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Abstract

In our previous work we demonstrated that thegmteantagonist, HYD1,
induced necraotic cell death in myeloma cell liresgitro andin vivoas a single agent. In
order to further delineate biomarkers of respongd¢XD1 we developed an isogenic
drug resistant variant named H929-60. We showttieacquisition of resistance
towards HYD1 correlates with reduced expressiothefcleavedi4 integrin subunit and
beta 1 integrin. Moreover, we demonstrate that HYiiddracts witho4 integrin in
myeloma cells. Consistent with reduced VLA-4 expi@s, the resistant variant showed
ablated functional binding to fibronectin, VCAM-h&the bone marrow stroma cell line,
HS-5. The reduction in binding to extracellulaatnces of the resistant variant
translated to sensitivity to melphalan and bortebanduced cell death in the bone
marrow stroma co-culture model of drug resistaim@reover, CD138 positive myeloma
cells were more sensitive to HYD1 induced cell Hestmpared to the CD138 negative
fraction, and potency of HYD1 induced cell deatingicantly correlated witlu4
integrin expression. We were also able to showréducinge4 orp1 integrin using
ShRNA strategies was sufficient to cause resistanogyeloma cell lines. In addition we
investigated the effects of cyclized variants of PAlYto improve potency of the agent.
One such compound, named HM-27, was determined 8Dlold more active in H929

cells when compared to HYD1. HM-27 and HYD1 weréedmined to have similar

Xiii

www.manaraa.com



mechanisms of action as H929-60 cells were shovire tieesistant to both compounds
when compared to H929 cells. We further charaadrizM-27’s mechanism of action
by investigating what effects HM-27 induced?Gascillations had on HM-27 induced
cell death. The increases in intracellulaf Gaen after treatment with HM-27 were
determined to occur via release from ER storesnatdhrough influx through plasma
membrane channels. Inhibiting Ceelease from the ER also potentiated the effects of
HM-27 in MM cells. Furthermore, inhibiting &arelease from the ER was also shown to
block the onset of autophagy after ER treatmemeafing cells with the lysosomotropic
agent, chloroquine, was shown to potentiate thgigcof HM-27 in vitro andex vivo
HM-27 was also shown to have activity iniarvivo model with combination treatment
containing bortezomib and HM-27 increasing mousgigal. Collectively our data
indicate that VLA-4 expression is a critical det@ramnt of response to HYD1 induced
cell death. We also showed that increases indelidlar C&* seen after treatment with
HM-27 had a cytoprotective effect in MM cells. Mower, neutralizing autophagy
potentiates HM-27 induced cell deathvitro andex vivowhile combining bortezomib
and HM-27 increased survival vivo. These data continue to provide rationale for

further pre-clinical development of HYD1 as a noaeticancer agent

Xiv
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Chapter I: Introduction
Hematopoiesis

Because mature blood cells are predominately $ied, approximately 1 x
red blood cells and 1 x 1@hite blood cells are produced per day to maintairmal
levels in the peripheral circulation. This prodactof new cells is accomplished by the
differentiation of hematopoietic stem cells (HS@spugh the highly regulated process
termed hematopoiesis. In vertebrates, blood stdlm are produced in a variety of sites
that change during development [1]. In mammalksseéhhematopoiesis sites include the
yolk sac, the aorta-gonad mesonephros (AGM) redimnfetal liver and the bone
marrow. After birth, hematopoiesis ceases in th& gyac, AGM region and the fetal
liver with the bone marrow becoming the predomirsaiet for the production of new
blood cells.

HSCs are self-renewing hematopoietic cells thsitleein the bone marrow of
adult humans. Operationally these cells are définetheir capacity to reconstitute the
entire blood system of a recipient whose bone mnahas been destroyed by irradiation
or treatment with toxic drugs [2]. In additiontteeir self renewing capacity, HSCs can
also differentiate into multipotential progenitgdPPs) which in turn can differentiate
into either common myeloid progenitors (CMPs) atyelymphoid progenitors (ELPS)
[3]. CMPs differentiate into megakaryocytes, myetlcells or erythrocytes while ELPs

differentiate into lymphocytes.
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Cells derived from CMPs have a variety of diffdremctions. Platelets are
produced in the bone marrow via budding off fromgaiearyocytes and are involved in
hemostasis, leading to the formation of blood cldEsythrocytes are the most common
type of blood cell and are responsible for deliwvgroxygen throughout the body.
Myeloid cells can further differentiate into a agey of leukocytes that include
granulocytes and monocytes. Granulocytes, alswhras polymorphonuclear
leukocytes (PMLs) because of the abnormal shapgeofnuclei, are characterized by
the presence of small particles named granuleshwiegide in the cytoplasm. PMLs
consist of neutrophils, eosinophils and basophilsutrophils are the most abundant
granulocyte, constituting 50% of total circulatiwgite blood cells, and aid in the innate
immune response by releasing bacteria-killing eresyr engulfing invading
microorganisms or particles by phagocytosis. Emshils are important mediators of
allergic responses and also play a role in fightimgl and parasitic infections. Basophils
are the least common type of granulocyte and ldgn@phils function in the immune
response to allergens and parasites. Monocytediffarentiate into macrophages,
which also act as phagocytes. Monocytes can #igsahtiate into dendritic cells,
which capture antigens and function as antigengotesy cells (APCs), or cells that
enable the recognition of the antigen by T-cells.

ELPs can differentiate into bursa-derived cells@ls), thymus cells (T cells) or
natural killer (NK) cells. B cells are an integpart of the adaptive immune response
and function as APCs and also as antibody produmetlg. There are several subsets of

T cells which each have a distinct function. Tpleelcells are activated by APCs and
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Figure 1: The process of hematopoiesis. The cellular components of the blood are all
derived from hematopoietic stem cells. Myelocytasgakaryocytes and red blood cells
are derived from common myeloid progenitors ancafiom in the innate and adaptive
immune response, blood clotting and carrying oxgget throughout the body
respectively. Lymphocytes are derived from earfyphoid progenitor cells and
constitute the backbone of the adaptive immuneorespwhile plasma cells are
teminally differentiated B cells and are an intégat of the humoral immune response

function in the maturation of B cells and activatiaf cytotoxic T cells and macrophages.
Cytotoxic T cells are responsible for the destaucif dysfunctional somatic cells and
accomplish this by releasing the cytotoxins perfogranzyme and granulysin.
Regulatory T cells are imperative for the maintex@aof immunological tolerance and
Natural killer T cells which help in the innate irane response by recognizing glycolipid

antigen. Natural Killer cells are a part of theate immune response and need no
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activation from t helper cells in order to releag®toxins to destroy tumors and virally
infected cells.
B cell Differentiation

Normal B-cell differentiation begins in the bonamow. ELPs can differentiate
into either early T-cell-lineage progenitors (ETBs)nto the bone marrow common
lymphoid progenitors (CLP) which can generate Bs¢®K cells and T cells [4]. As
CLPs are pluripotent, it is the expression of agmeB cell marker B220 by a subset of
the population, termed pro-B cells, that initiates B cell differentiation pathway. Pro-B
cells undergo a process known as VDJ recombinatlmre the immunoglobulin heavy
chains (IgH) are assembled from variable(V), dug(D), and joining(J) gene segments
[5]. The pre-B cell receptor (pre-BCR) formed froime VVDJ recombination is then
expressed on the surface of pre-B cells to actcheekpoint to determine success of
recombination. If recombination is successfug-p cells undergo substantial clonal
proliferation and VJ recombination where the immgiobulin light chain (IgL) of B cell
receptors (BCR) are formed. In addition to the fation of the BCR IgL, pre-B cells also
require the presence of immunoglobulin M (IgM) be surface to proceed to negative
selection [6]. Immature B220+IgM+ B cells are supgmtly tested for autoreactivity.
Some B cells that are autoreactive can be rescpadsbcondary immunoglobulin gene
rearrangement known as receptor editing while stheat are autoreactive are eliminated
by anergy [7]. B cells that pass these requiremarg known as naive B cells leave the
bone marrow and circulate in the blood.

Naive B cells that leave the bone marrow contiag tdevelopment in the

spleen. In the spleen naive B cells pass througingitional stages and another round of
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negative selection. While a small percentageasfditional B cells home to the splenic
marginal zone and become naive marginal zone B, ¢b# vast majority of naive B cells
mature into follicular B cells. These folliculard&lls circulate between the spleen,
lymph nodes and bone marrow until they expire @oenter antigen and undergo further
development. After antigen uptake and subsequativation by T cells, B cells migrate
into the center of the primary follicles formingetigerminal center [8].

Germinal B cells comprise two distinct areas ofgkeminal center. In the dark
zone, B cells are termed centroblasts. Centrobiaats function is to proliferate and
undergo hypersomatic mutations of the immunoglobwudiriable region resulting in an
alteration of the affinity of the antibody produdeyithe cell. By this mechanism there is
a marked increase in intraclonal diversity in aydapon of cells that are derived from a
few precursors. In the light zone, B cells areniedl centrocytes. Centrocytes are the
result of hypersomatic mutations of the immunoglobuariable region and are activated
by selection from T cells or follicular dendritielts that are also present in the region.
Centrocytes and centroblasts are very sensitia@optosis as they switch off expression
of Bcl-2-like protein 1 (Bcl-x) while in the germahcenters. Centrocytes that do not
display increased affinity to antigen undergo apsigtwhile centrocytes that do display
increased affinity for antigen turn back on expi@s®f Bcl-x [9]. Surviving centrocytes
differentiate into either long-lived memory B celibich reside in the follicle marginal
zones or long-lived plasma cells which primarilgide in the bone marrow.

Plasma Cells
Plasma cells are recognized as an integral paheoiumoral immune response

whose primary function is the production and seécnedf antigen specific antibodies.
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During B cell differentiation, two distinct type$ plasma cells can be generated; short-
lived or long-lived plasma cells. Short-lived pi@s cells are generated from follicular B
cells that do not undergo affinity maturation tHere secreting antibodies that possess a
low affinity for antigen. Short-lived plasma ceflerve in the early defense of
immunogens during the primary immune response whghker affinity antibodies are
produced in the germinal center. Long-lived plasmiés are generated from germinal
center B cells that do undergo affinity maturatimmce secreting antibodies that possess
a high affinity for antigen. While a proportion jplasma cells generated from germinal
center B cells are lost after antigenic challesgene plasma cells that are able to access
the bone marrow microenvironment niche are abkutoive indefinitely [10].

Plasma cells are identified as having differentregpion of cell surface proteins
than B cells and early plasmablasts. Plasma sletlsr decreased expression of proteins
important during B cell differentiation like CD1B220, MHC class I, and surface Igs.

In contrast, there is increased expression ofsteface proteins like the chemokine
receptor type 4 (CXCR4), interleukin-6 (IL-6) retep syndecan-1 (CD138) and CD44.
These receptors have been shown to play a rolesma cell homing and survival in the
bone marrow microenvironment. Newly formed plasialls have been shown to
express high levels of the chemokine ligand 12 (CXZ receptor CXCR4 which
enables plasma cells to migrate to bone marrowsticells (BMSCs) [11]. Once in the
bone marrow microenvironment (BME), plasma cellschphysical interaction with
stromal cells in order to persist. CD138 has tsk@mwn to facilitate plasma cell
adherence to BMSCs through an interaction with tygellagen [12]. Plasma cell

interaction with stromal cells has also been shtminduce stromal cell production and
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secretion of IL-6. IL-6 in turn binds to the ILr6ceptor on plasma cells and promotes
plasma cell survival [13]. The interaction of CD4#h a ligand on the stromal cells has
also been shown to induce production of IL-6 [14].addition to IL-6 and CXCL12,
cytokines like interleukin-5 (IL-5) and tumor nesi®factor-alpha (TNF-alpha) have also
been shown to mediate plasma cell longevity (Cas26863).

In an adult human, the percentage of plasma cefistitutes about 0.1-1 % of
bone marrow (BM) cells [15]. This frequency of ii@a cells is stably maintained over
the years even though an individual generates dr&Qn4-10"5 new plasma cells every
year [16]. With each new infection, there is cotitpe displacement of some
established plasma cells by newly formed plasmia ocebrder to maintain the frequency
of plasma cells in the BM and add new specificiteethe plasma cell population. It has
been shown that non-specific plasma cells appearadnlation after immunization
indicating that some established plasma cellsear®ved from the BM
microenvironment after each infection in order taimain plasma cell numbers [17]
When a plasma cell clone accumulates and disroptadrmal frequency of plasma cells
in the bone marrow, it is characterized as a plasghiaisorder.

Several forms of plasma cell disorders can bergjatshed. Plasma cell
leukemia is the least common form of plasma ceadpteesms accounting for 2-3% of
plasma cell disorders. It is one of the most aggjve neoplasms and is diagnosed when
more than 20% of the peripheral blood containsrpéasells. Plasmacytomas are clonal
proliferations of plasma cells that grow in so$stie (extraosseous) or bone (osseous).
These neoplasms are also rare and account forf5ptasma cell disorders. The most

common plasma cell neoplasm is termed multiple opal (MM) which is a malignant
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proliferation of a plasma cell clone which is degent on the bone marrow

microenvironment for survival and proliferation.
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Chapter 11: Multiple Myeloma

Characterization of Multiple Myeloma

MM is a neoplastic cell disorder that is charaetst by clonal expansion of
malignant plasma cells in the bone marrow microemwment and increased levels of
secreted paraprotein, which consists of eithemanunoglobulin or an IgL, in the blood
or urine [18]. It is the second most common heiogio malignancy, accounting for
13% of hematologic cancers and 1% of all canc&ére median age of diagnosis is
approximately 65, with occurrence in men being nem@mon. The symptoms
associated with MM consist of hypercalcemia, remsdifficiency, anemia, and bone
lesions (CRAB). With the continued discovery oivee and more effective therapies,
the 5 year survival rate of patients diagnosed Wi has increased from 25% to 35%.

There are four stages of progression associatédMM that are categorized into
2 distinct groups, asymptomatic plasma cell dysarasd symptomatic plasma cell
dyscrasia. The 2 asymptomatic disorders are nhelltifyeloma precursor diseases and
are termed monoclonal gammopathy of unknown sicgniite (MGUS) and smoldering
multiple myeloma. MGUS is defined as the presearicerum M-protein < 3 g/dL with
fewer than 10% monoclonal plasma cells in the buagow. MGUS is also
characterized by lack of organ damage. MGUS isemein over 3% of the population
over 50 years old with an annual progression oM of 1% [19]. In addition to being

more prevalent in older populations, MGUS is algovies higher in African Americans
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compared with Whites [20]. It has also been derrates] that most cases of MM are
preceded by MGUS. In one study serum samples ealected from 77,000 healthy
donors. Of the 71 patients who developed multipeloma at the 10 year follow up, the
presence of MGUS was detected in 100 % of the ¢agbs years prior to the diagnosis
of MM [21].

Smoldering myeloma is another asymptomatic plaseialgscrasia that has been
shown to progress to MM. Smoldering myeloma isrekef as the presence of serum
protein > 3 g/dL with greater than 10 % monoclgriasma cells in the bone marrow
with lack of organ damage. Smoldering myelomadasich higher risk of progression
to multiple myeloma (10%) than MGUS [22]. Onceigats with smoldering myeloma
or MGUS start experiencing symptoms associated MNhthey are diagnosed with
either intermedullary myeloma or extramedullary togea. Intermedullary myeloma is
defined as MM which can only exist within the co$ of the bone marrow
microenvironment while extramedullary myeloma ifired as MM which can exist
outside of the bone marrow microenvironment amaftisn called primary plasma cell
leukemia.

MM can also be characterized by the presence adtgeaberrations present in
the tumor. Even though cytogenetic analysis cadiffieult because of the low
proliferative fraction of MM, techniques like fluescence in situ hybridization (FISH)
have been used to distinguish tumors with diffeaggpgenetics. Structural and
numerical chromosomal abnormalities are found HY6% in newly diagnosed
symptomatic patients. These abnormalities arellysogperdiploid with multiple

trisomies or nonhyperdiploid with IgH translocatsonin one study using FISH, it was
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shown that 42% of MGUS, 63% of smoldering myelomd 7% of MM cases were
hyperdiploid [23]. The hyperdiploid karyotype isually characterized by trisomies of
chromosomes 3,5,7,9,11,15,19 and 21 [24]. Whaehyperdiploid group is regarded as
neutral in terms of prognosis, the nonhyperdiplpolup is associated with poorer overall
survival.

The nonhyperdiploid classification consists of @smrontaining hypodiploid,
pseudodiploid and tetraploid variants. The commanhyperdiploid translocations
t(4,14)(p16;932) and t(14;16)(g32;923) are usuadigociated with poor prognosis while
the t(11;14)(g13;932) are associated with a faverplognosis [25]. For the two
translocations with poor prognosis, the immunoglobswitch region on chromosome
14 is juxtaposed to MAF on chromosome 16 and MM®BThromosome 4 [26]. These
translocations are usually a result of errors K $gvitch recombination or hypersomatic
hypermutation during B cell differentiation [27T.he incidence of IgH translocations
increases from 50% in MGUS to 80% in human MM te#és. In addition to primary
IgH translocations, virtually all MM and MGUS patis have cyclin D dysregulation as a
primary event. As disease progresses MM becomes proliferative and develops a
number of secondary aberrations.

Four main secondary aberrations are most ofteortegh These include the
deletion of chromosome 13, deletions and amplioatio chromosome 1, the deletion of
chromosome 17p13 and translocations of Myc [28}roBiosome 13 aberrations are
found in 50% of cases and are associated with tavarable prognosis [29].

Chromosome 1 aberrations are the most common fygleeoration in MM and are also
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FIGURE 2: Key eventsin theprogression of MM. There are four stages of myeloma
categorized into 2 groups, asymptomatic (MGUS awjl &d symptomatic
(intramedullary and extramedullary myeloma) plaselddyscrasias. Primary
cytogenetic aberrations result in development ofWMBG Secondary cytogenetic
aberrations result in progression to smolderinglomge and finally advanced stages of
the disease.

associated with poor prognosis [30]. The deletibh7p13 leads to the loss of
heterozygosity of the tumor suppressor gene TP83sasited as an important molecular
cytogenetic factor and is an indicator of very ppargnosis [31]. Translocations of the
oncogene Myc are involved in up to 45% of patiemd are considered a late event in
tumor progression when tumors are less dependestramal adhesion [32]. In addition
to these secondary aberrations, the activationfASland KRAS and the inactivation of
cyclin-dependent kinase inhibitors have also begplicated in disease progression [33].
In addition to cytogenetic abnormalities multiplgetoma cells also have
different surface markers compared to normal plasatia. CD56 is an adhesion
molecule that is expressed in 70-80% of MM casesshoot expressed in normal plasma
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cells [34]. CD28 is another surface protein tnateéases expression as cells progress to
MM. In one study, CD28+ plasma cells were deteatetP% of 31 monoclonal
gammopathy of undetermined significance, 41% of MM, and 100% of 13 human
myeloma cell lines [35]. The CD44 variant CD44\# lalso been shown to be
overexpressed on MM cells with expression indug@raguction of IL-6 by bone marrow
stromal cells. Overexpression of the CD44v9 on B lines has also been shown to
have a poor prognosis.
Current Treatment Options

MM treatment is focused on decreasing the signssgngptoms of the disease.
While asymptomatic myeloma requires only evaluamte treatment shows no added
benefit, symptomatic disease should be treated oiratedy [36]. 73% of patients
diagnosed with symptomatic myeloma have anemiagiisi usually related to myeloma
marrow infiltration [37]. Bone lesions developaround 80% of patients while renal
dysfunction occurs in 30% of newly diagnosed pasierfror patients who meet the
diagnostic criteria for myeloma, including clongégma cells >10% on a bone marrow
biopsy and myeloma related organ impairment, ttermational staging system (ISS) is
used. The ISS defines three risk groups baseérm$2-microglobulin and albumin
levels [38]. Once the diagnostic testing is corglaitial treatment is administered
which is based on a person’s age and prognosigrfact

The treatment strategy for MM is mainly relateg#gient age. For patients 65 or
younger who do not have substantial organ dysfancutologous stem cell
transplantation is administered in combination vhidh dose chemotherapy. The

chemotherapy consists of either thalidomide orlldomide-doxorubicin treatment or
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bortezomib induced treatment [39]. Older pati@mtpatients with preexisting conditions
have a hard time withstanding autologous stemtigiksplantation. For these patients
either 3 drug therapy or 2 drug therapy has beed.u3hree drug therapy consists of the
use of melphalan, prednisone and one of lenolidentlthlidomide or bortezomib. In a
sample study using melphalan, prednisone and lworniérzthe proportions of patients
with a partial response or better were 71% in téezomib group and 35% in the
control group; complete-response rates were 30% & despectively [40]. 2 drug
induction consists of the combination of dexamethasand either thalidomide or
lenalidomide. In a sample study using lenalidonadd dexamethasone 31 of 34 patients
achieved an objective response, including 6% adatgesomplete response and 32%
achieving near complete response [41]. Sometirftesinitial therapy an ongoing
maintenance therapy is administered to prolongrnession free survival.

