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Abstract

Peripheral T-Cell Lymphomas (PTCL) are rare cancers that lack effective
therapies, resulting in poor long-term survival in patients. Cancer stem cells (CSCs)
represent a subpopulation within tumors that have been implicated in drug resistance,
recurrence, and metastasis, all of which influence the long-term survival of patients.
Therefore, to increase patient response, it will be necessary to identify inhibitors that
efficiently eliminate CSCs. Initial methods for targeting CSCs have relied on disrupting
stem cell proliferation, a process called self-renewal. However, multiple pathways can
govern the self-renewal process, potentially providing redundancy to treatments which
target only one of these pathways. A better approach would be to block multiple self-
renewal pathways simultaneously through inhibition of the molecular chaperone Heat
Shock Protein 90 (HSP90) with 17-AAG. As human PTCL is comprised of many tumor
subtypes, a transgenic mouse model of T-cell lymphoma was used to examine the
efficacy of 17-AAG in treating lymphoma CSCs. Strikingly, lymphoma and Acute
Myeloid Leukemia (AML) CSCs were selectively sensitive to 17-AAG treatment, as low
concentrations of 17-AAG induced apoptosis and ablated their ability to form colonies,
while having little effect on the differentiated tumor bulk. These effects were found to
result from the loss of HIFla function, which is crucial for the maintenance of both
mouse lymphoma and AML CSCs. In addition, the non-CSCs were shown to express

higher levels of Heat Shock Factor-1 (HSF1), a transcription factor which regulates
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chaperone genes such as HSP90 and HSP70. Knockdown of HSF1 resulted in reduced
mRNA expression of HSP90a, reduced colony formation, and sensitization of non-CSCs
to 17-AAG treatment. This implicates high HSF1 expression as a potential 17-AAG
resistance mechanism. Lastly, to broaden the scope of 17-AAG as a CSC-targeting
agent, 17-AAG was tested for the ability to sensitize breast CSCs to radiation, a
conventional treatment. Interestingly, radioresistance and sensitization to radiation with
17-AAG was not universally observed in CSCs within and between breast cancer lines.
Taken together, these results validate 17-AAG mediated HSP90 inhibition as a method
for treating lymphoma CSCs, and merits clinical reevaluation as a CSC-sensitizer to

conventional cancer therapy.



Chapter 1
Background and Introduction

Current Classifications of T-Cell Lymphoma

Hematopoietic cancers are divided into two main categories: leukemia and
lymphoma. While leukemia is characterized by the presence of white blood cells
circulating in the blood, lymphomas conventionally reside within the nodal system of the
lymphatics, although extranodal lymphomas have also been described. Lymphomas are
further subdivided into two main classes: Hodgkin’s and Non-Hodgkin’s Lymphoma
(NHL). Hodgkin’s lymphoma is classified by the presence of “Reed-Sternberg” cells,
first observed by Dorothy Reed and Carl Sternberg [1]. Unlike Hodgkin’s lymphoma,
Non-Hodgkin’s lymphoma can originate from a variety of white blood cells.
Approximately 12% of NHLs originate from T-cells, with the remaining NHLs
originating from B-cells [2]. Within T-Cell Lymphomas, the World Health Organization
distinguishes 4 subcategories, depending on the cancers clinical presentation and

preferred site of growth.

Nodal TCL
T cell lymphomas within lymph nodes are classified as Peripheral T-cell
lymphomas (PTCL). These are further divided into subtypes including

Angioimmunoblastic T-cell lymphomas (AITL) (18.5% of PTCL) [3] and Anaplastic



Large Cell Lymphoma (ALCL), which are further divided based on the expression of
ALK fusion proteins (ALK+ 6.6% of PTCL, ALK- 5.5% of PTCL) [3]. Finally, a large
subset of PTCLs are designated as Not Otherwise Specified (NOS) (25.9% of PTCL) [3,
4]. To date, the most well characterized TCL is an ALCL which expresses fusion
proteins containing the constitutively active ALK tyrosine kinase. ALK+ ALCL make up
50-85% of ALCL cases, and hold the best prognosis of TCLs. In vitro studies of ALK+
ALCL has shown that the JAK-STAT3 pathway is a crucial mediator of ALK signaling,
enhancing cellular proliferation and survival [5]. Despite lacking expression of ALK
fusion proteins, ALK- ALCL cells show a similar gene transcription profile as ALK+
ALCL. The cells of origin, as well as the signaling pathways governing PTCLs, have
been an area of considerable investigation. Evidence suggests ALK- ALCL originates
from transformed activated cytotoxic T-cells [6]. However, the mechanism for this
transformation has not yet been defined [5]. Further studies have identified follicular
helper T cells as potential transformed cells of origin in AITL [7-9]. While several
expression markers, such as CXCL13, can be used to accurately identify neoplastic cells
in AITL, aberrant signaling pathways responsible for transformation and proliferation
have not been identified [5, 10]. With the exception of Platelet-derived Growth Factor
Receptor (PDGFRA) tyrosine kinase [11, 12] and Spleen Tyrosine Kinase (SYK) [13, 14]
overexpression and activation, identifying neoplastic cells and their transformative
mechanisms remains a challenge in PTCL-NOS [5]. Comprised of both small and large
lymphoma cells, PTCL-NOS has variable expression of antigens associated with T-cells,
with loss of CD7 occurring more frequently than CD3. Most cases of PTCL-NOS have

CD4 expression, and contain cells with increased expression of proteins involved in



metastasis (LAMB1, COL1A2, FN1) and decreased expression of pro-apoptotic proteins

[11].

Extranodal TCL

T-cell lymphomas that are extranodal are comprised of hepatosplenic yo T-Cell
lymphoma (1.4% PTCL), enteropathy-associated T-Cell lymphoma (4.7%), NK/T-cell
lymphoma (nasal type) (10% of PTCL), and subcutaneous panniculitis-like TCL (0.9%
PTCL). Extranodal TCLs are commonly disseminated and rarely associate with lymph
nodes. Hemophagocytic syndrome commonly occurs with extraonodal TCL [15, 16].
NK/TCL is most prevalent in Asia, Mexico, and South America [17]. While much is still
unclear regarding how NK/TCL is initiated, the partial loss of chromosome 6 appears to
be a frequent occurrence [18, 19]. This region contains notable tumor suppressors
(PRDM1, ATGS, AIM1, and HACEL1), the loss of which could provide a mechanism for
transformation [20, 21]. Additionally, several signaling pathways (PDGFRA, AKT,
JAK, STAT, NF-kB) have been shown to be activated in NK/TCL, providing potential
therapeutic targets [21, 22]. Enteropathy-associated TCL (ETL) involves the formation
of ulcerated jejunal lesions containing intestinal intraepithelial lymphocytes (IEL), which
can cause perforation of the small intestines. ETL is divided into two categories, type [
(coeliac-associated) and type II (coeliac-unassociated) [S]. ETL type I is viewed as a
complication of gluten insensitivity, and presents with necrotic tumors containing
inflammatory cells. Several chromosomal aberrations (amplifications, deletions, partial
trisomy), and the up regulation of proinflammatory cytokine IL-15 have been implicated

in transformation of IELs [23-27]. Interestingly, both types of ETL have alterations in



chromosome 9 with regions near the genes for NOTCH1 and ABLI1 [28]. Some TCLs
such as hepatosplenic yd and panniculis TCLs are characterized by the receptors they
express. Hepatosplenic yo TCL is a rare TLC predominately affecting men. To date, the
isochromosome 7q as well as chronic immune suppression have been suggested as
potential mechanisms triggering the initiation of hepatosplenic TLC [5, 29-32]. Finally,
panniculitis-like TCL is characterized by T-cells with the af T-cell Receptor (TCR).
Five year survival following treatment with this disease is high (82%), and efforts to

understand tumor initiation are ongoing [5, 33].

Cutaneous TCL

The cutaneous form of TCL (CTCL) also presents as extranodal, and similar to
other categories of TCL, encompasses an assortment of tumor types. The majority of
CTCL (approximately 66%) are either mycosis fungoides (MF) or Sézary’s syndrome
(SS) [33, 34]. MF CTCL originates from the transformation of an effector memory T-
helper cell, which exhibits the characteristic cerebriform nucleus [33]. SS is the more
aggressive leukemic variant of CTCL, and originates from central memory T-helper cells
that can be found in peripheral blood [35]. Numerous signaling pathways have been
implicated in the initiation of this disease. Both MF and SS exhibit increased expression
of NOTCHI1 [36]. Activation of both NF-kB and STAT3 have also been detected in MF
[37-40]. In SS, the loss of the cell cycle checkpoint proteins pl16/INK4A and p14/ARF
lead to decreased p53 activity and uncontrolled proliferation [41, 42]. The second most
common type of CTCL are primary CD30+ lymphoproliferative disorders. These include

two types: primary cutaneous anaplastic large cell lymphoma (C-ALCL), and



lymphomatoid papulosis, representing two extremes of the CTCL disease spectrum. In
C-ALCL, transformed CD4+ T-cells are present, and lack expression of ALK fusion
proteins. Lymphomatoid papulosis is characterized by recurring, self-healing papular
nodules. Compared to other TCLs, lymphomatoid papulosis has a high success rate
following therapy, and usually requires a low-dose methotrexate for achieving stable

remission [43, 44].

Leukemic-like TCL

The majority of leukemic-like TCL are comprised of human T-lymphotropic virus
type 1 (HTLV-1) associated adult T-cell lymphoma, T-cell chronic large granular
lymphocytic leukemia (TGL), aggressive natural killer-cell leukemia (ANKL), and T-cell
prolymphocytic leukemia [4]. In HTLV-1 adult TCL, T-cells become activated with
uncontrolled proliferation when the HTLV-1 viral protein is activated within the cell.
The aggressive form of this disease carries a poor prognosis due to tumor cell drug
resistance and the suppression of the immune system, which can allow fatal infections to
occur [45-48]. In addition, aberrant activation of NOTCHI1 has been implicated in adult
TCL [49]. TGLs account for 2-5% of PTCLs, and involve T-cells that have been
activated through either aberrant self-recognition or viral interaction [50-54]. As seen
with other diseases described above, dysregulated signaling through JAK/STAT, NF-kB,
PI3K/AKT, MAPK/ERK/Ras, and Fas pathways are believed to drive persistence of this
disease [54-58]. TGL is one of the less aggressive TCLs, with median survival greater
than 10 years [59]. ANKL is characterized by uncontrolled NK proliferation within the

peripheral blood and bone marrow [60]. The initiation of this disease is believed to result



from a defective response to the Epstein-Barr Virus (EBV). Loss of chromosome 6q is
typical with ANKL [61]. Similarly, T-cell prolymphocytic leukemia has been associated
with EBV infection [62]. In addition, activation of the AKT-associated protooncogene
TCL-1 [63, 64], and loss of the tumor repressor ATM are a prevalent occurrence in
patients diagnosed with T-cell prolymphocytic leukemia [65, 66]. As with most PTCLs,

prognosis with this disease remains poor, despite newly developed therapies [67].

Survival and Treatment Options

In the United States, 1 in 100,000 people will develop PTCL each year [68]. In
general, the prognosis for patients diagnosed with TCL is poorer compared to patients
with aggressive forms of BCL [3]. Overall survival (OS) and failure-free survival (FFS)
in patients with the most prevalent for of PTCL, PTCL-NOS is between 10% to 20% at a
10-15 year follow up [4]. As NHL is predominately comprised of B-Cell lymphomas,
most large controlled clinical trials have been carried out to test therapeutics on BCLs
rather than TCLs. Thus, patients diagnosed with TCL are, for lack of a better option,

typically given therapies proven effective against BCL [4].

CHOP Therapy

The first line of therapy for PTCL, which is also the standard care for BCL
patients, is the administration of CHOP (cyclophosphamide, doxorubicin, vincristine, and
prednisone). Cyclophosphamide is a prodrug that, once converted in the liver to nitrogen
mustards, can cause DNA alkylation and crosslinking [69-71]. Doxorubicin is a classical

anthracycline also used in the treatment of solid tumors, known to intercalate within



DNA, inhibiting DNA synthesis and replication [72, 73]. Vincristine is a vinca alkaloid
that has been demonstrated to block microtubule synthesis through its reversible
interaction with the tubulin subunits [74]. Prednisone is an anti-inflammatory agent that
works via inhibiting the glucocorticoid receptor to reduce the painful swelling that
typically accompanies lymphomas. Taken together, patients treated with CHOP have a 5
year OS of 37.5% [75]. The International Peripheral T-cell Lymphoma project also

reported an OS and FFS of 32% and 22%, respectively [76].

Combinations with CHOP Therapy

Immunotherapy in addition to CHOP has been assessed using an anti-CD52
humanized monoclonal antibody known as Alemtuzumab. CDS52 is an antigen on both
normal and malignant T- and B-cells, making it a suitable target for patients suffering
from lymphomas. When given as a single agent, Alemtuzumab had an overall response
rate of 36% in relapsed PTCL [77]. Unfortunately, due to the expression of CD52 on
normal T- and B- cells, the use of Alemtuzumab results in dramatic immune suppression,
resulting in increased opportunistic infections in patients. This immune suppression is
believed to be the reason for the high treatment-related mortality. In combination with
CHOP, Alemtuzumab therapy had an overall response rate of 80% and a 1-year event
free survival of 43%, mirroring results typically seen with CHOP therapy alone [78]. A
phase II trial testing the combination of these therapies was stopped early due to
unacceptable treatment-related deaths. Another trial conducted by the GITIL utilized a

single pretreatment with Alemtuzumab prior to beginning CHOP cycles. This resulted in



fewer side effects, and a complete response and estimated 2-year FFS of 71% and 48%
respectively [79].

Other antibodies under development for PTCLs include MDX-060 and
Zanolimumab. MDX-060 recognizes CD30, a surface antigen preferentially expressed
on tumor cells, such as ALCL and some PTCL-NOS. While MDX-060 has only been
used as a single therapy in trials thus far, reports of stable disease with low issues of
toxicity make this antibody a likely candidate for a combination study in future trials [80,
81]. Zanolimumab is a human monoclonal antibody which targets the CD4 antigen on T-
helper cells. Reponses seen with Zanolimumab were modest (24%), however low
toxicity with this therapy also make it a candidate for CHOP combination [82].

CHOP has also been combined with Denileukin-diftitox, a genetically engineered
fusion protein tethering the A and B fragments of diphtheria toxin to the binding domain
of IL-2. This leads to the uptake of the fusion protein by IL-2R expressing immune cells
[83]. Initial trials with this therapy found an overall response rate and median
progression free survival (PFS) of 48% and 6 months, respectively [84]. Combining
Denileukin-diftitox with a CHOP regimen resulted in high response rates in AITL (80%)
and ALCL (87%), but demonstrated little improvement in patients with PTCL (47%)
[85]. The combination of gemcitabine and etoposide has been used in addition to CHOP.
Gemcitabine is a nucleoside analogue that exerts its tumor inhibition through two
mechanisms: incorporation of the active metabolite into DNA during replication, and
inhibition of the ribonucleotide reductase enzyme. Efficacy seen with Gemcitabine as a

single agent ranges from 20-69% [86-88]. When used in combination with CHOP and



etoposide, overall response rates were 77%, but were accompanied by grade 4

neutropenia, suggesting dose optimization is still needed [89].

Alternatives to CHOP Based Therapies

Inhibitors of Histone Deacetylases (HDAC) have recently been assessed as
therapeutics in TCL patients. Chromatin structure is governed by the balance of two
classes of enzymes: HDACs and Histone Acetyltransferases (HAT). Acetylation of
histones via HATs leads to DNA unwinding, allowing increased access of transcriptional
factors to genes that would otherwise be sequestered by their local histone. Opposing this
action are HDACs, which remove acetyl groups from histones, facilitating sequestering
of the DNA. Thus, treatment with HDAC inhibitors results in increased acetylation and
subsequent gene transcription, resulting in cell cycle arrest and death in malignant cells
[86]. Phase I/II clinical trials testing the HDAC inhibitor Romidepsin have shown an
overall response rate of 28% in patients with relapsed/refractory PTCL [90, 91].

Another drug that has been tested on patients diagnosed with PTCL is
Pralatrexate. A structural analogue of methotrexate, Pralatrexate functions as an
antimetabolite, interfering with DNA synthesis through inhibition of Dihydofolate
Reductase. Initial Phase I/II studies indicated TCLs were selectively sensitive to
Pralatrexate therapy. Patients with relapsed/refractory PTCL showed an overall response
rate of 29%, with toxicity limited to mucositis, thrombocytopenia, and neutropenia [92,
93].

In addition to chemotherapy, autologous stem cell transplantation (ASCT) has

been tested in patients with PTCL. For this treatment, patients are first treated with



standard therapy in order to achieve disease remission prior to removing hematopoietic
stem cells from the patient’s blood and/or bone marrow for long-term storage. Patients
are then treated with high intensity chemotherapy or radiation to eliminate all of the
remaining malignant cells. As this also depletes the patient’s own healthy stem cells,
previously stored stem cells are then reintroduced to the patient to replenish their blood
system [94]. Patients with relapsing BCLs that are refractory to standard treatment
exhibit an increase in 5-year disease free survival (46%) with ASCT therapy compared to
chemotherapy alone (12%) [95]. Given these promising results in BCLs, subsequent
studies have examined this therapy in PTCLs. In one phase II trial, patients were first
treated with mega-CHOP (dose-escalated CHOP) before ASCT. After 2 years, OS and
PFS were 73% and 53%, respectively [96]. In an additional larger clinical trial, CHOP
therapy combined with ASCT resulted in a 3 year overall and disease free survival of
48% and 53% respectively [97]. ASCT has also been utilized in PTCL patients who have
relapsed following standard therapy, with 30% to 50% achieving long term disease free
survival. However, the greatest predictor of ASCT response is the level of remission
achieved by the initial debulking therapy. If the PTCL is refractory to CHOP therapy

prior to ASCT, OS remains poor [98-100].

Conclusions from TCL Therapies Thus Far

As TCL is a very heterogeneous disease, encompassing many subtypes which
demonstrate varied responses to treatment, development of effective first line therapies
remains a complicated problem. As a result, prognosis and survival for many of the TCL

subtypes remains poor. The use of promising BCL therapies in TCL patients has not
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resulted in significant long term survival. Despite reported response rates of 50-70% in
most TCL clinical trials, OS remains low at 10-30% [101-105]. Testing new therapies
for TCL is complicated by the difficulty in accruing adequate patient numbers to
effectively examine new combination therapies. Aside from the few regulating pathways
described above, inadequate understanding of the mechanisms driving the majority of
TCLs, in particular PTCL-NOS, impedes the development of novel targeted therapies.
Improved therapies that can specifically target these regulatory mechanisms is necessary
to increase therapeutic response rates and improve overall patient survival. In this regard,
utilization of TCL preclinical models, namely murine models, may allow for more rapid

delineation of T-cell transformative events, and thereby identify novel drug targets.

Identification and Characterization of TGB Mice

Increased cancer rates have been observed in patients who undergo dramatic
immune suppression, including HIV infection or induced suppression in organ transplant
patients [106-108]. In contrast, most transgenic mice lacking innate T-cell immunity, do
not exhibit increased incidence of cancer [109]. By taking advantage of the allelic
exclusion that exists in lymphocytes, random integration of T-cell Receptor (TCR) af
chains into the genome allowed for the development of mouse strains lacking T-cell
immunity [110]. Similar to previous observations, the majority of TCR transgenic mice
resulted in little to no increase in cancer incidence, with the exception of occasional
thyomas [111]. However, Wang et al. discovered that one strain of transgenic mice,

designated as TGB, developed an aggressive TCL with a 6-month median survival [112].
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Closer examination of the TGB mouse TCL revealed that TCR integration had
occurred within intron 1 of the Epm2a gene, resulting in the reduced expression of its
gene product laforin. In addition, mice heterozygous for the TCR transgene also
succumbed to TCL. Examination of the Epm2a promoter region showed signs of
silencing by hypermethylation in heterozygous mice that had progressed to disease. To
determine if loss of laforin was sufficient to initiate tumor growth, the authors transfected
normal mouse bone marrow cells with siRNA to Epm?2a, recapitulating the loss of laforin
in TGB mice. Epm2a knockdown in these cells increased growth and survival in vitro.
Furthermore, when mice were injected with cells that had Epm2a knocked down, they
succumbed to disease closely resembling TGB mice with TCL. Lastly, complementation
of Epm2a in transgenic mice reduced the incidence of TGB TCL and prolonged its onset.
Wang et al. concluded from these results that laforin is a tumor suppressor, whose loss is
sufficient to initiate tumor formation [112].

Laforin functions as a protein phosphatase, and in the context of TGB TCL,
regulates the function of the kinase GSK-3p [112]. As a crucial regulator of the Wnt/p-
catenin signaling network, GSK-3 antagonizes B-catenin through phosphorylation at
Serines 33 and 37 leading to its degradation via the proteasomal pathway [113-116]. In
their study, Wang et al. demonstrated that under normal conditions, laforin prevents
GSK-3p inactivation via AKT-mediated phosphorylation at the Serine 9 position [111].
This functions to prevent aberrant activation of the Wnt/ B-catenin pathway, which has
been linked to the promotion of numerous types of solid and hematological cancers [117].
In terms of TGB TCL, Wang et al. showed that with the loss of laforin expression, a

dramatic increase in inactivated, serine 9 phosphorylated GSK-3f occurred, accompanied
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by the nuclear translocation of B-catenin. Lastly, little to no expression of the Epm2a
gene, as well as the high nuclear accumulation of B-catenin were observed in human TCL
cell lines, demonstrating that the molecular phenotype in TGB TCL was also present in
human TCL [112]. Taken together, TGB TCL comprises an aggressive disease with

committed, mature T-cells under the control of aberrantly activated B-catenin signaling.

Influence of Cancer Stem Cells in Solid and Hematological Malignancies

Although response rates in some TCLs can be as high as 70%, these malignancies
ultimately recur in a majority of patients, resulting in low OS rates. In addition, current
therapeutic strategies for relapsed and refractory TCL are limited, emphasizing the need
for novel agents. The lack of effective therapy for patients whose disease has progressed
is not unique to TCL, or hematological cancers in general. Treatment for patients with
relapsed or progressive solid tumors is largely palliative, with few curative strategies.
Due to the lack of efficacy of most cancer therapies, new lines of research have
reassessed the classical models of tumor initiation and growth, as well as the accepted
strategies for patient treatment.

