyd gA0K mnn >a OF f LJ
24 hours inhibited 2€80% of calpain activity in MBWMB-231 cells. As shown in

Figure 2-A,inMDAMBHom OSffasx fGdK2dzZ3K mnn >a
or 6 hours caused no significant change onplkecentage of viable, apoptotic

or dead/necrotic cells, treatment for 24 hours significantly reduced the
percentage of viable cells from 94.8% to 89.7% (vs coni&a0,.05), and

increased the percentage of apoptotic cells by 2fdld of control P<0.05).

Data showed that calpeptininduced apoptosis increased with duration of drug
treatment with minimal apoptosis observed at the shortest exposure time:

0.8% at 30 minutes, 1.3% at 6 hours, and 1.9% at 24 hours.
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ForMCAR OStfaz mnn >a 2F OFfLSLIWAY i GKI
reduction of calpain activity (388%); however calpeptin treatment had no

effect on apoptosis at any time point assessed m pinesent study (Figure 3.

B).For SKBR3cells mnn >a OF t LIS4%ohcdlpaih fckvityah6i SR

YR Hn K2dzNEQ GAYS 2 MHeh éxgosed to calpéping y A Y

a significant increase in the percentage of dead/necrotic cells was observed at

6 hours (1.14old of control,P<005). After 24hour, the percentage of viable

cells decreased from 72.8 to 61.4%0.05); and the percentage of apoptotic

cells increased by 1.716ld of control P<0.01). Representative dot plots from

flow cytometry analysis are shown AppendixA-

FigureA 1&Figure A2&Figure A3.

3.3.2 Apoptosis array and validation

Human apoptosis arrays were used to simultaneously assess the erpressi
35 apoptosigelated proteins in order to determine whether inhibition of
calpain activity exerts regulatory effects on apoptagkted signal
transduction in MDAVIB-231 and MC¥ breast cancer cells. MBEMB-231 and
MCF7 cells were treated intheJNBE & Sy OS 2NJ  60aSyO0S 2F wmn.
minutes. As describdaefore, the treatment ofL00> acalpeptin for 30 minutes
can inhibit 2030% and 8-48% of calpain activity in MD®B-231 and MCH
cells, respectively. As shown in Figuré @ed square} in both treated and
untreated MDAMB-231 cells, precaspase3 was highly expressed; however
cleavedcaspase3 (active form) was noexpressed As expected, MCFcells

did not express either proaspase3 or cleaved caspase
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In MCF7 cells,HSP6Gvas markedly suppressed in the presence of calpeptin,

whereas such change wanot detected in MDMB-231 cells (Figure 3.

indicated by arrows). In addition, both cells expressed tumour necrosis factor

related apoptosisnducing ligand (TRAHR1/DR4 andR2DR5, with MDAMB-

231 cells expressing a higher level of TRAIL protearsMCF7 cells. Calpeptin

treatment reduced the expression of TRARLand R2n both cell lines (Figure

3.3, green squares). Fas, also known as tumour necrosis factor receptor

superfamily member 6 (TNFR$SB6CD95), was expressed to a higher level in

MCR7 cells, with a nearly undetectable signal in MEB-231 cells (Figure 3.

yellow squars). On

the contrary, phosphp53 (S15/S46/S392) was

overexpressed in MDAIB-231 cells but with markedly lower expression in

MCF7 cells (Figure 3, blue squares).hie signal of phosphp53 at S392 was

stronger than at other two serine sites in both cell lings.addition to the

proteins mentioned abovea number of other apoptosiassociated protein

expressions are listed in Tabl@3.
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Table3.2 The apoptosigrelated proteins eyression in breast cancer cellsd
changes induced by calpeptin