The natural progression of patients with MM istloe occurrence of relapse after
treatment. Patients who have progressive diseasdassified as having either relapsed
or refractory myeloma. Relapsed MM is defined veh&ipatient who has achieved
complete response through initial therapy expeasmrogressive disease, whereas
refractory MM is defined as a scenario where agpatis unresponsive to current therapy
or progresses within 2 months of last treatmenk. [42 addition, some patients fail to
achieve a response after induction therapy andphagress are considered patients with
primary refractory myeloma. When these situatianse, new treatment regimens are
administered to prolong survival. Some patienésgaiven conventional chemotherapy
which includes approaches containing high-dose meXaasone; high-dose melphalan;

and combinations of vincristine, doxorubicin, arcka@methasone (VAD). High-dose
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dexamethasone is used for patients who are notd=ted for more aggressive treatments
and has shown response rates ranging from 18-278&#vday courses at 40 mg per day
[43]. High-dose melphalan has been used for o@grears and it was shown in one
study that 61% of patients responded after treatmvith 100 mg/m with an autologous
bone marrow infusion [44]. VAD is a widely usedjiraen for refractory myeloma with

an increase in response in relapsed patients cechpadexamethasone treatment alone
[45]. In addition to VAD, doxorubicin and dexama#ione have been combined with
other chemotherapeutic agents including prednistarepustine, cyclophospamide and
melphalan to achieve response in relapsed anctefyanyeloma patients.

The novel therapeutic agents thalidomide, lenaliderand bortezomib have also
been used to treat relapsed and refractory patidittalidomide alone was shown to
produce partial remission in 30% of relapsed pé&ianth a 1 year survival rate of 60%
[46]. Combination therapy with thalidomide and eentional drugs usually results in an
overall response rate (ORR) of 60%-70% with congptesponse rates of 10-20% [47].
Lenalidomide has also been shown to have an affeetapsed patients with a
combination of lenalidomide and dexamethasone lggamORR of 60% compared to an
ORR of 20% for dexamethasone alone [48]. The pesténhibitor bortezomib has also
been shown to be an attractive therapy for targeefapsed/refractory MM. As a single
agent bortezomib was shown to elicit an ORR of 38¥hpared to 18% for high-dose
dexamethasone [43]. Bortezomib is also used inbooation studies since it has mild
myelosuppression and lack of thrombogenecity satnthalidomide and lenalidomide.
For example, a recent study with bortezomib contbingh prednisone and

cyclophospamide produced an ORR of 85% with 50%atients exhibiting a complete
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response of over a year [49]. Even though newrregs have been utilized to prolong
intervals of progressive disease and patient sakviMM is currently defined as an
incurable disease, because of the ultimate devedapof drug resistance.
Drug Resistancein Multiple Myeloma

Because multiple myeloma ultimately develops desistance to treatment
strategies, researchers have invested considexatdants of research into delineating
the mechanisms by which multiple myeloma cells tgveesistance. Even after therapy
in which complete response is achieved, small @imrs of myeloma cells are able to
survive, a condition known as minimal residual dse(MRD). These cells have
historically been able to evade detection as tleenat secrete detectable amounts of
serum or urine monoclonal proteins by establishagrbstic tests [50]. However,
techniques being developed including the use alynperase chain reaction (PCR) with
patient specific primers have been able to detéd®RDNh patients that have been
classified as having a complete response [51].s&yleent expansion of these cells
correlates with drug relapse, frequently with aguaed multidrug resistant phenotype
making salvage therapy unsuccessful even with nbxeehpeutic agents. MRD is
thought to escape drug treatment through two distirethods of resistancde novo
resistance and acquired resistanbe. novoresistance is defined as resistance that is
present prior to drug selection and selection afdesistance. Mechanisms associated
with de novaresistance help contribute to the failure to etiate MRD and contribute to
the emergence of acquired drug resistance.

Soluble factors and direct MM cell contact botimtribute tode novodrug

resistance. Soluble factors that contributdeéamovadrug resistance include both
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chemokines and cytokines. The chemokine SDF-bbas shown to be important for
MM homing to the bone marrow via interactions wtlle CXC chemokine receptors
CXCR4 and CXCR7. SDF-1 has been shown to indudditpy@and cytoskeletal
rearrangement in MM cells while inhibition of th&XCR4 receptor with AMD3100
reduced motility [52]. Expression of the SDF-1apimr CXCR7 has also been shown to
increase tumor cell adhesion properties [53]. S0#as also been shown to up-regulate
the production of the cytokine IL-6 by stromal seliherefore enhancing MM cell
survival [54].

In addition to the chemokine SDF-1, cytokines halg® been shown to
contribute tade novadrug resistance in MM cells. The cytokine IL-GHeeen identified
as one of the main factors that contributes tagtieevth and survival of MM cells in the
bone marrow microenvironment. IL-6 binds to IL&Bnd leads to the dimerization and
phosphorylation of gp130 [55]. Phosphorylatiorgpl 30 leads to the initiation of 3
major signaling pathways in MM cells that contribid drug resistance: the Ras/Raf-
MEK-ERK pathway; the phosphatidylinositol 3-kingg43K) pathway and the
JAK/STAT pathway. Ras gene mutations have beewsiio have an oncogenic effect
and occur in 30% to 40% of patients with MM [56ih addition to specific mutations,
IL-6 has been shown to also activate Ras by thegttmrylation of Shc through cytokine
stimulation [57]. This activation of Ras by IL-@fibeen shown to trigger the ERK
cascade and subsequent growth of MM cells [5816 kas also shown to activate AKT
in MM cells and subsequently protecting the cetbef dexamethasone induced apoptosis
[59]. IL-6 has also been shown to activate the (BNKAT pathway and in particular up-

regulate the expression of the anti-apoptotic pmetB-cell lymphoma-extra large (BCL-
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xL) and myeloid cell leukemia sequence 1 (Mcl-1Q][6Expression of Mcl-1 in
particular has been shown to correlate to an iser@adexamethasone resistance.

In addition to IL-6, other cytokines have beenwhdao play a role in de novo
drug resistance. TNé&-has been shown to activate Nf-and up-regulate IL-6 secretion
which contributes to mm growth and survival [6hisullin-like growth factor-1 (IGF-1)
is also an important survival factor in multiple ehyma cells. For example, it has been
shown that IGF-1 mediates the down regulation effoapoptotic BH3-only protein
Bim and protecting myeloma cells from bortezomild amelphalan induced cell death
[62]. The vascular endothelial growth factor (VEGias also been shown to protect
multiple myeloma cells against apoptosis by indgc¢he up-regulation of Mcl-1 [63].
Interferon-alpha (IFN-alpha) is a cytokine that basn shown to induce autocrine
production of IL-6 in myeloma cell lines and prdtatyeloma cells from dexamethasone
treatment [64].

Direct cell contact of MM cells to bone marrowostra cells and extracellular
matrix (ECM) proteins has also been shown to plpyoainent role in MM pathogenesis
and MDR. Multiple adhesion molecules have been shimxcause cell adhesion
mediated-drug resistance (CAM-DR), including CD¥#nphocyte-associated function
antigen-1 (LFA-1), Notch-1 and integrins. CD44 bagn shown to adhere to
hyaluronan and this engagement promotes dexameihassistance in myeloma cells
[65]. LFA-1 binds to the intracellular adhesionletule 1 (ICAM) and the blockage of
this adhesion with an anti-LFA1 antibody has bdemws to reverse CAM-DR to
melphalan in myeloma cells [66]. Inhibition of nbtwith a gamma secretase inhibitor

was shown to
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Figure 3: denovoresistancein MM. Soluble factors and direct MM cell contact both
contribute tade novadrug resistance. IL-6 leads to the activatiomajor signaling
pathways leading to increased cell survival andifpration. Adhesion of MM cells to
BM stroma cells and ECM proteins like FN lead toNIDR.

induce apoptosis and increase sensitivity to ddxonu and melphalan [67]. In addition
to adhesion molecules, it has been shown that gesseiated with certain myeloma
translocation gene products, specifically the MMSJ€he and the t (4:14) translocation,
are associated with increased myeloma cell adhesidriumorigenicity [68].

B1 integrin specific CAM-DR was initially describé&a studies showing thdil
integrin mediated adhesion to fibronectin (FN) esréd resistance to melphalan and

doxorubicin [69]. Adhesion by integrins has bekaven to modify distinct cellular
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processes leading to drug resistance. For exafibietegrin-mediated adhesion to FN
upregulates p2?* and induces cell cycle arrest and resistanceettojoisomerase
inhibitor etoposide [70]. MM cell adhesion to FMsvalso shown to control the
localization of cFLIP, making it able to associati¢h FADD and block the extracellular
apoptotic cascade [71]. Leukemic cells were afsmws to downregulate the expression
of the proapoptotic protein bim resulting in CAM-DR2]. In addition tg31 integrin
other integrins have been implicated in CAM-DRIle&¢ing of the37 integrin reversed
FN induced CAM-DR in myeloma cells to bortezomilalanelphalan.

De novoresistance results in the acquisition of mechant$raisconfer resistance
to multiple classes of therapeutic agents, alsasvknas acquired drug resistance.
Mechanisms that result in acquired resistance decleeduction in intracellular drug
accumulation; alterations in drug targets; inhdmtof apoptosis; and enhanced DNA
repair. An increase in the drug-efflux pump P-glyadein has been shown to reduce
intracellular drug accumulation and increase rasist to therapy. Resistance to
melphalan and thalidomide has been associatedrdtiiced drug accumulation in
multiple myeloma cells [73, 74]. Mutations in driaggets have also led to acquired
resistance to therapy. Alterations in topoisometbkave led to resistance from
etoposide while alterations in the glucocorticadeaptor have led to resistance to
dexamethasone [75]. An alteration in a speciflausut of the proteasome has also led to
bortezomib resistance in MM cells [76]. Upreguatof proteins that inhibit apoptosis
also confers acquired drug resistance. The upaégualof Bcl-2 has also been shown to
confer drug resistance to dexamethasone and dagoryib7]. Elevated levels of the

inhibitor of apoptotic protein XIAP has also bedwn to correlate with poorer survival
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in patients post chemotherapy [78]. Finally, @tems in DNA-repair pathways have
been shown to contribute to acquired resistandéNhcells. Enhanced DNA repair via
the Fanconi Anemia pathway has been shown to taérito melphalan resistance in
MM cells [79]. By understanding mechanismslefnovaand acquired resistance, new
therapeutic targets are being identified to redd&D or target known markers of

relapsed/refractory patients.
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Chapter 3: Integrins
Structure and Function

Integrins are transmembrane heterodimeric protemesh consist of non-
covalently bound alpha and beta subunits. In beates, there are 18 alpha and 8 beta
subunits that can assemble to form 24 distinctpteee with different binding properties
and tissue distribution [80]. These distinct hetigmer combinations confer cell-cell and
cell-ligand specificity relevant to the cell ane tnvironment in which it functions.
Through these interactions integrins trigger signgapathways by clustering with other
integrins and activating kinases via the formatbfocal adhesion complexes. These
functions of integrins play a role in cancer defoprocesses including tumor cell
growth, survival, migration, homing, metastasis andironmental mediated-drug
resistance.

The alpha and beta subunits form a non-covalemtiyntd dimer, which consists
of an ectodomain that contains multiple domain$ iéxible linkers, a transmembrane
domain and a short cytoplasmic tail. The extradatldomain interacts with and binds to
ligands of the extracellular matrix. The transmesmnle domain traverses the cell
membrane, linking the ectodomain and the cytoplagaii. The cytoplasmic tail acts as
an adaptor protein for intracellular signaling asdpart of the scaffold, along with the

cytoskeleton, for the formation and growth of foadhesions.
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Integrins are structurally classified based ongiresence or absence of an |
domain in thex-subunit ectodomain. Within this domain is a fiveiao acid motif
termed the metal ion dependent adhesion site (M)Di8ch acts to coordinate ligand
binding [81]. Integrins lacking the I-like domaiomtain a similar domain within thHe
subunit, termed thg I-like domain. Each individual integrin dimer geally recognizes
one specific ECM protein. There is some overlapvbeh integrins and their ligand
recognition, as they recognize sequence motifs comamong matrix proteins. For
example, therV integrins, twoB1 integrins ¢5, 08) andallb3 all share the ability to
recognize ligands containing an RGD tripeptidevacsite contained by fibronectin and
vitronectin. The RGD-binding site is located at thierface between tHepropeller
domain and th@ I-like domain and amino-acid residues from the tdemains interact
directly with the RGD peptide [82§481, a4B7 anda9p1, on the other hand, bind to the
CS1 region of fibronectin through a LDV motif thatfunctionally related to RGD [83].

Integrins are known to exist in two major conforioaal states. They can exist in
an inactive or low affinity state or an active agthaffinity state. Two models have been
proposed for the activation of integrins from a laffinity state to a high affinity state.
One model of integrin activation is the switchbladedel in which the inactive state
corresponds to a bent conformation and the actate sorresponds to a straight
conformation [84]. The other model is the deadbwitlel in which the bent
conformation is maintained when integrins are atéd but movements of the
transmembrane regions cause sliding of the extrdaebtalks of ther andp subunits

[85].
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Integrins can also be activated bidirectionallyamag both extracellular and
intracellular events can regulate activation. @ag in which integrins can be activated
is by inside-out signaling. In inside-out signglimdaptor proteins, like talin, bind to the
integrin cytoplasmic tail and induce a conformational cleaimgthe ectodomain that
increases the integrins affinity for ligand [86htegrins can also be activated by outside-
in signalling. In outside in signalling, bindin@jl@gand to the integrins induces a
conformational change, including the separatiom ahdp stalk domains,
transmembrane domains which lead to the interactiadhef integrin cytoplasmic tail
with intracellular adaptor proteins like talin.

The integrin tails have no intrinsic kinase domaun rather serve as a site for
adaptor proteins to bind and help recruit varionsges that activate downstream
signaling. Talin and paxillin bind §-integrin tails and recruit focal adhesion kinase
(FAK) and vinculin to the focal adhesiong.—actinin serves to crosslink both talin and
actin, which help to strengthen focal adhesions@ndote focal adhesion growth [87].
Although some myeloma cells lack FAK, the tyroshease pyk2 has been shown to
serve a similar function in cells lacking FAK exgs®n [88]. The recruited kinases are
then able to govern many downstream kinases inoudKT, ERK, and Jnk which are
important in multiple myeloma cell cycle progressigrowth, survival, and migration.
Integrin Expression in Multiple Myeloma

Of the 18 alpha and 8 beta integrin subunits thaetbeen identified very few
have been shown to have significant expressionMhaddlls. Different studies have been
done to try to identify the important integrin sulits in MM cells. In one study, it was

shown that MM cells extracted from bone marrow espmo alpha 2 integrin, and
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almost no alpha 6 integrin, although they havealde expression of alpha 4, alpha 5,
and beta 1 integrins [89]. Another study showed ithéhe cell lines studied, there was
high expression of alpha 4 and beta 1 integrinesg®d with minimal expression of
alpha 3 integrin and no expression of alpha 2 nrtend alpha 6 integrin [90]. Yet
another study focused on other cell lines showgt lavels of alpha 4 integrin, alpha 5
integrin, beta 1 integrin and beta 7 integrin [6@Jonsistent in these studies is the high
expression of alpha 4 integrin, beta 1 integrin beth 7 integrin with some myeloma cell
lines expressing alpha 5 integrin. In additionh@se integrins the alphalLbeta?2 integrin
and the alphavbeta3 have also been shown to bessqat on MM cell lines.

TheadPl (very late antigen 4 or VLA-4y581 (VLA-5), anda4p7 heterodimers
are major integrin heterodimers associated with b&ls. VLA-5 has been shown to
mediate cell adhesion to the ECM protein FN whiked4p7 integrin has been shown to
mediate cell adhesion to the MAACAM-1 receptor o marrow stroma cells. VLA-4
IS unigue among integrins as it has been showe tihd only heterodimer that mediates
cell-ECM as well as cell-cell interactions [91].LAX-4 has been shown to bind to the CS-
1 region of FN as well as to VCAM-1 via a sepalataling site. The4 integrin is also
unique in it is the only integrin to be expressedie plasma membrane in two distinct
forms, the intact (150 kDa) alpha 4 subunit antkaved form which consists of two
noncovalently associated fragments (80 and 70 kBagn though cleavage o4 has
been shown to be increased after T cell activapogvious binding studies using the
intact and cleaved subunits showed no alteratioriLi-4 binding function [92]. In
addition to existing in two distinct isoforms oretbell surface of myeloma cell lines,

there was shown to be a difference in VLA-4 expgoess relapsed MM patients
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compared to newly diagnosed patients. In a staihedy Schmidmaier, it was shown
that VLA-4 and VCAM expression was higher in preated patients than in chemo-
naive patients and the expression levels increagbdhe number of chemotherapy
regimens [93].

In addition to patient sampleg, a5, f1, andB7 integrin levels have been studied
in sensitive and drug resistant MM cell lines.sémsitive 8226/s cell lines, there was
minimal expression ai4 andp7 integrins with high expression @6 andpl. 8226/s
was then chronically treated with melphalan andodolicin to develop the isogenic
drug resistant cell lines 8226/LR5 and 8226/doXblices respectively. As the cell lines
are selected for resistance the surface exprestitie integrins are changed. In the drug
resistant cell lines4 andp7 integrin expression is increased whiteintegrin expression
is decreased, indicating that an increasgdiimtegrin expression is correlative for drug
resistance in MM cells [69]. In addition to incsea integrin expression being a
determinant for drug resistance to therapeutic @gartegrin function associated with
VLA-4 was also shown to be changed in drug resistalhlines. In the melphalan
resistant MM cell line U226/LR7 there were similevels ofo4 integrin in the resistant
line compared to the U226 sensitive line. Howeld&66/LR7 cells adhere to FN at a
significantly higher rate than U266 cells in a VI4Adependent fashion and correlated
with CAM-DR to melphalan [94] 7 integrin mRNA expression was also screened in a
panel of MM cell lines. Results showed that celith a t(4;14)(H929,0PM2) or t(14;16)
(MML1S) that correlates with poorer prognosis exgeesthe highest levels p7 integrins

[95].