For the majority of the past century, cancer was thought of as a disease of the
proliferative cell, where a tumor could be described as a clonally associated cellular mass
with aberrantly enhanced growth, and whose origin was the result of stochastically driven
accumulation of mutational events. Under this mindset, the majority of efforts in treating
cancers consisted of using agents which could exploit the rapid proliferation of cancer
cells to induce cell death [118]. As molecular biology has increased the understanding of

signaling pathways governing the proliferation and survival in many malignancies, new
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targeted-therapies have been developed. However, these new therapies still target the
cells which comprise the tumor bulk. With the exception of treatment-resistant clones,
these drugs were expected to be effective in all tumor cells carrying the targeted genetic
lesion [118]. However, results from clinical trials testing these new agents have brought
these assumptions into question. Surgery, radiation and chemotherapy can all be used to
effectively inhibit the proliferative population in many types of cancers. However, tumor
relapse and metastatic progression remain major challenges to overall patient outcome,
despite strong responses to initial treatment [119].

The failure of current cancer therapies to address relapse and disease progression
has driven oncology research to reexamine tumor composition, namely its heterogeneity.
Stemming from pioneering work in the late 1930s with single cell tumorigenicity [120],
and the early 1970s with classification of tumor heterogeneity in human AML samples
[121, 122], the notion that all tumor cells behaved and performed a similar function has
been changing. In contrast to previous models, the cancer stem cell (CSC) theory put
forth that tumors are initiated and sustained by a rare population of cells which possess
the capacity for self-renewal and can give rise to more differentiated cells that form the
bulk of the tumor. The CSC hypothesis was firmly established after the hierarchical
arrangement of AML was elucidated, validating that a subpopulation comprising 0.1-1%
of the tumor bulk contained the tumorigenic capacity when reimplanted in mice [123-
125]. Since these pioneering observations, a number of hematological and solid cancers
have been shown to contain tumor initiating/cancer stem cells such as CML, ALL,

multiple myeloma, brain, breast, colon, and prostate [126-134].
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The origin of CSCs continues to be a topic of debate. The number of normal stem
cells in the body is maintained through asymmetric cell division (ACD), generating one
new identical stem cell (via self-renewal) and a progenitor cell [135]. The progenitor cell
(lacking self-renewal) can continue down the differentiation pathway, as directed by its
genetic programming and the surrounding microenvironment [136]. ACD helps maintain
an adequate ratio of stem to differentiated cells within a tissue. Symmetric cell division
(SCD) in stem cells is also possible, and has been associated with wound healing [135].
As SCD is capable of expanding the stem cell pool, this process is tightly regulated
primarily via self-renewal pathways, including the Wnt, Sonic Hedgehog, and NOTCH
pathways. Hematopoietic, gut, and epidermal stem cells have been shown to rely on Wnt
signaling for control of self-renewal [137, 138]. The binding of Wnt ligands to the
Frizzled receptor leads to the nuclear translocation of the transcription factor B-catenin,
and subsequent transcription of genes related to self-renewal [139]. In the Sonic
Hedgehog pathway, hedgehog ligands (Sonic Hedgehog/Shh; Desert Hedgehog/Dhh;
Indian Hedgehog/Ihh) can be secreted from neighboring cells to bind the transmembrane
receptors (Hipl and Patched). This leads to the release of the Gli transcription factors,
which translocate to the nucleus and transcribe genes involved in proliferation and
angiogenesis [140-142]. The NOTCH pathway has been shown to be vital for cell fate
decision in a variety of tissues, particularly in hematopoietic stem cells [143, 144].
NOTCH signaling occurs through the association of NOTCH ligands (DLLI1, DLL3,
DLLA4, Jaggedl, Jagged2) with one of four NOTCH receptors (NOTCH1-4) [145]. This
interaction causes the cleavage of the NOTCH and the release of the NOTCH

intracellular domain (NICD), which translocates to the nucleus to initiate gene
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transcription [143]. Aberrant activation of these self-renewal pathways has been
observed in a variety of cancers. Activated Wnt signaling in epidermal stem cells
resulted in the development of skin cancer, as demonstrated using transgenic mice [146].
Upregulation of the transcription factor f-catenin has also been noted in breast cancer
[147]. Activation of the Sonic Hedgehog pathway has been reported in brain, prostate
and pancreatic cancers [148, 149]. Many of components of the pathway are known
oncogenes (Smo, Shh, Glil, Gli2) and tumor suppressors (Patched) [141]. As with the
Sonic Hedgehog pathway, numerous hematopoietic and solid cancers have been
associated with activating mutations and amplifications of NOTCH signaling pathway
components [150, 151]. It has been reported that in 50% of breast cancers, the NOTCH
inhibitor Numb is downregulated [152, 153]. Also striking is that 50% of T-cell acute
lymphoblastic leukemias have mutations in the NOTCHI1 gene [154]. While
identification of aberrant regulation of these pathways has provided initial targets for
therapy, it remains unanswered whether CSCs originate from normal stem cells via the
loss of self-renewal control or from progenitor/mature cells via reactivation of self-
renewal [155-157].

The CSC hypothesis has provided an alternate theory for explaining the current
failures seen in the clinic. CSCs have been shown to possess a whole host of cellular
defenses against damage originating from innate physiological processes as well as drug-
or radiological-related processes [158]. Cellular efflux pumps expressed on the plasma
membrane can lower intracellular drug concentrations by actively removing therapeutic
agents from the cell. Similar to normal stem cells, CSCs have been found to overexpress

these transporter proteins, thereby increasing their resistance to agents which the tumor
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bulk might be sensitive [159-162]. In addition, CSCs exhibit enhanced DNA repair, and
overexpress anti-apoptotic proteins, both of which increase CSC tolerance to damage that
would normally induce cell death, allowing more time for repair [163, 164]. These
resistance mechanisms allow CSCs to escape therapies which normally induce dramatic
death of cells within the tumor bulk, thereby permitting relapse to occur after cessation of
treatment [119, 165, 166]. Lastly, along with their supposed role in relapse, CSCs have
also been implicated in metastatic spread of the disease [167]. It is well-known that the
formation of metastatic lesions is a highly dynamic and inefficient process. The
percentage of cancer patients that exhibit circulating tumor cells can be as high as 90%,
while distant metastasis form in only a portion of all patients (20-30%) [168-171]. This
suggests that only a minority of tumor cells are capable of both migration and tumor
initiation. These concepts have been described in a recent model by Li et al, in which the
initial cellular CSC transformation selects the type of cancer formed, and the degree of
spread mediated by these CSCs [172]. Utilizing cues from the environment that favor
stem cell retention, such as low oxygen [173, 174], circulating CSCs traffic to distant
sites and reestablish tumors that carry many of the same genetic lesions seen in the
primary tumor. These observations highlight the role that CSCs play in tumor biology,
and their clinical implications.

Given the association of CSCs with tumorigenesis, resistance to therapy,
recurrence and metastatic spread, development of an effective CSC-specific treatment
will profoundly impact the severity of cancer. A number of approaches have been used
to target CSCs, ranging from inhibition of oncogenic proteins associated with self-

renewal either directly (NOTCH via y-secretase; Sonic Hedgehog via Smoothened) [175,
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176] or indirectly (Her2, ber/abl) [177, 178], to sensitization to conventional radiotherapy
[163, 179]. It is important to note that inhibitors that are designed to block self-renewal
pathways may present unwanted patient toxicity, as both normal stem cells and CSCs are
likely to be targeted. Therefore, discovery of novel agents that can specifically eliminate

CSCs over their normal counterparts is still currently needed.

CSCs in TGB Lymphoma

As discussed earlier, Wang et al showed that the committed, mature TGB
lymphoma cells that comprised the tumor bulk were driven by the constitutively activated
B-catenin pathway, caused by the loss of the GSK-3 phosphatase, laforin. In order to
determine if the TGB lymphoma cells had a CSC subpopulation similar to other
hematological and solid cancers, several dilutions of cells with and without the
expression of both c-Kit and Scal were injected into mice [180]. Hematopoietic cells
expressing both c-Kit and Scal have been shown to contain stem-cell characteristics,
such as reconstitution of bone marrow following sublethal radiation, thus demonstrating
the ability of these markers to identify stem cell populations [181]. Indeed, as little as
1x10* c-Kit"Scal” TGB lymphoma cells could reinitiate lymphoma after transplantation
into healthy B10.BR mice. In contrast, 1x10* c-Kit'Scal cells were needed for lymphoma
engraftment, indicating an enhanced tumorigenic potential of the c-kit'Scal”
subpopulation. When cultured in vitro, the c-Kit'Scal” subpopulation remained at 0.5-
1.5% of the tumor cells, and was capable of replenishing the c-Kit'Scal™ population
indefinitely. Lastly, these CSCs could serially transplant the lymphoma in vivo,

demonstrating self-renewal.
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To investigate the molecular mechanisms driving the tumorigenic subpopulation,
Wang et al screened a number of pathway inhibitors, targeting AKT, mTOR, NF-kB,
JNK, and HIF1a, among others [180]. Of the compounds tested, Echinomycin (a HIFla
inhibitor) dramatically reduced the ability of the c-Kit'Scal™ cells to form colonies.
These CSCs were astonishingly sensitive to HIF1a inhibition, with doses as low as 20
pM inducing apoptotic cell death. When tested in vivo, all mice given Echinomycin (10
ng/kg) survived up to 252 days, with no signs of lymphoma as assessed during necropsy.
In contrast, all vehicle-treated mice succumbed to lymphoma between 6-10 weeks post
tumor cell implantation. These results demonstrated that HIF1a activity was at the center
of TGB lymphoma CSC maintenance and survival.

Hypoxia Inducible Factor la (HIFla) is a member of the Hypoxia Inducible
Factor proteins that regulate gene response during times of low oxygen (O2 pressure
between 5-10 mmHg). HIF1a is a heterodimer, consisting of the constitutively expressed
HIFIB and the oxygen regulated HIFla. Under normoxia, prolyl hydroxylases modify
HIF1la using O2 as a substrate. Hydroxylated HIFla is a substrate for the von Hippel-
Lindau (VHL) E3 ubiquitin ligase, which ubiquitinates HIFla under normoxic
conditions, resulting in proteasomal degradation. Under hypoxia, HIFla is no longer
hydroxylated, allowing it to associate with HIF1p to form a transcriptional complex [182,
183]. Many stem cell associated genes have been linked to HIFla activity. The efflux
pumps MDR1 and BCRP are regulated through HIF1a mediated transcription [184, 185].
In addition, stem cell maintenance and self-renewal have also been associated with

HIFla. The NOTCH pathway, a highly conserved signaling mechanism important for a
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number of tissue stem cell populations [186-189], has been shown to be enhanced
through direct interaction of HIF1a [190].

To explore the mechanism controlling the difference seen following HIFla
inhibition between TGB lymphoma CSCs and the tumor bulk, c-Kit'Scal” and c-Kit
Scal™ cells were isolated via flow cytometry, and the mRNA and protein expression
levels were analyzed. Strikingly, HIF 1a protein expression was found exclusively within
the CSC subpopulation. This result explained the observed selectivity of the
Echinomycin treatment, as the reduced efficacy of HIFla ablation in the committed c-
Kit'Scal™ cells coincided with the lack of HIF1a expression in these cells. As discussed
above, cellular levels of HIFs are regulated by the level of oxygen in the environment.
As the expression of HIFla in TGB lymphoma CSCs was detected under normoxia,
Wang et al determined the expression levels of HIF regulatory proteins in order to
understand this discrepancy. As predicted, CSCs were found to lack expression of VHL,
whereas non-CSCs expressed high levels of VHL. In line with the necessity for HIFla
activity for CSC survival, ectopic expression of VHL in the TGB CSCs eliminated this
population, and reduced their tumorigenicity in vivo. With a deficient mechanism for
degrading HIFla, TGB lymphoma CSCs maintain HIF1a expression under normoxia,
and rely on its activity for maintenance.

While the committed tumor bulk was found to rely on aberrantly activated -
catenin signaling, inhibition of this pathway was not found to influence TGB lymphoma
CSC self-renewal. In contrast, treatment with the y-secretase inhibitor L-685458, an
agent targeting the NOTCH signaling pathway, was found to block CSC colony

formation. Transfection of a dominant-negative form of the NOTCH intracellular
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transcription complex also reduced the number of TGB lymphoma CSCs and their
tumorigenicity in vivo. This suggested that aberrantly activated NOTCH signaling may
be how HIFlo maintains self-renewal in the TGB lymphoma CSCs. It was later
demonstrated that inhibition of HIF1a led to the reduced expression of Hes1, a NOTCH
target gene. Moreover, a HIFla binding site was identified near Hesl binding sites
within the Hes1 promoter. These Hesl sites function as a negative feedback mechanism
to control the level of Hesl expression [191, 192]. Hesl promoter repression, via
ectopically expressed Hesl or NOTCH intracellular domain, was reduced through
expression of an oxygen resistant HIFla mutant. Lastly, HIFla was found to compete
with Hesl for promoter binding, as assessed through chromatin immunoprecipitation.
Taken together, these results suggest the interaction of HIF1la with NOTCH facilitated
maintenance of TGB lymphoma CSC self-renewal [180].

Through the sustained expression of HIFla, and subsequent maintenance of
NOTCH transcriptional activity, TGB lymphoma CSCs can be maintained in vitro
indefinitely. Aberrant activity of the NOTCH pathway has previously been shown to
promote cellular transformation. Forced activation in T-cell progenitors resulted in the
onset of acute T-cell lymphoblastic leukemia [193]. In addition, other hematopoietic
CSCs have also been shown to require functional HIFla for survival. Acute Myeloid
Leukemia (AML) CD34'CD38 cells (CSCs) also demonstrate an increase in HIFla
expression over the non-CSCs. In addition, HIFla inhibition reduced the tumorigenicity
of the AML CSCs both in vitro and in vivo [180]. As seen throughout the study by Wang
et al, successful ablation of HIFla activity is capable of reducing the number and

tumorigenic capacity of hematological CSCs, both in vitro and in vivo. Therefore,
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chemical agents that can effectively reduce HIFla activity will provide attractive

candidates for CSC targeting agents.

Rationale for a Multi-Targeting Approach to Treat TCL CSCs

As discussed earlier, TCLs are comprised of a heterogeneous mix of classified
cancers. For the most part, the molecular mechanisms driving the malignant phenotypes
of TCLs have been inadequately determined. Treatment options for TCL have
traditionally produced modest efficacy at best, and have done little to improve OS rates
despite any initial response to therapies. While new therapeutic strategies continue to be
explored, failure to improve suggests current strategies for fighting TCL have been
misdirected. Despite the growing list of CSC-driven solid and hematological cancers,
CSC-driven TCL has not been well characterized. Only recently has evidence for BCL
CSCs been reported [194, 195]. Given the capacity of CSCs to resist treatment, current
therapies for TCL likely fail to significantly reduce TCL CSCs, allowing them to survive
and reinitiate tumor growth. Therefore, improving overall survival in TCL will likely
require both novel therapies for TCL and resistant TCL CSCs.

As CSCs utilize multiple self-renewal pathways, targeting individual pathways
may prove ineffective. An alternate method of targeting CSCs would utilize a strategy to
effectively target multiple self-renewal pathways simultaneously. This approach was
first conceptualized following reports of the overexpression of a central molecular
chaperone, Heat Shock Protein 90 (HSP90), in various types of cancer cells [196].
Consistent with this phenomenon, cases of NHLs have been shown to express elevated

levels of HSP90. In particular, TCLs were found to exhibit moderate (precursor T-cell
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lymphoblastic leukemia/lymphoma--31%; PTCL-NOS--23%; AITL--12%) to high levels
(ALCL-ALK'--75%; ALCL-ALK--42%) of HSP90 expression [197]. In addition, the
level of HSP90 expression was found to increase as tumor grade increased in TCLs.
HSP90 has also been found to be heavily associated with co-chaperone proteins in cancer
cells [198]. This has been attributed to the rampant genomic instability seen within
tumors [199, 200], and suggests a critical reliance of the malignant cells on HSP90. Most
importantly, CSC-related proteins (Her2, AKT, HIFla) [201-204] have been shown to
require HSP9O0 for activity. Taken together, these observations suggest HSP90 inhibition

may be a suitable method for targeting TCL CSCs.

Heat Shock Protein 90

Protein function is dictated by its spatial conformation, formed through the proper
folding of the amino acid sequence comprising its backbone. While the specific amino
acids dictate the final structural conformation, the complex and rapidly changing
environment within a cell can interfere with proper protein folding [205]. This chaotic
environment is further exacerbated in cancer cells, where stress from hypoxia, acidosis,
and the effects of therapies are constantly challenging the cellular milieu [206].
Evolution has solved this protein folding dilemma with molecular chaperones, proteins
which facilitate the folding and stability of both normal and oncogenic proteins through
low-affinity interactions [207, 208]. The importance of chaperones in this sense can be
inferred from the highly conserved nature of chaperone genetic sequences amongst

eukaryotic cells.
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HSP90 is one of the most well characterized molecular chaperones. Constituting
between 1-2% of cytosolic proteins, HSP90 is considered a key mediator of the folding,
maturation, and stability of over 200 target proteins [209-211]. These client proteins can
influence a wide range of functions, such as tyrosine kinases (Her2, EGFR), signaling
pathway mediators (AKT, IKK), DNA damage sensors (p53), chimeric signaling proteins
(ber/abl, NPM/ALK), regulators of cell cycle progression (CDK4, CDK6), and
transcription factors (HIF1a) [207, 212-217]. In order to carry out its functions, HSP90
relies on more than 20 accessory proteins (known as co-chaperones) to help facilitate
ATPase and HSP90 cycle turnover, in addition to client recruitment and loading onto
HSP90 [211, 218].

As stated above, the sequence and structure of HSP9O0 is highly conserved. This
permits the extrapolation of structural information from the HSP90 and Grp94 (an
isoform of HSP90 expressed in the endoplasmic reticulum) crystal structures for insights
into the structure of human HSP90 [219, 220]. Within the cell, HSP90 is a dimeric
protein, consisting of two monomers, each containing 3 regions: N-terminal, middle, and
C-terminal domains. The N-terminal domain includes an essential ATP-binding pocket
that facilitates the HSP90 folding mechanism [221, 222]. The discrimination and
identification of client proteins is carried out by the middle domain [223]. Lastly, the C-
terminal domain of HSP90 has been shown to harbor several functions. Dimerization of
the two HSP90 monomers is mainly facilitated by the C-terminal domain, as the N-
terminal regions are only weakly associated. A conserved five amino acid sequence

(MEEVD) is contained within the C-terminal domain, which facilitates the association of
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HSP90 with the co-chaperone Hop. Lastly, the C-terminal domain can allosterically
regulate the N-terminal domain via a nucleotide binding pocket [223-226].

The HSP90 chaperone cycle consists of transitions between open and closed
protein conformations [212]. Throughout each cycle, the transition between open and
closed states allows for the rearrangement of different co-chaperones that associate with
HSP90. To begin the cycle, the two N-terminal domains of the dimer are in a separated,
open state, which is maintained through interaction with Hop at both the N-terminal and
C-terminal domains [227-229]. A client protein is recruited to HSP90/Hop via the
HSP70/HSP40 co-chaperone complex, which associates with HSP90 through the
interaction of HSP70 with Hop [225]. While in this intermediate complex, the client
protein is transferred from HSP70 to the middle domain of HSP90. At this point, ATP is
bound to each of the N-terminal binding pockets. Next, Hop disassociates from the
HSP90 complex, due to reduced affinity following binding of ATP and the co-chaperone
p23 [230, 231]. In this mature complex, the N-terminal and middle domain are brought
together to form the closed state of the chaperone complex. At this stage, both HSP90
and p23 facilitate folding of the client protein [230, 231]. To complete the cycle,
additional co-chaperones, such as ahal (activator of HSP90 ATPase) and the peptidyl-
prolyl cis-trans isomerases Cpr6/Cyp40, bind to the chaperone complex and induce ATP
hydrolysis [232-234]. Conversion of ATP to ADP + Pi allows the HSP90 dimer to
reopen, and the newly or refolded client protein disassociates from the chaperone
complex. Upon returning to its open state, HSP90 reassociates with Hop in place of p23,

and thus completes the cycle [235].
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Methods for HSP90 Inhibition

The first HSP90 inhibitors identified belong to a class of antibiotics called
benzoquinone ansamycins. Initial work with the ansamycin herbimycin led some to
believe these compounds mainly function as tyrosine kinase inhibitors [236]. HSP90
inhibition was not associated with these compounds until the discovery of geldanamycin.
First identified in the 1970s, geldanamycin was found to disrupt the HSP90 chaperone
cycle through competitive binding with ATP for the N-terminal domain ATP binding
pockets [237-240]. Without ATP binding, geldanamycin prevents the HSP90 chaperone
from adopting its closed conformation, thus preventing its protein folding mechanism.
Client proteins which dissociate from HSP90 in an immature, unfolded state are marked
for proteasomal degradation via ubiquitin ligase enzymes [241-243]. However, the
success of geldanamycin was limited in vivo, as preclinical mouse models showed
geldanamycin treatment led to severe liver toxicity [244]. To date, three geldanamycin
analogues have been synthesized to reduce toxicity while maintaining efficacy against
HSP90.

Synthesized in 1995, 17-AAG (17-N-allylamino-17-demethoxygeldanamycin)
was the first analogue tested that showed inhibition of HSP90 with a more favorable
toxicity profile [245]. Using in vitro assays, 17-AAG arrested cancer cell growth and
induced apoptosis. When used to treat cancer xenografts in preclinical models, 17-AAG
was capable of reducing tumor growth rates [246-248]. A number of phase I clinical
trials have been carried out to determine the maximum tolerated dose (MTD) and dosing
schedule for 17-AAG. In one trial, Goetz et al identified that 431 mg/m” given on days 1,

8, and 15 of a 28 day cycle was efficacious for patients with advanced cancers. However,
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this dose presented dose limiting toxicities in two patients, such as hyperbilirubinaemia,
transaminitis, and nausea/vomiting requiring hospitalization [249]. A second phase I trial
found an MTD of 450 mg/m” using the same dose regiment. Diarrhea and transaminitis
were also seen at this dose. Of note, two patients with metastatic melanoma achieved
disease stabilization, which Banerji et al assigned to a possible cytostatic effect from the
17-AAG treatment [250]. Initial Phase II clinical trials have focused on cancers driven
by known oncogenic clients, such as bcr/abl and Her2 [251, 252]. While some Phase II
trials have demonstrated somewhat modest responses, particularly in metastatic
melanoma, others have been relatively successful.[253]. A Phase II trial in advanced
metastatic Her2 positive breast cancer patients found the combination of Herceptin
(Trastuzumab) with weekly infusion of 17-AAG produced a response rate and overall
clinical benefit of 22% and 59% of patients [254]. While these results are promising,
issues with toxicities from both 17-AAG and its formulation have made it difficult to
assess the agent’s full clinical potential [237, 251, 253, 255].