Calpaininduced Differential protein

changes expression
Coordinate Target 231 MCF7 231 MCF7
B1, B2 Bad (@) (@) M L
B3, B4 Bax L L
B5, B6 Bcl2
B7, B8 Bckx
B9, B10 Pro-Caspas& O H
B11, B12 Cleaved Caspase L
B13, B14 Catalase (0] (0] L
B15, B16 clAR1 (0] (0] M M
B17, B18 clAR2 L
B19, B20 Claspin (@) (@) M M
B21, B22 Clusterin O L L
B23, B24 Cytochrone ¢ (@] O H H
C1,C2 TRAIL R1/DR4 - - H M
C3,C4 TRAIL R2/DR5 - - M L
C5, C6 FADD (@) (@) M M
C7,C8 Fas/ TNFRSF6/CD95 (@) M
C9, C10 HIFEMm h L
Cl1,C12 HO1/HMOX1/HSP32 L M
C13,C14 HO2/HMOX2 (@) (@) M M
C15,C16 HSP27 (@) (@) M M
Cl7,C18 HSP60 (@) - L M
C19, C20 HSP70 @) @) M M
C21, C22 HTRA2/Omi (@) (@) H H
C23,C24 Livin
D1, D2 PON2
D3, D4 p21/CIP1/CDKN1A
D5, D6 p27/Kipl
D7, D8 Phosphep53 (S15) (@) M
D9, D10 Phosphep53 (S46) (@) M L
D11, D12 Phosphep53 (S392) 0] @] H M
D13, D14 PhospheRad17 (S635) L
D15, D16 SMAC/Diablo (@) (@) M M
D17, D18 Survivin O O M M
D19,D20 TNF RI/TNFRSF1A
D21, D22 XIAP (@) (@) M M

Abbreviations231, MDAMB-231;"H", high expression level; "M", moderate expression level,

b[ b 26 SEWNEEANBYAXDWSt 0t

Ay ONB I &R

expression level decreased after calpeptin treatment; "O", expression level did not change after
calpeptin treatment; blank, expression level was too low or could not be detected.
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Chapter 3 Calpain expression and apoptosis

As shown inTable 32, survivin, cytochromes, Xlinked inhibitor of apoptosis
protein (XIAP) and high temperature requirement protein A2 (HTRA2/Omi)
were overexpressed in both cell lines. However such results, generated from a
single experiment, needs further invégtion to provide firm conclusions with

OdzZNNBy G RIFGF &adzZllL) eAy3a WwOtdzSaQ Fa G2 L

As mentioned above, HSP60 protein expression appeared to be differentially
regulated by calpain in MDWB-231 and MCH cells; as its expression was
shown to be downregulated by calpeptin in MZI€ells rather than in MDA
MB-231 cells. The results obtained from such array data were further
investigated via Western blotting using an aH$P60 antibody (R&D Systems,
USA) on a panel of 6 breast candee$ representing two basal/TN, two luminal,
and two HER2+. As shown in Figuee BISP60 expression could be detected in
both MDAMB-231 and MCH cells, however, no obvious change was observed,
in any of the lines, following calpeptin treatment, eveniwét longer incubation
times (6 and 24 hours)t appears, from such data, that HSP60 apoptosis array
results cannot be verified by Western blotting and such reproducibility
difficulties with array results should be noted when interpreting the data.

MDA-MB- MDA-MB-

MCF-7 T-47D SKBR3 IMT-1 231 468
0|+ + 0|+ + 0|+ +
30min| + + 30min| + + 30min| + +
6 hr + + 6 hr + + 6 hr + +
24 hr + + 24 hr + + 24 hr + +
HsP60 60 | = ol — 60 | = e
50 [ = 50 |=
P -actin — | —————— ——

Figue 3.4 Effect of calpeptin on HSP60 prateexpressioncCells were treated in

0KS LINBaSyOS 2NJ IoaSyoOS 2F wmnn Primary@htibodyS LIG Ay ¥
against HSP60 was used. The cell samfes30 minutes treatment were collected and

repeated in two independent experiments; the samples for 6 and 24 hours treatment were

collected in one independent experiment. Representative blots are shown above

3.3.3 Immunohistochemistrystudies on caspas8&/-8 with calpains
As introduced in section8.1.3 caspase& and -8 are key executioners in

apoptotic pathways. Impaired caspa8&8 expression and/or activity can lead
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to dysfunctions in apoptosis, and have beemplicated in the carcinogenic
process. There are close links, and direct interactions, between the two cysteine
protease familiescalpains and caspases. Based upon this, and the important
role of calpain in apoptosis cascades, it was thought interestingvestigate
whether caspas&/-8 protein expressions associatedwith calpain family
protein expression, andif caspase3/-8 expression was of prognostic

significance in a large cohort of early invasive breast cancer patients.