26

www.manaraa.com



As VLA-4 is shown to have higher expression on degjstant cell lines and
relapsed/refractory patients, therapeutics thgetaor lower VLA-4 levels have been
investigated in MM cell lines. For example, a stgthowed that the highly successful
MM therapeutic bortezomib reverses CAM-DR and seres cells to dexamethasone in
the coculture environment in part by downregulatimg expression of VLA-4 [96].
Antibodies againsi4 integrin have also shown to have decrease myegpovathin
vitro andin vivo. The monoclonal antibody PS/2 was shown to inhita growth of
GFP-expressing 5TGM1 cells in C57BIl/KaLwRij mic&[9 The humanized monoclonal
antibody natalizumab was also shown to disrupbthding of MM cells to FN and
chemosensitize cells to bortezomib [98]. Miceltulanoparticles targetingd integrins
have also been developed and have been shownrmawe CAM-DR [99]. In addition
to targeting VLA-4, other integrins have been draative target for developing new
therapeutics to target MM as well as other cancers.

Integrin Targeted Therapeutics

Targeting integrins is of great interest in theatment and prevention of cancer.
Antibodies, peptidomimetics, and small moleculeagohists have all been utilized in
order to target integrins. Each type has its odwaatages and disadvantages.
Antibodies are the most widely used strategy inettgying integrin targeting drugs.
Antibodies are advantageous as they have verythrglet specificity and affinity,
leading to a decrease in off target effects. Andibs also have high circulation times
compared to small molecule inhibitors and peptidBse disadvantages for antibodies
include the need for intravenous administration @uedpropensity for host

immunogenicity. Peptide-based drugs have highetafjinity and specificity but have
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limited stability. Techniques can be utilized mariease stability and decrease proteolytic
cleavage such as cyclization of peptides or theoifeamino acids. Small molecule
inhibitors have high stability and can be adminestieorally but have low selectivity in
integrins. There have been promising resultsziij antibodies, peptidomimetics and
small molecular inhibitors in targeting integrint&®dimers shown to be expressed in
MM cells like VLA-4, VLA-5 andaV 3.

Antibodies that target4, a5 andaV 33 integrins have been shown to have success
in decreasing tumor burden and decrease integrthateel CAM-DR. The antid
integrin antibody, natalizumab, has been showrrégent the adhesion of leukocytes to
the receptors VCAM-1 and MAdCAM-1 and is currenied in the treatment of
multiple sclerosis and Crohn’s disease. As MMshHve been shown to express high
levels ofa4 integrin, newer studies have looked into theatffieat Natalizumab has on
MM cell growth in the bone marrow microenvironmetitwas shown that Natalizumab
blocked VEGF and IGF-1 induced MM cell migratiordaalso chemosensitized MM
cells to bortezomib [98]. Volociximab, a monoclbaatibody against VLA-5, has also
been shown to inhibit angiogenesis and impede sahbr growth. It is currently in a
phase Il clinical trial in solid renal cell carcma and is also being investigated in the
treatment of macular degeneration [100]. In addiseveral therapeutic antibodies are
currently being investigated that target ¢33 integrin. Vitaxin is a humanized mouse
monoclonal antibody that blocks angiogenesis adddas apoptosis in advanced solid
tumors and is currently in phase | clinical trialBNTO 95 has also been shown to inhibit

melanoma cell adhesion and inhibit tumor growtinmuse xenografts. In a phase |
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clinical trial an analysis of a post-treatment lspghowed decreased expression of bcl-2
after treatment and it is being investigated ingehkh clinical trials [101].

Peptidomimetics targeting integrins are also béwoged at as a means to block
tumor growth and progression. One of the firsttiglepsequences shown to block the
interaction between integrins and FN was the sespiBGD. In addition to mediating
the interaction between the cell and FN, cyclizé&DRcontaining peptides were also
shown to directly induce apoptosis in breast canebs by directly binding to and
activating caspase-3 [102]. Other peptides haea kdeveloped with the RGD sequence
and have been shown to have anti-tumor effect onerecells. Cilengitide is a cyclic
pentapeptide containing the RGD sequence and iedes for its capacity to
specifically inhibit thexV3 andaVB5 integrins [103]. Cilengitide is currently being
tested in phase Il clinical trials for patientsiwiiting and prostate cancer. It has been
shown to have anti-tumor effect in newly diagnogkablastomas with 69% of patients
being progression free after 6 months [104]. @iede is currently in a phase IlI
clinical trial for the treatment of glioblastomATN-161 is a non-RGD-based peptide
that has been shown to block the growth of bremster cellsn vivo[105]. ATN-161
was tested in a phase | clinical trial of patiesit advanced solid tumors with 1/3 of
patients treated showed prolonged stable dise@€¢.[In MM cells a VLA-4 antagonist
peptide has been developed that when conjugatéaxirubicin and nanopatrticles
blocks MM cell adhesion and induces apoptosisxereograft model.

Small molecule antagonists targeting integrinsehe@go been shown to inhibit
integrin signaling and decrease cancer metastasis.VLA-5 small molecule inhibitor

JSM6427 was shown to reduce FN-induce ERK phosjdtag which has been shown
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to be a signal associated with CAM-DR and furthedigs are ongoing for its effects on
cancer cells [107]. TheVp3 integrin small molecule antagonist S247 has lskemwn to
inhibit breast cancer bone metastasis and decreasau cancer metastasis. In addition,
it was shown to inhibit the development of colon@a metastases and growth to the
liver in anin vivomodel [108]. A differentt'VB3 integrin small molecule antagonist,
PSK1404, was also shown to inhibit breast and emdrone metastases in a murine
mouse model. In addition, PSK1404 was shown tiinbsteoclastic activity in the
bone marrow microenvironment which substantiallgrdased tumor initiated bone

destruction [109].
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Chapter 4: Cell Death Pathways

Apoptosis

Different kinds of cell death are distinguisheddistinct morphological criteria,
and are classified into distinct modes of cell Heakhree of the most commonly
classified modes are defined as apoptosis, autgpdradjnecrosis. Apoptosis has been
determined to be an important mode of programmé#édaleath in cells with activation of
caspases leading to cell shrinkage, chromatin cwad®n and cell blebbing.
Autophagy is defined as a process in which thedsglades its own components through
the merging of the autophagosome and lysosomesakitbivn to occur via cell
starvation or extreme cell stress. Necrosis islligdefined as a passive and energy-
independent form of cell death which results inléng of cellular organelles and loss of
plasma membrane integrity but there are some fofmecrosis, like necroptosis, which
are now classified as a form of programmed celtidda apoptosis, two classes of
proteins play a distinct role; the Bcl-2 family mfoteins which are responsible for
mitochondrial integrity and the cysteinyl asparspecific proteases or caspases, which
are responsible for the direct execution of cells.

Caspases are divided into initiator caspases gsasp, -8, -9, -10) and
executioner caspases (caspase-3,-6, -7). Thesaseascan be activated by either the
intrinsic or extrinsic cell death pathways. Theisic cell death pathway is activated by

internal cell stimuli such as DNA damage or intéiz@al cytotoxic drugs and acts
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through release of proteins from the mitochondiechv are controlled by the Bcl-2
family of proteins. Under normal conditions, aafieptotic Bcl-2 family members
sequester the pro-apoptotic proteins Bax and Bak fitimerizng. During cellular stress,
Bcl-2-homology 3 (BH3)-only proteins, like Bim, aaetivated and bind the antiapoptotic
Bcl-2 family members, leading to the dimerizatidrBax and Bak and subsequent
formation of a channel on the mitochondrial membratere cytochrome c is released.
Cytochrome c associates with Apaf-1 and helps thighrecruitment and activation of
procaspase-9 [110]. Other proteins like Smac/DI®Bind Omi are released from the
mitochondria and help promote caspase 9 activéyanhibiting inhibitors of apoptosis
protein (IAP) activity [111]. Activated caspasel@aves and activates executioner
caspases like caspase-3 which causes chromatiemsettbn and apoptotic cell death.

The extrinsic pathway of apoptosis is activateckiernal stimuli and involves
the stimulation of death receptors belonging tottimor necrosis factor receptor (TNFR)
family, such as itself, Fas and TRAIL-R. The bmglof Fas ligand to Fas receptor
results in the association of the adaptor prot&iDP while the binding of TNF ligand to
TNFR results in the association of the adaptorganot RADD and subsequent
recruitment of FADD [112]. FADD associates witlopaspase 8, resulting in the
formation of a death-inducing signaling complex%0). Caspase 8 is then activated
which triggers the execution phase of apoptosike LAP inhibition of procaspase 9 the
extrinsic apoptotic pathway can also be inhibit&tie protein c-FLIP has been shown to
bind to FADD and procaspase 8, rendering the @gtldpathway useless [113].

Many drugs used in treating MM induce apoptodiee DNA alkylating drug,

melphalan, for example, has been shown to dishgpinteraction of Mcl-1 and Bim,
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thereby releasing Bim which leads to Bax activatod cytochrome c release [114].
The glucocorticoid, dexamethasone, has also bemmrsto induce apoptosis in multiple
myeloma cell lines. As the MM1R cells gain resis&@to dexamethasone, they lose
expression of the glucocorticoid receptor whichdsidexamethasone. Reexpression of
the glucocorticoid receptor in dexamethasone @s$IM1R cells induced Bim
expression and dexamethasone apoptosis, indidatiglexamethasone also induces
apoptosis in MM cells in a Bim dependent mannet5]1 The proteasome inhibitor
bortezomib has been shown to trigger caspase @otwva retinoblastoma and chronic
lymphocytic leukemia as a primary agent. In additio directly causing activation of
caspases, bortezomib has also been shown to genditll to apoptosis inducing drugs
like dexamethasone and melphalan [116]. In addtibosensitizing agents that induce
apoptosis by the intrinsic apoptotic pathway, kateib has also been shown to sensitize
MM cells to cell death by the extrinsic pathwaygsuike TRAIL by decreasing the
protein expression of the antiapoptotic proteinléPH117]. New classes of compounds
are being developed and tested that induce apsptoMM cells in addition to
established therapeutics. For example, arseoixide has been shown to activate
caspases in MM cells [118]. Utilization of diffetecompounds that target the apoptotic
pathway via different mechanisms could potentiedlyerse drug resistance in MM that
occurs because of the microenvironment like theguydation of antiapoptotic proteins
Mcl-1, Bcl-2, c-FLIP and XIAP or downregulation pfoapoptotic proteins like Bim.
Utilizing drugs that target the other cell deatthpays like autophagy and necrosis
could also prove to be useful in treating MM patisein combination with apoptotic

inducing drugs.
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Autophagy

Autophagy is a catabolic pathway that allows celldegrade and recycle cellular
components. Autophagy is uniqgue among cell dedthwegys as induction of autophagy
has been shown to correlate with both cell survaval cell death. The presence of
autophagic vacuoles is commonly seen in dying ceften accompanying apoptotic and
necrotic cell death. In fact, there have been shimibe interconnections that exist
between autophagy and apoptotic and necrotic ealihd For example, the anti-apoptotic
protein Bcl-2 has been shown to repress autophadpyrioing to the autophagy
stimulating protein Beclin-1 [119]. Active caspashas also been shown to cleave
Beclin-1 into 2 fragments, with one of the fragngemmanslocating to the mitochondria
and facilitates release of cytochrome c [120]. rEtf®ugh the outcome of autophagy
usually reflects a pro-survival function, autopha&gy induce cell death under certain
conditions. RNA interference (RNAI) directed agsdi@ autophagy genes, atg7 and
beclin 1, blocked cell death in mouse L929 cebsted with the caspase inhibitor zZVAD
[121]. Further, RNAIi against atg5 and beclin 1 kledt death of bak, bak’~ murine
embryonic fibroblasts (MEFs) treated with etopogiti2?]. Notably, in both of these
studies RNAI blocked the death of cells whose aptappathway had been crippled,
implicating autophagy as a cell death mechanisrmvap®ptosis is inhibited.

Three types of autophagy have been described; ahvapenediated autophagy,
microautophagy and macroautophagy. Macroautophagyeen the best described
autophagic process and is usually referred tosisajutophagy. Autophagic signaling has
been shown to be regulated by mTOR, a protein kitfzest is important in controlling

translation and cell-cycle progression. When mTi©Rhibited by stimuli such as
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nutrient starvation or rapamycin, the ULK-Atg13-B0® complex is formed, with the
formation of this complex leading to the inductmiithe formation of the
autophagosome. The synthesis of the autophagoalsmeequires vesicle nucleation,
which is initiated by the formation of the PI3KCO3ps34)-complex, of which Beclin-1 is
a member. Once this complex is activated, phosgylatositol 3-phosphate (PI3P) is
generated and helps to recruit other proteinseluaigate the autophagosome. The
Atg12-Atg5-Atgl6 complex is recruited which playsode in vesicle curvature while the
autophagic marker LC3 is lipidated and specifichlilyds to the autophagosome
membrane. After all of these events occur, theghagosome fuses with a lysosome,
releasing its content into the lysosome to be degtdy hydrolases.

Autophagy is shown to be important in diseases #eostein production is
instrumental in characterizing the disease, like Mitis believed that the ongoing
induction of autophagy seen in some cell linesqutstcells from the accumulation of
misfolded proteins and is shown to be a survivatimaism in MM. Many drugs that
induce apoptosis in MM cells are also shown to aedautophagy. For example, the
apoptosis inducing DNA-damaging drugs doxorubieid enelphalan are also able to
trigger Beclin 1-regulated autophagy in the humav béll lines H929 and RPMI 8226
with the silencing of beclin-1 or Atg5 augmentimgit proapoptotic activity [123].
Bortezomib was also shown to induce autophagy in 8&Ms but inhibiting autophagy
with the lysosomotrophic agent chloroquine did inatease bortezomib induced cell
death [124]. However, bortezomib is shown to eilspnergistic effects in combination
with agents that uncouple the aggresome, a pratems inclusion body that forms when

cellular degradation machinery is impaired, andpliagy pathways. Tipifarnib, a
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farnesyl transferase inhibitor that also inhibiite bncogene Ras, has been shown to
synergize with bortezomib in 8226 MM cells in thmsinner [125]. From most reports, it
is shown that induction of autophagy produces wigaireffect in MM cells and
inhibiting this pathway either in conjunction wiimcoupling the aggresome in the case
of bortezomib or without uncoupling the aggresoméhe case of doxorubicin and
melphalan sensitizes the cells to established presa
Necrosis

Necrosis is predominantly described as an accitientancontrolled form of cell
death and is characterized by organelle swellioiipwed by loss of cell membrane
integrity and release of cellular components frbmcell. As necrosis is not thought of as
being tightly regulated, key cellular processeschi@acterized as being important for the
induction of necrosis instead of activation of axemer proteins. The key bioenergetic
events that are usually implicated in necrosisia@eased mitochondrial dysfunction,
adenosine triphosphate (ATP) depletion, depletionteacellular nicotinamide adenine
dinucleotide (NAD), increased levels of intracellular calcium, ancréased generation
of reactive oxygen species (ROS). Evidence is lmggito show that in addition to these
key processes, some modes of necrosis can alstdiglg regulated event, with forms
of necrosis such as necroptosis appearing to lmFaroned modes of cellular death.
There also have been shown to be interconnectighswcrosis and apoptosis and
autophagy, as some of the key mediators of nechasis been shown to disrupt the
mitochondria, extracellular death receptors suchiSR and lysosomes important in

autophagy.
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Mitochondrial dysfunction is a key event that oscduring necrosis. In normal
cells, a membrane potential is generated acrossitioehondrial inner membrane as
protons are pumped across the inner membrane. pideess is responsible for the
generation of ATP by oxidative phosphorylation.rt@m stimuli such as an increase in
intracellular calcium or an increase in intrac&UROS have been shown to open the
mitochondrial permeability transition (mPT) poretbe mitochondria inner membrane.
Opening of the mPT pore causes a cell to stop¢hergtion of ATP by oxidative
phosphorylation. Experiments have shown thatrestemt opening of the mPT pore
induces apoptosis by release of apoptotic factorh as cytochrome ¢ or apoptosis
inducing factor (AIF) but persistent opening of th@T has been shown to induce
necrosis [126]. MPT induced necrosis is regulégthe protein cyclophilin D (cyD)
and inhibiting cyD with cyclosporin A has been simotw inhibit the MPT and inhibit
calcium induced necrosis [127].

In addition to disrupting key metabolic events thatduce ATP through
oxidative phosphorylation, necrosis has also b&ews to occur through disruption of
ATP that is produced during glycolysis. Poly (ADPese) polymerase (PARP) is a
nuclear protein known to be activated followinggi@strand DNA breaks and is a signal
to recruit other DNA-repair enzymes such as DNAdig 1l to repair the DNA. In order
to generate ADP-ribose monomers integral to the D&#air process, activated PARP
depletes intracellular stores of NADy converting NAD into nicotinamide adenine
mononucleotide (NAM). Overexpression of PARP hasrbshown to induce necrosis by
depleting cellular NADlevels in cells that depend on glucose metaboligictivated

PARP converts NADinto NAM. Since NAD cannot cross the mitochondrial
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membrane activated PARP selectively inhibits gleaoetabolism, which has been
shown to induce necrosis [128].

Increases in intracellular €zhave also been shown to initiate necrosis. AS Ca
is a secondary messenger for many integral cetlgses, levels of &ain the cell are
tightly regulated. Under normal physiological citizths the concentration of &ais
determined to be around 1.2 mM in the extracelloiatrix and around 0.AM in the
cytosol with most of the excess intracellulaf Cstored in the endoplasmic reticulum
(ER). In order to maintain ahomeostasis, Ghis either able to enter or leave the cell
through distinct C& channels on the plasma membrane®* @aels in the cell are also
maintained by storage or release of intracellula’ Gtores located in the endoplasmic
reticulum(ER). If intracellular stores of €aare increased too quickly, the mitochondria
will also store excess €2 If the concentration of Gais increased to too high a level
(>1uM), the mitochondria becomes overloaded witfi'¢a29]. Mitochondrial C&
overload has been shown to lead to opening of tA€ pore and ATP depletion, which
in turn leads to necrosis [130]. €is also responsible for activation of the’Ca
dependent proteases calpains. Calpains havesheam to induce lysomal membrane
permeability (LMP) of lysosomes, thereby releasyspsomal enzymes into the
cytoplasm and inducing necrotic cell death [131].

During oxidative phosphorylation in the mitochordrelectrons frequently
escape from the electron transport chain. Theimaof the escaped electron and
oxygen produces oxygen radicals, which are condent® ROS. These ROS consist of
molecules including superoxide, hydrogen peroxkdg), and nitric oxide (NO). ROS

are usually neutralized by enzymes such as supkraksmutase and glutathione
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peroxidase or by reacting with a scavenger sugiutathione. When the balance
between ROS and their scavengers is disturbedx@se of ROS has been shown to
damage cellular biomolecules including DNA, proseamd lipids. For example, it was
shown that excess mitochondrial ROS have been stmeswse cleavage of DNA
strands, cross-linking and oxidation of purinesittesg in necrosis [132]. In addition to
causing necrotic cell death through double strari2ldd damage, mitochondria-
produced ROS have also been shown to cause necetitdeath of fibrosarcoma cells by
TNFa [133].

In addition to studying key bioenergetic events thaiate necrosis, studies are
also being done to determine instances of regulaetbtic cell death. One such form of
programmed necrosis, necroptosis, has been sholadotivated by ligation of cell
death receptors such as FAS, TNFR and TRAILR. Upnding of ligands such as
TNFa, the TNFR forms trimers and recruits several ddathain-containing proteins to
form the DISC. Key proteins present in this com@es FADD, RIP1, RIP3, and
caspase 8 [134]. If caspase 8 is not inhibite@royeins such as IAPs, caspase 8 cleaves
RIP1 and RIP3 and induces caspase dependent algogfasaspase 8 is inhibited, as has
been previously shown with RNAI, RIP1 and RIP3 meghosphorylated and induce
necroptosis [135]. Phosphorylated RIP1 causes Pa&d®fPation, ATP depletion,
activation of ROS and an increase in intracellakdcium, all considered to be hallmarks
of necrosis.