A new compound, 17-DMAG, has been synthesized to improve upon the
formulation of 17-AAG [256]. The water solubility of 17-DMAG is greatly increased
over 17-AAG, easing the difficulty of formulation. In addition, higher potency was seen
with 17-DMAG treatment in preclinical models, as compared to 17-AAG. However, this
increase in potency was also accompanied by an increase in toxicity [256, 257]. In
contrast to 17-AAG, complete response and stable disease have been reported with 17-
DMAG treatment [258]. Another analogue still in clinical development is IPI-504 [259].
This compound is a stabilized soluble hydroquinone form of 17-AAG, and therefore does

not require NQO1-mediated reduction [260]. While a clinical study evaluating IPI-504 in
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gastrointestinal stromal tumors was terminated due to hepatotoxicity, recent reports of
IPI-504 therapy in non-small cell lung cancer patients which carry ALK mutations have
been promising [261, 262].

In addition to the anamycins and their derivatives, other antibiotics identified
from the Monocillium nordinii and Monosporium bonorden fungi have been shown to
have efficacy against HSP90 [263]. Radicicol was demonstrated to potently inhibit
HSP90, via a similar mechanism as 17-AAG. However, although radicicol is effective in
targeting HSP90 in vitro, this agent was not as effective in treating mice bearing tumor
xenografts. This was later attributed to poor chemical stability of radicicol in vivo.
Synthesis of new analogues, along with removal of an epoxide moiety within radicicol,
were done to improve stability in vivo. While these radicicol analogues have shown
efficacy against human tumor xenografts, a candidate for clinical development has not
yet been reached [264, 265].

Utilizing the crystal structures of HSP90 and its N-terminal domain ATP binding
pocket, structure based drug design has yielded several novel scaffolds which have
improved binding capability of new compounds over classical HSP90 inhibitors.
CNF2024/BIIB021 was the first synthetic compound developed using a purine scaffold.
Several Phase I trials with CNF2024/BIIB021 have been conducted, with the MTD
reported as 800 mg. One patient with B cell lymphocytic leukemia had a 39% reduction
in lymph node volume. Also promising were the responses seen in solid tumors, with
68% reporting stable disease [266, 267]. Using a 6,7-dihydro-indazol-4-one scaffold,
SNX-5422 was developed and has been used in a Phase I trial for refractory solid tumors

and lymphomas. One dose limiting toxicity (nonseptic arthritis) and no objective
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response were reported from the trial. While 47% of patients had stable disease with
SNX-5422 treatment, this compound is no longer under development due to ocular
toxicity reported in a separate phase I trial [268]. Another novel scaffold was identified
using high-throughput screening. AUY922 has been used in a recent phase I trial in
patients with advanced solid tumors. With an MTD of 70 mg/m*, AUY922 treatment
resulted in disease stabilization in 16 of 96 patients. Grade 3 dose limiting toxicities
consisted of atrial flutter, fatigue, diarrhea, asthenia, and darkening of vision [269].

With the discovery of an ATP binding pocket in the C-terminal domain of HSP90,
efforts to identify potent allosteric HSP90 inhibitors have been ongoing. The first
compound to demonstrate HSP90 inhibition through binding at the C-terminal ATP site
was novobiocin [270]. As a high concentration of novobiocin (700 uM) was needed to
bind the C-terminal HSP90 domain, new derivatives (DHNI1, DHN2) have been
developed with much greater affinity. DHN2 was found to bind the C-terminal domain
with higher affinity than DHNI1. Additionally, between the three inhibitors, DHN2
showed the least affinity for DNA Gyrase, a common off-target protein which can bind
novobiocin [271]. While development of novobiocin derivatives continues to improve

efficacy against HSP90, no candidate has been selected for clinical evaluation [272-274].

17-AAG mediated HSP90 Inhibition Remains a Viable Approach for TCL CSCs
Results from clinical trials of HSP90 inhibitors have shown this method of

treatment is most effective in tumor types which are solely driven by an HSP90 client

protein, and cannot rely on alternate pathways for survival. Tumor cells that are not

“addicted” to any particular HSP90 client may show marginal efficacy to HSP90
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inhibition, leading to little or no response in clinical trials. Indeed, in patients with non
small cell lung cancer (NSCLC), overall response to HSP90 inhibition was very low
(7%). However, two partial responses and one stable disease were seen in the three
patients with NSCLC that carried ALK fusion proteins (HSP90 clients) [262]. This
selective sensitivity was also seen in a separate NSCLC trial, where four of the eight
patients with NSCLC that contained ALK fusion proteins showed objective responses
[275]. Moreover, patients with metastatic Her2+ breast cancer that received a
combination of 17-AAG and Herceptin demonstrated an overall response rate of 22% and
a clinical benefit rate (CR + PR + SD) of 59% [254]. As illustrated by these trials,
HSP90 inhibition can be effective in tumor types that are critically reliant on particular
client proteins for survival.

In addition to differential efficacy in various tumor types, sensitivity to HSP90
inhibition may be heterogeneous among cells within a single tumor. In the context of the
CSC hypothesis, it is important to consider that the most responsive cells to HSP90
inhibition might not be part of the tumor bulk. CSCs are uniquely driven by the aberrant
activation of self-renewal pathways. As known HSP90 clients (Her2, AKT, HIF1a) are
required for maintenance of self-renewal, this addiction to self-renewal could be
exploited by HSP90-targeted agents. Indeed, several reports have shown that HSP90
inhibition can effectively target CSCs [276, 277]. In particular, glioma stem cells,
derived from both cell lines and patients with glioblastoma metaforte, were reduced in
growth rate and client protein expression with 17-AAG-targeted treatment [203]. Finally,
unpublished data from our lab has shown that inhibition of breast CSCs in vivo can be

achieved using low doses of 17-AAG, thereby avoiding toxicity issues which have
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plagued this treatment. These reports suggest that the efficacy of HSP90 inhibitors should
be reevaluated, given the possibility that they can successfully eliminate CSCs.

To examine this prospect, we plan to investigate the efficacy of 17-AAG
treatment for elimination of CSCs. Maximum efficacy with HSP90 inhibition requires
that both the tumor cell critically relies on a client facilitated pathway, and the client
protein’s function solely depends on HSP90. As discussed earlier, the TGB lymphoma
CSCs are reliant on the sustained activity of the HSP90 client HIF 1a for maintenance of
self-renewal. Thus, we hypothesize that 17-AAG will effectively eliminate the CSCs by

inducing HIF1a degradation through HSP90 inhibition.

Specific Aims:

1.) To determine the efficacy of 17-AAG-mediated treatment in TGB lymphoma CSCs,
in vitro and in vivo.

2.) To identify the mechanism for sensitivity and/or selectivity seen in TGB lymphoma
CSCs over the differentiated cell population.

3.) To validate a combination therapy consisting of 17-AAG plus a conventional cancer

treatment in an alternate, solid tumor CSC model.
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Chapter 2

17-AAG mediated HSP90 Inhibition Effectively Eliminates TGB Lymphoma Cancer
Stem Cells

Abstract

Peripheral T-Cell lymphomas (PTCL) encompass a complex and typically
aggressive set of cancers. The response to treatment is usually poor in patients with these
diseases, resulting in low survival rates. Patient relapse and metastasis provide the
greatest hurdles in improving rates of long-term survival, since very few effective
treatments exist in the advanced stages of disease. Cancer stem cells (CSCs) are
implicated in many solid and hematological cancers as mediators of tumor recurrence and
metastasis. Therefore, new strategies are needed to effective eliminate CSCs if
improvements in survival are to be achieved. In the present study, we used our TGB
mouse model of lymphoma to demonstrate that previously characterized CSCs are
susceptible to 17-AAG mediated HSP90 inhibition. We found that dramatically low
concentrations of 17-AAG reduced both the number and self-renewal capacity of these
CSCs, in addition to CSCs present in acute myeloid leukemia (AML). While the
committed, mature lymphoma cells were also susceptible to 17-AAG treatment, higher
concentrations were required to elicit this effect, suggesting a selective sensitivity within
the CSC population. These results were recapitulated in vivo, as a near dose-dependent
increase in survival is achieved with 17-AAG treatment, while also reducing the CSC

capacity to initiate tumor growth in reimplantation assays. Our study demonstrates the
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utility of 17-AAG mediated HSP90 inhibition in treating lymphoma CSCs, and warrants

further clinical evaluation.

Introduction

Peripheral T-cell lymphomas consist of a heterogeneous assortment of
hematological cancers. With an incidence rate of 1 in 100,000 individuals, PTCL are
considered rare, and present an aggressive phenotype [1]. Unfortunately, their rarity has
impeded our ability to both understand and design therapies specific for these cancers.
Stemming from the lack of clinical trials for PTCL, typical first line therapy consists of
strategies adopted from successful approaches to B-cell lymphomas, but result in much
less effective outcomes. In addition, the lack of effective therapies which can manage
PTCL following relapse contributes to the low overall survival rate (10-30%) [2-6].
Therefore, new directions are urgently needed for patients who suffer with PTCL, that
can be both effective at managing disease and can improve overall survival.

There is substantial evidence today supporting the perspective that many cancers
function as hierarchical organizations of cancer cells originating from tumor-initiating
cells, typically called cancer stem cells (CSCs) [7-14]. Intrinsic resistance to both
chemotherapy and fractionated radiation allows CSCs to survive strategies often
successful for removing the tumor bulk, allowing disease relapse often with refractory
tumors. In addition, distant metastases often contain similar genetic lesions as the
primary tumor, implicating CSCs for their origin [15-18]. This suggests that effective
therapies for CSCs have the potential to reduce rates of tumor relapse and metastasis,

both of which have been associated with determining overall survival. Current
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approaches to eliminate CSCs rely on disruption of self-renewal, a process necessary for
CSC maintenance. Initiation of self-renewal is orchestrated via the signaling by a
number of intrinsic (Wnt, Sonic Hedgehog, NOTCH, p53 etc.) and extrinsic
(microenvironment, oxygen tension etc.) signals. This complexity offers the chance for
redundancy if one signal is inhibited. Thus, simultaneous inhibition of multiple self-
renewal signals by HSP90 inhibition offers the highest chance for success, as many
clients of HSP90 have been shown to influence stem cell self-renewal.

Molecular chaperone proteins function to ensure the proper conformation of client
proteins when cells experience stress or damage [19]. Heat shock protein 90 (HSP90) is
the most studied and well known molecular chaperone that facilitates the maturation and
stable conformation of several client proteins, including transcription factors Hypoxia
Inducible Factor 1o (HIF 1)) and p53, serine/threonine kinases (AKT, Raf-1, and Cdk4),
receptor/non-receptor kinases (HER2, EGFR, Src family kinases), and steroid hormone
receptors (androgen and estrogen) [20-28]. As many of these client proteins significantly
contribute to tumor growth and survival, abrogation of their function with a single
inhibitor has been an attractive prospect, making HSP90 an appealing molecular target
for drug development [29]. One of the original and most studied HSP90 inhibitors is a
derivative of the geldanamycin antibiotic, 17-N-allylamino-17-demethoxy geldanamycin
(17-AAG) [30]. Through reversible binding to the ATP pocket of HSP90, 17-AAG
potently disrupts its function, and ultimately induces tumor cell death.

Tumor stem cells from both AML and glioma have been shown to rely on the
activity of HIFla or 2a, respectively, for their maintenance [31-33]. Human AML CSCs

are a rare population of CD34°CD38" cells, and are thought to be responsible for the
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resistance of conventional therapies [31, 34, 35]. Current efforts for targeting CSCs have
focused on disruption of self-renewal [36]. However, this approach may be hampered by
the redundancy in self-renewal pathways. In addition, CSCs that are quiescent may be
resistant to inhibitors to self-renewal. Therefore, disrupting genes that are required for
both maintaining CSCs in a stem-like state as well as self-renewal might provide a more
effective therapy. We have previously reported a strain of T cell receptor transgenic mice
(TGB) which spontaneously develop lymphoma with 100% incidence, due to an
insertional mutation of the Emp2a gene [37]. Using this mouse lymphoma model, we
identified that a small subset of cells expressing both c-Kit and Scal are lymphoma CSCs
[32]. Here we show that these lymphoma CSCs are efficiently eliminated via apoptosis
after 17-AAG HSP90 inhibition, at doses substantially lower than those required to affect
the tumor bulk. 17-AAG treatment also reduced the self-renewal capacity of lymphoma
CSCs, both in vitro and in vivo. Lastly, AML CSCs were similarly reduced in number
and capacity for self-renewal following 17-AAG treatment. This study demonstrates that
17-AAG is an efficient CSC-killing agent, and requires reevaluation in the clinical

setting.

Materials and Methods

Mice, Cells and Reagents
TCR transgenic B line (TGB) mice in the B10.BR background were maintained
by heterozygous breeding pairs. B10.BR mice were used as recipients in lymphoma cell

inoculation, and severe combined immunodeficiency (SCID) mice were used for human
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AML maintenance. Both lines were purchased from the National Cancer Institute. All
mice were kept and used for tumor implantation and treatment according to the
procedures approved by the Unit of Laboratory Animal Facility (ULAM) at University of
Michigan.

TGB Iymphoma cells were maintained in 1% methylcellulose medium
(MethoCult GF, 03434, Stem Cell Technologies) supplemented with murine cytokines
(R&D Systems): 10 ng/mL recombinant IL-3 and IL-6, and 100 ng/mL stem cell factor
(SCF). For some in vitro experiments, TGB lymphoma cells were transferred from 1%
methylcellulose culture to an expansion medium: RPMI 1640 medium supplemented with
10% FBS, IL-3, IL-6, and SCF cytokines, 100 UM non-essential amino acids, 10 mM
HEPES, and 1 mM sodium pyruvate. Human AML cells were derived from the enlarged
spleen tissue of SCID mice injected with aggressive AML CSCs (AML-71) as described
before [32], and maintained in SCID mice via transplantation. Short term expansion and
colony formation assays of the AML CSCs were carried out similarly as our lymphoma
cells, except for a substitution of human cytokines for murine cytokines. 17-AAG was

purchased from LC Laboratories.

Isolation of Lymphoma CSCs and Colony Formation Assay

The lymphoma CSCs (c-Kit'Scal®) are a rare population in TGB lymphoma
tissue and express the surface markers c-Kit and Scal. The CSCs were isolated from
primary spleen lymphoma tissue of TGB mice by fluorescence-activated cell sorting
(FACS) technology, or isolated by auto-MACS microbeads (Miltenyi Biotech) twice,

after staining with antibodies to c-Kit and Scal (both from BD Bioscience). To maintain
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the lymphoma population, lymphoma cells are grown under non-adherent conditions,
using 1% methylcellulose medium supplemented with murine cytokines as described
above. Using these conditions, spheroid colonies form and can be serially propagated for
in vitro experiments (colony formation assay with drug treatment). In addition, to obtain
lymphoma cells for implantation into B10.BR mice, cells are expanded from these
colonies by first dissociating them, and then replating the cells in RPMI 1640 medium
supplemented with murine cytokines for 24 hours. After the allotted time, lymphoma
cells are washed and resuspended in fresh RPMI 1640 for injection into mice.

To perform the colony formation assays, lymphoma cells were seeded in a 12-
well plate containing 1% methylcellulose medium supplemented with murine cytokines
and 17-AAG or vehicle. After 6-8 days of culture, spheroid colonies were counted,
pooled, and then replated without the addition of 17-AAG or vehicle treatment, for
consecutive rounds. For tumor inoculation, the cultured lymphoma cells were expanded

in vitro in RPMI11640 medium described above, 24 hours before these experiments.

MTT ([3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide]) Assay

The expanded lymphoma cells were seeded in the RPMI1640 culture medium at a
cellular density of 2.5 x 10° cells/ml in a 24-well plate. Next, the cells were treated with
increasing concentrations of 17-AAG and cultured for 48 hours. At the end of the
treatment, the MTT assay for determining cell viability was performed according to the

manufacture’s protocol (Promega) and the plate was read at 490 nm.
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Apoptosis Assay

The cultured lymphoma and AML cells, after treatment with 17-AAG for 24
hours, were stained with fluorescence-conjugated antibodies for the cell surface markers
c-Kit and Scal (CD34, CD38 for AML cells), and then Annexin-V for 15 minutes at
room temperature before 5 uM of DAPI was added. The apoptosis percentage of these

CSCs and differentiated cells were then analyzed by flow cytometry.

In Vivo Treatment of Lymphoma with 17-AAG

Healthy, immune competent B10.BR mice were inoculated with 5x10° lymphoma
cells via intraperitoneal injection. Seven days following tumor implantation, the mice
were |.P. injected with 17-AAG or vehicle (10% DMSO + 40% Cremophor EL:Ethanol
(3:1) (v/v) + 50 % PBS) every other day for three weeks. At the cessation of treatment,
mice were monitored up to 80 days post tumor cell injection. To determine the effects of
17-AAG on lymphoma initiation in vivo, secondary B10.BR recipient mice were
implanted by intraperitoneal injection of 1x10° lymphoma cells from the spleens of mice
that had been treated with 17-AAG or vehicle. These mice were followed up to 160 days

post tumor cell injection to monitor differences in tumor initiation.

Immunohistochemistry

Slides were stained using a modified protocol (Biolegend) for staining frozen sections.
Spleen tissue was cryo-embedded with OCT compound (Ted Pella, Inc.) using liquid
nitrogen to ensure complete freezing. Frozen blocks were cut (5-10 um) using a

cryotome, placed onto slides, and allowed to dry overnight. For fixation, slides were
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covered in -20 degree C acetone for 10 min. Slides were then dried, rinsed with PBS, and
incubated in 0.03% hydrogen peroxide solution (in PBS) for 10 minutes at room
temperature. Next, slides were rinsed with PBS, blocked using normal goat serum, and
incubated with primary antibody (goat anti-mouse Thyl, BD Biosciences) overnight at 4
degree C. Next slides were rinsed with PBS, and 200 pL of DAB reagent (Vector Labs)
was added to develop color for 2-3 minutes. Slides were then stained using
Hematoxylin. Afterwards, slides were rinsed in DI water then incubated in Ammonium
solution to develop Hematoxylin stain. For dehydration, slides were incubated for 3
minutes in consecutive ethanol solutions (75%, 95%, 100%) before being incubated in
xylene. Lastly, slides were mounted with Cytoseal XYL (xylene based). For staining of
liver and lung metastasis, paraffin-embedded tissue was sectioned and prepared slides
were sent to the University of Michigan Research Histology and Immunoperoxidase

Laboratory for Hematoxylin and Eosin staining.

Statistics

Statistical significance was determined using unpaired Student’s t-test.
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Results

The Distinct Features of Lymphoma CSCs and Bulk Lymphoma Cells (non-CSCs)
We have previously demonstrated that AKT/GSK-3p/B-catenin signaling is
constitutively activated in the TGB lymphoma c-Kit'Scal™ cells (non-CSCs), and that
HIF1a plays a critical role in the maintenance of the lymphoma c-Kit*Scal” cells (CSCs)
[32, 37]. These lymphoma CSCs can efficiently initiate lymphoma when small numbers
are injected into immunocompetent recipient mice (Figure 2.1A,B). Following tumor
initiation, the mice ultimately succumb to the committed, highly proliferative lymphoma
cells, which rapidly grow into a tumor mass in the spleen and metastasize to other organs,
such as the liver and lung, leading to death within 1-2 months post-inoculation [32, 37].
These findings prompted us to devise a drug therapy which could effectively target both
CSCs and non-CSCs, for the treatment of advanced lymphoma in humans. Because the
CSCs and non-CSCs harbor constitutively active HIF1a and AKT (two client proteins of
HSP90), respectively, we tested the HSP90 inhibitor 17-AAG for the simultaneous

targeting of the two cell populations.

17-AAG Selectively Eliminates Lymphoma CSCs over non-CSCs

We next examined the ability of 17-AAG to suppress TGB lymphoma growth
using the MTT cell viability assay. TGB lymphoma viability was inhibited with 17-
AAG, with an IC50 of 238 nM (Figure 2.2A). In contrast, c-Kit"Scal® lymphoma cells

treated with 17-AAG were significantly more sensitive to HSP90 inhibition, with an IC50
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of 5.64 nM (Figure 2.2B-D). This substantial difference in the 1C50 indicates a profound
sensitivity of the CSC population to 17-AAG.

Previous studies have shown that treatment with 17-AAG results in programmed
cell death via apoptosis [38]. To determine if 17-AAG induced apoptosis in the CSCs
and/or bulk tumor cells, we stained lymphoma cells with Annexin V, a surface marker of
apoptotic cells, after 17-AAG treatment. As shown in Figure 2.3, low doses of 17-AAG
(10 and 25 nM) increased apoptosis of c-Kit"'Scal® cells by 2 to 3-fold, as compared to
untreated control cells. However, 17-AAG failed to induce apoptosis of c-Kit'Scal™ cells

at these low concentrations.

17-AAG Impairs Self-Renewal of TGB Lymphoma CSCs

As CSCs are best defined by their ability to self-renew and initiate tumor growth
rather than by their surface marker expression, functional assays provide a more accurate
assessment of drug-mediated therapeutic effects [39]. The in vitro generation of spheroid
colonies under attachment-free conditions has been widely used as a manner to determine
the number of CSCs within a population, as well as assess the ability for those CSCs to
self-renew [40-42]. Formation of these colonies is dependent on the residing stem cell
population, and is reduced with each stage of differentiation. To assess if 17-AAG
affected CSC self-renewal, we plated lymphoma cells and treated them with increasing
concentrations of 17-AAG. As a result, 10 nM 17-AAG reduced the colony formation
unit (CFU) of CSCs by more than 50% (Figure 2.4), consistent with the dose necessary
for induction of apoptosis. These colonies were then dissociated to the single cell level

and replated in the absence of drug, to observe if self-renewal was also disrupted. Cells
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from colonies previously treated with 10 nM 17-AAG were dramatically reduced in their
capacity to initiate secondary colonies, indicating that 17-AAG impaired the self-renewal

ability of the CSCs in vitro.

17-AAG Abrogates Lymphoma Initiation In Vivo

To investigate whether HSP90 inhibition can reduce lymphoma initiation in vivo,
we injected 5x10° TGB lymphoma cells intraperitoneally (I.P.) into recipient B10.BR
mice. Seven days after injection, different doses of 17-AAG (5 to 40 mg/kg) or vehicle
control were given to mice every other day for three weeks. Upon cessation of treatment,
four mice from the 40 mg/kg 17-AAG or control group were euthanized and their spleens
weighed for indication of lymphoma. Vehicle-treated mice exhibited enlarged spleens
enriched in lymphoma cells that stained positive for Thy-1, a marker for T lymphoma
cells (Figure 2.5A-C). The lymphoma cells had also metastasized to liver and lung
tissue, as typically seen in mice with this cancer [37]. In contrast, spleens from mice
which had received 17-AAG were dramatically smaller, with less infiltrating lymphoma
cells in the spleen, and a lower metastatic spread into other organs, as compared to the
vehicle-treated controls (Figure 2.5C). In addition, 17-AAG treated mice survived
significantly longer compared to mice which received vehicle alone, demonstrating the
effectiveness of 17-AAG in suppressing the lymphoma in vivo (Figure 2.5D).