3.3.3.1 Antibody specificity andmmunohistochemistryoptimisation

The expression and prognostic value of casgs@ were investigated in breast
tumour tissues using standard immunohistochemistry. Before conducting
immunohistochemistry the specificity of antcaspase3/-8 antibodieswas
assessed by Western blotting. As shown in Figube(lgft), anticaspase3
antibody (Cell Signalling, USA) detected a single band of the expected size, 35
kDa, with no signal in MEFcells. For caspask the first antibody from Abcam

did not detectany signal in multiple human cell lines (data not shown). A second
anti-caspase8 antibody (Thermo Scientific, USA), detected a single specific
band of the expected size, at &Pa, across multiple humagell lines (Figure
3.5-right).
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Figure3.5 Specificity of anticaspase3/-8 antibodies were determined in

Western blotting by using various cell lineBrimary antibodies against caspa®e8
were used. Each experiment was conducted once

Once specificityvas proven, the optimal concentration of each antibody to be
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used inimmunohistochemistrywas determined, as described below. For anti
caspase3 antibody, dilutions of 1:400, 1:200 and 1:100 incubated for 1 hour
were assessed. For aigaspase8 antibody,a dilution of 1:250, 1:100 and 1:50
incubated for 1 hour showed no staining on freshly cut sections from the
composite block breast tissue sections (data not shown). Therefore dilutions of
1:50 and 1:25, incubated overnight, were then assessed. Basedsalistea
dilution of 1:100 (1 hour) for anttaspase3 and 1:25 (overnight) for anti
caspaseB antibodies wereused experimentallffo give optimal staining and
were used on tissue microarrays. Representative staining patterns are shown in
Figures 3 & 3.7.
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Figure3.6 Optimisation of anticaspase3 antibody on breast tumoursBreast tumour composite sections were subjectedntmunohistochemistry(A) No
staining in negative control; (B) 1:400 dilutionpsfimary antibody; (C) 1:200 dilution; (D) 1:100 dilutiBhotomicrographs are at X20 magnification.

Figure3.7 Optimisation of anticaspase8 antibody on breast tumoursBreast tumour composite sectisrwere subjected tcimmunistochemistry(A)No
staining in negative control; (B) 1:50 dilution of primary antibody; (C) 1:25 dilution of primary antifoatpmicrographs are at X20 magnification.
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3.3.3.2 Staining pattern and statistical analysis

After confirming the specificity of casps®-8 antibodies by Western blotting,
caspase3/-8  protein  expression was determined by  using
immunohistochemistryn a cohort of breast cancer patients (clinicopathologic
variables of the patient cohort were describedsectian 2.2.11). As shown in
Figure 3B, caspase/-8 demonstrated mainlygranular/diffuse cytoplasmic
staining with some heterogeneity between adjacent tumour cells, varying from
weak tointensestaining.A few coresshowed nuclear staining in some cases.
Some inflammatory cells showed positive signals in some d¢dsest of 13
TMA slides were independently scored by Dr. Yimin Zhang, with descriptive
pathology was provided by pathologist Dr. Mohammed A Aleskandanatty,

all being assessed by the current author

e

A P

Figure3.8 Representatlve photomlcrographs of hlgh and Iow caspayeB
protein expressionHigh expression (panel A) and low expression (panel B) of s@3pa
protein; high expression (panel C) and low expression (panel D) of ceBparsein.
Photomicrographs are at X10 magnification with inset panel at X20 magnification. Scale bar
NELINBSaSyida mnn >Yo
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A few TMA cores were not assessed due to insuffi¢cienbur or the core being
missing, a total number of 1421 cases for casggsand 1402 cases for
caspaseB were assessedCaspase staining had a median-store of 8&74

and ranged from 0 to 260; caspa8ehad a median {dcore of 185+43 and
ranged from Oto 275. The Xile cut point for caspas®& was 128, with 556
(39.8%) cases having high expression and 855 (60.2%) cases having low
expression. The-ile cut point for caspas® was 183, with 736 (52.5%) cases
having high expression and 666 (47.5%) casasing low expression.
{LISEFNXYIFIYyQa NIyl 2NRSNJ O2NNBfFGA2Y ¢l a
caspased/-8, calpains, and calpastatin protein expression (Talde Blthough
significant correlation was found betweearalpainl and caspas8 (=0.062,
P=0.047), calpastatin and caspas® (r=0.086,P=0.008),the low correlation

coefficient suggested the correlation was not biologically relevant.