Necrosis inducing drugs are not currently heavdgdiin MM treatment as most
of the drugs used are shown to target the apogtatioivay in MM cells. Some drugs,

however, induce a multimodal mechanism of cell h&atMM cells. Doxorubicin has
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been shown to induce the formation of ROS in addito inducing autophagy and
apoptosis. In fact, at low doses of doxorubidinyas shown that the primary mode of
cell death was determined to be necrosis insteagp@tosis [136]. ATO has also been
shown to induce mediators of necrotic cell deatlvals as apoptosis by increasing ROS
production and loss of mitochondrial membrane paaefiL18]. A novel antibiotic

active against nutrient-starvedcogenesiskigamicin, is one compound that has been
shown to induce necrosis in MM cells. One intengshote of this study was that
kigamicin produced higher levels of cell death ialpmalan resistant cell lines compared
to the parental lines, indicating that agents tiaatse necrosis may be useful in causing
cell death in cells that have become resistanpép#sis inducing drugs [137]. As the
ability of tumor cells to evade apoptosis has be&elh classified as a cause of drug
resistance in MM cells, drugs that target other @eqth pathways may become more

useful in treating MM.
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Chapter 5: Ca®* Signaling

Ca’* Homeostasis

Positively charged calcium ions (€palong with negatively charged phosphate
ions are considered two of the most important seaognmessengers that regulate
signaling in cells. As G4 binds to thousands of proteins in order to medizse
signaling events, such as protein association tiomand localization, Ganeeds to be
tightly regulated inside the cell. As such, chdsmee present on the plasma membrane,
ER and mitochondria whose function is to contrel tiptake and release ofCin order
to ensure that the ideal cytoplasmic concentrgtidi®0uM) is maintained in resting
cells. The plasma membrane contains 3 distinestygd C&" influx channels, voltage-
gated, ligand-gated and store operated channel§)Sich are responsible for €a
intake into the cell. In addition, the plasma meanie also contains the plasma
membrane Cd ATPase (PMCA) pump and a N&C&* exchanger that are responsible
for the efflux of CA" out of the cell. The sarcoendoplasmic reticulai @ TPase
(SERCA) causes an influx of &€anto the ER while the 1,4,5- inositol triphosph@fs)
receptor and ryanodine receptor (RyR) are resptanfbrelease of intracellular ER
stores into the cytoplasm. Finally, the?Caniporter is responsible for €anflux into
the mitochondria while the mPT pore is responsibiesfflux of C&£* into the cytoplasm.

Voltage-gated Ca-selective channels (CaVs) are common in many rdiffe

types of cells but their activity has mainly be&ndged in excitable cells; like neurons,
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cardiocytes, muscle tissues and endocrine cellgs @ee the fastest family of €a
channels with a million CGaions per seconds crossing the channel gradieme. T
channel’s receptor contains a helix-turn-helix l®gpntaining positively charged
arginine residues, which are opened following anglean voltage [138]. Ligand-gated
Cd" channels are opened or closed by the direct binofir ligand to the channel itself.
Binding of the ligand opens the channel which afiomflux of C&" ions into the cell.
These channels are present on most cells anditheteelief that these channels play a
role in cell-cell communication between cells bugsiof the studies done on these
channels have been performed in sensory cellsneitinotransmitter ligands. SOCs
represent the last family of plasma membran® @éux channels. In many
nonexcitable cells, there is little €anflux across the plasma membrane. A$'Ga
constantly seeping out of the ER into the cytoplaswh is frequently released from the
ER to mediate Ca signaling pathways, ER calcium stores are freduéound to be
depleted. Upon ER G&depletion, stromal interaction molecule 1 (STIMé&hses the
depletion and aggregates in the ER just below Qraithe plasma membrane [139].
Orail is an essential pore subunit of the calcietease-activated calcium (CRAC)
channel and is responsible for the influx of Oy SOCs [140].

An important mechanism of €asignaling is the release of €£drom the ER
reticulum through two distinct receptors, the ip8aptor and the RyR. G protein-
coupled receptors (GPCR) and receptor tyrosinesks@RTK) are both located at the
plasma membrane of eukaryotic cells and servenagoyi function of transducing
extracellular stimuli into intracellular signal2. specific subtypes (Gg/11) of GPCR have

been shown to activate phospholipagewbile RTKs have been shown to activate
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phospholipase €€ Both isoforms of phospholipase ¢ (PLC) cleavegphatidylinositol
4.5 biphosphate (PIP2) into ip3 and diacylglycerpi3 binds to the ip3 receptor on the
ER membrane and allows diffusion of®C&rom the ER to the cytosol. Calcium release
from the ER has been shown to occur by periodichdisyes of Cd from the ER [141].
RyR are different from ip3 receptors as the primaggnist of RyRs is Gaitself. When
cytoplasmic levels of Caare determined to be low, RyRs are opened to affiwx of
C&”* from the ER. When cytoplasmic levels of’Care increased to high levels (>1mM)
the channel is completely inhibited.

Like the ER, mitochondria can store®Chut the mechanism in how the
mitochondrion regulates the influx of €as different. While C& diffuses through the
uniporter into the outer mitochondrial membranerasses into the inner mitochondrial
membrane from ion exchange channels, wheré & H created by oxidation of
NADH are exchanged for Gaions. An increase in Galevels in the mitochondria
stimulates several dehydrogenases in the Krebs ey boosts ATP production along
with ROS formation. An increase in matrix<also activates the mPT pore, which
causes release of calcium back into the cytoplasm.

Calcium Interaction with Apoptosis and Autophagy

Cd" has long been shown to play a role in necroticdesth. As discussed
earlier, high concentrations of intracellulaCean overload the mitochondria, causing
an increase in ROS, ATP depletion and mitochondsafunction. C& has also been
shown to activate proteases like calpains whickigechecrotic cell death. In addition to
playing a role in mediating cellular necrosis?Oaas also been shown to play a role in

interacting with proteins that mediate apoptotid antophagic cell death. Early studies
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showed that different concentrations of intraceltdalcium can activate either apoptosis
or necrosis. Lower levels of €5200-400 nM) have been shown to trigger apoptosis
while higher levels of Ca (>1uM) have been shown to induce necrosis [129]. PBe i
receptor has been shown to bind to Bcl-2 on thertembrane, with Bcl-2 levels
determining whether Goscillations will lead to cell survival or cell ah. C&" has

also been shown to be regulated by the proapopiatieins, Bax and Bak. Recent
evidence has also shown the ability of Ga help regulate autophagy via ip3r forming a
complex with beclin-1 on the ER.

Bcl-2 has been shown to localize to the ER menenmamaddition to localizing to
the mitochondria. Bcl-2 has been shown to direatigract with the ip3 receptor on the
ER membrane and this interaction inhibits ip3 dejgem calcium efflux [142]. Further
analysis indicated that the BH4 domain of Bcl-2oasstes with a region within domain s
of the ip3r [143]. A result of this interactiontizat ER-targeted Bcl-2 (Bcl-cb5) was able
to inhibit apoptosis to agents that deplete th@chibndrial membrane like ceramide
[144]. Bcl-2 has also been shown to bind to th& @apendent phosphatase calcineurin
which has been shown to phosphorylate the ip3 tecejt is speculated that bcl-2
facilitates dephosphorylation of ip3 receptor bigracting with calcineurin as ip3
receptor phosphorylation is decreased in Bcl-2 earessing cells [142]. Although Bcl-
2 can inhibit ip3 induced calcium oscillations tpabmote apoptosis, it can also enhance
ip3 induced C& oscillations that promote survival. In B cell Iphocytes, Bcl-2
enhances G4 oscillations by sensitizing the cells to lowerdesvof ip3, which leads to

increased mitochondria metabolism and cell sunji4b].
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Ccd" is also shown to be regulated by proapoptoticBfadmily members. Like
Bcl-2, Bax and Bak have also been shown to locatizee ER membrane where they
have been shown to have a role irf'Galease from the ER. When Bax/Bak is knocked
out in cells, ER luminal C4levels are decreased compared to wild type c@ltss
decrease in ER calcium compromises ER' @alease as well as mitochondrial uptake
[146]. In another study, the use of a Bax inhibfawilitated the release of €&rom the
ER, depleting the ER pool [147]. These studiesriBfax/Bak prevents Bcl-2 mediated
leaking of C&" from the ER. When Bax/Bak are overexpressed, iemw¢hey induce an
increase in C4 levels followed by cytochrome c release and apoptd48]. There is
also evidence that other BH-3 only proteins, sieBian and Noxa, may have a role in
mediating C&' function. T-cells deficient in Bim have been smotw have impaired
Cd” release following activation, which is associatéth increased binding of Bcl-2 to
ip3 receptor on the ER membrane, indicating a@®Rim in enhancing Ca release
from the ER by sequestering Bcl-2 [149]. The nhimadrial targeting region of Noxa
was shown to increase mitochondrial permeability mtease C&, while a peptide
developed to correspond to the same region wasrstmimitiate necrotic Ca
dependent cell death [150].

Cc&" signaling also plays a role in regulating the ittéhn of autophagy.
Previous studies showed thatCaas mobilized after stimulated with agents such as
thapsagargin and ionomycin and that thé*@aobilization induced autophagy. The
intracellular calcium chelater BAPTA-AM was alsagm to inhibit the aggregation of
GFP-LC3 aggregates, indicating that autophagosommegition was autophagy

dependent [151]. The ip3 receptor has also beenrsko play a role in regulating
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autophagy. Beclin-1 has also shown to be in a éexnpith Bcl-2 and ip3 receptor, with
the disruption of this complex with the ip3 receptdibitor Xestospongin B sufficient
for the induction of autophagy [152]. Knocking dowf the ip3 receptor was also
sufficient to induce conversion of LC3I to LC3II53]. In addition to inhibiting the ip3
receptor, direct inhibition of ip3 by L-690,330 wasough to induce autophagy [154].

Multiple cytotoxic agents have been identifiedtthection to disrupt C&
homeostasis leading to cell death. One such dragatin, a DNA crosslinking drug
used to treat several different kinds of cancelusiog MM. Cisplatin has been shown
to cause an ip3 receptor-dependent increase inlcy&& " prior to induction of
apoptosis. Knocking down of the ip3 receptor ina& cell lines also mediates
resistance to cisplatin induced cell death [1398]MM, cisplatin is used in combination
with dexamethasone and etoposide as an effectymmes to treat relapsed/refractory
patients. Staurosporine, a protein kinase inhipétso promotes Galeak from the ER
by the cleavage of ip3 receptor. Inhibiting clegaf the ip3 receptor by transfection of
mutant ip3 receptors in B cells lacking ip3 receptwas shown to inhibit apoptotic
induction by staurosporine [156]. Staurosporina pecursor to PKC412 which is in
phase Il trials for AML and exhibits activity in M cells. Thapsigargin is another
cytotoxic agent that decreases the ER calcium lppdirectly inhibiting SERCA pumps.
Thapsigargin has been studied in MM cells alongbmitezomib has they have both
been such to cause ER stress and induce autophiagypsigargin produced a synergistic
effect in MM cells when used in combination withiahibitor of autophagosome

formation, 3-methyladenine (3-MA), while bortezonsitowed an antagonistic effect
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with 3-MA [124]. Bortezomib and thapsigargin alsave a synergistic effect in inducing

cell death in pancreatic cancer cell lines wherd useombination [157].
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Chapter 6: HYD1
Development of HYD1 in Prostate Cancer Cells

HYD1 was first identified as a peptide that cosilghport tumor cell adhesion and
inhibit tumor cell adhesion to immobilized ECM peots. In order to identify peptides,
they used a ‘one-bead one-compound’ combinataerakemning method. In this method,
coupling cycles were used to attach amino acidetals. Because each bead only
encountered one amino acid at each coupling cydien the reaction was driven to
completion only one distinct peptide was displagaceach bead [158]. Utilizing this
approach, several L-amino acid containing peptder® selected based upon the ability
of prostate tumor cells to bind to the immobilizexptide [159]. As D-amino acid
containing peptides are able to resist being degtéy proteases, screening with a D-
amino acid containing peptide library was also doRellowing this screening, two
peptides, RZ-3 and HYD1 (kikmviswkg), were discaatto be biologically active
peptides that can themselves inhibit tumor celleadin to immobilized ECM proteins
[160].

HYD1 and it's scrambled derivative HYD1s (wiksmkg) were further tested on
their ability to be able to inhibit tumor cell mid on laminin-5. HYD1 was shown to
block migration of prostate cancer cells on lamifiwhile HYD1s did not. HYD1 was
also to inhibit adhesion to immobilized lamininebthe same extent as integrin blocking

antibodies t@3, 06, andpl. It was also shown to interact with anda3 integrin
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subunits, but not2 integrins in prostate cancer cells, while HYDid bt interact with
any of the integrins tested. DepletionBdfintegrin containing integrins from membrane
lysates of DU-145 cells removed the ability for HY B bind with thex6 integrin,
indicating that the peptide interacts with #6881 dimer. Incubation with HYD1 also
increased the activation of FAK and phosphorylabdbMEK, with the greatest signal
occurring at 15 minutes after incubation. Ladtigatment with HYD1 was shown to
display increased filamentous actin and an accuioualaf actin at the cell membrane
[161]. In a different report, alanine substitut@malysis and a peptide deletion strategy
were used to determine the minimal element of HYiB&essary for bioactivity in a
prostate cancer cell lines. Bioactivity was meadimg assays of cell adhesion, migration
and ERK signaling. The sequence of HYD1 necessasypport cell adhesion was
kmvixw, the block to migration required xkmviswxrdactivation of ERK signaling
required ikmviswxx, where x is a placeholder pep{itic2].
HYD1 activity in MM cells

As HYD1 was shown to block cell adhesion to lami&im af1 integrin
dependent manner, studies were done to see if HHODM block adhesion of MM cells
to the ECM protein, FN [163]. HYD1 indeed blockasgdhesion of MM cells to FN at a
concentration of 5Qg/ml. Similar inhibition of adhesion to FN was seghen MM
cells were treated with a blocking integrin antibody. In contrast, HYD1 did not tho
MM cell adhesion to bone marrow stromal cells,raifing that was consistent witl3a
blocking antibody, suggesting that multiple celhasion molecules may be necessary to

regulate adhesion of MM cells to bone marrow strowen though HYD1 did not block
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Figure4: HYD1inducescell death asasingleagent in MM cells. (A,C,D) H929,
U266 and 8226 cells were treated with varying catregions of HYD1 for 6 hrs and
Annexin V positivity was measured. (B) H929 celsre treated with HYDL1 for 2 hrs
and placed in soft agar for 12 days after whichambnies were counted.

MM cell adhesion to bone marrow stroma cells, HtEhtment did reduce the level of
resistance to melphalan in the bone marrow stramautture model system. Upon
testing HYD1 in the co-culture model system, annticgpated observation was that
HYDL1 treatment induced cell death in suspensiotupgllas a single agent. Furthermore,
MM cells were not resistant to HYD1 treatment ie firesence of bone marrow stroma
cells.

Due to the finding that HYD1 induced equivalenit death in MM cells as a

single agent the mechanism of action of HYD1 inducell death in suspension cultures
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was investigated. MM cells were treated with 12.5@ug/ml of HYD1, or the
scrambled peptide control HYDS, for 6 hours follalW®y measurement of annexin V
positive cells, used as a marker for cell deathDH Yreatment increased annexin V
positive cell staining compared to cells treatethwilie scrambled variant HYDS in
H929, 8226 and U266 cells. HYD1 also inhibited idose dependent manner the ability
of H929 cells to form colonies in soft agar (fig4re

In order to examine if HYD1-induced cell death wigpendent on the apoptotic
pathway involving caspases, the processing andagictin of caspases was examined. 6
hours treatment with 50 pg/ml of HYD1 did not résnlthe activation of caspase-8 and
only a minimal activation of caspase-3. Also, HYf@datment did not give rise to
cleaved active form of caspase-3, -9 and -8 asiligwvestern blot analysis in H929
and 8226 cells (figure 5). It was next determirféddYD1 induced a latent induction of
caspases. The pan caspase inhibitor zZVAD-fmk wiizad to determine whether
caspases contributed to HYD1 induced cell deatbviahg 24 hours of HYD1 treatment.
Pretreatment of H929 cells with zVAD-fmk did nohihit cell death induced by HYD1.
In contrast, zZVAD-fmk treatment blocked the majpof the melphalan-treated annexin
V positive cells. These data were consistent waispase activity assays which
demonstrated that neither caspase 3 or 8 actiasyinduced following 24 hours of
HYD1 treatment.

Endonuclease G (Endo G) and AIF have been reptoted released from the

mitochondria in caspase independent manner. Afterxchrondrial damage, the

51

www.manaraa.com



>

Caspase-3 activity

=] @
Q (=1
= =]
(=] (=]
o (=]

8
2

20000 #

C e & £
el
& & ﬁ
» Caspase-8 adlvity

2 8000

[=]
E 6000

Aucrescence units0® cels

&
]

#
L 1

g

Flomescence un
(-]

S S

PR AR R
STt 8T e

409&"5“";@/&

B < [r0-caspase-3 (35 kDa)

- 3 cleaved caspase-3 (17/19 kDa)

— — <«— pro-caspase-8 (35 kDa)

s <+— cleaved caspase-8 (18 kDa)
S S s . +— pro-caspase-9 (45 kDa)

S cleaved caspase-9 (37/35 kDa)

————4—— [} aCtin

Figure5: HYD1 did not induce apoptotic cell death. (A). H929 cells were treated

with the indicated concentrations of drugs for § Ihefore activated caspase-3 and
caspase-8 were measured. (B). H929 cells weaettevith 5Qug/ml of HYD1 and
HYD1s or 50 ng/ml of TRAIL for 6 hrs and cleavedspases were measured by western

proapoptotic protein Bax is activated and functionthe formation of outer membrane
mitochondrial pore, causing the release of AIF Bndo G from the mitochondria. This
is followed by translocation of AIF and Endo G b hucleus, leading to DNA
fragmentation and nuclear condensation [164]. HYiedtment failed to increase the
proportion of active Bax, as the levels were corapke to those seen in HYDS treated
and control cells. There was also no translocatiohlF or Endo G from the cytoplasm
to the nucleus after 6 hour treatment with HYDhafly, double-stranded DNA breaks

resulting from the internucleasomal DNA cleavageshgonucleases (mediated

52

www.manaraa.com



predominately by caspase activated DNAse, lysos@hi#se Il and Endo G) is an
important biochemical marker for apoptotic cell thefd 65]. TRAIL treatment lead to a
significant increase in comet moments. However, HYBYDS and control cells
showed equivalent comet moments indicating theratesef activation of endonucleases
and double stranded DNA breaks in HYD1 treatedscellaken together, these data
demonstrate that HYD1-induced cell death occurspeddent of caspase and
endonuclease activity. This data also indicatas YD1 does not induce apoptosis in
MM cells.