A hallmark of CSC function is their ability to serially reestablish tumors in
recipient mice. This CSC trait reflects their capacity for self-renewal in vivo, and
provides a method for detecting agents that can disrupt this process. To examine if 17-

AAG treatment impaired the self-renewal ability of TGB lymphoma CSCs in vivo, 1x10°
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cells obtained from either 40 mg/kg 17-AAG- or vehicle-treated spleens were 1.P.
injected into five healthy secondary recipient B10.BR mice. All of the mice injected with
vehicle-treated spleen cells eventually succumbed to lymphoma. In contrast, only one
mouse that received 17-AAG-treated spleen cells died over the course of the study
(Figure 2.5E). These data demonstrate that 17-AAG effectively impairs the self-renewal

of the lymphoma CSCs in vivo.

17-AAG Mediated HSP90 Inhibition also Eliminates AML CSCs

To determine if 17-AAG treatment can selectively eliminate CSCs in
hematopoietic cancers other than our lymphoma model, we used a separate mouse model
of human AML that has been previously established [32]. Similar to our lymphoma cells,
AML CSCs stably express HIF1a for their maintenance [32]. To see if 17-AAG also
selectively targets AML CSCs, AML cells were treated with increasing concentrations of
17-AAG. Twenty five nM 17-AAG increased the percentage of apoptotic CSCs
(CD34'CD38) nearly 3-fold, as compared to vehicle treated CSCs. In contrast, 25 nM
17-AAG had little affect on inducing apoptosis in the non-CSCs (CD34"CD38") (Figure
2.6A,B). Although a higher dose (100 nM) of 17-AAG induced apoptosis in both CSCs
and non-CSCs, CSCs initiated apoptosis to a higher extent (35.5%) than non-CSCs
(13.5%). Similar to lymphoma CSCs, a dramatically low dose (10 nM) of 17-AAG
greatly reduced the capacity for AML CSCs to form colonies in sphere forming assays
(Figure 2.6C). Taken together, these results demonstrate the effectiveness of HSP90
inhibition by 17-AAG for treating AML CSCs, and suggest the efficacy of this approach

may extend to more types of hematological cancers.
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Discussion

Peripheral T-cell lymphomas are rare and often difficult type of hematological
cancers to treat. While new therapies continue to be developed for specific types of
PTCL, improvement in overall survival remains poor [2, 5]. Tumor recurrence and
metastatic spread, two problems that influence patient long-term survival the most, are
demonstrated characteristics of tumor stem cells, which fail to respond to therapy due to
their intrinsic resistance to cell damage [43]. Therefore, new strategies are needed which
can target these types of cells, and potentially reduce both the rates of relapse and
metastasis. As PTCL is a grouping of highly diverse conditions, many of which are
difficult to study in vitro, we chose to use a mouse model of T-cell lymphoma that can be
examined both in vitro and in vivo. Previous studies demonstrated that in this TCL the
tumor bulk and CSC subpopulation were driven by the sustained activity of AKT/GSK-
3B/B-catenin and HIF1a, respectively [32, 37]. As AKT and HIFla are well-known
HSP90 clients, we postulated that 17-AAG mediated HSP90 inhibition would effectively
eliminate the TCL CSCs and the tumor bulk.

After verifying that our TCL CSCs (c-Kit'Scal®) retained their tumorigenic
potential over the committed, mature cells (c-Kit'Scal), we found that 17-AAG
treatment, while capable of eliminating both populations, was more potently active
against the CSCs. A more than 40-fold lower concentration of 17-AAG could efficiently
eliminate the CSCs, as compared to the concentration required to effect the tumor bulk.
In accordance with this observation, low concentrations of 17-AAG could induce
apoptosis in CSCs, while failing to affect non-CSC cell death. This selective sensitivity

was also seen in CSCs from AML, where lower concentrations of 17-AAG induced
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apoptosis in the CSCs. Lymphoma and AML CSCs were also reduced in their capacity
to initiate spheroid colonies in vitro when treated with 17-AAG. Colony formation has
been a traditional technique to functionally assess changes in CSCs and their self-
renewal. When colonies previously treated with 17-AAG or vehicle were replated
without drug, the effect on self-renewal was even more dramatic. This demonstrated a
reduction in the second generation of colonies, reflecting a loss in self-renewal not
requiring the presence of 17-AAG, and instead was a permanent condition following
inhibition of HSP9O0.

Next, we tested if the efficacy of 17-AAG treatment on lymphoma CSCs and the
tumor bulk could also be seen in vivo. B10.BR mice that were implanted with TGB
lymphoma cells died from the disease approximately 30 days later. In contrast, 17-AAG
treatment extended the survival of implanted mice in a dose-dependent manner. While
the 10 mg/kg 17-AAG treatment did have a slightly lower survival than the 5 mg/kg, this
difference was not viewed as significantly different. When spleens were examined from
mice treated with 17-AAG or vehicle, the number of infiltrating Thy-1 positive cells was
found to be much lower in mice receiving the drug. It is also important to note that
distant metastases (as determined through H&E staining) in liver and lung tissue
appeared lower in mice which received 17-AAG treatment. As control of metastatic
lesions in cancer patients is often rarely achieved and typically leads to death, this
observation suggests 17-AAG may be an effective approach for reducing CSC-driven
metastasis. To test if our therapy had any effect on CSC tumor initiation, spleen cells
from 17-AAG and vehicle treated mice were reimplanted into new, secondary B10.BR

mice, and monitored for overall survival. All of the vehicle treated mice (5 out of 5)
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succumbed to the disease, while only one (1 out of 5) mouse from the 17-AAG implanted
group died. This experiment emphasizes the potential for CSC targeting agents.
Remaining CSCs that survive conventional therapy have the capability to regenerate
tumor growth, often with a more aggressive phenotype. If CSCs can be both reduced in
number and capacity for self-renewal, the overall probability for recurrence may also be
reduced. As seen with our experiment, 17-AAG treatment diminished the tumorigenic
capacity of the mouse lymphoma CSCs, further validating our claims for its efficacy in
targeting CSCs.

Many HSP90 inhibitors have been developed since the discovery of
geldanamycin, driven by the attractiveness of simultaneous reduction of many aberrant
signaling proteins [44]. However, many 17-AAG trials failed to show significant patient
response [45-49]. Inspection of tumors in some trials showed that client expression was
often either insufficiently reduced or the reduction was short lived [44]. This has been
attributed to suboptimal dosing regimens used to balance dose with toxicity stemming
from 17-AAG’s formulation [44]. While these reports cast doubt on the efficacy of 17-
AAG to target HSP90, as measured by tumor growth inhibition, their failures cannot
necessarily be extended to the residing CSCs. Solid tumor response is typically assessed
as the percent reduction in initial tumor volume at the time of measurement. Under the
Response Evaluation Criteria in Solid Tumors (RECIST) guidelines, complete response
(100% reduction), partial response (>30% reduction), stable disease (no change) and
disease progression (>20% increase) categorize the potential outcomes in trials with solid
tumors [50]. As CSCs are often a small subpopulation of a given tumor, it is reasonable

to conclude that their elimination would not substantially decrease the bulk volume.
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Moreover, since the differentiated cell population remains capable of limited cell
division, time would be needed before the tumor (lacking the replenishing CSCs) would
reduce in volume enough to be detected.

It is also important to stress that while many of the trials testing 17-AAG as a
single therapy have not be successful, several clinical trials combining 17-AAG treatment
with other conventional therapies showed clinical responses. One trial with Her2+ breast
cancer patients that progressed on Herceptin saw a 24% response rate and a 57% overall
clinical benefit when combined with a 17-AAG treatment [51]. Similarly promising,
patients with multiple myeloma progressing on bortezomib (a proteasome inhibitor) saw
clinical benefit with the addition of a 17-AAG therapy [52]. These reports highlight two
important criteria for the overall efficacy of HSP90 inhibition. First, the sensitivity of the
client protein to HSP90 inhibition impacts overall efficacy. This strategy will be less
effective in tumor types where the client protein is less sensitive to the loss of HSP90, or
other molecular chaperones can potentially compensate for its loss [53]. Second, HSP90
inhibition is most effective in tumor cells which critically rely on the client protein for
survival, and lack secondary mechanisms for compensation [53]. These criteria offer an
explanation for the sensitivity observed in our lymphoma and AML CSCs with 17-AAG
treatment. In general, stem cell maintenance is critically reliant on the continued capacity
for self-renewal. Therefore, stem cells should be more sensitive to inhibitors which
disrupt self-renewal rather than DNA repair or efflux pump activity. While a number of
environmental factors and pathways shape the decision to initiate self-renewal, many
redundant self-renewal pathways should be eliminated with HSP90 inhibition, as a

number of client proteins are associated with self-renewal [54-56]. In particular, HIF1a
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activity has been previously shown to be vital for maintaining CSCs from both our TGB
mouse lymphoma model and AML [32]. HIFla is a well-known HSP90 client protein,
and has been shown to be susceptible to 17-AAG treatment. Taken together, these CSCs
which are heavily reliant on HIF1a activity for maintenance of their self-renewal, are
dramatically more sensitive to 17-AAG than the tumor bulk, as demonstrated by the
effectiveness of a low 17-AAG concentration on these cells.

In summary, our work provides substantial evidence demonstrating the
effectiveness of 17-AAG mediated HSP90 inhibition in eliminating CSCs from a TGB
mouse lymphoma model and human AML. 17-AAG is capable of reducing the number
of CSCs and their capacity for self-renewal both in vitro and in vivo. Moreover, 17-AAG
was effective at dramatically lower concentrations as compared to the effective dose in
mature, committed lymphoma and leukemia cells. In accordance with previous 17-AAG
studies demonstrating CSC-targeting in solid tumors, our study further validates the
potential of 17-AAG as an effective CSC inhibitor, and suggests CSC populations may be
uniquely sensitive to this method of treatment. Most notably, the sensitivity of CSCs to
17-AAG implies that a low dose therapy may be sufficient to achieve efficacy, and
therefore dramatically reduce the incidence of toxicity. This study provides further
evidence that the utility of 17-AAG as a CSC-targeting agent merits reevaluation in

clinical trials.
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Figure 2.1 TGB Lymphoma Contains Tumorigenic Stem Cells Which Express c-Kit
and Scal. (A) Freshly isolated lymphoma cells from spleen tissues of TGB mice were
stained with c-Kit and Scal antibodies and sorted into four subsets by BD FACSAria
sorting system. (B) Sorted subsets of c-Kit"Scal® and c-Kit'Scal™ cells were injected into
B10.BR mice and the lymphoma-initiating capacity of the two subsets is expressed based

on the mouse survival rate. N = 5 mice per group.
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Figure 2.2 17-AAG Eliminates Lymphoma CSCs. (A) The IC50 of 17-AAG in lymphoma
cells was determined by MTT assay. Cultured lymphoma cells were treated with
increasing concentrations of 17-AAG for 48 hours before the MTT assay was performed.
(B-D) 17-AAG selectively eliminated the c-Kit"Scal® cells in a dose dependent manner.
Forty eight hours after 17-AAG treatment, the lymphoma cells were stained with
antibodies to c-Kit and Scal and analyzed by flow cytometry (B). The percentage of c-
Kit"Scal® cells from triplicate experiments was quantified by flow cytometry (C). The
predicated IC50 of 17-AAG to c-Kit"Scal® cells is shown in D.
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Figure 2.3 17-AAG Treatment Induces Apoptosis in Lymphoma CSCs. 17-AAG
preferentially induced the apoptosis of c-Kit"Scal® but not ¢c-Kit'Scal™ cells. Twenty four
hours after 17-AAG treatment, cultured lymphoma cells were stained with antibodies
against c-Kit, Scal, and Annexin V. c¢-Kit"Scal® or c-Kit'Scal gated cells were then
analyzed by flow cytometry for Annexin V*.
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Figure 2.4 Effects of 17-AAG on Lymphoma Colony Formation. 17-AAG
dramatically reduced the colony formation units (CFUs) of lymphoma CSCs. After
treatment with increasing concentrations of 17-AAG, the lymphoma cells were seeded in
1% methylcellulose culture medium, and CFUs were counted, and the colony replating
assay was performed after a 7 day culture. Data shown are means £+ SD of colony
numbers in triplicates and are representative of three independent experiments.
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Figure 2.5 17-AAG Treatment is Efficacious Against TGB Lymphoma In Vivo. 17-
AAG suppresses lymphoma growth in lymphoma transplanted congenic recipient mice.
(A-D) B10.BR mice were inoculated with 5x10° cultured lymphoma cells through I.P.
injection. Seven days after implantation, randomly grouped mice were treated with
different doses of 17-AAG as indicated, every other day for three weeks. After the mice
were monitored for 80 days post tumor cell injection, four of the surviving mice from 40
mg/kg or vehicle control group were sacrificed to measure the spleen sizes (A) and
weights (B); two mice from 25 mg/kg or control group were subjected to identification of
lymphoma by an antibody to the tumor T-cell marker Thy-1 and to metastasis
examination by H&E staining (C). Arrow indicates metastatic lymphoma cells (stained
dark purple). The survival rate was evaluated and data shown are representative of two
independent experiments (D). (E) 17-AAG reduced the self-renewal ability of lymphoma
CSCs. B10.BR mice were implanted by I.P. injection with 1x10° spleen cells from mice
previously treated with vehicle or 17-AAG, and monitored for 160 days. The survival
rate was evaluated after 160 days post spleen cell inoculation. At least 5 mice were used
for each treatment group (D) and reimplantation (E).
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Figure 2.6 17-AAG can Selectively Eliminate AML CSCs. (A,B) Low doses of 17-
AAG preferentially induced apoptosis and eliminated colony formation of AML CSCs
(CD34°CD38). After 24 hour treatment with increasing concentrations of 17-AAG,
AML-71 cells were stained first with antibodies for CD34, CD38, and then with antibody
for Annexin V and DAPI. The % Annexin V" cells in the gated CD34"CD38" and CD34
CD38" populations were analyzed by flow cytometry. The nuclear dye DAPI stained
dead cells. The apoptotic cells in 17-AAG-treated or untreated cells from triplicate
experiments are shown in B. The CFUs after 17-AAG treatment are shown in (C) Data
shown are the means = SD of the colony numbers in triplicate plates and are
representative of those from at least three independent experiments.
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Chapter 3
Heat Shock Factor 1 (HSF1) Mediates 17-AAG Resistance in Committed TGB
Lymphoma Cells
Abstract

The clinical use of 17-AAG has resulted in both successes and failures,
suggesting that the efficacy of HSP90 inhibition depends on more than just the
expression of oncogenic clients. Our previous findings showed that cancer stem cells
(CSCs) were highly sensitive to HSP90 inhibition, likely stemming from their
dependence on the client protein HIF1a for maintenance of self-renewal. This level of
inhibition was achieved at concentrations well below the 1C50 of the bulk population of
cells. As both the CSCs and non-CSCs are dependent on HSP90 clients and thus equally
susceptible to 17-AAG, further studies were carried out to determine the mechanism for
this discrepancy. We show here that 17-AAG treatment can efficiently reduce HIFla
activity in the CSCs, confirming our hypothesis for CSC susceptibility to the drug.
Interestingly, Heat Shock Factor 1 (HSF1) expression was dramatically higher in the non-
CSCs, suggesting a possible mode of resistance to chaperone depletion in these cells.
HSF1 knockdown resulted in reduced colony formation in lymphoma and AML, further
demonstrating that CSCs are critically reliant on molecular chaperones for survival. In
addition, human lymphoma cells which required high concentrations (500 nM) of 17-
AAG to elicit growth inhibition, were sensitized to 17-AAG treatment by HSF1

knockdown. Together these results show that HSF1 activity is both a vital part of CSC
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maintenance, and a crucial mediator of resistance to 17-AAG. Furthermore, HSF1

expression may be a good prognostic indicator of susceptibility to HSP90 inhibition.

Introduction

While the use of 17-AAG in a number of phase Il trials has not been successful
overall, a few cases have vyielded promising results. This variable response may
potentially be explained by results from clinical trials testing the combination of 17-AAG
with conventional therapy in Her2+ breast cancer and multiple myeloma, [1, 2]. Data
from these trials suggest that the efficacy of 17-AAG treatment can be maximally
achieved when both the targeted client protein is highly sensitive to HSP90 inhibition and
the tumor is critically reliant on that client protein for survival. Under these
circumstances, the loss of the client protein cannot be compensated for by an alternate
pathway, thus making the tumor highly sensitive to HSP90 inhibition. Therefore, the
specific molecular pathways that are aberrantly activated need to be taken into careful
consideration when determining the potential efficacy of HSP90 inhibition across various
tumor types [3]. Moreover, as tumors are regularly comprised of a heterogeneous mix of
cells, the issue of varying sensitivity to 17-AAG may also extend to these different tumor
subpopulations. CSCs are critically reliant on self-renewal for their maintenance [4].
These pathways have been associated with known clients of HSP90 (Her2, AKT, HIF1a)
and therefore are predicted to be sensitive to HSP90 inhibition [5-8]. Indeed, CSCs in
both our TGB mouse model of lymphoma as well as in AML, both of which are reliant

on HIFla activity for survival, are selectively sensitive over non-CSCs to 17-AAG
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HSP90 inhibition. This is in agreement with other reports which show CSC sensitivity
with 17-AAG treatment [7, 9].

Our previous data has also shown that, while not as sensitive as the CSC
subpopulation, the TGB lymphoma bulk cells were also inhibited with 17-AAG
treatment. These lymphoma cells aberrantly proliferate due to the loss of the laforin
phosphatase, which under normal conditions maintains GSK-33 mediated suppression of
B-catenin [10]. Phosphorylation of GSK-3B occurs via AKT, a well-known oncogene
and HSP9O0 client. Therefore, 17-AAG mediated HSP90 inhibition is predicted to result
in a loss of AKT, and subsequent inhibition of B-catenin signaling. As 17-AAG
treatment affects both the lymphoma CSCs (via HIF1a) and the cells comprising the
tumor bulk (via AKT), experiments were carried out to examine the mechanism
responsible for determining the differential sensitivity between these cell populations to
the drug.

17-AAG has previously been reported to target both the bulk population of cells
and CSCs within glioma and AML [7, 11-13]. Unfortunately, acquired resistance to 17-
AAG has been observed in both glioblastoma and melanoma through reduced expression
of NAD(P)H/ quinone oxidoreductase 1 (NQOL1), an enzyme responsible for the
activation of 17-AAG. In addition, induction of stress response proteins, such as HSP27,
and HSP70 by 17-AAG plays a large role in 17-AAG resistant cancer cells [14, 15]. The
induction of these proteins relies on the transcription factor Heat Shock Factor 1 (HSF1),
which regulates expression of HSP70, HSP27, and HSP90 [16-19]. Thus, targeting HSF1

has been proposed to abrogate the 17-AAG induced heat shock response [20]. This
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hypothesis is supported by reports demonstrating that HSF1 is required for the initiation
of both lymphoma and RAS oncogene—induced tumors [21, 22].

Results presented here show that the level of sensitivity to 17-AAG mediated
HSP90 inhibition between the lymphoma CSCs and the lymphoma bulk can be attributed
to the differential expression of HSF1 between these two populations. Overall expression
of stress response proteins (HSP90, HSP70, HSF1) were found to be lower in CSCs as
compared to the non-CSCs. While dramatically lower in expression in the CSCs, HSF1
activity is necessary in these cells, as demonstrated by the reduction in colonies formed
following HSF1 knockdown. In addition, HSF1 knockdown sensitized the bulk
population from human cell lines to 17-AAG treatment. These results show that HSF1 is
an important contributor to the resistance to 17-AAG treatment in the differentiated
population. As such, the expression level of HSF1 may serve as a prognostic indicator of

tumor cell sensitivity towards HSP9O0 inhibition.

Materials and Methods

Mice, Cells and Reagents

TCR transgenic B line (TGB) mice in the B10.BR background were maintained
by heterozygous breeding pairs. B10.BR mice were used as recipients in lymphoma cell
inoculation, and severe combined immunodeficiency (SCID) mice were used for human
AML maintenance. Both lines were purchased from the National Cancer Institute. All
mice were kept and used for the tumor implantation and treatment according to the
procedures approved by the Unit of Laboratory Animal Facility (ULAM) at University of

Michigan.
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TGB lymphoma cells were maintained in 1% methylcellulose medium
(MethoCult GF, 03434, Stem Cell Technologies) supplemented with murine cytokines
(R&D Systems): 10 ng/mL recombinant IL-3 and IL-6, and 100 ng/mL stem cell factor.
For some in vitro experiments, TGB lymphoma cells were transferred from 1%
methylcellulose culture to an expansion medium: RPMI 1640 medium supplemented with
10% FBS, IL-3, IL-6, and SCF cytokines, 100 UM non-essential amino acids, 10 mM
HEPES, and 1 mM sodium pyruvate. Human AML cells were derived from the enlarged
spleen tissue of SCID mice injected with aggressive AML CSCs (AML-71) as described
before [12], and maintained in SCID mice via transplantation. Short term expansion and
colony formation assays of the AML CSCs were carried out as done similarly for our
lymphoma cells, except for a substitution of human cytokines for murine cytokines. The
human T-cell lymphoma cell lines J45.01, Jurkat, and T-lymphoblastic leukemia line
Sup-T1 were purchased from ATCC. They were cultured in RPMI medium containing
10% FBS.

17-AAG was purchased from LC Laboratories. The sources of rabbit polyclonal
antibodies to the specific proteins are as follows: HSF1 (4356), HSP90 (4874), HSP70
(4874), phospho-S21/S9 GSK3a/B (9331), phospho-S473AKT (9271), AKT (9272) were
purchased from Cell Signaling. Mouse antibodies to GSK3a/p (0011-A, Santa Cruz) and

B-actin (AC-15, Sigma) were used in the studies.