Table3.3 Correlation betweencalpain family, calpastatin anadaspase3/-8
protein expressions

Caspases Caspase3
Correlation Correlation
Coefficient Sig. Coefficient Sig.
Calpainl 0.062 0.047 -0.053 0.092
Calpain2 0.062 0.051 0.017 0.606
Calpain9 0.031 0.443 0.047 0.251
Calpastatin -0.053 0.099 0.086 0.008

SignificantP-values are indicated by bold font.

As shown iTable3.4, asignificant correlation was also found betweealpain

2 and caspas8 expression irthe basallike subgroup r£0.143, P=0.045),
calpain2 and caspas8 expression irthe triple-negative subgroups (r=0.194,
P=0.01), again, due to the low correlatiatoefficients the correlationwere
unlikely to bebiologically relevantCalpastatin anccaspase8 (r=0.22,P%.009)
and calpain9 and caspas8 expression(r=0.25, P=0.019) in the HER2+
subgroupwas also significantly correlated\gain, all the correlations were
unlikely to bebiologically significant, aalso with the correlation between

caspase3 and-8 expression (9.069,P=0.011).
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Table3.4 Correlation between calpain family, calpastatin and casp&e8
protein expressionsn different subgroups

HER2+ Basatlike Triple-negative
Correlation Sig. Correlation Sig. Correlation Sig.
Coefficient Coefficient Coefficient
Caspases
Calpainl 0.126 0.122 0.047 0.506 0.076 0.308
Calpain2 -0.057 0.49 0.143 0.045 0.194 0.01
Calpastatin -0.028 0.745 0.058 0.418 0.009 0.908
Calpain9 0.088 0.408 -0.067 0.467 -0.056 0.557
Caspase3
Calpainl -0.067 0.402 0.05 0.485 -0.003 0.966
Calpain2 0.062 0.461 0.088 0.228 0.013 0.868
Calpastatin 0.22 0.009 0.047 0.515 -0.009 0.904
Calpainr9 0.25 0.019 -0.005 0.957 -0.089 0.358

SignificantP-values are indicated by bold font.

Relationships with clinicopathologic variables

t S NsECRigf@ared test was performed to assess the association between
caspase3/-8 protein expression with various clinicopathologic criteria (Table

3.5). High caspas8 expression was significantly associated with HER2 positivity
02=6.624; d.f=1;P=0.01). High caspas@® expression was also significantly
associated withdeath due tod NBI a i B©6.310 $IKI1;R0.01)
recurrenced2=8.111; .=1;P=0.004) yR RA &Gl Yy &S.WREdAL=20 a A &
P=0.017) No significant association was found between casfasg&pression

andclinicopathologic variablesr clinical outcomes.
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Table 3.5 The associatins between caspas8/-8 protein expressions and
clinicopathologic variables.

Variables Caspase3 (N=1421) Caspase3 (N=1402)

Low High P Low High P
Age (years)
Xnn &S 91(6.4%) 45(3.2%) 0.09 66(4.7%) 65(4.6%) 0.494
>40 years 763(53.7%) 521(367%) 600(42.8%) 670(47.8%)
Tumour size (mm)
XHA YY 512(36.2%) 341(24.1%) 0.943 410(29.4%) 432(30.9%) 0.241
>20 mm 339(23.9%) 224(15.8%) 252(18.1%) 302(21.6%)
Tumour stage
I 517(36.5%) 353(24.9%) 0.227 419(30.0%) 453(32.4%) 0.578
I 267(18.9%) 156(11.0%) 191(13.7%) 212(15.2%)
1] 68(4.8%) 55(3.9%) 52(3.7%) 69(4.9%)
Tumour grade
I 148(10.5%) 97(6.9%) 0.979 122(8.7%)  114(8.2%) 0.219
Il 274(19.4%) 180(12.7%) 219(15.7%) 234(16.8%)
I 429(30.3%) 288(20.3%) 321(23.0%) 386(27.7%)
NPI
.4 251(17.7%) 175(12.4%) 0.416 203(14.6%) 215(15.4%) 0.516
3.41-5.4 452(31.9%) 280(19.8%) 348(24.9%) 378(27.1%)
>5.4 148(10.5%) 109(7.7%) 111(8.0%)  140(10.0%)
LVI
Positive 238(20.1%) 162(13.7%) 0.456 117(15.3%) 207(17.9%) 0.747
Negative 484(40.9%) 300(25.3%) 349(30.1%) 425(36.7%)
Operation type
Mastectomy 493(35.0%) 325(23.1%) 0.99 378(27.2%) 429(30.9%) 0.511
\If\lljl;rlfpectomy 356(25.3%) 235(16.7%) 283(20.4%) 299(21.5%)
ER status
Positive 614(44.5%) 394(28.6%) 0.526 463(34.1%) 532(39.1%) 0.439
Negative 219(15.9%) 152(11.0%) 178(13.1%) 186(13.7%)
PR status
Positive 467(35.1%) 293(22.0%) 0.35 349(26.4%) 400(30.3%) 0.469
Negative 337(25.3%) 235(17.6%) 278(21.0%) 294(22.3%)
HER?2 status
Positive 100(7.2%)  94(68%) 0.01 84(6.2%) 110(8.1%) 0.201
Negative 729(52.7%) 460(33.3%) 565(41.4%) 606(44.4%)
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Table 35 Continued.