Electron microscopy of HYDL1 treated cells showeat ¥4 hours treatment with
HYD1 in H929 cells revealed the presence of sevaradphagosomes, observed as
extensive double-membrane vacuolar structure aantacytoplasmic contents. Such
autophagosomes were absent in HYDS treated ceilsth&r hallmark of autophagy is
the lipidation of LC3 protein, which can be detelchy western blot analysis [166]. Thus,
western blot analysis was utilized to determinetivaeHYD1 treatment caused the
conversion of cytoplasmic form of LC3 (LC3-I, 1&ka) to the autophagosomal
membrane-bound form of LC3 (LC3-Il, 16 k Da). 4ihtreatment with HYD1 and
tunicamycin, a known inducer of autophagy, resuiteidcreased conversion of LC3-1 to
LC3-1l. HYD1 treatment also caused an increagaénnumber and size of acidic
vesicles as shown by lysosensor staining.
Depending on the context, the induction of autoghaas been shown to be associated
with cell survival or cell death. To determine what autophagy induced by HYD1 plays
a role in cell survival or cell death, the autopbazathway was inhibited by two

independent methods. siRNA targeting Beclinl, whogeession is required for the
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formation of pre-autophagosomal structures, wad asevell as a pharmacological
approach using 3-methyladenine (3-MA), a nucleotidevative and class Ill PI-3 kinase
inhibitor shown to inhibit the earliest stages ofaphagosome formation. Both strategies
significantly sensitized H929 cells to HYD1-inducesll death, indicating that autophagy
is an adaptive response and contributes to sureivellM cells following HYD1

treatment. There is a mutual crosstalk betweenpaaiyy and apoptosis. It has been
reported that certain stimuli can induce cellsidergo autophagic cell death, and upon
inhibition of autophagy, under the same stimuli¢b#s revert to apoptotic cell death
[167]. To determine whether the increase in cedtd®bserved upon HYD1 treatment
under the inhibition of autophagy was due to adwib apoptotic cell death, cells were
pretreated with 3-MA followed by HYD1 and then exaed for cleaved caspase-3, —8
and -9 in cell lysates by western blot analysistide 3-MA, HYD1 alone nor their
combination caused cleavage of caspases. Thesdtsm&sggest that the inhibition of
HYD1-induced autophagy does not sensitize MM dellsndergo caspase-dependent cell
death (figure 6).

Major bioenergetic markers associated with necic#ltdeath are the loss of
mitochondrial membrane potentiadly,) accompanied by loss of total ATP and a rise in
ROS production in cells. It was determined that HY(BOug/ml) treatment caused a
significant loss oAy, in H929 and 8226 cells and a 62% decrease in AVEld.
Additionally, HYD1 treatment resulted in a signditt increase in ROS production when
compared to control cells. All these events ocaurepidly during treatment with HYD1,
suggesting that in MM cells HYD1 induces cell dettough the necrotic cell death

pathway.
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Figure 6: HYD1 induces autophagy which had a cytoprotective effect in MM cells.

(A) H929 cells were treated with either p§/ml HYD1 or HYDS or 10QuM

tunicamycin for 4 hrs and then processed for ed@ctnicroscopy or LC3-1 to LC3-II
conversion. (B) H929 cells where transfected withoal of 4 SiRNA, targeting Beclinl
(siBECLIN1) or a control off Target siRNA (siCONTRQusing electroporation. 72 hrs
post-transfection the cells where treated for 6Mtls HYD1 (50 pg/ml) and cell death
was determined by FACS analysis. (C) H929 cellevpeetreated with 3-MA (10 mM)
for 45 min before the addition of varying concetitnas of HYD1. Cell death was
determined by FACS analysis of annexin V positigkscafter 6 hours of treatment.
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ROS has been shown to be an important mediatoivegon propagation and execution
of necrotic cell death (figure 7).

To investigate whether an increase in ROS is thseaf cell death in HYD1
treated cells, cells were pretreated with 10 mMcdat@-cysteine (NAC), a thiol
containing free radical scavenger. NAC partiallgtpcts H929 from HYD1 induced cell
death. At the highest HYD1 concentration, NAC pcted cells from death by 32% in
H929 and U266 cells when compared to cells treatdtdHYD1 only. These data
indicate that ROS plays an important role in indganecrotic cell death in HYD1 treated
MM cells.

As discussed earlier, mitochondria are considdredrtajor organelle capable of
generating ROS within cells. In order to determwieether ROS was the cause or the
product of loss oAy, cells were pretreated with NAC followed by treatrhwith
HYDL1. Loss inAyy, was not reversed by pretreatment with NAC, ingngathat ROS
production lies downstream of disruption/of,.

Finally, oxidative stress has been shown to indutephagy. In order to
investigate whether autophagy observed in HYD1t#¢ckaells was due to the induction
of ROS, cells were pretreated with NAC followedHbyD1 treatment. HYD1 caused a
substantial increase in LC3-II formation when conegao control cells. The increase in
LC3-Il was completely reversed by pretreating cefith NAC. Moreover, the addition of
NAC reversed basal levels of LC3-1l, suggesting thaophagy is driven by endogenous
ROS levels in MM cells and may be a general medmanvhereby cancer cells can

tolerate high basal levels of ROS typically asseciavith transformation. Taken
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Figure7: HYD1 inducesnnecrotic cell death in MM cells. (A) H929 cells were treated
for 2 hrs with HYD1 (50 pg/ml). Following treatmecells were analyzed for loss of
Avym, loss of total cellular ATP and increase in RO&dpiction. (B) H929 cells were
pretreated with NAC (10 mM) for 30 min followed bgdition of varying concentrations
of HYD1 for 6 hrs followed by cell death analyHi€) H929 cells were pretreated with
NAC (10 mM) for 30 min before addition of HYD1 (%(y/ml) for an additional 4 hrs.
Following treatment cells were analyzed for losain,. (D) H929 cells (4 x 10

cells/ml) were pretreated with NAC (10 mM) for 3@nbefore the addition of HYD-1
(50 pg/ml) for an additional 4 hrs. Following treent, the LC3-1 to LC3-Il conversion
was monitored by western blot analysis.

together, these data show that HYD1 induces ROSslimeam of disruption of
mitochondria membrane potential. Additionally HY Ditluction of ROS can
paradoxically contribute to both cell survival Ingducing autophagy and cell death by
inducing necrosis in MM cells.

A colony forming assay was used to determine whdt#¥éD1 induced cell death
in normal hematopoietic cells. HYD1 did not inhibdlony formation of normal CD34
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cells. Six hours treatment with increasing coneditn of HYD1 did not induce cell
death up to doses of 50 pug/ml in PBMC. Finallg 8CID-hu model was used to
determine whether HYD1 demonstrates anti-tumowggtin vivo. The SCID-hu model
consists of implanting human fetal bone into thermeary mouse fat pad of SCID mice.
Mice treated with HYD1 showed a modest but sigaificreduction in tumor burden
compared to control mice (figure 8). In these ekpents no overt toxicity or weight loss
was noted in HYDL1 treated animals. Based on thesdts further studies are warranted
to determine the upstream targets causative for H¥vibDuced depolarization of the

mitochondria membrane potential.
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Figure 8: HYD1 displayed in vivo activity in the SCID-hu mouse model. Tumor

burden in the SCID-Hu model was measured by queatidbn of circulating kappa levels
using ELISA. On day 28 (before drug treatment) mearsents were recorded for each
individual mouse and subsequent values obtaine#tlwaee represented as a ratio of day
28 (day X/day28). HYD1 was administered i.p. at@kg daily for 21 days (starting day
28"‘). n=5 for vehicle control (VC) and 4 for HYD1 tted mice (P<0.05, ANOVA).
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Figure9: Proposed mechanism of HYD1 induced cell death. HYD1 induces
mitochondrial dysfunction and a subsequent increaBOS. The increase in ROS leads
to the induction of autophagy which results in seiltvival or the induction of necrotic
cell death.
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Chapter 7: Objectives

Even though MM is a treatable disease, it is dgkmed to be incurable. Novel
therapeutics, such as bortezomib, thalidomide aendlidomide, have been shown to
prolong intervals of progression free disease atept survival, but MM patients
ultimately relapse. Because MM develops resistéamteatment strategies, researchers
have invested considerable amounts of effort ielondating the mechanisms by which
multiple myeloma cells develop resistance. Onehaeism in which myeloma cells
develop resistance is via cell adhesion to boneanaestroma cells and ECM proteins
which is mediated b@1l integrin. Our laboratory has previously investigg the effects
of blocking the integrin interaction with the ECMing a1 inhibitory peptide (HYD1).
In addition to blocking the adhesion of MM cellsliound FN, HYD1 was also
unexpectedly shown to have a cytotoxic effect amgle agenin vitro andin vivo.
HYD1 induced cell death displayed the same hallsaskprogrammed necrosis;
increased loss of mitochondrial membrane poterR@S$ generation and ATP depletion.
The primary goal of this project was to furtherideate the mechanism of action that
causes HYD1 induced cell death in myeloma cells.fufther characterize the
mechanism of HYD1 induced cell death an isogeni®H Yesistant variant (H929-60)
was developed. Gene expression profiling (GEP)wsasl as an unbiased approach to
identify changes that may contribute to HYD1 resise during the development of

H929-60 cells. After analysis of the GEP data, egpion of integrins was determined to
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be significantly changed in H929-60 cells. Expressif key genes that induceCa
release from ER stores was also changed. H92@lB0also showed decreased surface
expression ofi4 andpl integrin and displayed decreased adhesion torfdmtin. After
analysis of the preliminary data the following h{fpesis was proposed:
HYD1 bindsthe a4p1 integrin receptor in MM cells and leads to Ca®* mediated
necrotic cell death.
In order to refute or support this hypothesis,ftil®wing objectives were
formulated:
1. Determine if a loss of integrin expression is céivedor resistance to HYD1
induced cell death.
2. Determine if changes in intracellular Céevels effect HYD1 induced cell
death.
3. Determine if blocking pathways that lead to celvstal, like autophagy,

potentiates HYD1 induced cell deathvivoandin vivo.
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Chapter 8: Materialsand Methods:

Cell Culture:

NCI-H929, RPMI-8226 and HS-5 cells were obtainexhfrthe American Type
Culture Collection (Rockfield, MD). 293FT cells meeobtained from Invitrogen and
grown in Iscove’s DMEM (Cellgro, VA) supplementedthvl0 % FBS. Normal bone
marrow aspirate was purchased from Lonza, Inc (Aien, NJ). Mesenchymal stroma
cells (MSC) were generated by plastic adheren¢keobone marrow aspirate. MSC
were confirmed by CD105, Stro-1, CD29 and CD73tposi and CD34, CD33 and
CD45 negativity (data not shown). MSCs were growWMEMa/GlutaMAX™
supplemented with 10% fetal bovine serum-quali{ffeBS-Q) and 1% 100x penicillin-
streptomycin-glutamine (Invitrogen). 5TGM1 myelog®ls were derived from murine
myeloma 5T33.

Chemical Reagents, Antibodies, and Peptides:

5-Chloromethylfluorescein diacetate was purchdised Invitrogen (Carlsbad
CA). Melphalan, bortezomib, and N-acetyl-L-cysteinere purchased from Sigma-
Aldrich (St. Louis MO). Antie4 integrin (clone P4G9) antibody was purchased from
Abcam (San Francisco CA). Anti-CD29 (4B7R) antipedas purchased from Novus
Biologicals (Littleton, CO). FITC-conjugated aimiegrin7 (FIB504) was purchased

from Biolegend (San Diego CA). HYD1 (kikmviswkgaa synthesized by Bachem (San
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Diego CA) and FAM conjugated HYD1 (FAM-kikmviswkg)ere synthesized by Global
Peptides (Fort Collins, CO).
Selection of a Drug-resistant Cell Line:

A HYD1 resistant cell line was developed as tooldelineating determinants of
resistance and sensitivity to HYD1 induced celltdedNCI-H929 cells were exposed to
increasing concentrations of HYD1 for 24 weeksonfrweeks 1-8, cells were exposed to
10 png/ml of HYD1 once a week for 24 hours. From we8Kk6, cells were exposed to
20 pg/ml of HYD1 once a week for 24 hours. From week24, cells were exposed to
30 ug/ml of HYD1 once a week for 24 hours. After week the cells were exposed and
maintained in media containing @@/ml HYD1 and subsequently named H929-60 cells.
Cell Death Analysis:

After treatment with HYD1, cells were washed witB$and incubated with 2
nM TO-PRO-3 iodide for 45 minutes. The cells wanalyzed for fluorescence with the
use of a FACSCalibur instrument (BD Biosciences) &ase, CA).

M easurement of Aym:

After treatment, cells were incubated for 15 misutgth 15 nM of 3,3'-
dihexyloxacarbocyanine iodide (Invitrogen). Cellsre washed and resuspended in
PBS, and the loss of mitochondrial membrane patewas measured using FACScan.
ATP Measurement:

Treated cells were lysed in radioimmunopreciptatssay buffer (Millipore,
Billerica, MD), and ATP concentrations were meaduwrsing the ENLITEN ATP
bioluminescence detection kit per manufacturerssrirctions (Promega, Madison, WI).

Samples were later normalized to the protein cdrakthe lysates.
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Confocal Microscopy:

To assess whether (a) HYD1 bound the cell surfadga) whether binding of
HYD1 was reduced in the resistant cell line FAM-HY@as used to image peptide
binding in the parental and resistant cell linecbgyfocal microscopy. 85 mm glass
bottom microwell dishes (Mattek cultureware, AshlakA) were plated with 1QL
Cell-tak (BD biosciences) per manufacturer’s ingians. Media containing AM Alexa
Fluor 594 wheat germ agglutinin (WGA) (Invitrogear)d 20uM Hoechst 33342
(Invitrogen) was placed back in the plates andstimaples were incubated for 30
minutes. After 30 minutes, the cells were washadlteeated with media containing 6.25
ug/ml FAM conjugated HYDL1 for 10 minutes. Sampler&immediately viewed with a
Leica DMI6000 confocal microscope (Leica Microsyste Germany). Gain, offset, and
pinhole setting were identical for all samples witthe treatment group.
Gene Expression Profiling:

One hundred nanograms of total RNA was isolated BjNeasy mini kit
(Qiagen) and served as the mRNA source for micagaanalysis. The poly(A) RNA
was specifically converted to cDNA and then amedifand labeled witbiotin using the
Ambion Message Amp Premier RNA Amplification Kitifé Technologies, Grand
Island, NY) following the manufacturer’s protocdflybridization with the biotin-labeled
RNA, staining, and scanning of the chips followld prescribed procedure outlined in
the Affymetrix technical manual. The oligonucle@tidrobe arrays used were the Human
Genome U133 Plus 2.0 Arrays. This array contaues 64,000 probe sets representing

over 47,000 transcripts that were designed fromBaak, dbEST, and RefSeq sequences
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that were clustered based on builds 133 and 18%diiniGene database. Each gene is
represented by a series of oligonucleotides tleaicenticato the sequence in the gene as
well as oligonucleotides that contaih@nomeric (base transversion) mismatch at the
central base positiarf the oligomer, which is used to measure crossitlation.

Scanned output files were visually inspected fdorldjzation artifacts and then
analyzed using Affymetrix GeneChip Operating Sofev@GCOS) using the MAS 5.0
algorithm. Signal intensity was scaled to an aveiatgnsity of 500 prior to comparison
analysis. Using the default settings, the GCO&wuo€ identifies the increased and
decreased genes between any two samples withstisthtalgorithm that assesses the
behavior of 11 different oligonucleotide probesigeed to detect the same gene (3).
Probe sets that yielded a champgealue less than 0.002 were identified as changed
(increased or decreased) and those that yielgedadue between 0.002 and 0.002667
were identified as marginally changed. A gene idastified as consistently changed if
it was identified as changed in all 3 replicateexpents performed by the software.
Surface Expression of Integrins:

To determine cell surface expression of integreedis were treated with a
primary antibody for 45 minutes on ice. Cells weren washed and treated with a FITC
conjugated secondary antibody for 45 minutes on @ells were washed again and the
fluorescence analyzed using a FACScan (BD Biose®nc
Cell adhesion to ECM proteinsand Stroma:

Cell adhesion assays were performed to determim¢h&hthe resistant cell line

demonstrated reduced adhesive capacity. Brieélys were pre-incubated witlarious
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Figure 10: Hematopoietic cells can adhereto BMSCsand ECM proteins by various
receptors. For adhesion assays, MM cells were allowed to latta¢-N, VCAM-1 or
HS-5 stromal cells for 2 hours. After 2 hours, dimered cells were removed and cell
adhesion was read using a fluorescence plate reader

antibodies for 30 minutes. Cells were then alloweedttach to 5@L of 40 ug/mL FN
(Roche, Indianapolis, IN) or 1/mL VCAM-1(Fisher Scientific, Pittsburgh, PA) for
two hours. After 2 hours, cell adhesion was detdbly crystal violet staining as
previously described [168].

For stromal adhesion, 10,000 HS-5 or MSC cells wezebated overnight on
immunosorb 96 well plates (Nunc, Denmark). H928 EH829-60 cells were incubated
with 1uM of chloromethylfluoresceidiacetate, c€EMFDA (Invitrogen) for 30 minutes,
washed and incubated for 45 minutes to allow undalye to diffuse out of the cells.

Intensity was read on a fluorescence plate rea@@}[1
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Rever se transcriptase Polymerase Chain Reaction (Rt-PCR):

Rt-PCR was used to determine whether the decreageintegrin protein levels
in the resistant cell line was due to decreasetstrgption. RNA was extracted from log
growth cells with RNeasy columns (Qiagen, Valen€A) per manufacturer’s
instructions. First—strand cDNA synthesis was earout with the Quantitect Probe RT-
PCR kit (Qiagen, Valencia, Ca) per manufacturar&ructions. Real time PCR primers
for alpha 4 integrin were obtained from Applied 8ystems (Carlsbad, Ca). The gene-
expression level was normalized using the endogeoontrol gene GAPDH. Real-time
PCR reactions were performed using ABI 7900 Sequé&matection System (Applied
Biosystems).

Transfection of ShRNAS:

ShRNA targeting strategies were used to determimathvera4 integrin
expression was causally related to HYD1 inducebddazlth. o4 (TRCNO0000029656)
andpl (TRCNO000029645) shRNA and non-silencing clorie sere purchased from
Open Biosystems, Huntsville, AL and transfected mtentivirus using the BLOCK-IT
Lentiviral Pol Il miR RNAI expression system (Innagen). After the viral supernatant
was collected, 500,000 myeloma cells were infeutitld a 250uL viral supernatant/750
uL media solution and bg/mL polybrene (Sigma) for 24 hours. After 24 lmuhe
solution was removed and replaced with fresh meAtaz2 hours of infection, 1pg/mL
puromycin (Invitrogen) was added to 8226 cellslkovafor the selection of a stable
population of cells. For the H929 cell line, treamt infections were used to reduce

integrin expression.
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Figure 11: The coculture model isused to determine EM-DR of MM céllsin the
presence of stromal cells. MM cells are incubated in the presence or absehEkseb

GFP stromal cells for 24 hours. After 24 hourdlscare treated with melphalan or
bortezomib for 24 hours. After treatment, MM celle unattached to stromal cells using
Cellstripper and cell death is measured using a$@&ibur instrument

@ Myeloma cells
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Biotin-HY D1 pull-down assay:

To identify HYDL1 interacting proteins biotin cogjated HYD1 was used as bait
as previously described [170]. Briefly, 100 milliet929 or the resistant variant H929-60
were washed once in PBS and then in alkaline platapl (ALP) buffer. Samples were
spun at 15000xg for minutes at 4 degrees and thersatant was removed and
membranes were pelleted at 100,000xg for 15 minU#mmbrane pellets were
solubilized in AP buffer containing 0.2% NP40 andtpin was quantified using BCA
reagents (Pierce, Rockford, IL). Five hundpgdof Biotin-HYD1 was bound to 30L of
Ultra Link Neutral Avid in Plus beads (Pierce) fare hour in a buffer containing 0.5
mM Bcl, 0.3 mM KHPO4, 27.6 mM Nail and 1,6 mM NAPQ,, pH 7.4. After one

hour, the beads were washed twice in AP buffershdy of membrane extracts were
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added to a total volume of 5@ and incubated with beads overnight at 4 degré@é=
beads were washed five times in AP buffer contai®ir2% NP40 and samples were
suspended in SDS-PAGE sample buffer and boundipsoteere resolved by SDS-
PAGE.
I solation of CD138 positive and negative populations derived from MM specimens:

To determine whether HYD1 was active in primaryigragtspecimens 7 newly
diagnosed and 7 relapsed specimens were obtaMgeloma patients were consented
through the Total Cancer Care tissue banking pobteer IRB regulationdMononuclear
cells were separated from human blood through s$leeofi Ficoll-Paque PLUS (GE
Healthcare, UK). After separation, CD 138 posittedls were sorted using 25 MS
MACS Separation Columns (Miltenyi Biotec, Germaagd CD 138 microbeads
(Miltenyi) per manufacturer’s instructions. Foichaspecimen obtained! integrin
surface expression was determined by FACS anaysidHYD1 induced cell death was
determined by Topro-3 staining and FACS analysithénCD138 positive and negative
fraction.
M easurement of Intracellular Ca®*Concentrations:

Intracellular free-calcium was measured using@h&+ sensitive dye, fura-2. 35
mm glass bottom microwell dishes (Mattek culturesy@shland, MA) were plated with
10 uL Cell-tak (BD biosciences) per manufacture’s instions. Fura-2 loading was
carried out incubating the plated cells for 1 hauroom temperature in either
physiological saline solution (PSS) consistinginfiM): 140 NaCl, 3 KClI, 2.5 CaClz2,
1.2 MgCl2, 7.7 glucose and 10 HEPES (pH to 7.2 Wigl©H), which also contained 1

uM of the membrane permeable ester form of furac8taxymethylester (fura-2 AM)
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and 0.1% dimethyl sulfoxide (DMSO) or in PSS whittl not contain CaGl All drugs
were bath applied in PSS.