Isolation of Lymphoma CSCs and Colony Formation Assay
The lymphoma CSCs (c-Kit"Scal®) are a rare population in TGB lymphoma

tissue and express the surface markers c-Kit and Scal. The CSCs were sorted from
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primary spleen lymphoma tissue of TGB mice by fluorescence-activated cell sorting
(FACS), or isolated by auto-MACS microbeads (Miltenyi Biotech) twice, after staining
with antibodies to c-Kit and Scal (both from BD Bioscience). For the detection of some
downstream proteins requiring larger amounts of cells, the c-Kit™ fraction (C-Kit"Scal®
subset combined with c-Kit" Scal™ subset) was used. For colony formation assays,
lymphoma cells were seeded in 1% methylcellulose medium containing murine cytokines
in a 12-well plate. After 6-8 days of culture, colonies were counted, pooled, and then

replated for consecutive rounds. For viral infection, the cultured lymphoma cells were

expanded in RPMI11640 medium described above, 24 hours before these experiments.

Lentiviral Infection and Plasmids

The lentiviruses for small hairpin (Sh) RNA targeting HSF1 (Sh-HSF1) and
scrambled control Sh-RNA were generated in HEK293FT cells according to the lentiviral
preparation protocol (Invitrogen). Lentiviruses were made in a 150 mm falcon culture
dish and 50 ml media was collected and centrifuged at 550g for 10 min to remove cell
debris. Viral particles obtained after centrifugation at 12,8579 overnight were suspended
with 2 ml of RPMI1640 medium containing 10% FBS, aliquoted, and stored at -80°C.
Fifty to one hundred ul of concentrated virus per million cells was mixed with 100 pl
culture medium and used for spinoculation in a U-bottom tube in a mixture containing 9
ug/ml polybrene. The spinoculation was carried out at 2,500 rpm, for 2 hours, at 30°C.
After spinoculation, the cell pellet was suspended gently with fresh culture medium,

seeded and cultured in 1% methylcellulose for another 5-7 days before use.
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The sequence of Sh-HSF1 (5-GCTCATTCAGTTCCTGATC-3) has been
previously validated [23], and was cloned into a Sh-lentiviral vector as described before
[12]. The Sh-HSF1 sequence is shared by mouse and human. The constructs of hypoxia
responsive element (HRE) or its mutant (HRE-Mt) EGFP reporter specific for HIF1a
were described before [12]. Full length coding region of HSF1 cDNA was amplified by
RT-PCR using mouse bone marrow mRNA as template, and cloned into a pcDNA vector

with Flag tag fused into the C-terminus of HSF1.

Western-blot

Generally, sorted CSCs or cultured lymphoma cells were lysed with 1% Triton X-
100 lysis buffer containing 20 mM Tris-HCI, pH 7.4, 150 mM NacCl, 40 mM NaF, 1 mM
DTT, and protease and phosphatase inhibitor cocktail (Sigma). Supernatants of the lysate
were used for Western-blots and resolved on reducing and non-heated (95°C, 3 min)
denaturing 10% SDS-PAGE gels. Transferred membranes were blotted with primary
antibody overnight at 4°C with shaking, and then with secondary antibody at room

temperature for 5 hrs.

Real Time PCR

Total RNAs from FACS sorted lymphoma CSCs and non-CSCs (c-Kit'Scal)
were extracted using the RNeasy extraction kit (Qiagen). After reverse transcription of
RNA to cDNA, real-time PCR using the converted cDNA as template was performed in
triplicate using SYBR Green PCR Master Mix. The following primers were used: Hsf1,

F-TTTGACCAGGGCCAGTTTG, R-TTCGGAAGCCATACATGTTGAG; Hifla, F-
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AGTCTAGAGATGCAGCAAGATCTC, R-TCATATCGAGGCTGTGTCGACTGA;
Hsp900, F-TGTTGCGGTACTACACATCTGC, R-GTCCTTGGTCTCACCTGTGATA,
Hsp90B, F-CAAACAAGGAGATTTTCCTCCG, R-GCTGTCCAACTTAGAAGGGTC;
Glutl, F-TGTGCTGTGCTCATGACCATC, R-ACGAGGAGCACCGTGAAGAT; -
Actin, F-GGCTGTATTCCCCTCCATCG, R-CCAGTTGGTAACAATGCCATGT. Fold
differences were calculated using the Delta Delta Ct method [24] and B-actin as an
endogenous standard.

Statistics

Statistical significance was determined using unpaired Student’s t-test.

Results

Differential Expression of Signaling and Stress Response Proteins between
Lymphoma CSCs and non-CSCs

To determine differences in the stress response between CSCs and non-CSCs, the
expression levels of chaperones and the transcription factor HSF1 were examined in these
cell populations. Using a BD FACSAria cell sorter, TGB lymphoma cell populations
enriched for CSCs (c-Kit"Scal®) and non-CSCs (c-Kit'Scal?) were sorted from mouse
spleen tissue enlarged with the TGB lymphoma cells as shown in Chapter 2. Quantitative
real time-PCR showed that the mRNA levels of HIF1a and its target Glutl were 4 and 8-
fold higher respectively in the c-Kit"Scal’cells over the c-Kit'Scal” cells. This confirmed
that the c-Kit'Scal'subset still maintained the unique marker of active HIFla. The
mRNA levels of chaperones HSP90a, HSP90B and HSP70, as well as HSF1 were about
two-fold higher in the c-Kit'Scal™ than c-Kit"Scal cells (Figure 3.1A). Consistent with

the differences seen in the mRNA levels, protein levels of HSP70 were higher in the c-
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Kit'Scal cells. Strikingly, there were large differences in the protein levels of HSF1,
HIFlo, and the activated status of AKT/GSK-3B pathway between the two cell
populations (Figure 3.1B,C). HSF1 had over 10-fold higher expression in the c-Kit'Scal’
population, compared to the c-Kit" population. Consistent with our previous results [10,
12], stable HIFla was exclusively expressed in the CSCs, while active AKT
(pS473AKT) and GSK3 (pS21/pS9GSK3a/B) were present in higher amounts in the non-
CSCs compared to the CSCs. These distinct expression patterns for stable HIF 1o and the
active AKT/GSK-3B pathway supports our initial hypothesis for targeting CSCs and

non-CSCs simultaneously with 17-AAG.

17-AAG mediated HSP90 Inhibition Leads to Ablation of HIF1a Activity in CSCs
To determine if 17-AAG interferes with HIFla’s transcriptional activity, a
lentiviral reporter that utilizes HIF1a binding to specific hypoxia-inducible responsive
elements (HRE) to control EGFP reporter expression was constructed [12]. Lymphoma
cells were infected with this reporter, while control cells were infected with a reporter
containing mutant HRE (HRE-Mt) sequences (used as a negative control for gating).
Without treatment, 25.8% of HRE-EGFP positive cells were present in the c-Kit"Scal®
subset, while only 0.786% were in the c-Kit'Scal subset (Figure 3.2A). This is
consistent with the expression of stable HIF1a specifically in the CSCs. With treatment,
10 nM 17-AAG reduced HRE-EGFP expression in the CSCs by 2-fold, but had little
effect on the HRE-EGFP expression in non-CSCs, demonstrating the specificity of 17-
AAG suppression of HIF1a activity in the CSCs. In addition to the reduction of HIF1a

transcriptional activity caused by treatment 17-AAG, the mRNA levels of HIF1a and its
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target Glutl were also significantly decreased in a dose-dependent manner (Figure 3.2B).
These results demonstrate that 17-AAG specifically eliminates the CSCs by inhibiting the
HSP90-mediated stability and function of HIF1a at concentrations dramatically lower

than the 1C50 previously determined for the differentiated c-Kit'Scal lymphoma cells.

Knockdown of HSF1 Abrogates the Colony Formation Capacity of Lymphoma
CSCs

To examine the role HSF1 plays in the maintenance of CSCs, we made a hair-pin
(Sh) RNA targeting HSF1. In HEK293 cells, the HSF1 ShRNA specifically knocked
down ectopically expressed HSF1 by up to 80% within 24 hours after co-transfection
(Figure 3.3A). In contrast, the expression of the control gene, Lefl, was not affected.
Nearly half (48.1 %) of the TGB lymphoma cells were infected following transfection
with the Sh-HSF1 lentivirus, as determined by the expression of an EGFP reporter within
the Sh-RNA construct (Figure 3.3B). Quantitative RT-PCR revealed that Sh-HSF1
knocked down approximately 80% of the endogenous HSF1 mRNA in sorted EGFP-
positive cells, relative to the mRNA levels of sorted cells expressing scrambled Sh-RNA
(Sh-Sr) (Figure 3.3C). Along with the knockdown of HSF1, the mRNA of one of its
target genes, HSP90o [25], was correspondingly reduced. @ The HSF1 shRNA
significantly inhibited cell growth and eliminated the colony forming capacity of the
CSCs in the absence of 17-AAG (Figure 3.3D), demonstrating that HSF1 is positioned
upstream of HSP90 and controls the level of chaperones within these cells. Colony
formation was not affected in the Sh-Sr infected cells, demonstrating the specificity to
HSF1. Taken together, these results show that the low levels of HSF1 present in CSCs

are required for their maintenance.
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HSF1 Knockdown Sensitizes Lymphoma Cells to 17-AAG

To resolve the mechanism underlying 17-AAG resistance in non-CSCs, the effect
of 17-AAG treatment on client protein expression was investigated in these cells. When
unsorted, bulk lymphoma cells were treated with 50 nM 17-AAG, a dose capable of
killing nearly all of the CSCs, the bulk population was largely unaffected, as protein
levels of pS473AKT, pS21GSK3a, and pS9GSK3p remained unchanged (Figure 3.4A).
In contrast, a higher dose of 100 nM 17-AAG treatment reduced the levels of pS473AKT,
pS21GSK3a, and pS9GSK3p, as well as HSP90 and HSF1. In agreement with other
reports in the literature, treatment of the bulk population with 100 nM 17-AAG resulted
in increased HSP70 levels. Taken together, these results demonstrate that 17-AAG has
less of an affect on HSP90-mediated AKT levels when HSF1 expression is high. This
suggests that HSF1 can compensate for HSP90 inhibition by 17-AAG, potentially
through regulating HSP70 levels. Indeed, it has been shown that knockdown of HSP70
sensitizes cancer cells to 17-AAG treatment [26].

To determine if the affect of HSF1 on cell growth is of a general significance, and
not limited to the mouse lymphoma cells, HSF1 expression and the status of the
AKT/GSK-3p pathway were examined in human T-lymphoblastic lymphoma/leukemia
cancer lines (Sup-T1, Jurkat, and J45.01). In accordance with the results from the TGB
lymphoma cells, these human lymphoma cell lines also expressed high levels of HSF1
and an activated AKT/GSK-3p pathway (Figure 3.4B). Their level of resistance to 17-
AAG treatment was even more pronounced compared to TGB lymphoma cells, as 500
nM 17-AAG was required for drug efficacy. This may be due to a higher level of HSF1

expression in the human cell lines, as compared to the mouse lymphoma cells.
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Knockdown of HSF1 in the human lymphoma cells with Sh-HSF1 rendered the cells
sensitive to 17-AAG mediated growth inhibition, as compared to 17-AAG treatment of
the Sh-Sr-expressing cells (Figure 3.4C). These results show that high expression levels
of HSF1 dramatically reduce the efficacy of 17-AAG in mouse and human lymphoma

cells.

HSF1 Knockdown Similarly Impairs AML CSCs

To further validate the role of HSF1 in CSC maintenance, and determine if these
properties extend beyond our lymphoma model, additional studies were carried out to
examine the affect of HSF1 knockdown in AML CSCs. First, in comparison to normal
mouse bone marrow (BM) cells, unsorted AML cells also expressed high levels of HSF1,
as well as phosphorylated AKT and GSK-3p similar to the TGB lymphoma cells (Figure
3.5A). These results suggest that AML cells may potentially respond to 17-AAG
treatment via a similar mechanism as the lymphoma cells. Indeed, treatment with 17-
AAG was found to decrease HIF1ao mRNA, as similarly seen in the lymphoma cells
(Figure 3.5B). Accordingly, knockdown of HSF1 by the Sh-HSF1 silencer abrogated
colony formation of the AML CSCs, as compared to the Sh-Sr (Figure 3.5C). Lastly, to
verify that the decreased colony formation in AML CSCs was through a reduction in
HSP90, the lentiviral-infected AML cells were isolated by FACS, gating on EGFP-
positive cells (Figure 3.5D), and the mRNA levels of HSF1 and its target gene HSP90a
were determined. Knockdown of HSF1 dramatically reduced the mRNA levels of
HSP90a. (Figure 3.5E). Taken together, these results show that functional HSP90a and

HSF1 is required for the maintenance of the AML CSCs.
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Discussion

Clinical trials with the HSP90 inhibitor 17-AAG have shed light on conditions
which may determine whether a given tumor type will respond to chaperone depletion.
Trials with HSP90 client dependent tumor types, which had clients that were very
sensitive to HSP90 inhibition, were successful when 17-AAG was used in combination
with conventional treatments [3]. Extending these principles further, subpopulations of
tumor cells (i.e. CSCs) may be exquisitely sensitive to HSP90 inhibition if their
maintenance is dependent on chaperone client proteins within signaling pathways (i.e.
self-renewal) that cannot be compensated for. Along with results presented in Chapter 2,
the data presented above demonstrate that lymphoma and AML CSCs are selectively
sensitive to HSP90 inhibition with 17-AAG. As seen in the current study, this
susceptibility is tied to the loss of HIFla activity from 17-AAG mediated HSP90
inhibition. Low doses of 17-AAG that were previously shown to induce CSC death
through apoptosis were found to reduce both the function of HIF 1o and the expression of
HIF1a and Glutl mRNA. It has previously been reported that HIF1a can regulate its
own expression [27], suggesting that the abrogation of this protein by 17-AAG further
reduces its own gene expression by this feedback mechanism. Moreover, these low
concentrations of 17-AAG were not found to induce apoptosis or affect the signaling
components of the AKT/GSK-3pB/B-catenin pathway, which facilitates proliferation in the
lymphoma bulk.

In order to understand the mechanism behind the discrepancy in effective dose of

17-AAG between these two lymphoma populations, we examined the expression of both
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stress related and signaling proteins. As previously seen, levels of HIF1a were higher in
the CSCs, while pS473AKT/pS21GSK3a/pS9GSK-3B were higher in the bulk
population of lymphoma cells [10, 12]. Unexpectedly, stress related proteins, such as
HSP90, HSP70 and HSF1, were more abundant in the tumor bulk than in the CSC
population.  This difference was most dramatic with HSF1, suggesting a possible
mechanism for resistance to HSP90 inhibition in the differentiated lymphoma cells.
When mouse lymphoma cells were treated with 17-AAG doses that completely
eliminated the CSCs, little change in expression was observed in the phosphorylated
clients.  Only high concentrations of 17-AAG (100 nM) vyielded a reduction in
pS473AKT and other clients, demonstrating that these lymphoma cells had enhanced
survival under HSP90 inhibition compared to the CSCs. This resistance to 17-AAG
mediated HSP90 inhibition was not unique to our mouse lymphoma cells, as other human
T-cell lymphoma cell lines (which also have high HSF1 expression) needed high
concentrations of 17-AAG (500 nM) to observe loss of client proteins. Interestingly,
when HSF1 was knocked down in these cell lines, lower levels of 17-AAG were capable
of causing growth inhibition.

As HSP90 expression is controlled by the homotrimer of HSF1 and/or the
heterotrimer of HSF1 and HSF2 [23, 28, 29], successful HSP90 inhibition by 17-AAG
naturally depends on the levels and activation of HSF1. Our results suggest that low
expression of HSF1 in CSCs renders them more susceptible to 17-AAG. Although HSF1
can compensate for the suppression of HSP90 by 17-AAG in the bulk population via
inducing expression of HSP90 and HSP70, this likely cannot occur in the CSCs rapidly

enough due to the low levels of HSF1 present in these cells. It is important to note that
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loss of HSF1 can affect the expression level of HSP90a (inducible expressed) and not
HSP90p (constitutively expressed) [25]. Our results support this, as HSF1 knockdown
reduced HSP90a expression. In addition, HSF1 knockdown dramatically reduced the
CSCs ability to form colonies. Although both HSP90 isoforms are expressed in the TGB
lymphoma cells, and both can bind client proteins similarly [30], loss of colony formation
following HSF1 potentially implicates HSP90o over HSP90B in the maintenance of
HIF1la activity. In contrast to the CSCs, high levels of HSF1 in non-CSCs buffer the
effects of 17-AAG, as more HSF1 protein allows for a more rapid stimulation of HSP90a
expression in response to HSP90 inhibition. Furthermore, GSK-3p is a known repressor
of DNA binding and transcriptional activity of HSF1 [31-33]. Inactivation of GSK-3p,
by loss of the regulatory phosphatase laforin, is characteristic of our mouse lymphoma
model, in addition to other human T-cell lymphoma cell lines [10]. Thus, high HSF1
expression coupled with the disruption of GSK-3B’s ability to dampen HSF1 activity
provide an explanation for the discrepancy in effective 17-AAG concentrations between
the CSCs and the lymphoma bulk.

HSF1 has been previously associated with resistance to treatment [17, 34].
Inhibition of HSP90 has been shown to cause increased expression of other chaperone
proteins, such as HSP70, through HSF1 gene regulations [35]. Independent of its
transcriptional activity, HSF1 has been shown to reduce the effectiveness of
chemotherapy through promotion of MDR1 expression [36]. Also, high HSF1
expression has been correlated with high tumor grade, and poor long-term survival [37,
38]. This study further demonstrates the ability of high HSF1 expression in the

differentiated lymphoma cells to mediate resistance to 17-AAG. Furthermore, in the
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context of efficacy with HSP90 inhibition, high HSF1 expression may also function as a

prognostic indicator of reduced response to inhibitors such as 17-AAG.
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Figure 3.1 The Distinct Features of Lymphoma CSCs (c-Kit'Scal®) and
Differentiated Cells ( c-Kit'Scal’). Freshly isolated lymphoma cells from spleen tissues
of TGB lymphoma mice were stained with c-Kit and Scal antibodies and sorted using a
BD FACS/Aria system. (A) Quantitative RT-PCR showing the relative fold increase in
mRNAs of indicated genes in the c-Kit'Scal and c¢-Kit"Scal® subsets; the subset with
lower mRNA levels is arbitrarily set to 1. (B) Western blot showing indicated proteins in
the subsets of c-Kit'Scal™ and c-Kit+ (c-Kit"Scal*combined with c-Kit"Scal’). (C) The
relative ratios of protein bands to GAPDH in (B) were calculated by densitometry.
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Figure 3.2 17-AAG Suppresses HIF1o Function and Expression. (A) TGB lymphoma
cells were infected with a lentivirus containing HRE-EGFP or HRE-Mt (Mt, HIFla
binding site mutated) sequences. After 7 days of culture in 1% methylcellulose medium,
the infected cells were treated with 17-AAG for 24 hours. The EGFP positive cells in the
two subsets, relative to the negative control gate of HRE-Mt, were analyzed by flow
cytometry. (B) After 17-AAG treatment, the lymphoma cells were subjected to mMRNA
extraction and quantitative RT-PCR using specific primers for HIF1a and Glutl. The
percentage of mRNA relative to B-actin is shown. All data presented in this figure have
been repeated at least twice.
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Figure 3.3 HSF1 is Required for the Maintenance of Lymphoma CSCs. (A)
Knockdown efficiency of HSF1 by Sh-RNA. Twenty four hours after cotransfection with
the plasmids for Sh-HSF1, Flag-tagged HSF1, or Flag-tagged Lefl as indicated, the
HEK?293 cells were lysed for Western-blot to detect the HSF1-silencing efficiency using
anti-Flag antibody. (B-D) Knockdown of HSF1 abrogated the colony formation ability of
lymphoma CSCs. After infection with the lentivirus for Sh-HSF1 or scrambled control,
infected cells were cultured in expansion medium for 48 hours to check the infection
efficiency (B) Relative mRNA levels of HSF1 and HSP90o to scrambled control (Sr),
which is arbitrarily set as 1, were determined in sorted EGFP-positive cells expressing
Sh-HSF1 or Sh-Sr (C). Unsorted, infected cells were directly seeded in triplicate in 1%
methylcellulose medium for CFUs assays (D). EGFP-positive colonies were counted
under fluorescence microscope after 7 days of culture. All data presented in this figure
have been repeated at least twice.
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Figure 3.4 Non-CSCs Show HSF1-mediated Resistance to 17-AAG Treatment. (A)
Lymphoma non-CSC cells are resistant to low doses of 17-AAG treatment. After
treatment with 25 to 100 nM of 17-AAG for 24 hrs, the cultured lymphoma cells were
lysed for Western-blot to detect the expression of chaperones, HSF1, and the AKT/GSK-
3B pathway. (B) T-lymphoblastic lymphoma/leukemia cell lines resist high doses of 17-
AAG. T-lymphoma/leukemia cell lines were treated with increasing concentrations of 17-
AAG for 48 hours, and then lysed for western blots to detect the indicated proteins. (C)
Knockdown of HSF1 rendered T-lymphoma/leukemia cell lines sensitive to 500 nM 17-
AAG treatment. Forty eight hours after spinoculation with lentivirus for Sh-HSF1 or
scrambled control, the cells were selected with 6.5 pg/ml blasticidin for one week. The
drug-resistant cells (more than 95% GFP positive) were seeded in triplicate in 6-well
plates and treated with 500 nM 17-AAG or vehicle for 72 hours. The percent ratio of the
treated to untreated viable cells in each group is shown.
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Figure 3.5 The Effects of HSF1 Knockdown in AML Cells. (A) The protein expression
of chaperones and clients in human AML cells. Compared to normal mouse bone marrow
(BM) cells, the four AML cells from patients and THP-1 (a human AML cell line)
expressed increased levels of chaperones, HSF1, and the active AKT/GSK-3p pathway
similarly as TGB lymphoma cells, as determined by Western-blot. (B) 17-AAG
treatment reduces HIF1a mRNA expression in a dose-dependent manner. The mRNA
levels of HIF1a relative to B-actin is shown. (C) Knockdown of HSF1 abrogated colony
formation of AML CSCs. After lentiviral spinoculation, portions of AML cells were
seeded directly in triplicate in 1% methylcellulose medium for CFUs assays (D) the
remaining cells were cultured for 48 hours to detect the EGFP expression and determine
the relative mMRNA levels of HSF1 and HSP90o to scrambled control (Sr), which is
arbitrarily set as 1, in sorted EGFP-positive cells expressing Sh-HSF1 or Sh-Srl (E). All
data presented in this figure have been repeated at least twice.
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Chapter 4
A Combination Strategy for Sensitizing Breast Cancer Stem Cells to Conventional

Therapy

Abstract
lonizing radiation is a commonly used breast cancer therapy used to reduce the
tumor bulk, and has been found to decrease local recurrence following surgical removal
of breast tumors. However, some patients ultimately relapse. CSCs have been shown to
be radioresistant, implicating a role for these cells in the recurrence of breast cancer
following radiotherapy. Thus, a successful strategy to efficiently treat patients and
reduce recurrences would be to combine a CSC-targeting agent with radiation. Our past
work has shown 17-AAG can selectively eliminate CSCs from both a mouse T-
lymphoma model and human AML. Here we demonstrate that 17-AAG can sensitize
breast CSCs to ionizing radiation in vitro. SUM149 and MDA-MB-231 Aldefluor-
positive cells, as well as T47D CD44"/CD24/ESA" cells were reduced following
fractionated radiation when treated with 17-AAG.  Surprisingly, MDA-MB-231
CD44%/CD24/ESA" cells did not show enhanced radiation-mediated killing when treated
with 17-AAG, demonstrating heterogeneity in the CSC population within and between
cell lines to HSP9O0 inhibition. Interestingly, resistance to radiation was not a universal
feature of breast CSCs. HCC1937 Aldefluor-positive and CD44*/CD24 /ESA” cells were
reduced following radiation in vitro. Similarly, SUM159 and MDA-MB-231 Aldefluor-

positive cells grown as xenografts were also reduced by radiation.
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Taken together, these results show that radioresistance, while not uniformly expressed in

all breast CSCs, can be reversed with 17-AAG in certain cases.