Variables

Caspase3(N=1421)

Caspase3(N=1402)

Low High P Low High P
Basal like status
Positive 164(12.4%) 110(8.3%)  0.938 140(10.7%) 128(9.8%)  0.098
Negative 630(47.7%) 418(31.6%) 482(37.0%) 553(42.4%)
Triple Negative status
Positive 154(11.2%) 96(7.0%) 0.604 124(9.2%)  122(9.0%) 0.27
Negative 673(48.9%) 452(32.9%) 516(38.1%) 593(43.8%)
Breast cancer specific survival
Alive 577(41.7%) 342(24.7%) 0.01 444(32.6%) 464(34.0%) 0.157
Dead 259(18.7%) 207(14.9%) 204(15.0%) 251(18.4%)
Recurrence
Present 318(23.0%) 255(18.5%) 0.004 263(19.3%) 305(22.4%) 0.496
Not present 510(36.9%) 298(21.6%) 382(28.1%) 411(30.2%)
Distant metastasis
Present 250(17.7%) 201(14.2%) 0.017 204(14.7%) 240(17.2%) 0.431

Not present  597(42.3%) 364(25.8%) 457(32.8%) 491(35.3%)

Abbreviations: NPI, Nottingham Prognostic Index; LVI, lymphovascular invasion (determined using
IHC); WLE, wide locakasion; ER, oestrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2. SignificantZP £ dzSa o6 Xnodnm0 AYRAOI G4SR

Relationships with clinical outcomes

In terms of KaplatMeier survival analysis, high casp&sebut not caspasé,
expression was significantly associated wattiverse breast cancesspecific
survival in the total patient cohortP.008 andP=).056, respectively, Figure
3.9-A&B). The expression dfigh caspas&/high caspasé was combined and
was associated witladversebreast cancespecific survival in the total patient
cohort (P=0.021, Figure3.9-C). No further significant association was found
between combinations of caspase3/caspase8 protein expression and
prognosis in anyatient subgroup(HER2+P=0.152; triplenegative,P=0.992;
and basalike, P=0.647)
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Blue: Low casp3/low casp8 (n=372)
Green: High casp3/low casp8 (n=241)
Grey: Low casp3/high casp8 (n=411)
Purple: High casp3/high casp8 (n=281)

Figure3.9 KaplanMeier survival curves fomreast canceispecific survival

based upon caspas®/-8 protein expressions (total patientohort). Curves
show low (blue line) and high protein expression (green line) with significance determined using
the logrank test. (A) 556 (39.8%) cases had high caspasression and 855 (60.2%) cases
had low expression; (B) 736 (52.5%) cases hdddaigpase8 expression and 666 (47.5%) cases
had low expression (€pmbinationalcaspase3 and caspas8 expression.

In multivariate analysis, includinthe potentially confounding factorsage,

tumour size, tumour stage, tumour grade, NPI value, lympbBoular invasion,
ER, PR and HER?2 statwih individual KaplatMeier statistics 0<0.05 for all
variables) caspase& remained significant fobreast cancespecific survival
(HR=1.347, 95% CI 1.68670;P=0.007; Table B).