A DG-4 high speed wavelength switcher (Sutter magnts Co., Novato, CA)
was used to apply alternating excitation with 348d 380-nm UV light. Fluorescent
emission at 510 nm was captured using a SensicgitaldCcCD camera (Cooke Corp.,
Auburn Hills, MI) and recorded with Slidebook Versi3.0 software (Intelligent Imaging
Innovations, Denver, CO). Changes in {Gavere calculated using the Slidebook 3
software (Intelligent Imaging Innovations, DenvEr) from the intensity of the emitted
fluorescence following excitation with 340- and 3&® light, respectively, using the
equation|Ca” 'l = KaQ(I — Ruin) /{Hmex — 1) whereR represents the fluorescence
intensity ratio Fsz40/F3s0) as determined during experimer@sis the ratio oFyin 10 Frmax
at 380 nm, an#q is the C4" dissociation constant for fura-2. Calibration foé system
was performed using a fura-2 calcium imaging catibn kit (Molecular Probes, Inc.,
Eugene, OR) and values were determined to be lasviIFyin/Frax = 23.04;Rnin =
0.31;Rmax= 8.87.

Murine5TGM 1 Myeloma Moddl:

Animal studies were conducted using 6- to 8-weekfeinale
C57BL/KaLwRijHsd mice (Harlan) in accordance witietNIH Guide for the Care and
Use of Laboratory Animals. C57BL/KaLwRijHsd miceearsed as the murine MM cell
line 5TGM1 was established from these mice. 5TGMés were induced in mice by i.v.
inoculation through tail veins. Establishment ofalgyna tumor in inoculated mice was
followed by assaying immunoglobulin G2b (IgG2b) molonal paraprotein in sera

prepared from whole blood obtained by sub-mandithikked. Mouse IgG2b levels were
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assayed by ELISA (Bethyl Laboratories, Montgomdmgxas) on days 7,14,21, and 28
per manufacturer’s instructions.

On day 10 after inoculation, the mice are treatét imdicated doses of
treatment: 10 mg/kg and 25 mg/kg for cHYD1, 0.5 kgdbr bortezomib, and 10 mg/kg
for chloroquine. Mice are treated 3 times weeklyMonday, Wednesday and Friday for
21 days for a total of nine treatments. For tHerdguine studies, mice were treated with
10 mg/kg chloroquine on days 9, 16, and 23 whileemvere treated with 10 mg/kg HM-
27 on days 10, 13, 15, 17, 20, 22, 24, 27 and 28Wing treatment, mice are examined
until they need to be euthanized. Euthanizatiaucwhen mice display hind leg
paralysis or tumors grow in excess of 2 cm in di@meOn day 100, all remaining mice
are euthanized.

Statistical Analysis:

For microarray data using the Mas 5.0 platformnigicant genes were
determined by comparing changes in expression a&awsdividual experiments. If
expression levels were increased across all 3 empets or decreased in each
experiment the gene was deemed to be signifidamt.microarray data using RMA,
genes that were increased or decreased 2 fold eetihie two cells lines were
determined to be significant. For all other expemts, either a student’s t-test or

analysis of variance (ANOVA) test were used asaatdid by each figure legend.
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Chapter 9: Results
H929-60 cellsareresistant to HYD1 induced cell death but do not show cross-
resistanceto other active myeloma agents:

To identify determinants of resistance towards HY®é& developed an isogenic
resistant H929 cell line variant by chronically egsmg H929 cells to increasing
concentrations of HYD1 until a drug resistant variemerged. As shown in figure 10,
the H929-60 cell line is significantly resistanty D1 induced cell death (p<0.05
ANOVA) when compared to the parental H929 cellsn@asured by TOP-RO 3
positivity and FACS analysis. HYD1 induced celattewas previously characterized by
the loss of mitochondrial membrane potential, AEPIldtion, and an increase in reactive
oxygen species (ROS). To determine whether theisitign of resistance occurred
upstream or downstream of mitochondria dysfunctimitochondria membrane
potential, ATP levels and ROS levels were compérkowing HYD1 treatment in the
resistant (H929-60) and sensitive parental cedl ({H929). H929-60 cells were shown
to be resistant to the loss of mitochondrial meméenaotential (figure 11) and failed to
show a reduction in ATP levels following HYD1 tresnt (figure 12). Finally ROS
levels were reduced following HYD1 treatment in thsistant cell line compared to the
parental cell line (figure 13). We utilized a FAdNnjugated HYD1 peptide to determine

whether the H929 resistant variant demonstratediaction in binding of FAM-HYD1 to
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Figure 12: H929-60 cellsareresistant to HYD1 induced cell death. H929 and H929-
60 cells were incubated with varying concentratiohslYD1 for 6 hours and HYD1
induced cell death was determined by Topro-3 sigiand FACS analysis (ANOVA test
p<0.05 n=9). The experiment was repeaté@di@vendent times and a representative
experiment is shown.

the cell membrane As shown in figure 14, FAM-HYDt4dlizes to the plasma membrane
in the parental cell line. Furthermore, the |lazation of FAM-HYD1 was not evenly
distributed across the cell membrane, but rathevifHfY D1 demonstrated punctuated
staining in the parental cell line, suggesting po& clustering of the binding target.
H929-60 cells treated with 6.26)/ml FAM-HYD1 demonstrated a 2.7-fold reduction in
FAM-HYD1 binding relative to the parental cell lias determined by FACS analysis

(data not shown). Collectively, these data indith&t the mechanism causative for
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Figure 13: H929-60 cells display decreased HY D1 induced mitochondrial
dysfunction. Loss of mitochondrial membrane permeability wagdeined using
DiOC; staining following 2 hours of HYD1 treatment in 2and H929-60 (* denotes
p<0.05 n=9, Student’s t-test). The experiment rgpeated 3 independent times and
shown is a representative experiment.

resistance towards HYD1 occurs upstream of mitodhahdysfunction and generation
of ROS and that the resistant mechanism is likedyresult of qualitative or quantitative

changes in the HYD1 binding complex located onclémembrane.
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Figure 14: H929-60 cellsdo not display HYD1 induced ATP depletion. ATP levels
were determined in the H929 and H929-60 cell liodlswing 6 hours of HYD1 (50
ug/ml) treatment. (* denotes p<0.05 and # denpt€s05, n=9, Student’s t-test). The
experiment was repeated 3 independent times avasisa representative experiment.
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Figure 15: HYD1 induced levels of ROS are decreased in H929-60 cells compared to
H929 cells. ROS production was measured using the dye 5-(andu®pxy-2’,7’-
dichlorodihydro-fluorescein diacetate. H929 and &18® cells (4x 105 cells/ml) were
treated for various time points (0, 30, 60 and d®@utes) with 5qug/ml HYD1 or
VC(H20). Dye fluorescence intensity was analyzedgigVallac VICTOR2 1420
multilabel counter (EG&G Wallac, Turku, Finlandx@#ation: 485 nm, emission: 535
nm). A representative of three independent expartsis shown.
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Figure 16: H929-60 cellsdemonstrated reduced binding of FAM-HY D1 to the cell
surface. H929 and H929-60 cells were stained with Alexa FE@4 wheat germ
agglutinin (WGA) and Hoechst 33342 for 30 minuté25ug/ml FAM-HYD1 was
added 10 minutes prior to analysis by confocal asicopy. The experiment was
repeated 3 independent times and shown is a repiatise experiment.

78

www.manaraa.com



Table1l: H929-60 cellsarenot resistant to standard myeloma ther apies.

Compound [H929 cells 1Go (N=3)H929-60 cells 1G5 (N=3)
melphalan 11.3 +/- 2.pM 13.1 +/- 3.7uM
mitoxantrone 1.42 +/- .AM 1.05 +/- .7uM

bortezomib 11.3+/-5.1 nM 12.2 +/- 3.9 nM

H929 and H929-60 cells were treated with increasmgcentrations of melphalan (100,
50, 25, 12.5, 6.25, 3.25 and 0 uM), mitoxantroned(&, 1, 0.5, 0.25, 0.125 and 0 uM)
and bortezomib (256, 128, 64, 32, 16, 8, 4 and Dfok24 hours. After 24 hours, cells
were stained with annexin V FITC/PIl and acquiredc&CScan. I1C50 values were
determined by linear regressions. Comparisons fegtwi®29 and H929-60 were not
deemed to be significant using a students t-te€1.(5 n=9).

Selection of acquired resistance in a populadiocells (rather then clonal
selection) often leads to multiple mechanisms sistance and a phenotype that confers
resistance to multiple agents [171]. However, wedthesized that since HYD1 induces
necrotic cell death, selection with HYD1 would mesult in a phenotype which conferred
resistance to other agents commonly used to trgaloma. To address this question, we
compared the I§values of H929-60 and the parental H929 cells ¢calkylating agent,
melphalan, the topoisomerase Il inhibitor, mitoxane, and the proteasome inhibitor,
Bortezomib. As predicted, H929-60 cells were msistant to other classes of agents
commonly used to treat multiple myeloma and knosvimtluce apoptosis (Table 1).
These data further support the potential advanétgrgeting necrosis in combination
with inducers of apoptosis for the treatment oftiplé myeloma, as cross-resistance

between these two agents is unlikely to occur dutte course of drug treatment.

79

www.manaraa.com



Expression of integrin genes are significantly changed in H929-60 cells when
compared to H929 cells.

Gene expression profiling (GEP) of H929 and H9RSz€lls was utilized as an
unbiased way of analyzing expression of genesateasignificantly changed between the
H929 and H929-60 cell lines. Scanned output fiese visually inspected for
hybridization artifacts and then analyzed by AffymeMicroarray Suite 5.0 and robust
multi-array average (RMA) software. 5700 genesewbremed to be significantly
changed when Mas 5.0 software was utilized. Siamice was determined when gene
expression was increased or expression was dedremaahk 3 of the samples tested.
While Mas 5.0 is good at predicting true fold chamgtween comparison groups, it also
produces more false positive genes. In order teerpeecisely determine what genes
were changed, RMA software was also used to detersignificance between groups.
2200 genes were deemed to be significantly chandpeth RMA software was utilized.
Significance was determined when there was more dtao fold difference in gene
expression between H929 and H929-60 cell linexhEat of significantly changed
genes was put into the pathway analysis programneG® and Ingenuity to determine
key pathways and gene families are significanflg.shown in table 2, the integrin

family of genes were significantly changed in H&®eells compared to H929 cells.

80

www.manaraa.com



Table2: Genesexpressing integrinswere significantly changed in H929-60 cells

compared to H929 cells.

Integrin | H929 H929-60 | Fold change [ Adheres to

Alpha 1 | absent absent Collagen

Alpha 2 | absent absent Collagen

Alpha 3 | 166.3 135.5 -1.24 Laminin

Alpha 4 | 4367.6 5169.1 1.18 FN, VCAM1, MadCAM-1
Alpha 5 | absent absent FN

Alpha 6 |530.5 99.5 533 (%) # Laminin

Alpha 7 | 80.1 191.9 2.40 (%) Laminin

Alpha 8 | 2144.6 1791.4 -1.20 FN

Alpha L |580.6 4771 8.22 (*) # ICAM 1-3

AlphaV | 620.5 381.3 -1.63 (*) # FN, VN

Beta 1 6713.6 6127.8 -1.39 (%) Collagen, FN, Laminin, VN
Beta 3 absent absent FN, VN

Beta5 [1038.6 2387.0 2.30 (*) # FN

Beta 7 15047.3 18940.8 1.26 (*) MadCAM-1

Beta8 [ 169.3 28.2 -6.00 (*) # VN

Probe sets that express integrins were testedgioifisance between H929 and H929-60
cells. 8 out of 11 genes that were expressed EOH&d H929-60 cells were determined

to be significantly changed using Mas 5.0 softwande 5 out of 11 genes were
significantly changed using RMA. Significance ysMas 5.0 was determined if

expression levels were either increased acrosgi@dual experiments or decreased
across 3 individual experiments. Significance g$®MA was determined if there was a

2 fold difference in gene expression between HIBHO929-60 cells. «Esignificance

using Mas 5.0, #=significance using RMA)
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Acquisition towardsresistanceto HYD1 resultsin reduced expression of a4, 1
integrin and ablated functional binding to FN and VCAM-1:

To determine whether the acquisition of resistaroreelated with quantitative
changes in integrin expression we screened mutipiéegrin sub-unitso3, a5, aV and
a6 integrin data not shown) that are commonly exg@esn hematopoietic cells and
determined that4 integrin was the most abundant integrin expressetthe parental cell
line and expression was reduced in the resistdintrez (figure 15). Using FACS
analysis we determined that integrin was found to be reduced by 1.8 fold. sAswn
in figure 16, the reduction at the cell surfaceresponded to reduced protein expression
using a whole cell whole cell lysate preparatidmerestingly, when examining the
whole cell lysate the most dramatic decrease wasldaved form of4 integrin. In
some cell types, the mature 150 &Dintegrin is cleaved into a non-disulfide linke@dl 8
and 70 kD fragment. For example, activation ofellscwas previously reported to
correlate with increased cleavage of the matdrantegrin[172]. However, the cleavage
of a4 integrin was found to not alter the adhesive progs of VLA-4 integrin to
fibronectin or VCAM1[173]. The attenuation of proteexpression is post-
transcriptionally regulated as the parental antst@st cell line demonstrated equal levels
of a4 mMRNA (Figure 16). Further studies are warramtedelineate the post-
transcriptional regulation @4 integrins in the resistant cell line.

SinceBl integrins require inside-out activation in orttebe competent to bind
ligand, expression does not necessarily directiyetate with functional adhesion. Thus,
we next sought to determine whether a reductigdherexpression of VLA-4 integrin

resulted in a functional reduction in adhesionxtwazellular matrices. To this end, we

82

www.manaraa.com



150- o
> . — [l H920
& _
5 | 3 H929-60
£ 100-
o
0
c
8 -
8 50+
o
e
m

Ll .

lgG ad p1

Figure17: o4 and plintegrin surface expression arereduced in H929-60 cells.
Surface expression ot andpl integrin on H929 and H929-60 cells was determimgd
FACS analysis (* denotes p<0.05 n=9, Student'st}ta representative of each

experiment is shown.

compared the levels of adhesion of the sensitiderasistant cell line to fibronectin and
the more specific ligand fad integrin, VCAM-1. In figure 17, H929-60 cells
demonstrated a dramatic reduction in the bindingNaand VCAM-1. Ana4 integrin
blocking antibody was used as a positive controbfocking the parental cell line to FN

and VCAM-1.
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Figure 18: H929-60 cells have decreased a4 integrin protein but not mMRNA levels.
Whole cell lysates of H929 and H929-60 cells warbpd fora4 integrin,p1 integrin

and beta actin by Western blot analysid.integrin mRNA levels were determined using
real time rt-PCR.a4 integrin mMRNA expression levels were normalizgdlividing by
GAPDH levels (p>0.05 n=3). A representative ofteagperiment is shown.
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Figure 19: H929-60 cells havereduced a4 integrin protein levels and reduced
adhesion to FN and VCAM-1. H929 and H929-60 cells were incubated veith
blocking antibody or IgG control antibody for 30mates and subsequently adhered to
(A) FN (40pg/ml) or (B) VCAM-1 (10ug/ml) coated plates for 2 hours. A
representative of each experiment is shown (* dep&0.05 or # denotes p>0.05
Student’s t-test).
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Reducing the expression a4 and Bl integrins causesresistanceto HYD1 induced cell
death in H929 and 8226 MM cdlls.

Considering H929-60 cells were resistant to HYDduiced cell death and
demonstrate reduced surface expression ad4hategrin subunit, we next determined
whether reducing the expression @ integrins using shRNA targeting strategies in
myeloma cell lines was sufficient to induce resiseatowards HYD1 induced cell death.
As shown in figure 18, reducing the expressiondintegrin conferred resistance to
HYD1 (p<0.05, Student’s t-test) in both 8226 and?Bigells.

Sincea4 integrin can heterodimerize with eitlgdr or 37 integrin, we tested
whether reducin@1 integrin was sufficient to induce resistance yeloma cell lines.
As shown in figure 19, reducirfii integrins rendered H929 and 8226 cells resistant
HYDL1 induced cell death (p<0.05, student’s t-tegt).integrin can heterodimerize with
11 differento sub-units. The observation that reduaidgor 31 integrin gave similar
levels of protection indicates that t31 integrin is the predominafii integrin partner
associated with HYD1 induced cell death in myelaralds. The observation that
reducing integrin expression afforded only pantggistance may be due to (a) residual
levels ofa4P1 integrin remaining on the cell surface or ¢dp1 represents only one

component of the binding complex required for HYiDduced cell death.
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Figure 20: Reducing the expression of a4 integrin caused partial resistanceto

HYD1 induced cell death in H929 and 8226 cells. A) In H929 cellsa4 integrin
expression was reduced via transient infectionAtA72 hours post infection of ShRNA,
a4 integrin expression was determined by FACS amal§226 cells were stably infected
with a4 integrin shRNA or control vector shRNA. Showraisepresentative histogram
from one experiment. B) H929 and 8228ls were treated with 583/ml and 100ug/ml|

of HYDL1 respectively for 6 hours. After 6 hourg]lddeath was analyzed by Topro-3
staining and FACS analysis. (* denotes p<0.05 i$t9dent’s t-test).
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Figure21: Reducing the expression of Bl integrin caused partial resistanceto

HYD1 induced cell death in H929 and 8226 cells. A) In H929 cellsB1 integrin
expression was reduced via transient infectionAtAJ2 hours post infection of sShRNA,
B1 integrin expression was determined by FACS amal§226 cells were stably infected
with B1 integrin shRNA or control vector shRNA. Showraigepresentative histogram
from one experiment. B) H929 and 822ls were treated with 583/ml and 100ug/ml

of HYD1 respectively for 6 hours. After 6 hourg)ldeath was analyzed by Topro-3
staining and FACS analysis. (* denotes p<0.05 iBtddent’s t-test).
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Biotin-HYD1 interacts with a4 integrin and reduced binding was observed in the
cell linewith acquired drug resistance.

Previous data indicated that biotin-HYD1 associatét o3 ando6 integrins but
nota2 integrins on prostate cancer cell lines[170]. Wilkzed a similar strategy to
determine whether biotin-HYD1 interacted with@&hintegrin containing complex and
whether that interaction was attenuated in thestasi cell line. The total membrane
lysate was used as a control for detectiomdointegrin. Again the reduction in the
cleavedu4 integrin subunit in membrane extracts (althoughas dramatic as the whole
cell lysate), was most prominent in the resistafitime compared to the matund
integrin subunit. Additionally, as shown in Figl#@, using biotin-HYD1 we
demonstrate that the resistant cell line showsedsead binding for the cleaved sub-
unit. Further studies are warranted to fully untierd the significance of the cleavet

integrin sub-unit in mediating HYD1 induced cellatle and the CAM-DR phenotype.
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Figure 22:

integrin is attenuated in the resistant H929-60 cells. H929 and H929-60 membrane
fractions were added to biotin or biotin-HYD1 bouNdutrAvidin beads for 18 hours as
described in the methods and materials sectiore ekperiment was repeated twice and a

representative experiment is shown.