Introduction

Despite continued advances in treating many solid and hematological cancers,
tumor recurrence and effective prevention and control of metastatic spread remain
unresolved problems. However, the discovery and identification of cancer stem cells
(CSCs), and their contribution to relapse and metastasis, may provide a therapeutic target
to effectively reduce these problems. CSC’s critical reliance on activated self-renewal
pathways makes them vulnerable to inhibitors that can adequately target this process.
Unfortunately, targeting these pathways is difficult since the control of self-renewal
involves multiple intrinsic and extrinsic signals, allowing for high levels of redundancy
[1-4]. In this way, a single inhibitor blocking one self-renewal pathway may not suffice.
Simultaneous inhibition of multiple self-renewal pathways through HSP90 inhibition
may provide a suitable alternative to single inhibitors [5]. In particular, HSP90 inhibition
has been shown to be effective at selectively targeting CSCs [6, 7]. Work presented in
Chapter 2 corroborates these claims, as CSCs from our mouse T-cell lymphoma model
and AML were found to be selectively sensitive to the HSP90 inhibitor 17-AAG. Higher
concentrations of 17-AAG were necessary to achieve efficacy in the differentiated
lymphoma cells in our model system. Our results together with other published reports
suggest that the optimal use of 17-AAG may be as a CSC-targeting agent. Therefore,

utilizing 17-AAG at a lower dose, in conjunction with an effective conventional therapy,
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should provide a highly effective strategy at controlling both bulk tumor growth as well
as relapse and metastasis.

Having already shown the validity of 17-AAG treatment in controlling T-cell
lymphoma CSCs and their ability to reinitiate cancer both in vitro and in vivo, we chose
to demonstrate a combination strategy in an alternate, solid tumor system. Similar to
other solid and hematological cancers, recurrence and metastatic spread in breast cancer
remain significant therapeutic challenges. Radiotherapy is often used in addition to
surgery in breast cancer patients to prevent local recurrence. Studies examining the
utility of adjuvant radiation following surgery, have shown that local recurrence rates are
often dramatically reduced with the addition of radiation. When radiation was given after
surgical removal of the tumor, local recurrence at 5-years and overall recurrence at 10-
years were 7% and 19.3%, respectively [8, 9]. In contrast the 5-year local recurrence and
10-year overall recurrence was 26% and 35%, respectively, for patients who solely relied
on surgery. While these analyses show substantial reductions in recurrence with adjuvant
radiotherapy, some patients ultimately relapse. Therefore, new strategies for treatment
are needed for patients to further reduce the risk of relapse and thus extend survival.

As with chemotherapy [10-12], CSCs have been shown to be intrinsically
resistant to ionizing radiation [11, 13-21]. Breast CSCs that display the surface marker
phenotype CD44*/CD24  were shown to have lower levels of reactive oxygen at basal
conditions, as well as following exposure to ionizing radiation. Thus, enrichment of
CSCs as observed following radiotherapy is likely due to an anti-oxidant mechanism
within CSCs [13]. Similarly, enhanced DNA repair from damage incurred from radiation

has also been demonstrated in breast CSCs [13, 14, 22]. Furthermore, recent evidence
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has even shown that radiation itself can potentially generate tumorigenic cells from the
bulk population [23]. Therefore, residual and/or radiation-induced CSCs, having evaded
radiotherapy, may provide an explanation for the persistent, albeit lower, rates of local
and overall recurrence. If this is truly the case, a successful strategy for dealing with
breast tumors would be to combine a CSC-targeting agent with conventional fractionated
radiation. In this way, surviving or generated CSCs would be eliminated at the time of
treatment, and potentially nullify the risk of local and overall recurrence.

In the study presented here, the efficacy of combining 17-AAG with fractionated
radiation in treating both bulk breast cancer cells and the CSC subpopulation was
examined. HSP9O0 inhibition has been suggested as a treatment strategy for breast cancer
for a number of reasons. Similar to PTCL, elevated expression of HSP90 and HSF1 has
been observed in breast cancer, and has been linked to poor patient survival [24-27].
Additionally, breast CSCs have been shown to rely on HSP90 clients (Her2, AKT) for
regulation of self-renewal, indicating that they should be sensitive to 17-AAG HSP90
inhibition [28, 29]. Indeed, when human breast cancer cell lines were treated in vitro
with 17-AAG, the tumorigenic Aldefluor-positive population was reduced (unpublished
results). These effects were typically seen at concentrations lower than what was
required to disrupt bulk breast cancer cells, demonstrating selective sensitivity similar to
our lymphoma CSCs. Interestingly, while the in vitro enrichment and radioresistance of
breast CSCs could be reduced with 17-AAG treatment, when treated in vivo, the CSCs
were found to be sensitive to radiotherapy regardless of the addition of 17-AAG. This
suggests that results from in vitro studies demonstrating radioresistance and generation of

CSCs may not be entirely reflective of CSCs in vivo. Therefore, care must be taken
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about generalizing in vitro findings for predicting in vivo responses. Lastly, our results
show that combining 17-AAG with fractionated radiation is an effective strategy in

certain tumor types, and warrants further study in vivo.

Material and Methods

Cell Lines and Reagents

Human breast cancer cell lines SUM159, SUM149, HCC1937, MDA-MB-231,
and T47D were obtained from the Wicha Laboratory (University of Michigan, Ann
Arbor, MI). The SUM159 and SUM149 cell lines were maintained in Ham's F12
medium supplemented with 5% fetal bovine serum (FBS), 5 pg/ml insulin, 1 pg/ml
hydrocortisone, 1% Pen/Strep antibiotic (10,000 units/ml penicillin G sodium, 10,000
pg/ml streptomycin sulfate) and 20 pg/ml gentamycin. The MDA-MB-231, and
HCC1937 cell lines were maintained in RPMI medium supplemented with 10% fetal
bovine serum (FBS), and 1% Pen/Strep antibiotic. The T47D cell line was cultured using
RPMI medium supplemented with 10% fetal bovine serum (FBS), 5 pug/ml insulin, and
1% Pen/Strep antibiotic. Cell lines were maintained in culture at 37°C and 10% CO2,
except for HCC1937 which were maintained at 5% CO2. 17-AAG was purchased from

LC Laboratories (Woburn, MA).

MTS Cell Proliferation Assay
Human breast cancer cell lines were seeded into 96-well microplates at a density
of 3,000 cells per well. Cells were treated with increasing concentrations of 17AAG.

After 72 hour incubation, cell viability was assessed by the MTS cell proliferation assay
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(Promega, Madison, WI) according to the manufacturer’s instruction. Cellular IC50 was
displayed as the concentration necessary to decrease viability to 50% of control untreated

cells.

Aldefluor Assay

The Aldefluor assay was carried out according to the manufacturer’s protocol
(Stemcell Technologies, Vancouver, British Columbia). For both in vivo and in vitro
studies, the ALDH1 substrate bodipyaminoacetaldehyde (BAAA) was added to the single
cell suspension at a concentration of 1.5 uM, which was then incubated for 40 min at
37°C. A portion of cells was incubated with a 10-fold molar excess of an ALDH1
enzyme inhibitor, diethylamino benzaldehyde (DEAB) in addition to BAAA and
incubated similarly for 40 min. In the presence of DEAB, the ALDH1 enzyme is
inhibited from metabolizing BAAA and therefore functions as a negative control,
allowing us to distinguish Aldefluor-positive and Aldefluor-negative cells. At the end of
BAAA-staining, cells were washed once with HBSS containing 2% FBS and
subsequently stained with 1 upg/mL 4,2-diamidino-2-phenylindole dihydrochloride
(DAPI) to exclude non-viable cells. Flow cytometry was performed at the University of
Michigan Cancer Center Flow Cytometry Core. Data analysis was performed with the

software program Weasel (Walter and Eliza Hall Institute of Medical Research).

Flow Cytometry with CD44/CD24/ESA
Following 17-AAG and/or radiation treatment, breast cancer cells are detached

and counted using a Countess cell counter (Invitrogen). One million cells are transferred
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to 5 mL FACS tubes and resuspended in 300 puL of HBSS containing 2% Fetal Bovine
Serum. Five microliters mouse anti-human CD44-APC, mouse anti-human ESA-FITC,
and mouse anti-human CD24-PE (BD Pharmingen) were given to each sample and
incubated on ice, covered, for 30 min. Samples were then washed twice with HBSS
containing 2% FBS. Finally, samples were resuspended in 500 uL HBSS 2% FBS
containing 1 pg/mL DAPI for nuclear staining. Flow cytometry was performed at the
University of Michigan Cancer Center Flow Cytometry Core. Data analysis was
performed with the software program Weasel (Walter and Eliza Hall Institute of Medical

Research).

Colony Formation

Sorted SUM149 Aldefluor-positive and Aldefluor-negative cells were seeded in
triplicate in 60-mm dishes and treated with 17-AAG (10 and 20 nM) for 1 hour. After
treatment, the cells were exposed to 0, 1, 2 and 4 Gy of radiation (Philips RT250,
Kimtron Medical) and incubated for 24 hours for cellular attachment. 17-AAG was
washed away following exposure to radiation, and the cells were cultured at 37C for 10-
12 days. Colonies were stained with crystal violet and counted, and the survival curves

were fitted by linear-quadratic equation [30].

Irradiation of Cell Lines and Tumor Xenografts
Breast cancer cell lines and tumor xenografts were irradiated as described before
[31]. Cell lines were plated and allowed to attach overnight. The following day, cells

were treated with 17-AAG 6 hours prior to radiation treatment. Irradiation was
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performed using a Philips RT250 (Kimtron Medical) in the University of Michigan
Comprehensive Cancer Center Experimental Irradiation Core. Dosimetry was carried out
using an ionization chamber connected to an electrometer system that is directly traceable
to a National Institute of Standards and Technology calibration. Following treatment,
cells were washed and given fresh medium containing 17-AAG at indicated doses. This
was performed for three consecutive days, and Aldefluor and CD44/CD24/ESA staining
was performed on the sixth day. For tumor irradiation, animals harboring SUM159,
SUM149, or MDA-MB-231 xenografts were anesthetized with isoflurane and positioned
such that the apex of each mammary fat pad tumor was at the center of a 2.4-cm aperture

in the secondary collimator, with the rest of the mouse shielded from radiation.

Xenograft Tumor Model and Reimplantation

All experiments involving mice were approved by the University Committee on
the Use and Care of Animals at the University of Michigan. For tumor implantation, at
least 1 x 10° SUM159, SUM149, or MDA-MB-231 cells mixed with Matrigel (50%, v/v)
were injected into the fourth mammary fat pads of 4-week-old NOD/SCID mice (Jackson
Laboratories, Bar Harbor, ME) and allowed to form palpable tumors. When tumors
reached approximately 50 mm?® volume, mice were randomly put into control and
treatment groups. Mice receiving 17-AAG (5 mg/kg 17-AAG dissolved in 10% DMSO
+ 40% Cremophor EL:Ethanol (3:1, v/v) + 50% PBS) were given drug by I.P. injection
whereas control mice were given vehicle alone. For mice receiving the combination
therapy, one treatment cycle (one week) consisted of 17-AAG given two days prior to

radiation, followed by three days of 17-AAG plus 2 Gy/day radiation, then 2 days with
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neither treatment for recovery. Mice receiving 17-AAG alone were given 5 days of 5
mg/kg 17-AAG consecutively, whereas mice receiving only radiation were given 2
Gy/day for 3 consecutive days. Tumors were measured with digital calipers at least once
a week. Tumors were removed for analysis the day following the last dose of radiation.
Tumor reimplantation was conducted as previously described [29, 32]. In brief, single
cell suspensions were stained with the fluorescent nucleic acid dye DAPI for viability
screening. Cells were also stained with either mouse anti-H2Kd-APC/CY7 or mouse
anti-HLA-APC/CY7 antibodies (BD Pharmingen) to distinguish human tumor cells from
mouse cells. Viable cells (5 x 10%) derived from primary tumors treated with vehicle, 17-
AAG, radiation, or the combination were injected into mammary fat pads of secondary

NOD/SCID mice (n=4 for each condition).

Tumor Tissue Dissociation

Tissue was mechanically and enzymatically dissociated to obtain single cell
suspensions, as previously described [30]. In brief, tumors were minced finely with
scalpels and incubated in 10% collagenase/hyaluronidase (Stem Cell Technologies,
Vancouver, British Columbia) in Medium 199 at 37 °C for 60 minutes. Single cell
suspensions were obtained by filtering the digested tumor through a 40 um filter (BD
Biosciences, San Jose, CA). Single cell suspensions were centrifuged at 1500 rpm at
4°C, and pellets were resuspended in HBSS containing 2% FBS for the Aldefluor assay,

CDA44/CD24/ESA staining, and tumor reimplantation.
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Statistics

Statistical significance was determined using unpaired Student’s t-test.

Results

Sensitivity to 17-AAG Mediated HSP90 Inhibition is Varied in Breast Cancer Lines

Elevated expression of chaperones and their related proteins (HSP90, HSF1) has
been correlated with poor prognosis in breast cancer patients [24-27]. Therefore, it has
been hypothesized that breast cancer cells would be sensitive to HSP90 inhibition. To
confirm that 17-AAG could reduce growth rate and viability in breast cancer cell lines,
SUM149 and MDA-MB-231 cells were cultured with increasing concentrations of 17-
AAG and the MTS assay performed. Both cell lines had reduced viability with 17-AAG
treatment (Figure 4.1). However, there was a large difference in the effective 17-AAG
concentration range between the two cell lines. SUM149 breast cancer cells had a similar
sensitivity to HSP90 inhibition (IC50 approximately 93 nM) as other breast cancer lines
previously tested in our lab (SUM159, IC50 approximately 35 nM; MCF-7, 1C50
approximately 100 nM; unpublished data). In agreement with reports in the literature
[33], MDA-MB-231 cells were dramatically more resistant to HSP90 inhibition (IC50
approximately 17 uM). These results highlight that the efficacy achieved by HSP90
inhibition may not be solely based on the presence of oncogenic clients within a cancer
cell type. Rather the efficacy may be determined by whether the cancer cells are

critically reliant on the pathway in which the clients function.
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In Vitro Response to Radiotherapy Combined with 17-AAG in Breast CSCs is Cell
Line Dependent

Identification of breast CSCs can be conducted using various techniques. Breast
CSCs were originally identified by their surface marker expression of CD44*/CD24/Lin"
[34]. However, in basal breast cancer lines, greater than 90% of the cell population has
this phenotype. Further studies later demonstrated that CD44"/CD24/ESA" expression
can identify tumorigenic stem cells better in basal breast cancer cell lines [12]. Lastly,
stem and CSCs in a number of solid and hematological cancers have been identified by
their elevated expression of the Aldehyde Dehydrogenase enzyme [32, 35-37]. In some
instances, surface markers have been combined with Aldehyde Dehydrogenase activity to
identify tumorigenic stem cells [38-40]. We first utilized the Aldefluor assay to discern
breast CSCs from the tumor bulk when examining the efficacy of 17-AAG. Both
SUM149 and SUM159 breast cancer cells were treated with 17-AAG for 3 days before
performing the Aldefluor assay (Figure 4.2A-C). The percentage of Aldefluor-positive
cells in SUM159 and SUM149 cell lines were reduced by 68% and 42%, respectively,
following 17-AAG treatment (10 nM). Similar to the previously studied lymphoma
CSCs, these Aldefluor-positive cells were selectively sensitive to HSP90 inhibition
compared to the tumor bulk. To assess whether these Aldefluor-positive cells also
tolerated ionizing radiation more than the non-CSCs, Aldefluor-positive and Aldefluor-
negative cells were isolated for use in a clonogenic survival assay (Figure 4.3A,B). For
this assay, small numbers of SUM149 cells were plated onto culture dishes, treated with
radiation, and allowed to form colonies. Cells that are more resistant (such as CSCs)
generate more colonies, which can be used to calculate the survival fraction [41]. At a

dose of 2 Gy, 80% of the Aldefluor-positive cells survived, compared to only 50% of the
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Aldefluor-negative cells. This resistance was abrogated with 17-AAG treatment (20
nM), as approximately 40% of the Aldefluor-positive cells survived after 2 Gy of
radiation (Figure 4.3B). This sensitization to radiation with 17-AAG was not seen with
the Aldefluor-negative cells, demonstrating the selective sensitivity to HSP90 inhibition
in the breast CSCs.

Having demonstrated that Aldefluor-positive cells display greater resistance to a
single dose of radiation compared to the Aldefluor-negative cells, it was subsequently
examined if this also holds true for fractionated doses of radiation. Dose fractionation
has been previously used to exploit the faulty cellular repair present in malignant cells
[41]. Unfortunately, CSCs have been shown to be resistant to this method of treatment
[13, 23, 42]. To determine if HSP9O0 inhibition can sensitize CSCs, both MDA-MB-231
and HCC1937 breast cancer cells were pretreated with 17-AAG before each dose of
radiation, given consecutively for 3 days. On the sixth day, cells were analyzed for
changes in the Aldefluor-positive population following treatment (Figure 4.4A,B).
Similar to SUM149 cells, 17-AAG treatment alone was capable of reducing the number
of Aldefluor-positive cells in both HCC1937 (61% absolute reduction) and, albeit less
selectively, MDA-MB-231 (23% absolute reduction). Following radiation treatment
alone, the percentage of MDA-MB-231 Aldefluor-positive cells rose from 0.99% to
2.13%, despite a ~50% reduction in absolute CSC number. This increase indicates that
although the CSCs remain sensitive to radiation, they are more resistant than the non-
CSCs. Similar to results with SUM149 cells, pre-treatment with 17-AAG prevented the
enrichment of Aldefluor-positive cells in both MDA-MB-231 and HCC1937 cells

following radiation. Strikingly, HCC1937 Aldefluor-positive cells were as sensitive to
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radiation as the Aldefluor-negative cells, as indicated by the lack of increase in the
percentage of Aldefluor-positive cells following radiation (Figure 4.4B). These results
suggest that CSC radioresistance may be relative to cancer subtype. Alternatively, since
cancers often harbor multiple subtypes of CSCs, which vary phenotypically, these
subtypes may also vary in radioresistance.

To examine if an alternate CSC phenotype harbors radioresistance in breast
cancer cell lines, further studies were carried out to determine if CD44"/CD24/ESA*
CSCs also vary in their ability to survive treatment. The breast cancer cell lines
HCC1937, MDA-MB-231, and T47D were treated with fractionated doses of radiation
and 17-AAG as described above before being assayed for changes in the CD44%/CD24
/ESA" subpopulation.  Similar to the decrease seen in Aldefluor-positive cells,
CD44"/CD24/ESAT HCC1937 cells were significantly sensitive to fractionated doses of
4 Gy radiation (94% reduction) (Figure 4.5A). These cells were also sensitive to 17-
AAG treatment alone (29% Absolute CSC reduction). However, when combined with
radiation, 17-AAG treatment did not result in a further reduction of CSCs. As seen with
the MDA-MB-231 Aldefluor-positive cells, the CD44/CD24/ESA™ cells were markedly
increased (19-fold) following fractionated doses of 4 Gy radiation (Figure 4.5B).
However, these CSCs were unaffected by 17-AAG treatment, which instead sensitized
the non-CSCs rather than the CSCs to radiation. This is shown by the increase in CSC
percentage but not absolute number. Lastly, the ability of 17-AAG to sensitize breast
CSCs was shown most convincingly with T47D CD44"/CD24/ESA" cells (Figure 4.5C).
When T47D cells were treated with fractionated doses of 3 Gy and 5 Gy, we observed a

3.8-fold and 6.3-fold increase in CD44"/CD24/ESA", respectively. Treatment with 17-
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AAG was able to reduce the absolute number of CSCs, and cause a dose-dependent
reduction in CSC enrichment following radiation. Taken together, these results indicate
that radioresistance in CSCs, as well as efficacy with 17-AAG, can vary between not only

tumor type, but also CSC phenotype.