140



Chapter 3 Calpain expression and apoptos

Table3.6 Cox proportional hazards analysis fbreast cancesspecific survival
95.0% CI for Exp(B)

>19. Exp(B) Lower Upper
Age 0.939 1.013 0.724 1.418
Tumour size 0.003 1.539 1.163 2.037
Tumour stage <0.001 1.779 1.3% 2.302
Tumour grade 0.001 1.595 1.197 2.125

Nottingham Prognosis Index 0.782 0.944 0.629 1.418
Lymphovascular invasion <0.001 1.595 1.276 1.993

ER status 0.009 1.528 1.109 2.104
PR status 0.001 0.624 0.469 0.831
HER?2 status 0.035 1.362 1.022 1.816
Caspases 0.007 1.347 1.086 1.670

Abbreviations: Exp (B), hazard ratio; 95% CI, 95% confidence interval. ER, oestrogen receptor;
PR, progesterone receptor; HER2, human epidermal growth factor receptor 2. Significant P
values are indicated by bold font.

Subgroup and combined biomarker analysis

Caspase& and-8 expression was investigated in HERPle negativeandbasal
like diseases and showed interest in HER2, trapmgative and basdike
diseaseqP<0.001,P=0.004 andP=0.009, respectively; Figur@10 A-C).This

was further investigated in the individual subgroups.
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Figure3.10KaplanMeier survival curves fomreast canceispecific survival

based upon caspas@ expressionshown as subgroupsA) HER2 positive and
negative tumours with high and low caspa®expression; (B) Tripleegative and nofiriple
negative tumours with high and low caspa®expression; (C) Badide and nonbasal like
tumours with high and low caspageexpression.

Analyses were further performed within the specific subgroupsRBRIE triple
negative, and basdike) and caspas®8 protein expression was not significantly
associated wittbreast cancesspecific survivah anyof the groups (Figure 311

A, C&E).
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Figure3.11KaplanMeier survival curves forbreast canceispecific survival

based upon caspas8 expressionsubgroups.(A) HER2 positive; (B) HER2 negative;
(C) triple negative; (D) non triple negative; (E) blkaland (F) noibasal like.

Caspase& expression was associdtevith survivalin receptor positive (ER, PR

or HER2patients (P=0.001) and in notbasal like subgroupgP£0.029)(Figure

3.11-D&F).In comparisongaspase8 expression also showed interestHER2+

and basalike patients P<0.001 andP=0.039, respectively; Figure 2:A),

which was further investigated in the individual patient diseases.
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Figure3.12KaplanMeier survival curves forbreast cancerspecific survival

based upon caspas8 expressionshown as subgroupsA) HER2 positive and
negative tumours with high and low caspa&expression; (B) Tripleegative and nosriple
negative tumours with high and low caspa&expression; (C) Baldike and nonbasal like
tumours with high and low caspaseexpression.

When analysis was further conducted in individual subgroups, no additional

significant associains were observed (Figure 3.A-F).
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Figure3.13KaplanMeier survival curves fobreast cancesspecific survival

based upon caspas8 expressiorn(subgroups. Significance was determined using
the logrank test.(A) HER2 positive; (B) HER2 negative; (C) triple negative; (B)ipien
negative; (E) basdike and (F) nofbasal like.

To determine whether the combination of caspe®e8 and calpain expression
had any additional prognostic value, in the total and different breast cancer
subtype cohorts, patients were grouped based uporetkexpression of both
proteins (e.g. high caspase/high calpain, low caspase/low calpain, high

caspase/low calpain, and low caspase/high calpain). As shown in Figdre 3.1
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patients had significantlgdversebreast cancespecific survival if tumours had
high caspased/high calpainl expression K=0.005) high caspas&/high
calpain2 expression H=0.049), high caspas¥low calpastatin expression

(P=0.02), or high caspas#®/low calpainl expressionk=0.02)

Figure3.14KaplanMeier survival curves forbreast canceispecific survival

based uponcombinational protein expression (total patient cohort). (A)
Combinationaktaspase3 and calpaifil expression; (Bjombinational caspasg and calpaifR
expression; (combinational caspas® and calpairl expression; (Djombinationalcaspae-
3 and calpastatin expression.
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