H929-60 cells displayed reduced binding to bone marrow stromal cells and
demonstrate a compromised CAM-DR phenotype.

In addition to attenuated adhesion to FN and VCANH329-60 cells also exhibit
a reduction in adhesion to the HS-5 stromal ce# knd mesenchymal stroma cells

(MSC) (Figure 21). We reasoned that acquisitibresistance towards HYD1, which
correlated with reduced functional binding to fibeatin, VCAM-1, HS-5 stromal cells
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and MSC, would likely result in a compromised CANRIPhenotype. To test this
premise, we utilized the HS-5 co-culture model migdresistance. H929 and the HYD1
resistant variant H929-60 cells were treated wiitifiee melphalan or bortezomib in the
presence or absence of HS-5/GFP bone marrow sticglial As shown in Figure 22, the
HYDL1 resistant cell line was not resistant in tecalture bone marrow stromal model to
melphalan or bortezomib, respectively. There isesgontroversy in the literature
whether co-culturing myeloma cells with stromaetuses resistance to
bortezomib[174]. The apparent discrepancy mathbeesult of endpoints that measure
growth compared to cell death, dose of bortezomith® scheduling of how long
myeloma cells interact with the stroma before expesAdditionally, exposure to
bortezomib for 24 hours was shown to downreguldtentegrin levels and thus drug
scheduling could also impact observed results [d6jvever, our results are consistent
with recent reports showing that myeloma cellsrasgstant to bortezomib in MSC co-
culture models. [175]. Together, these data irtdit@at as myeloma cells are selected
for resistance to HYDL1 they are losing resistancgtéandard chemotherapy in the context
of the bone marrow microenvironment due to reduwagzhcity to adhere to bone marrow
stromal cells. Again these data support the premhiat disrupting adhesive interactions
are likely to improve the efficacy of standard clo¢inerapy in the context of the bone

marrow microenvironment.
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Figure 23: H929-60 cellsdisplay reduced bindingto HS-5 and M SCs.

A-B) H929 and H929-60 cells pre-incubated with CM&Bye were adhered to 10,000
A) HS-5 cells or B) MSC cells for 2 hours. Afteh@urs, unadhered cells were removed
and the fluorescence intensity was measured oate pader. A representative of three
independent experiments was shown. (* =p<0.05,3ta@ents t-test).
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Figure 24: H929-60 cellsare not resistant to melphalan or bortezomib in the stroma
co culturemodel. A-B): H929 and H929-60 cells were adhered to HSFF cells for
24 hours. After 24 hours samples were treated ¥WbihM melphalan or 16 nM
bortezomib for 24 hours. Cell death was analyzadguTo-PRO 3 intensity on a
FACScalibur with the HS-5 GFP cells excluded fribra analysis. A representative of
three independent experiments was shown. (* =fx®M89 or# =p>0.05, n=9 Students
t-test).
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HYD1 induced cell death isincreased in relapsed myeloma patient specimens
compared to newly diagnosed specimens and correlateswith a4 integrin expression.

In order to determine whether primary myeloma speais are sensitive to HYD1
induced cell death, 7 newly diagnosed and 7 rethpsenary myeloma specimens were
collected. Immunomagnetic beads were used toleforcCD138 positive malignant
plasma cell fractions. As shown in Figure 23A, @2138 positive tumor population
was more sensitive to HYD1 induced cell death caegb#o the CD138 negative
population. In addition to measuring cell dealtie, ievels o4 integrin expression were
determined in the CD138 positive cells by FACS wgsial As shown in Figure 23B,
HYDL1 induced cell death positively correlates wath integrin expression. Importantly,
HYD1 was observed to be significantly (p<0.05, stttk t-test) more active in relapsed
refractory patients compared to newly diagnosetepts (Figure 24A). Finally as shown
in Figure 24B o4 integrin levels are increased in CD138 positeksdsolated from
relapsed myeloma patients compared to newly diaghpatients (p<0.05, student’s t-
test). Together, these data suggestddantegrin expression is selected for over the
course of drug treatment and may contribute teetlentual failure to therapeutically
manage multiple myeloma. Additionally, patientshahigh levels oti4 expression may
benefit from combination strategies that includgeésing this specific integrin complex

such as Natalizumab[176] (humaniaetantibody) or HYD1.
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Figure25: HYD1 induced cell death in CD138+ patient samples correlates with
increased a4 integrin expression. A) CD138+ and CD138&:ells were treated with 100
ug/ml HYDL1 for 24 hours. After 24 hours cell deaths measured by Topro-3 staining
and FACS analysis. (p<0.05, Student’s t-testydB)ntegrin expression was compared to
HYDL1 induced cell death using a Pearson’s cor@tatoefficient. The CD138+
population demonstrated a significant correlatietweeno4 integrin expression and
HYD1 induced cell death (p<0.05).
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Figure 26: Relapsed specimens haveincreased HY D1 induced cell death and a4
integrin expression. A-B) Specimens were separated into two groups: yeiglgnosed
or relapsed patients. In A), CD138+ cells werated with100 ug/ml HYD1 for 24
hours. After 24 hours cell death was measureddpyd-3 staining and FACS analysis
(Student’s t-test p<0.05) In B) CD138+ cells wesedito analyze far4 integrin
expression by FACS analysis. (Student’s t-test @0
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A cyclized form of the activeregion of HYD1, named HM-27, was developed in
order toincrease bioavailability and activity in MM cells.

One limitation to using peptidomimetics is thatyttave low bioavailability as
they can be degraded by serum proteases. As ahthestkaryotic proteins are made up
of L-amino acids, HYD1 was developed as a D-amrid 8o make it more resistant to
serum proteases. In addition to changing the ldlyia the amino acids,
peptidomimetics can also be pegylated or cyclized way to increase bioavailability.
Before HYD1 was cyclized, the active region of HYdas determined by truncating the
N and C terminus and testing for activity. Pregiatudies showed that the sequence of
HYD1 necessary to support cell adhesion was kmvitke block to migration required
xkmviswxx and activation of ERK signaling requinkdhviswxx, with the shortest
sequence active in all three assays being kmvi$®][1As shown in figure 25, the
shortest sequence of HYD1 that was also shownwe &etivity in MM cells was mvisw.
By using alanine screens on the active region oDHnd constraining the sequence by
cyclizing it, many compounds were tested for tlability to induce MM cell death. One
compound tested was named HM-27 which containseéljeence Nleu-V-V-A-W. HM-
27 was shown to be 30 fold more active in MM cell&en compared to HYDL1 (figure
26). H929-60 cells were also resistant to HM-22whompared to H929 cells,
indicating that HM-27 induces cell death in MM selia the same mechanism of action

as HYD1 (figure 27).
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Figure 27: A cyclized variant of HYD1, HM-27, was developed using the active core
of HYD1. Using truncation studies, the minimum sequenceYaDH which still
displays activity in MM cells is mvisw. Performirdanine substitutions on the active
core and cyclizing the sequence to constrain tipigee produced the peptidomimetic,

HM-27.
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Figure 28: HM-27 displays increased activity in H929 cells when compared to
HYD1. H929 cells were incubated with varying concentragiof HYD1 and HM-27 for
24 hours and drug induced cell death was determiayedopro-3 staining and FACS
analysis. The experiment was repeated 3 indepetidezs and shown is a representative
experiment.
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Figure29: H929-60 cellsareresistant to HM-27 induced cell death. H929 and H929-
60 cells were incubated with varying concentratiohg1YD1 and HM-27 for 6 hours
and drug induced cell death was determined by F8mstaining and FACS analysis. The
experiment was repeated 3 independent times angnsisoa representative experiment

(+= p<0.05, student’s t-test)
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HM-27 and HYD1 induceintracellular Ca?* oscillationsin MM cells.

Necrosis is predominantly described as an accitlentancontrolled form of
cellular death and is characterized by the acbwadif key bioenergetic events. These
events that are usually implicated in necrosisiaeased mitochondrial dysfunction,
ATP depletion, depletion of intracellular NADincreased levels of intracellular €a
and increased generation of ROS. As was previaisdywn, HYD1 induced cell death in
MM cells by depleting ATP, inducing loss of the auhondria membrane potential and
generation of ROS. HYD1 was also shown to depfgtacellular NAD levels in MM
cells (data not shown). Levels of intracellulaf Care also an important in mediating
necrotic cell death. If the concentration of ingtular C&" is at too high a level
(>1uM), the mitochondria can become overloaded witfi"Qaading to the opening of
the mPT pore and ATP depletion, which in turn leadsecrosis [130]. In order to test if
HYD1 treatment induced an increase in intracell@&, H929 and H929-60 cells were
incubated with Fura-2 dye and time lapse imageg taen for either 60 minutes after
treatment with HYD1 or 30 minutes for HM-27. Bd#yD1 (75uM) and HM-27 (3
M) were shown to elevate levels of intracellulafUa H929 and H929-60 cells.
HYD1 and HM-27 induced intracellular €zoscillations were also reduced in H929-60
cells when compared to H929 cells (figure 28).ivitihal H929 cells were examined to
determine if there were differences between tre tevels or temporal differences in
Cd” levels after HYD1 or HM-27 treatment. As seeffigure 29, C4' levels were
increased and occur earlier (10 minutes) aftetaceaith HM-27 when compared to
HYD1 (30 minutes). These data suggest that HMs2¥wdre efficient in eliciting a Ca

response in MM cells when compared to HYDL1.
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Figure 30: Intracellular Ca®* levelsareincreased after treatment with HYD1 and
HM-27. H929 and H929-60 cells were adhered to cell-takezbplates for 15 minutes
and then incubated with Fura-2 dye for 30 minut@se lapse images were taken for
either 60 minutes after treatment with @@ HYD1 or 30 minutes after treatment with 3
uM HM-27. A representative of three independentesxpents was shown. (* =p<0.05,
Students t-test).
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Figure31: Thereweredifferencesin total levels of Ca?* and differencesin thetime
needed to induce a Ca* response after treatment with HYD1 and HM-27. H929 and
H929-60 cells were adhered to cell-tak coated platel were incubated with Fura-2 dye
for 30 minutes. Time lapse images were taken thieel0 minutes after treatment with
75uM HYD1 or 30 minutes after treatment withu1 HM-27. A representative cell
closest to the median Eaesponse of the whole population was shown.
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HM-27 induced increasesin intracellular Ca?* arearesult of release from ER stores
and blocking thisreleaseresulted in increased HM-27 induced cell death.

Increases in intracellular €zoccur either by influx via plasma membrane
channels or by release from internal stores irElReor mitochondria. In order to
determine the source of HM-27 induced intracell@af" oscillations, H929 cells were
pretreated with the PLC inhibitor, U73122, in oréteblock C&' release from the ER or
placed in a PSS buffer that did not contain GaCorder to block C& influx through
plasma membrane channels. As shown in figures\8®4, inhibiting C&" influx
through plasma membrane channels by depletingaetiutar C&" stores did not
decrease the levels of €anduced by HM-27 treatment. However, blocking thlease
of C&* from ER stores using U73122 decreased HYD1 ind@ztloscillations. In
addition, inhibiting both the release ofC&rom ER stores and &ainflux through
plasma membrane channels completely blocked the?Rlfiduced C& response. These
data suggest that the increase in intracelluldf €zen after treatment with HM-27 were
a result of the release of €drom ER stores and not from influx via plasma mesmie
channels.

Next, it was determined if blocking the releas€ef* from ER stores would
inhibit HM-27 induced cell death. Instead of inkilig HM-27 induced cell death,
pretreating with U73122 actually increased celltdg¢agure 32A). Next it was
determined if there was a relationship between H¥iliced C& oscillations and
induction of autophagy. Previous reports have shthat beclin 1 and the ip3 receptor

form a complex along with Bcl-2 on the ER membrand disrupting this
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Figure32. HYD1 induced Ca?" oscillations occur via release from ER stores. H929
cells were adhered to cell-tak coated plates aewl iticubated with Fura-2 dye +/-
U73122 for 30 minutes in PSS containin Cand PSS without Ga Time lapse images
were taken for 30 minutes after treatment wittMBHM-27. A representative cell
closest to the median Eaesponse of the whole population was shown.
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Figure33. HYD1 induced Ca?" oscillations occur via release from ER stores. H929
cells were adhered to cell-tak coated plates agewl itcubated with Fura-2 dye +/-
U73122 for 30 minutes in PSS containin Cand PSS without Ga Time lapse images
were taken for 30 minutes after treatment wittMBHM-27. A representative
experiment is shown.

complex initiates the formation of autophagic viesicIn order to determine if €a
release from the ER causes an induction in autoplmagleoporin p62 degradation after
HM-27 treatment was analyzed. As seen in figuig, 32M-27 induced p62 degradation
in H929 cells, indicating that HM-27 induced autagi. Cells pretreated with U73122
partially blocked the degradation of p62, indicgtthat C4" released from the ER causes

the induction of autophagy seen after HM-27 treatm@\s inhibiting autophagy or &4
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Figure 34. Inhibiting Ca** release from ER storesled to increased HM-27 induced

cell death and blocked HM-27 induced autophagy. A) H929 were pretreated with 2
uM U73122 and treated withi 8Vl HM-27 for 2 hours in PSS +/- &a Drug induced cell
death was determined by Topro-3 staining and FAG@Gyais. B) H929 were pretreated
with 2 uM U73122 and treated with gV HM-27 for 4 hours. Whole cell lysates of
H929 cells were probed for p62 and beta actin bgtéfa blot analysis. The experiments
were repeated 3 independent times and shown [gesentative experimergt= p<0.05,
student’s t-test
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Figure 35. Thereisincreased HM-27 induced cell death in MM cells pretreated

with chloroquine when compared to cells pretreated with U73122. A) H929 and B)
8226 cells were pretreated with either U73122 dorclguine for 30 minutes. Cells were
then treated with 8M HM-27 for 2 hours. Drug induced cell death wasedmined by
Topro-3 staining and FACS analysis. The experimesi® repeated 3 independent times

and shown is a representative experim@atp<0.05, #=p>0.05, student’s t-test)

release from the ER have both been shown to inereglsdeath after treatment with
HM-27, H929 and U266 cells were pretreated withezithe lysosomotropic agent
chloroquine, which neutralizes lysosomal vesiabeghe plc inhibitor U73122 followed
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by treatment with HM-27. As seen in figure 33 Ald® there was increased HM-27
induced cell death in MM cells pretreated with chbpuine when compared to cells
pretreated with U73122. While more studies areledd¢o delineate the mechanism of
how C&" regulates autophagy after HM-27 treatment, these do suggest that HM-27
cell death can be enhandedvitro by inhibiting autophagy or Garelease from the ER.
HM-27 induced cell death isincreased in relapsed myeloma patient specimenswith
chloroquine pretreatment potentiating this effect.

In order to determine whether primary myeloma speais are sensitive to HM-
27 induced cell death, 6 newly diagnosed and (pseld myeloma specimens were
collected. Immunomagnetic beads were used toleforcCD138 positive malignant
plasma cell fractions. HM-27, like HYD1, was sifygeantly more active in relapsed
refractory patients compared to newly diagnosecpt&t Patient samples were also
treated with chloroquine to see if inhibiting autagy would enhance HM-27 induced
cell deathex vivo As seen in figure 34, pretreatment with chloiogyotentiated HM-
27 induced cell death in relapsed patient specirbahdid not have any activity in newly
diagnosed patients. Together, these data suggediith-27 like HYD1 has increased
activity in relapsed patient samples compared wlyndiagnosed specimens and
pretreatment with agents that inhibit autophagyaeck HM-27 induced cell deagx

Vivo.
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Figure 36. HM-27 induced cell death isincreased in relapsed myeloma patient
specimens with chloroquine pretreatment potentiating this effect. Specimens were
separated into two groups depending on the clinical diagnosis; either A) newly
diagnosed or B) relapsed patients. CD138+ cells were pretreated with 20 uM of
chloroquine for 30 minutes followed by 6 uM of HM-27 for 24 hours. After 24 hours cell

death was measured by Topro-3 staining and FACS analysis (Student’s t-test » =
p<0.05, # = p>0.05).
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HM-27 has antitumor activity in an in vivo model.

C57BL/KaLwRijHsd mice were used to determine if HIM-demonstrates anti-
tumor activityin vivo. 6- to 8- week old mice were injected with 5TGRHlIs via their
tail vein. At day 10 after injection, mice weredted with either 10 mg/kg HM-27, 25
mg/kg HM-27 or 0.5 mg/kg bortezomib. Mice wereatedl with drug 3 times a week for
3 weeks. An enzyme-linked immunosorbent assay$B) was used to measure tumor
burden by measuring IgG2B levels in serum each i@ek weeks. On day 27, control
mice had increased IgG2B levels when comparedug tteated mice with mice
expressing levels over 1 mg/ml exhibiting hind pegalysis (figure 35A). Survival was
determined with mice being euthanized if they ewbibhind leg paralysis, an extended
abdomen or the presence of a tumor over 2 cm meter or reached 100 days post
inoculation. As seen in figure 35B, mice treateth®0 mg/kg of HM-27, 25 mg/kg
HM-27 or 0.5 mg/kg of bortezomib displayed increhsarvival when compared to
control mice. Since pretreatment with chlorogymegéentiated HM-27 induced cell death
in vitro andex vivq mice were treated with chloroquine and HM-27 ¢tedmine if there
is increasedh vivo activity when the drugs were given in combinattmmpared to each
drug alone. Mice were treated with 10 mg/kg chloiog on days 9, 16, and 23 while
mice were treated with 10 mg/kg HM-27 on days 1),1b, 17, 20, 22, 24, 27 and 29.
ELISA data indicated that there was increased tusnoden in control cells compared to
cells treated with HM-27, chloroquine and combioatireatment (figure 36A).

However, there was no added survival benefit whdoroquine and HM-27 were
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Figure 37: HM-27 hasincreased antitumor activity asa single agent in vivo.

A) IgG2B serum levels were measured by ELISA oneeeak for 4 weeks per the
manufacturer’s instructions. B) 1LXABTGM1 cells were injected into 6-8 week old
C57BL/KaLwRijHsd mice via tail vein. At day 10, o& were treated with agents 3
times a week for 3 weeks. Mice were monitoredyd@ait survival with all remaining

mice euthanized at day 100 after treatment
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Figure 38: Combination treatment with HM-27 and chlor oquine does not increases
cell survival invivo. . A) IgG2B serum levels were measured by ELISA onegak

for 4 weeks per the manufacturer’s instruction. 1816 5TGM1 cells were injected
into 6-8 week old C57BL/KaLwRijHsd mice via tailime Mice were treated with 10
mg/kg of chloroquine on days 9, 16, and 23. At #laymice were treated with 10 mg/kg
of HM-27 3 times a week for 3 weeks. Mice were itaed daily for survival with all
remaining mice euthanized at day 100 after treatmen
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combined compared to chloroquine or HM-27 as glsiagent (figure 36B).
Combination studies were also done with bortezaanith HM-27 to determine if there is
increasedn vivo activity when the drugs were given in combinattempared to each
drug alone. Mice were treated with 0.5 mg/kg oftémomib or 10 mg/kg HM-27 3 times
a week for 3 weeks starting on day 10. ELISA dadgcated that there was increased
tumor burden in control cells compared to cellatied with HM-27, bortezomib and
combination treatment (figure 37A). There alsoesgyp to be an increased survival in
mice treated with both agents compared to miceddeaith a single agent (figure 37B)
These data indicate that HM-27, bortezomib androlglaeine each have vivo activity as
a single agent. Combination therapy utilizing beamib and HM-27 appears to have
increased activityn vivo while combination therapy with chloroquine and E¥l-do not
appear to have increased activity. More studiesiaeded to determine if there are ways
to optimize the treatment schedule with chloroq@and HM-27 to see increased activity

in combination.
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Figure 39: Combination treatment with HM-27 and bortezomib increases survival
invivo. A) IgG2B serum levels were measured by ELISA onaeak for 4 weeks per
the manufacturer’s instructions. B) 1XBXGML1 cells were injected into 6-8 week old
C57BL/KaLwRijHsd mice via tail vein. At day 10, o& were treated with 10 mg/kg of
HM-27 and 0.5 mg/kg bortezomib 3 times a week faregks. Mice were monitored
daily for survival.