Sensitivity of Breast CSCs to Radiotherapy and 17-AAG In Vivo

The variable level of radioresistance in breast CSCs observed may be attributed to
the culturing methods used in the experiments above. Previous studies have shown that
chemoresistance varies greatly between cells grown in 2-dimensional and 3-dimentional
culture [43]. This has been postulated to result from environmental and/or
conformational cues that cells encounter in 3-dimensional growth (i.e. growth in vivo)
[44]. For instance, interaction of the a6P1 integrin receptor with the extracellular matrix
protein laminin can induce AKT-mediated survival mechanisms, leading to resistance of
conventional therapy [44, 45]. Having first validated radioresistance and
radiosensitization with 17-AAG treatment in SUM149 Aldefluor-positive cells in vitro,
subsequent studies were carried out to assess the response to radiation and 17-AAG
treatment in vivo. Unsorted SUM149 cells were implanted in the mammary fat pads of
NOD/SCID mice and were allowed to form palpable tumors before beginning treatment.
In order to provide a clinically relevant radiotherapy regimen, fractionated doses of
radiation (2 Gy) were given consecutively over 3 days per week. Since we have
previously shown that Aldefluor-positive cells are more sensitive to HSP90 inhibition
than the bulk population, a significantly lower dose than what other preclinical studies

have tested was chosen to be used in combine with radiation. Indeed, a 17-AAG dosage
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regimen as low as 5 mg/kg was previously found to efficiently eliminate Aldefluor-
positive cells in both a breast cancer cell line (SUM159) and a primary human xenograft
(MC1) invivo (unpublished data). The SUM149 tumors were treated with four cycles of
radiation, 5 mg/kg 17-AAG, or a combination of the two treatments before tumors were
removed for Aldefluor analysis. As shown in Figure 4.6A, the growth of SUM149
tumors was modestly inhibited with 17-AAG treatment. This validates our strategy for
combining a CSC-targeted agent with conventional therapy, as CSC-specific treatment
will have little effect on bulk tumor cells, requiring an additional therapy to eliminate the
differentiated population. As expected, radiation resulted in a large reduction in bulk
tumor volume, while the combination strategy similarly repressed the tumor growth
throughout the study. Interestingly, when tumors were analyzed for changes in the
Aldefluor-positive population, neither 17-AAG nor radiation yielded a change in
percentage of CSCs relative to control tumors (Figure 4.6B). Since 17-AAG-treated
tumors were reduced solely in the number (Figure 4.6C), and not percentage of CSCs,
this indicates that HSP90 inhibition does not selectively target the CSCs but rather affects
both CSCs and non-CSCs simultaneously. Likewise, the number of CSCs were reduced
in radiation-treated tumors, despite the radioresistance displayed by these cells in vitro.
Finally, combining 17-AAG with radiation treatment significantly reduced the number of
Aldefluor-positive cells as compared to control. However, there was no statistical
difference between the combination strategy and either treatment given alone. Taken
together, the data indicates that breast CSCs, while affected by radiation in vivo, can be

further sensitized by 17-AAG mediated HSP90 inhibition.
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To assess if the remaining CSCs in SUM149 tumors were impaired in their
capacity to self-renew following treatment, 500 cells from each treatment group were
implanted into healthy recipient mice and allowed to form tumors (Figure 4.6D). In
contrast to reimplantation results from our lab which showed 17-AAG treatment impairs
reinitiation of tumors in secondary recipient mice, cells from 17-AAG treatment showed
similar tumor reinitiation as untreated control mice. This suggests that the level of self-
renewal impairment engendered by 17-AAG may also vary across different cell lines. In
addition, cells from both radiation and the combination therapy were slightly less capable
of tumor reinitiation. Thus, while impairment of self-renewal of SUM149 CSCs can be
achieved with radiotherapy, improving the level of impairment will likely require higher
17-AAG doses than used in this study.

As the in vitro results indicated differences in radioresistance between cell lines,
we performed similar in vivo experiments with SUM159 and MDA-MB-231 xenografts
to assess efficacy in combining low doses of 17-AAG with fractionated radiation. After
2 cycles of treatment, SUM159 tumors were removed and analyzed for changes in the
Aldefluor-positive population. On average, tumors treated with radiation or a 17-AAG +
radiation combination were beginning to show signs of regression compared to the
control tumors (Figure 4.7A). Despite receiving fewer treatment cycles than SUM149
tumors, SUM159 tumors exhibited an even greater reduction in the absolute number of
Aldefluor-positive cells following radiation (77%) or the combination (32%) (Figure
4.7B). Interestingly, combining 17-AAG with radiation increased the percentage of
Aldefluor-positive cells relative to radiation alone (Figure 4.7C). This suggests that 17-

AAG is sensitizing the differentiated cells rather than the CSCs to radiation. The results
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were replicated in MDA-MB-231 xenografts treated with radiation, 17-AAG, and the
combination of both therapies. MDA-MB-231 tumor growth was reduced to a greater
extent following radiation or radiation combined with 17-AAG, than in tumors treated
with 17-AAG alone (Figure 4.8A). In contrast to in vitro results, radiation decreased the
percentage of Aldefluor-positive cells by 24% (Figure 4.8B). As with SUM159,
combining 17-AAG with radiation increased the percentage of Aldefluor-positive cells
while reducing their absolute number, suggesting sensitization of the differentiated
population to radiotherapy (Figure 4.8C). Finally, to examine if differences in CSC
phenotype can explain the radiosensitivity seen with the Aldefluor-positive MDA-MB-
231 cells, we analyzed changes in the CD44'/CD24/ESA™ population following these
treatments (Figure 4.8D). MDA-MB-231 CD44"/CD24/ESA" cells were reduced
following all treatments in a similar manner as the Aldefluor-positive population. These
results indicate CSC radioresistance observed in vitro may not always predict in vivo

radioresistance.

Discussion
As with peripheral T-cell lymphoma (PTCL), increased patient survival in breast
cancer through the reduction in relapse and metastatic progression requires identification
and validation of novel agents that can target tumorigenic stem cells [1, 46]. These CSCs
harbor resistance to both chemotherapy and radiation, making them the likely mediators
of recurrence following therapy. Successful strategies for targeting CSC have primarily
revolved around disruption of their capacity to self-renew [1]. However, the self-renewal

process is governed by multiple factors, relying on signals originating from both within
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the cells as well as their microenvironment [1-3]. Thus, the likelihood for redundancy
within these signaling pathways suggests that multiple inhibitors may be required to fully
ablate self-renewal. In contrast, disruption of self-renewal via HSP90 inhibition is a
more suitable strategy, as multiple self-renewal signals can be blocked without the need
for more than one inhibitor. The work presented here with CSCs from mouse lymphoma,
AML, and breast cancer cells have validated this claim, showing often potent and
selective elimination of these tumorigenic subpopulations by targeting HSP90. While the
use of CSC-targeting agents may be necessary for improving overall patient survival, use
of these compounds as a single therapy will likely be an ineffective strategy, due to the
continued (albeit limited) proliferative potential within the tumor bulk. Thus, an effective
strategy for using CSC-targeting agents is through combination with a conventional
strategy that can adequately remove the bulk of the tumor cells. This strategy was tested
in the current study by combining the CSC-targeting agent (17-AAG) with an effective
conventional treatment (radiation), which when used alone is ineffective against the CSC
subpopulation [3, 47-49].

17-AAG was first confirmed to eliminate breast CSCs defined by their expression
of the Aldehyde Dehydrogenase (ALDH) enzyme. Both SUM159 and SUM149
Aldefluor-positive cells were reduced following treatment with 17-AAG at
concentrations well below their bulk tumor cell IC50. In agreement with reports in the
literature [42, 50], breast CSCs from the SUM149, MDA-MB-231, and T47D cell lines
were shown to have higher resistance to radiation in vitro, as assessed via clonogenic and
Aldefluor assays. However, this was not a universal feature of breast CSCs, as HCC1937

CSCs identified either by ALDH activity or surface marker expression were reduced
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following radiation. This observation is in agreement with similar reports describing
heterogeneity within CSC subtypes to radiation. Given a single dose of 8 Gy, UM2
xenografts became enriched CD447/CD24  cells, whereas this population was depleted in
MC1 xenografts [51]. Also, CD24/ESA" MDA-MB-231 cells showed higher survival
following radiation than this population in MDA-MB-468 cells [3, 50]. These results
indicate the presumption of CSC radioresistance may not hold true for all stem cell
subtypes. Some reports have attributed radioresistance to the high levels of antioxidants
present in CSCs [48]. In this way, there may be differences in the amount of antioxidants
between CSCs from different cell types. However, Zielske et al found that despite a low
oxidation profile in MC1 CSCs, these cells ultimately succumbed to radiation, indicating
that other factors beyond antioxidant levels can account for radioresistance [51].
Radiosensitization by 17-AAG treatment was also found to vary between CSC
subpopulations both within the same cell line and between cell lines. Aldefluor-positive
cells from SUM149 and MDA-MB-231 cell lines were sensitized to radiation when
combined with 17-AAG, albeit at very different doses. Interestingly, MDA-MB-231
CD447/CD24/ESA™ cells did not appear sensitized to radiation with 17-AAG treatment.
In contrast, T47D showed a dose-dependent decrease in CD44"/CD24/ESA" cells with
17-AAG treatment following radiation. Several potential reasons may explain these
observed differences in sensitization. First, while both Aldefluor and surface marker
expression have been used to characterize CSCs in breast cancer cell lines, they may
identify subpopulations which are distinct from each other. Using xenografts of primary
human breast cancers, overlap between the Aldefluor-positive and CD44%/CD24/Lin°

cells was approximately 1% [32]. In this way, reliance on signaling pathways which
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drives tumorigenicity and self-renewal may be different between these two
subpopulations. Indeed, Aldefluor-positive breast cancer cells have been shown to rely
on the PTEN/AKT/B-catenin network [29], whereas CD44"/CD24/Lin" cells require
Erbb3/PI3K/AKT/NF-KB signaling activity [52]. As discussed above, phenotypically
similar CSCs from different cell types may respond differently to treatment [50, 51].
CD44%/CD24/Lin" cells from MDA-MB-231 and T47D had differed in their response to
17-AAG when given radiation. This discrepancy may result from the expression level of
NQO1, an enzyme necessary for the conversion of 17-AAG to its more potent
intracellular form [53]. MDA-MB-231 cells have been shown to have very low levels of
NQO1, whereas this enzyme is expressed in T47D cells [33, 54]. Additionally, T47D
cells exhibit a lower level of induction of HSC70 and HSP72 following 17-AAG
treatment, in contrast to the elevated expression seen in MDA-MB-231 cells with 17-
AAG treatment [33, 55]. Thus, reduced intracellular levels of converted 17-AAG coupled
with heightened expression of other heat shock proteins in response to treatment may
dampen the efficacy of HSP90 inhibition in the MDA-MB-231 CD44"/CD247/Lin" cells,
rendering them more radioresistant compared to T47D CSCs.

Interestingly, despite observing radioresistance in the majority of cell lines tested
in vitro, repeated cycles of fractionated radiation were capable of reducing the number of
CSCs present in SUM149, SUM159, and MDA-MB-231 xenografts in vivo. These
results appear to contradict previous reports which show that tumors treated with
radiation experience enrichment of CSCs [47-49, 51]. It is important to note, however,
that previous published studies often utilized only a short radiation treatment of tumors a

few days prior to analysis. In the present study, consecutive fractionated doses were
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given for at least two cycles (two weeks), and analysis was performed the day following
the last dose of treatment, more closely mimicking dosing regimens used in patients [56].
Therefore, both the time allotted for the CSCs to potentially repopulate, and the amount
of total radiation received, may provide some reasoning for these discrepancies. Cancer
stem cells which are radiation resistant compared to bulk population may be able to
survive single or short cycles of radiation, as has been shown [3]. However, as our study
indicates, repeated cycles of radiation may be able to overcome a CSC threshold for
resistance, leading to a decrease in this population. This suggests care must be taken to
prevent suboptimal dosing in patients with tumors harboring radioresistant CSCs. It is
also possible that enrichment of CSCs following radiation requires more time before
analyzing tumor samples than was given in the study presented here. However, a recent
report has shown that reprogramming of differentiated cells into a more stem-like
phenotype following radiation occurs faster than the CSC doubling time [23], and so the
CSC enrichment process should be detectable a short time after therapy. In addition,
Zielske et al showed that two weeks after receiving a single high dose (8 Gy), MC1 CSCs
decreased while UM2 CSCs were resistant and enriched for by the radiation [51].
Therefore, reduction in CSCs following radiation is less likely to be dependent on the
amount of time before analysis, but rather reflects a heterogeneous response in various
CSC populations following treatment.

As with the variable sensitization of CSCs to radiation with 17-AAG treatment
described in vitro, CSCs in tumor xenografts also showed varied responses to HSP90
inhibition. When combined with 5 mg/kg 17-AAG, SUM149 Aldefluor-positive cells

were further reduced, showing sensitization with HSP90 inhibition. In contrast,
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Aldefluor-positive cells from MDA-MB-231 and SUM159 were higher in percentage
following the combination therapy, suggesting sensitization of the differentiated cells
rather than the CSCs. One potential explanation for this difference could be that CSCs
respond differently to drug treatment depending on signals they receive from their
microenvironment. Thus, in vitro responses may not accurately predict efficacy in vivo.
For example, breast cancer cells display greater chemoresistance when grown in a three
dimensional culture, more closely reflecting the in vivo environment [2, 43]. In this
setting, cues from the microenvironment can provide added survival signals which may
reduce the efficacy of 17-AAG, and thus eliminate any additive effects to radiation
treatment. However, the efficacy seen in SUM149 Aldefluor-positive cells when 17-
AAG is added to cycles of fractionated radiation indicates this strategy can be effective.
Taken together, the effectiveness of HSP90 inhibition in sensitizing breast CSCs to
radiation can be achieved in certain cell lines. While some CSC subpopulations appear
sensitive to radiotherapy, care must be taken to ensure adequate levels of radiation are
provided to prevent possible transient enrichment/reprogramming of resistant CSCs,

which can influence recurrence and metastasis.
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Figure 4.1 17-AAG Decreases Viability in Breast Cancer Cell Lines. Both SUM149
and MDA-MB-231 breast cancer cell lines were seeded into 96-well plates and treated
with increasing concentrations of 17-AAG for 3 days. After this treatment period, cells
were tested using the MTS assay. SUM149 cells were dramatically more sensitive to 17-
AAG-mediated HSP90 inhibition than MDA-MB-231 cells.
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Figure 4.2 Breast CSCs are Eliminated Following 17-AAG Treatment. To validate
that 17-AAG treatment can effectively eliminate breast CSCs, we treated breast cancer
cells from the SUM149 and SUM159 cell lines with 17-AAG for three days before
analyzing for changes in Aldefluor expression. (A and B) SUM149 Aldefluor-positive
cells were reduced with 17-AAG, with higher concentrations also affecting the non-
CSCs, as indicated by the less dramatic decrease in the percentage of Aldefluor-positive
cells (A) compared to the decrease in absolute number (B). (C) SUM159 Aldefluor-
positive cells were similarly reduced with 17-AAG. In contrast to SUM149, treatment
with low concentrations of 17-AAG primarily effected the CSC population.
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Figure 4.3 Breast CSCs are Sensitized to Radiation Following 17-AAG Treatment.
To determine if 17-AAG could sensitize breast CSCs to radiation, SUM149 Aldefluor-
positive and —negative cells were sorted by FACS to obtain pure populations, and both
populations were treated with 17-AAG or vehicle before exposure to a single dose of
radiation, as indicated in (A and B). CSCs exhibited higher survival following radiation
compared to non-CSCs. This radioresistance was eliminated with a 20 nM 17-AAG pre-
treatment (B), demonstrating sensitization of CSCs to radiation.
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Figure 4.4 MDA-MB-231 and HCC1937 Aldefluor-positive Cells are Sensitized to
Radiation via 17-AAG Treatment. In order to determine if 17-AAG can sensitize breast
CSCs from other cell lines, MDA-MB-231 (A) and HCC1937 (B) cancer cells were pre-
treated with 17-AAG before each exposure to radiation. Fractionated doses of radiation
(4 Gy) were given to each cell line for 3 consecutive days. On the sixth day following
the initial dose of radiation, cells were analyzed for changes in their Aldefluor
expression. 17-AAG treatment was capable of sensitizing the Aldefluor-positive cells
from both cell lines to radiation.
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Figure 4.5 Radioresistance and Sensitization with 17-AAG is also Dependent on
CSC Phenotype. To determine if differences in radioresistance also existed between
CSC phenotypes within and between breast cancer cell lines, cells were given pre-
treatment with 17-AAG or vehicle before each fractionated dose of radiation. MDA-MB-
231 and HCC1937 cells were given 3 consecutive doses of 4 Gy, whereas T47D was
given 3 consecutive doses of either 3 Gy or 5 Gy radiation. Cells were analyzed for
changes in the number of CD44"/CD24 /ESA" expressing cells on the sixth day following
initial treatment. (A) In contrast to MDA-MB-231 Aldefluor-positive cells, the
CD44"/CD24/ESA" population was not sensitized to radiation following pre-treatment
with 17-AAG. HCC1937 CD44"/CD24/ESA" cells were even more sensitive to radiation
than the Aldefluor-positive population (B). While CD44"/CD24/ESA" cells from the
MDA-MB-231 cell line were unaffected by 17-AAG pre-treatment, T47D CD44"/CD24
JESA" cells were sensitized to radiation when combined with 17-AAG. This suggests
that radioresistance and 17-AAG sensitization are dependent on both the cell type and the
particular CSC phenotype.
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Figure 4.6 Breast CSCs are Sensitized to Radiation via 17-AAG Treatment. (A)
Tumor xenografts of SUM149 cells in NOD/SCID mammary fat pads were treated with
cycles of 5 mg/kg 17-AAG with or without 2 Gy radiation. Days when mice were given
17-AAG or 2 Gy radiation are indicated by the red and black brackets, respectively. At a
dose of 5 mg/kg, 17-AAG modestly disrupted tumor growth, whereas both radiation and
the combination therapy strongly impaired growth. At the end point, all treatments
resulted in tumor sizes that were statistically different than the controls (**p<0.01). (B
and C) Despite radioresistance and sensitivity of SUM149 cells to 17-AAG in vitro,
Aldefluor analysis of the tumor samples showed that the CSCs were as sensitive to either
radiation alone or 17-AAG alone as the tumor bulk. However, combining 17-AAG with
radiation significantly reduced the Aldefluor-positive population. (D) Five hundred cells
from previously treated tumors were implanted into secondary NOD/SCID mice to
observe changes in tumor initiation following therapy. Only tumors treated with
radiation or the combination treatment displayed modest inhibition of tumorigenicity,
suggesting higher doses of 17-AAG than used in our study are required for improving the
efficacy of 17-AAG/radiation combination strategy.
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Figure 4.7 Efficacy of Radiation and 17-AAG Treatment in SUM159 Tumor
Xenografts. SUM159 xenografts were treated with radiation (2 Gy) and 17-AAG (5
mg/kg) as done before. Days where mice were given 17-AAG or 2 Gy radiation are
indicated by the red and black brackets, respectively. (A) Two cycles of treatment
resulted in only modest reduction in tumor growth. (B and C) Radiation treatment
significantly reduced the number of SUM159 Aldefluor-positive cells. Interestingly, 17-
AAG treatment appeared to sensitize non-CSCs more than the CSCs, as shown by the
increased percentage of Aldefluor-positive cells following the combination therapy.
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Figure 4.8 MDA-MB-231 Xenograft Treatment with 17-AAG and Radiation. (A)
MDA-MB-231 tumor xenografts were treated with radiation (2 Gy) and 17-AAG (5
mg/kg). Days where mice were given 17-AAG or 2 Gy radiation are indicated by the red
and black brackets, respectively. 17-AAG treatment alone did not appear to influence
tumor growth. MDA-MB-231 tumors treated with radiation or the combination strategy
showed a significant reduction in tumor volume compared to control (**p<0.01). (B and
C) Similar to SUM159, MDA-MB-231 Aldefluor-positive cells were reduced with
radiation treatment, despite showing resistance in vitro. In addition, 17-AAG treatment
appeared to sensitize the differentiated cells rather than the CSCs. (D) To determine if the
radioresistant CSC are defined by CD44*/CD24/ESA" expression rather than Aldefluor
positivity, MDA-MB-231 tumor cells were stained for these markers for FACS.
CD44"/CD24/ESAT MDA-MB-231 cells were reduced following radiation, 17-AAG and
the combination treatment. However, there was no significant difference between the
treatment groups.
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Chapter 5
Summary

Lacking effective treatments which can both reduce tumor burden and extend
overall survival, patients diagnosed with peripheral T-cell lymphoma (PTCL) often have
a poor prognosis [1, 2]. Over the past decade, research investigating the cancer stem cell
(CSC) hypothesis has identified tumorigenic subpopulations in many hematological and
solid tumors [3-10]. Postulated to originate from aberrantly activated pathways
controlling self-renewal, CSCs have been implicated in a number of unsolved problems
in cancer treatment. Having a greater propensity to survive many forms of conventional
therapy, residual CSCs are believed to contribute to both local recurrence as well as
facilitating metastasis [11, 12]. Because recurrence and metastasis impact the length of
overall survival in patients, identifying CSC-targeting agents for PTCL treatment may
provide a way to improve these patients prognosis. While inhibitors to CSC have been
developed which target self-renewal pathways, redundancy in these signaling networks,
along with additional cues from the microenvironment, may limit this approach [11, 13-
15]. Therefore, HSP90 inhibition was examined as a potential strategy to target CSCs, as
it can inhibit signaling pathways simultaneously. Several of the HSP90 clients have been
shown to facilitate self-renewal signaling (Her2, AKT, and Hifla) [16-19].

Utilizing our TGB mouse lymphoma cells as a model for PTCL, we found that the
CSC population (c-Kit"Scal® cells) was selectively sensitive to 17-AAG mediated

HSP90 inhibition. Doses as low as 10 nM were capable of reducing the number of CSCs
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through apoptosis and also inhibited the self-renewal capacity of these cells. Cancer stem
cells from acute myeloid leukemia (AML) were also found to be selectively sensitive to
17-AAG treatment. The effectiveness of our strategy was demonstrated to rely on the
ablation of Hifla function, an HSP90 client protein, which was previously shown to be
necessary for maintenance of CSC subpopulations in TGB lymphoma and AML [20].
While the differentiated lymphoma cells from the TGB mouse model rely on sustained
AKT/GSK-3p/p-catenin signaling, HSP90 inhibition was overall less effective in these
cells, despite AKT being a HSP90 client. Interestingly, it was found that the non-CSCs
contained elevated levels of chaperone proteins, as well as the HSF1 transcription factor,
which can directly regulate chaperone expression. Knockdown of HSF1 in CSCs
eliminated their ability to form colonies, further demonstrating the necessity of HSP90/
Hiflo function in CSC maintenance. The overexpression of HSF1 also induced
resistance of the non-CSCs to 17-AAG, as shown by the sensitization of other human T-
cell lymphomas to 17-AAG following HSF1 knockdown. This is in agreement with other
reports which found HSF1 decreased the efficacy of HSP90 inhibition by inducing
chaperone transcription (i.e. HSP70) [21, 22]. These results validate the hypothesis that
17-AAG is an effective CSC-targeting agent, and identified HSF1 expression as a
potential prognostic indicator for efficacy of HSP9O0 inhibition.