115

www.manaraa.com



Chapter 10: Discussion and Future Directions

Isogenic resistant cell lines have been used bynmuestigators as a model
system for delineating important molecular deteanis of response for novel as well as
for developing and evaluating clinically approveptats [177-181]. Historically, some of
these cell line models have allowed for the idesdtion of targets associated with drug
sensitivity and resistance[182]. Selection with Hiy@n H929 cells resulted in the
formation of the resistant cell line, H929-60. &yalyzing gene expression profiling data
on both cell lines, it was determined that thereaengesignificant number of integrin
genes changed when H929 cells were selected withlHYinterestingly, even though
H929-60 cells did not have reduced gene expressiad integrin, there was decreased
protein surface expression@f integrin. Quantitative RT-PCR expressiorudfintegrin
validated the gene expression profiling data, iatiing that the decrease in protein
expression im4 integrin is due to a post transcriptional modifion. There are ways in
which protein expression of integrin are decreased even though gene expnessi®
similar. H929-60 cells could have decreased raté&snslation when compared to H929
cells. There could also be increased rateglahtegrin mediated endocytosis and
degradation by lysosomes or there could be incdeiades oti4 integrin degradation by
the proteasome in H929-60 cells. Fluorescein &b#hnsferrin could be used to

determine if there is increased endocytosis in H8RQ@ells. Blocking the proteasome in
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H929-60 cells can also be used to see if therest®ration ofi4 integrin levels after
proteasome inhibition.

HYD1 was previously characterized aglainhibitory peptide as it inhibited
adhesion to laminin by binding t@ anda6 integrins. HYD1 was not shown to inhibit
the ability of then6p4 integrin to adhere to laminin however. Therefmi@st of the
studies done on the HYD1 resistant cells focusethen4pl heterodimer. Using this
logic, we determined that knocking down surfacereggion otx4 andpl integrins was
sufficient to decrease HYD1 induced cell death bl iell lines. Howeverg4 integrin
has been shown to heterodimerize with eiffiemtegrin or37 integrin. 37 integrin, like
a4 integrin, displayed no change in gene expredsiunexhibited decreased surface
protein expression in H929-60 cells. A previouslgthas shown that increaséd
integrin expression correlated with poor survivaMM cell lines and patient samples
[95]. More studies are needed to determine if H¥ED targets the4f37 heterodimer as
well as VLA-4. The surface expressionfafintegrins can also be knocked down as a
way to determine if the4B7 heterodimer is also implicated in HYD1 induced death.

Previous data showed that HYD1 was able to blotlesidn of MM cells to FN
after 2 hours but was not able to block adhesioMdfcells to HS-5 cells. However,
selection with HYD1 resulted in a cell line withmpromised adhesive interactions
towards extracellular matrices and HS-5 bone mastwema cells and MSCs. Since
MM cell adhesion to stromal cells occurs by a ntwdte of receptors, it would be
interesting to determine if any of the other adbhesnediated receptors besides VLA-4
anda4f7 integrins are changed as cells are selectedY@1Hesistance. One

explanation could be that MM cells bind to stromells through botlh4p1 andadf37

117

www.manaraa.com



integrins but HYD1 is only able to targetpl integrin therefore not inhibiting the
adhesive capabilities a#p7 integrin. However, as H929-60 cells are selefiied
resistance, they lose surface expressiamahtegrins thereby downregulating both the
a4Bl andodp7 heterodimers thereby decreasing adhesion to atroslis. Another
explanation is that other receptors that mediabesidn of MM cells to BMSCs are
downregulated. Subsequent studies have also sti@awthere is also decreased surface
protein expression of CD44 in the resistant cak liwhich has been shown to mediate
MM adhesion to bone marrow stromal cells and cbata to CAM-DR [14].

Conversely, gene expression profiling data showatithere was an 8 fold increaseuln
integrin in H929-60 cells compared to H929 cekdpha L integrin dimerizes witR2
integrin to form LFA-1, a protein that adheres@\M receptors on BMSCs and has
been shown to contribute to CAM-DR [66]. It candpeculated that HYD1 resistant
cells compensate for decreasddintegrin levels by upregulating the expressiontber
proteins responsible for adhesion to stroma céllgure studies would be aimed at
determining the surface expression levels of pnstsuch as LFA-1, notch-1 and CD138
which mediate adhesion to stromal cells and coutieito CAM-DR.

It was reasoned that a reduction in functional imgdo the HS-5 bone marrow
stroma cell line may render the HYD1 resistant liedl sensitive to standard therapy in
the co-culture model of drug resistance. Indeexdwas found to be true, as the HYD1
resistant cell line was not resistant to melphalabortezomib induced cell death in the
co-culture model of drug resistance. Moreover,aswemonstrated thad integrin
expression and sensitivity towards HYD1 was incedan specimens obtained from

relapsed patients compared to newly diagnosedmatisuggesting tha#l expression is
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selected either as a consequence of standard xpoguwe or disease progression.
Previous studies have shown thdtintegrin is increased in relapsed patient samples
when compared to newly diagnosed patients [93]s ®hservation in patient specimens
is also in agreement with acquisition of resistaioeeards melphalan and doxorubicin in
myeloma cell lines as expressionodfintegrin increased with selection for drug
resistance[69]. It is attractive to speculate Hgents which disrupt cell adhesion may
indeed be a good strategy for compromising thealvi#ness of cells in the context of
the BME. Agents that disrupt cell adhesion may iitecal to test the development of
evolutionary based double bind strategies, whesistance to a drug is predicted to occur
at the cost of fitness within the niche. The métion of double bind strategies is a unique
concept recently proposed by Gatenby and collealguekelaying the emergence of
resistant variants in the treatment of cancer addad HYD1 may fit the criteria for an
agent to test this unique therapeutic strategy][183

Our data indicate that reducingf1 integrin expression was sufficient to confer
partial drug resistance to HYD1. However, sinceygudrtial resistance was observed,
additional components contained within the HYD 1dong complex may contribute to
HYD1 induced cell death. An unbiased approach wsasl in order to determine other
surface proteins that are found in the complex witich HYD1 interacts. We incubated
membrane fractions with biotin conjugated HYD1 mder to identify other proteins that
bind to HYD1 by mass spectrometry. Other protéias bound to biotin HYD1 besides
a4 integrin were CD44, CD147 and CD138. Previoudiss have shown that CD44 and
VLA-4 interact on the surface of malignant B cdllg not normal B cells [184]. CD147

has been shown to induce metalloproteinases asaweéiteract with CD44 on metastatic
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prostate cancer cells. CD138 also mediates MMaa#ikesion to BMSCs. Further
studies with CD44 have shown that overexpressidd4 on 8226 cells sensitizes
these cells to HM-27, implicating CD44 as anothey grotein in the complex with more
studies to be done on CD147 and CD138. It woulohtazesting to speculate that HYD1
and HM-27 disrupt a complex that contains theséeprs that have been shown to be of
vital importance to CAM-DR and metastasis in MM axaghcer in general. However
HYD1 and HM-27 could be interacting with each saef@rotein individually and is not
disrupting a specific complex. Future studiesaaneed at determining the primary
binding targets for HYD1 and HM-27 and if direchding to the target or disruption of a
binding complex induces cell death in MM cells.

We were able to show that expressiomintegrin in primary patient specimens
correlated with sensitivity towards HYD1 induced deathex-vivo,a finding that
correlated well with our cell line observations. YWepose that to ensure adequate
designs of trials it is essential to define bioneaskof response using patient specimens in
early phases of drug development, as response rarke take time to validate and
often lag behind the design of early clinical 8[aB5]. Additionally, our studies indicate
that a larger study determining the prognostic #atiVLA-4 integrin is warranted in
multiple myeloma. In the drug resistant cell lines observed a predominant reduction
in the cleavage ai4 integrin compared to the mature form. Interesying4 integrin is
the only integrin that has been shown to existdéfeaved and mature form on the plasma
membrane. While there is no definitive answerashy theo4 integrin is cleaved,
previous studies comparing the cleaved form andiredorm have showed thatas T

cells are activated they shift expression fromrttagure form to the cleaved form [186].
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However, functional studies have shown that thersoidifference in integrin mediated
adhesion to FN when the two isoforms are comparethionic myelogenous leukemia
cells [92]. Itis intriguing to speculate whetltlee cleaved fragment o#} integrin is
required for HYD1 induced cell death and whetherdleaved form has any significance
with respect to disease progression in multiplelome.

Recent data demonstrate that targetihgntegrin in a syngeneic mouse 5TGM1
model via monoclonal antibody treatment reduceduh®or burden in the bone marrow,
spleen and liver[187]. Moreover, the VCAM-1/VLA&kis increases MIP-1 alpha and
beta levels and increases the ability of myelontla t@ support osteoclastogenesis[188].
Based on these findings, it will be important téedmine whether HYD1 inhibits the
ability of myeloma cells to disrupt bone homeostdmi either inhibiting the activation of
osteoclasts or disrupting the ability of myelom#sce inhibit the differentiation of
osteoblasts[189-191]. Another strategy for targeintegrins is to inhibit pathways
required for inside-out activation of VLA-4 integd. Thus VLA-4 can be modulated by
regulating the affinity for ligand as well as cleishg or avidity of the integrin
heterodimer[192, 193]. A potential strategy couldude targeting Rapl, which is
known to be required for inside out activation afA/4[194]. Another approach is
inhibition of CXCR4, where recently, Azab et dlogved that AMD3100 inhibits
adhesion of myeloma cells to stroma and sensitizgeloma cells to chemotherapy in
co-culture models of drug resistance[175]. Howek&'D1 is unique to our knowledge,
as in addition to blocking cell adhesion, HYD1 inds necrotic cell death directly in the
myeloma cell, a finding that was not observed w#hblocking antibody or RGD

containing peptides (data not shown).
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HYD1 induced necrotic cell death was charactertzgdhcreased mitochondrial
dysfunction and an increase in ROS. In ordertemnine pathways that may lead to
increased mitochondrial dysfunction, we analyzexgéne expression profiling data for
changes in expression between H929-60 and H928 o@lhe pathway that was
determined to be significant changed using Gene@tare was the intracellular €a
signaling pathway, specifically the release of ‘Geom ER stores. Guanine nucleotide-
binding protein G(q) subunit alpha (GNAQ) is thefBtein subunit responsible for the
activation of plcg and was decreased by 2.5 fold in H929-60 cells:pis responsible
for the cleavage of PIP2 into DAG and ip3 and wasrelased by 2 fold in H929-60 cells.
The ip3 receptor is located on the ER membranendreh bound by ip3 releases’Ca
from ER stores. There are 3 isoforms of the ip3rdmly the &' isoform was shown to be
expressed in H929 cells with a 1.9 fold decreasxpression in H929-60 cells.
Previous studies have shown that whefi*@areleased into the cytosol via release from
ER stores, or when extracellular®arosses the plasma membrane, cell death can be
initiated due to mitochondrial €aoverload. Decreased levels of HYD1 and HM-27
induced C&' oscillations in H929-60 cells were observed whempgared to H929 cells.
However when these oscillations were inhibited BABLR2, there was an increase in
HM-27 induced cell death instead of a decreaselirdeath. These data suggest that the
release of C4 after HYD1 and HM-27 treatment contribute to celtvival instead of
cell death. In addition to studies showing thatéases in intracellular €acan cause
mitochondrial overload and increases in ROS, atheties have shown that superoxides
can enhance ip3 induced Caelease from the ER [195]. Preliminary data fram lab

also showed that preincubation with NAC was ablialtibit HYD1 induced C&
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oscillations in H929 and 8226 cells suggesting @maincrease in ROS caused the
release of C4 from ER stores after HYD1 treatment. More studiesneeded to
determine the association between mitochondridfutigsion, increases in ROS and’ta
release from the ER after treatment with HYD1.

Our data shows that HM-27 is more efficient atiéig a C&" response in MM
cells when compared to HYD1. On closer examinatibthe C4" response after
treatment with HM-27, there appears that theredtbala biphasic response. It is known
that depleting C& from ER stores can cause the influx of tfeom the extracellular
compartment via store operated channels. A’ €nsor that spans the ER membrane,
STIM1, is able to detect when ER stores of'Gae depleted. When this happens,
STIML1 interacts with ORAIL on store operated chasmméich causes influx of Gainto
the cell. The STIM1/ORAIL1 pathway supports theadhat there appears to be an initial
smaller C&' response after treatment with HM-27 with a greegsponse occurring later.
However, depleting extracellular levels of’Cdid not decrease the increases iA"Ca
seen after treatment with HM-27 while blocking esle of C& from ER stores did
decrease HM-27 induced €4devels, indicating that the €aresponse seen is through
release of ER stores. It could be argued thainitial increase in C4 is a result of
influx from plasma membrane channels and the sulesgdncrease in Gaoccurs
because of release from ER stores. Pretreatmémii¥i3122 decreased the levels of
intracellular C4" seen after HM-27 treatment to around the levelsahe seen during the
primary C&" response after HM-27 treatment. Removing exthaleelC&* did not
decrease the overall levels of{Caeen after HM-27 treatment but removing extratailu

C&* and pretreating with U73122 completely blocked@z&" response. Subsequent
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studies are needed to determine the exact mechafi€ai* response after HM-27
treatment.

If increases in intracellular €aare not causing mitochondrial overload and
necrotic cell death, the next question becomes wlausing these events. Recent
evidence is suggests that necrosis is not justadental form of cell death but instead
can be regulated like apoptosis. One such forregilated necrosis has been termed
necroptosis. Necroptosis has been shown to beateti by ligation of cell death
receptors such as FAS, TNFR and TRAILR. Upon lngdif ligands, these receptors
recruit several death domain-containing proteirchsaas RIP1, RIP3, and caspase 8
[134]. If caspase 8 is not inhibited, caspases@wts RIP1 and RIP3 and induces caspase
dependent apoptosis. If caspase 8 is inhibite@1Rind RIP3 become phosphorylated
and induce necroptosis [135]. Phosphorylated RHRses PARP activation, ATP
depletion, activation of ROS and an increase iraggllular calcium, all considered to be
hallmarks of necrosis. Data generated in our lavell that inhibiting RIP1 with
necrostatin was able to partially block HM-27 inddcell death, indicating that HM-27
induced cell death may result from necroptosise @ay in which RIP1 causes
mitochondrial dysfunction is through translocatafrthe mitochondrial fissure protein
DRP1 from the actin cytoskeleton to the mitochoalt©®6]. Previous studies have also
shown that ligation of the membrane protein CD41ntegrin associated protein, caused
translocation of DRP1 from the cytoskeleton tortisochondria and caused subsequent
necrotic cell death in B-cell leukemia [197]. lowld be intriguing to examine why

HYD1 and HM-27 are causing necrotic cell death ikl iells by either associating with
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death cell receptors on the plasma membrane oatsireg translocation of DRP1 from
the cytoskeleton to the mitochondria.

The studies in C57BL/KaLwRijHsd mice show that HVM{2as activity in am
vivo model and combination treatment of bortezomibldhd27 seemed to increase
mouse survival while combination treatment withocbtjuine and HM-27 did not. The
results with chloroquine and HM-27 were surprisasgpretreatment with chloroquine
was shown to potentiate HM-27 induced cell deatvitro andex vivo One issue could
be the treatment schedule in mice. As chloroghasean extremely long half life in
vivo systems, we decreased the amount of times theweicetreated from 9 days to 3
days. Maybe there would be increased survivat afimbination treatment if the amount
of treatments were increased to 9. Interestinglyas also shown that chloroquine had
activity as a single agent. This result is comesistvith previous reports that chloroquine
has activity in breast cancer and colon cancer mmowxdels [198, 199]. Previous data
from our lab has shown that HYD1 potentiated mdghactivity in the SCID-hu model.
Since selection of resistance to melphalan in MNsgesults in cells that express higher
levels ofo4 integrin, it would be interesting to see if thexéncreased survival when
these agents are combined in the 5TGM1 mouse model.

Based on the data generated, it is interestingeowdate how HYD1 and HM-27
are inducing cell death in MM myeloma cells. CCahtl VLA-4 have been shown to
localize together on the plasma membrane and hathebleen shown to mediate cell
adhesion to the ECM protein FN. Adhesion to FNritggrins promotes both the
formation and growth of focal adhesions. One kenthsit gets recruited to the focal

adhesion and activates downstream pathways, suble 2KT and ERK pathways, is
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FAK/pyk2. In addition to activating these pathwaly8K/pyk2 has also been shown to
interact with proteins and inhibit death signalsewitells are adhered to ecm proteins.
FAK has been shown to interact with the death darm&RIP1, therefore inhibiting the
formation of the death complex and RIP1 mediatdiddeath [200]. Src has also been
shown to interact with FAK and phosphorylate prpes®-8 on procaspase-8's Tyr380
residue, resulting in a loss of caspase-8 proagpiogtoction [201, 202]. As shown in
figure 40, HYD1/HM-27 could function to mimic a rieg of FN that binds to CD44. By
mimicking FN and binding to CD44 but not VLA-4, theptides are causing
disappropriate downstream signaling. Incubatioth wWiYD1/HM-27 has been shown to
cause transient activation of pyk2 and ERK, indincathat HYD1/HM-27 is causing the
formation of focal adhesions and subsequent doeastrsignaling. However, since
HM-27 is not binding to VLA-4 or other proteins thaediate adhesion to FN,
FAK/pyk2 does not associate with RIP1 and inhidRRs ability to cause cell death.
However, HYD1/HM-27 binding to CD44 is still caugisrc mediated phosphorylation
of procaspase-8 and inhibiting apoptosis induceddspase-8. This disassociation
would cause RIP1 to generate a death complex megutt cell death induced by necrosis
and cell survival signals including release of Geom the ER and induction of
autophagy. One way to test this hypothesis woaltbldo immunoprecipitation assays
in the presence or absence of FN and compare tamopnecipitation assays in the
presence and absence of HM-27 to determine if RE3bciates with pyk2 in the
presence of FN and if this association is distungaah treatment with HM-27.
Historically, drug development has focused on atiems in signaling intrinsic to

the tumor cells using unicellular models. Howewehnas been argued that tumors evolve
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in the context of the microenvironment, and thus feasible that some phenotypes
observed in tumors such as drug resistance andtasigwill only be expressed in the
context of cues derived from the microenvironmén], 203-205]. In summary, our
data continue to support the premise that targetimgival signals that occur between
tumor cells and the microenvironment is an attvecsitrategy for increasing the
therapeutic potential of combination regimens ary tead to better clinical
management of cancers such as multiple myelomadm»esl to be intrinsically resistant

to standard therapy with no currently availableative therapies.
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Figure 40: Proposed mechanism of HM-27 induced cell death. HYD1/HM-27
functions by binding to CD44 and leading to disappiate signaling. One way that
HYD1/HM-27 could be causing inappropriate signalisipy causing a disassociation of
RIP1 from FAK which enables RIP1 to form a deatmptex. Formation of the death
complex results in cell death induced by necrosgscell survival signals including the
release of C& from the ER and induction of autophagy.
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