Having shown efficacy with 17-AAG against mouse lymphoma and AML CSCs,
we next examined the utility of this strategy in a solid tumor setting. Breast CSCs have
been shown to be resistant to radiation, and have been suggested as the cause for local
recurrence following adjuvant radiation treatment [14, 23-25]. In the studies presented in

Chapter 4, it was demonstrated that low doses of 17-AAG were capable of reducing
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breast CSCs similar to lymphoma and AML CSCs. Using both Aldehyde dehydrogenase
and CD44"/CD24/ESA" expression as identifiers for breast CSCs, 17-AAG was found to
sensitize both Aldefluor-positive (SUM149, HCC1937, and MDA-MB-231) and
CD44"/CD24/ESA" (T47D) cells to radiation in vitro. Resistance to radiation was not a
universal feature of all CSCs, as demonstrated by the loss of both Aldefluor and
CD44"/CD24/ESAT HCC1937 cells following fractionated radiation. In addition, 17-
AAG failed to sensitize MDA-MB-231 CD44"/CD24/ESA" cells to radiation. These
results corroborate other studies that suggest CSCs both within and between cell lines are
heterogeneous, and thus may display differential responses to conventional therapies [26,
27]. Most strikingly, despite showing resistance to radiation in certain cell lines, CSCs in
vivo failed to demonstrate radioresistance. Only when radiation was combined with 17-
AAG treatment was there a significant decrease in CSC number. However, the
combination strategy was not significantly different from either treatment given alone.
SUM159 and MDA-MB-231 Aldefluor-positive cells also failed to show any additive
reduction in their population following the combination strategy. While our study
provide limited evidence to suggest 17-AAG can be used as a radiosensitizer for CSCs,
the differential responses to either radiation or efficacy with HSP90 inhibition highlights
the current limitations in our understanding of CSC biology. While functional assays can
show similar characteristics for phenotypically different CSCs within a given cell line,
signaling pathway regulation and therapeutic resistance are likely to vary between the
two subpopulations, which may reflect contradictory reports in the literature. These
differences likely contributed to the heterogeneity in response to stressors such as

radiation and HSP90 inhibition. In terms of clinical implications, our in vivo data
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suggests that enrichment of CSCs likely results from insufficient dosing with radiation of
the tumor, as repeated cycles of treatment were capable of reducing these tumorigenic
cells. While still susceptible to radiation over the long term, CSC radiosensitizers are
also likely needed, as transient enrichment (or generation from reprogramming) of CSCs
may still increase the likelihood of metastatic spread during the start of therapy.

Along with other reported studies [18, 28], our data further solidifies 17-AAG-
mediated HSP90 inhibition as a viable strategy for targeting CSC populations. While
numerous clinical trials have shown failures with 17-AAG [29-33], the criteria for
successfully demonstrating patient response was not suited for identifying CSC
inhibition. Indeed, in terms of solid tumors, use of the RECIST criteria is primarily
focused on percentage of tumor reduction; a feature not likely influenced by CSC-
targeting agents [34]. In addition, our results showed that CSCs were typically sensitive
to 17-AAG at low concentrations, suggesting that 17-AAG treatment could be given at
doses much lower than those which have been previously associated with serious toxicity
[35]. The clinical trials that have shown some success with 17-AAG were those which
combined the agent with conventional therapy [36, 37]. The success of these trials
highlights potential criteria that yield the greatest efficacy from HSP90 inhibition [35,
38]. First, tumor cell survival must be critically reliant on a signaling pathway that is
facilitated by a HSP90 client protein. Secondly, the client protein(s) must be
substantially reliant on solely HSP90, whose function cannot be substituted with other
chaperones. The self-renewal process for CSCs is critical for their maintenance and
survival, thus explaining the potency of inhibitors for this process. Because of this, we

feel that use of 17-AAG as a CSC-targeting agent may be a superior approach in place of
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using this drug as a manner to solely reduce tumor size. In addition, verification of an
HSF1-mediated resistance mechanism may provide for development of a screening
method to identifying potentially resistant tumor types. The work here provides clear
results validating the efficacy of a 17-AAG mediated CSC therapy, and builds a case for

the clinical reevaluation of 17-AAG treatment in combination with conventional therapy.
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Appendix I

Potent Inhibition of Breast Cancer Stem Cells by a Novel Sesquiterpene Lactone
MCL

Abstract

Drug discovery for cancer therapy has resulted in a wide range of new compounds, which
work well in targeting the growth of the majority of tumor cells. Despite these advances, tumor
relapse and metastatic progression still lack effective treatment strategies. Evidence stemming
from many tumor types suggest that a subpopulation of cancer cells, termed cancer stem cells
(CSCs), play a pivotal role in reinitiation of tumor growth and formation of metastatic lesions.
While parthenolide and its water soluble analogue LC-1 have shown the potential of CSC
targeting compounds in hematological malignancies, these compounds are rapidly eliminated
from the body, and questions remain on their effectiveness in other solid tumors. Using
parthenolide as a basis for new drug discovery, this study describes MCL, a novel sesquiterpene
lactone, and its effectiveness against breast cancer and cancer stem cells. Treatment with MCL
was effective at eliminating breast CSCs from both basal and luminal cell lines, as assayed by
Aldefluor or CD44°/CD24 expression. Additionally, tumorsphere initiation was dramatically
reduced when SUM159 ALDH+ cells were cultured in 5 uM MCL. However, tumorsphere
formation from ALDH+ cells treated with MCL was only slightly reduced, suggesting transient
inhibition of self-renewal. Inhibition of breast CSCs was reversed with N-acetylcysteine
pretreatment, suggesting a role of reactive oxygen in the activity of MCL. Unlike parthenolide,

MCL was shown to directly block NF-kB activity rather than inhibit its nuclear translocation.
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Building off the strengths of parthenolide and LC-1, MCL offers a new treatment strategy

for breast cancer and its tumorigenic CSCs.

Introduction

Because cancer persists as a dominating health problem today, our
increased understanding of the molecular mechanisms that govern tumor cells has
produced a wide range of new and successful therapies. All but a few malignancies have
established treatments that are capable of ameliorating tumor burden. However, while
our current treatments can for the most part reduce tumor cells, relapse and metastatic
progression still confound even our most sophisticated techniques. Many reports have
suggested that a subpopulation of tumor cells known as cancer stem cells (CSCs), are
potentially responsible for relapse and metastasis. CSCs have been shown to be highly
resistant to conventional therapies,, due to their enhanced ability to repair damage and
resist apoptosis. Tumors from patients that have undergone chemotherapy contain
enriched populations of cells that display CSC phenotypes. It is therefore apparent that
cancer treatments in the future will require the targeted elimination of these tumorigenic
cells in addition to removing the tumor bulk [1-5].

Current efforts in drug discovery includes focusing on compounds which
can target and eliminate CSCs, reducing the occurrence of relapse. Similar to discoveries
in conventional treatments, natural products offer a starting point for identifying drugs
that target CSCs. Sesquiterpene lactones are a class of drugs which have been shown to
reduce inflammation and inhibit tumor cell growth [6, 7]. Parthenolide is one of the
better known sesquiterpene lactones because of its ability to preferentially target CSCs

over their normal equivalents [8]. This is a particularly important trait, as drugs that target
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CSCs might also affect normal adult stem cells which reside in the majority of our
tissues. Clinical development of parthenolide, however, was short lived due to a very
low solubility in serum [9]. Later development of parthenolide analogues led to a water
soluble form, LC-1. Although currently in Phase | trials for disseminated cancers, LC-1
suffers from a short half-life, which could potentially limit its efficacy [10]. The
shortcomings of parthenolide and its known derivatives provide opportunities to discover
novel sesquiterpene lactones which build off of the favorable characteristics of
parthenolide and LC-1.

Our study addresses this opportunity and describes a novel sesquiterpene lactone
(MCL) which can inhibit both breast cancer cell growth, and eliminate the tumorigenic
CSC population. Cancer stem cells treated with MCL had a transient impairment of self-
renewal, requiring the presence of MCL for its inhibitory effect. Interestingly, in contrast
to parthenolide’s known mechanism of action, MCL was found to block the activity of

NF-kB directly, rather than facilitate its cytoplasmic sequestration.

Materials and Methods

Cell Lines and Reagents.

The SUM159 and SUM149 cell lines were maintained in Ham's F12 medium
supplemented with 5% FBS, 5 pg/ml insulin, 1 pg/ml hydrocortisone, 1%
antibiotic/antimycotic (10,000 units/ml penicillin G sodium, 10,000 pg/ml streptomycin
sulfate, 25 pg/ml amphotericin B) and 20 pg/ml gentamycin. MDA-MB-231 and MCF-7

cells were maintained in RPMI 1640 medium with 10% FBS and 1%
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antibiotic/antimycotic. = MDA-MB-453 cells were maintained in DMEM medium
supplemented with 10% FBS and 1% antibiotic/antimycotic. Cells were maintained in
culture at 37°C and 10% CO2. The Aldefluor assay was purchased from Stemcell

Technologies.

MTS Cell Proliferation Assay

Breast cancer cell lines were seeded into 96-well microplates at a density of 3,000
cells per well. Cells were treated with increasing concentrations of MCL (0.2—-10 uM).
After 72 hrs incubation, cell viability was assessed by the MTS cell proliferation assay
(Promega, Madison, WI) according to the manufacturer’s instruction. IC50 values were
determined using the software WIinNONIin (Pharsight), and was defined as the

concentration necessary to decrease viability to 50% of control untreated cells.

Cancer Stem Cell Identification and Flow Cytometry Analysis

Breast cancer cell lines cells were seeded and allowed to attach overnight. Cells
were then treated with increasing concentrations of MCL for three days. Next, cells were
trypsinized and used for the Aldefluor assay, according to the manufacturer’s protocol.
For Aldefluor staining, the ALDH1 substrate bodipyaminoacetaldehyde (BAAA) was
added to the single cell suspension at a concentration of 1.5 uM, which was then
incubated for 40 min at 37°C. Additionally, a portion of cells was incubated with a 10-
fold molar excess of an ALDH1 enzyme inhibitor, diethylamino benzaldehyde (DEAB)
in addition to BAAA and incubated similarly for 40 min. For CD44/CD24 staining,

single cell suspensions of MCF-7 cells were incubated for 30 minutes with CD44-APC
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and CD24-PE antibodies (BD Biosciences). After the incubation, cells were washed once
with HBSS containing 2% FBS. Subsequently, cells were stained with 1 pg/mL DAPI to
exclude non-viable cells. Flow cytometry was performed at the University of Michigan
Cancer Center Flow Cytometry Core. Data analysis was performed with the software

program Weasel (Walter and Eliza Hall Institute of Medical Research).

Apoptosis Assay

Two hundred thousand SUM159 cells were seeded onto plates and allowed to
attach overnight.  For parthenolide treatment, cells were treated with a 5 uM
concentration for 24 and 48 hours before analysis. For MCL treatment, cells were treated
with either 5 uM or 8 uM for 48 hours only. After the allotted incubation time, both
floating and attached cells were collected and stained with 1:20 Annexin V-APC
antibody for 30 minutes on ice. Immediately before analysis, 1 pg/mL propidium iodide
was added to each sample. Flow cytometry was performed at the University of Michigan
Cancer Center Flow Cytometry Core. Data analysis was performed with the software

program Weasel (Walter and Eliza Hall Institute of Medical Research).

Tumorsphere Formation

SUM159 ALDH+ cells were plated onto ultralow-attachment 96-well plates
(Corning, Corning, NY) at a density of one cell per well. To promote the formation of
tumorspheres, these single cells were grown in a serum-free mammary epithelial basal
medium (MEBM) (Cambrex Bio Science Walkersville, Inc,) supplemented with B27

(Invitrogen, Carlsbad, CA,), 20 ng/mL EGF (BD Biosciences, San Jose, CA), antibiotic-
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antimycotic (100 unit/ml penicillin G sodium, 100 ug/ml streptomycin sulfate and 0.25
pg/ml amphotericin B), 20 pg/ml Gentamycin, 1 ng/ml Hydrocortisone, 5 pg/ml Insulin,
and 100 uM beta-mercaptoethanol (Gibco Invitrogen, Carlsbad, CA) in a humidified
incubator (10% CO2, 37°C). For drug treatment, single ALDH+ cells were given
MEBM medium containing supplements and 5 uM MCL or DMSO for 7 days. Primary
tumorspheres were then counted and mechanically and enzymatically dissociated into
single cell suspensions for the second and third passage. Single cell suspensions were
plated onto ultralow-attachment 96-well plates at a low cellular density of less than 5
cells per well, and cultured in the absence of drug treatment. Tumorsphere formation rate

was calculated as the ratio of the number of tumorspheres to the number of seeded cells.

N-acetylcysteine Treatment

SUM159 cells were plated and allowed to attach overnight. Cells were given 5
mM N-acetylcysteine and placed in a humidified incubator (10% CO2, 37°C) for 3 hours.
After the pretreatment, the medium containing NAC was aspirated and each plate was
washed with PBS. Medium was then replenished with the addition of MCL, parthenolide
or vehicle control. After 72 hours, cells were trypsinized and used for the Aldefluor

assay, as described above.

Immunocytochemistry
Two thousand SUM159 cells were seeded into black 96-well plates with optically
clear bottoms and allowed to attach overnight. Cells were then treated with parthenolide

or MCL for 24, 48, and 72 hours. At the end of each treatment, cells were treated with 10
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ng/mL of TNFa for 30 minutes. After the TNFa treatment, medium was aspirated and
cells were washed once with PBS. Next, PBS was aspirated and the cells were fixed in -
20°C chilled methanol:acetone mixture (50:50 v/v). Fixative was then removed and cells
were allowed to air dry before being blocking with 5% normal goat serum. After
blocking, cells were incubated with blocking solution containing rabbit anti-p65 NF-kB
antibody (Santa Cruz) for 1 hour. Cells were then washed twice with PBS, followed by
incubation in blocking buffer with Alexa Fluor 488-conjugated goat anti-rabbit antibody.
After washing with PBS, cells were treated with 1 ug/mL DAPI for nuclear staining and

pictures were taken.

Lentiviral Transfection and Luciferase Assay

SUM159 and MDA-MB-231 breast cancer cells were plated and grown to 75%
confluency. These cells were then washed with PBS and treated with medium containing
a GreenFire Protein and firefly luciferase lentivirus which was under the control of either
NF-kB response elements (RE), or the MCMV promoter for a control (Systems
Biosciences). After culturing the cancer cells for 24 hours at 37 degrees C, an equal
volume of normal culture medium was combined with the lentivirus medium, and the
cells were grown for an additional 3 days. To ensure near 100% infection efficiency,
SUM159 and MDA-MB-231 cells treated with lentivirus were sorted with a flow
cytometer, using GFP expression as a marker for successful infection. To perform the
luciferase assay, 2,500 SUM159 or MDA-MB-231 transfected with either the NF-kB RE
or MCMV promoter lentivirus were plated into a white 96-well plate (Nunc) and allowed

to attach overnight. These cells were then treated with parthenolide or MCL for 5 hours
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prior to stimulation with 10 ng/ml TNFa for an additional 6 hours. Following stimulation
with TNFa, cells were given One-Glo (Promega) reagent and allowed to sit at room

temperature for 4 minutes before being read on Biotek Synergy 2 plate reader.

Statistics

The Student t-test was used to perform statistical analysis.

Results

MCL Eliminates both Differentiated and CSC Populations

In order to determine the ability of MCL to effect viability of breast cancer cells,
several different breast cancer cell lines were used. One claudin-low (SUM159), two
basal (SUM149, MDA-MB-231) and two luminal breast cancer cell lines (MCF-7,
luminal A; MDA-MB-453, luminal B) were treated with increasing concentrations of
MCL for three days before determining cell viability with the MTS assay (Figure 1.1)
[11]. The basal breast cancer cells were more susceptible to MCL mediated inhibition
(IC50 7-8.4) as compared to the luminal cell lines (IC50 10.6-10.9). We next determined
if MCL affects CSCs present within each cell line. Cells that display stem cell properties
can be isolated from normal human breast tissue, breast carcinomas and cancer cell lines,
by virtue of their increased expression of aldehyde dehydrogenase (ALDH) activity as
assessed by the Aldefluor assay [12]. Additionally, ALDH+ cells have been shown to be
highly tumorigenic as compared to ALDH- cells, and elevated expression of ALDH gene
in patience has been correlated with a poorer prognosis in IBC [12, 16]. Therefore, we

measured the CSC population within several cell lines by using the Aldefluor assay, as
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well as with antibodies for the CSC-identifying surface markers CD44 and CD24. Breast
cancer cells (SUM159, SUM149, MDA-MB-231, and MDA-MB-453) treated with
increasing concentrations of MCL exhibited a reduction in the ALDH+ population
(Figure 1.2A,B). SUM159 and MDA-MB-231 ALDH+ cells were the most sensitive to
MCL treatment, with 5 pM MCL reducing the percentage of ALDH+ cells by 82% and
77%, respectively. SUM149 ALDH+ cells, while increased in percentage with 5 uM
MCL, were reduced in absolute number by 33.6%. Interestingly, CSCs present in the
luminal cell lines MCF-7 (CD44'/CD24" cells) and MDA-MB-453 (ALDH+ cells)
required a higher concentration (8 uM) for inhibition, relative to the basal cell effective
concentrations (5 uM) (Figure 1.2B,C). This suggests that CSCs from the more basal like
cell lines (SUM159, SUM149, MDA-MB-231) were more sensitive to the effects of
MCL than the luminal cell lines.

Parthenolide has been shown to preferentially induce apoptosis in CSCs [17].
This was confirmed in SUM159 breast cancer cells, as ALDH+ cells were preferentially
induced into apoptosis over the ALDH- cells with increasing incubation time with
parthenolide (Figure 1.3A). When SUM159 cells were treated with increasing
concentrations of MCL, 8 uM was found to preferentially induce apoptosis in ALDH+
cells over the ALDH- cells by 2-fold (Figure 1.3B). However, 5 uM MCL failed to
induced apoptosis in ALDH+ cells after a 48 hour incubation. As this concentration was
capable of reducing the number of CSCs, MCL likely relies on a separate mechanism for

bringing about this effect on CSCs at a lower concentration.
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MCL Can Transiently Reduce CSC Self-Renewal

Stem and cancer stem cells maintain their numbers through a process of
asymmetric cell division, called self-renewal. Through a tightly controlled process, this
division generates an identical stem cell and a daughter cell, with only the former having
the full ability for further self-renewal. By keeping this ratio of stem and daughter cells
the same, normal tissues can maintain a low number of stem cells which potentially
reduces the risk of an aberrant outgrowth. It is widely believed that a failure in the
control mechanisms for self-renewal is a likely instigator of CSC formation [18].
Therefore, one approach for treating CSCs would be to interfere with self-renewal, and
thereby reduce the proliferation of these cells. Quantifying breast CSC self-renewal can
be done through observing changes in the number of formed spheroid colonies, called
tumorspheres. It is believed that formation of tumorspheres is governed by the CSC, and
during the growth of the tumorsphere, the number of CSCs within the tumorsphere can
change depending on their self-renewal capacity [19]. To test if MCL can impair breast
CSC self-renewal, single SUM159 ALDH+ cells were plated into ultra-low attachment
plates at a density of one cell per well, treated with MCL or vehicle, and allowed to form
tumorspheres. After a seven day incubation, SuM of MCL reduced the tumorsphere
formation by 74% (p<0.01) (Figure 1.4A). Tumorspheres from either condition were then
dissociated into single cells and replated at 5 cells/well under drug free conditions.
Observing the level of tumorsphere formation without MCL provides a method to
determine if impairment of self-renewal with MCL is either permanent or transient. After
seven days, tumor cells that were previously incubated with MCL formed 26% (p<0.05)

fewer tumorspheres than tumor cells from vehicle-treated tumorspheres. Additionally, in
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the third passage of tumorspheres, the number of formed tumorspheres between the
previously treated and control groups were indistinguishable. Lastly, tumorsphere size
(believed to reflect the proliferation rate of progenitor cells) was not largely affected by
the presence of MCL (Figure 1.4B) [19, 20]. These data suggest that disruption of self-
renewal by MCL is transient, and requires the presence of MCL to exhibit inhibition on

CSCs.

MCL May Increase Oxidative Stress Through Inhibition of NF-kB

One of the mechanisms parthenolide uses to kill tumor and CSCs is the
production of oxidative stress (ROS). As a potent inhibiter of NF-kB, parthenolide
disrupts this key signaling pathway which functions to protect cells from oxidative stress
induced damage. The majority of sesquiterpene lactones appear to share this
characteristic ability to inhibit NF-kB [7, 21]. Additionally, an epoxide contained within
the parthenolide structure promotes ROS formation, further exacerbating the damage
which the tumor cells accumulate and eventually succumb to [22]. The requirement for
ROS formation for parthenolide toxicity can be illustrated with the use of a potent
antioxidant N-acetylcysteine (NAC). Pretreating tumor cells with NAC can abolish the
effects of parthenolide by providing a free radical sink to absorb formed ROS [17]. To
determine if NAC could disrupt the CSC killing effect of parthenolide or MCL, SUM159
breast cancer cells were first pretreated with either 5 mM NAC or PBS for 3 hours. After
the allotted time, the cells were washed and treated with 5 uM parthenolide or MCL.
Parthenolide treatment reduced the percentage of ALDH+ cells by 92%. However,

pretreatment with NAC partially attenuated parthenolide cytotoxicity, reducing ALDH+
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cells by only 51% (Figure 1.5). Similar results were seen with MCL. SUM159 cells
treated with MCL had a 67% reduction in ALDH+ cells. This reduction in CSCs was
completely abolished in cells pretreated with NAC. These results suggest reactive
oxygen may be a potential facilitator of parthenolide and MCL cytotoxicity in breast
CSCs.

As stated above, parthenolide elicits most of its activity through the disruption of
NF-kB signaling. In a normal cell, NF-kB is sequestered in the cytoplasm by IkB, which
upon cell stimulation or oxidative stress, is phosphorylated and degraded. This releases
NF-kB, allowing it to translocate to the nucleus to promote transcription of repair genes.
Parthenolide facilitates the accumulation of oxidative damage by disrupting the kinase
which helps degrade IkB and the release of NF-kB. To determine if parthenolide
mediated cytoplasmic retention of NF-kB holds true for breast cancer cells, SUM159
cells were plated into 96-well plates and allowed to attach overnight. These cells were
then pretreated with 5 uM parthenolide before stimulation with TNFa, a cytokine known
to stimulate NF-kB nuclear translocation. Using an immunofluorescent stain for the p65
subunit of NF-kB, SUMI159 cells not stimulated with TNFo show a distinctive
cytoplasmic staining for NF-kB (Figure 1.6A). Upon TNFa stimulation, NF-kB staining
produces a very strong nuclear signal, as TNFo drives the release of IkB and
translocation to the nucleus. In contrast, pretreatment with parthenolide blocked NF-kB
nuclear translocation at all time points, as typically seen in other studies [23, 24].
Interestingly, MCL did not block NF-kB translocation, even with a 72 hour pretreatment
(Figure 1.6B). Only when SUM159 cells were pretreated with 20 uM of MCL before

TNFa stimulation was NF-kB retained in the cytoplasm (data not shown). As this level
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of drug is four times the amount necessary to kill ALDH+ cells, it is evident that
blockade of NF-kB nuclear transport is not the principle mechanism of CSC elimination.
Although transcriptional activity is often inferred from NF-kB nuclear
translocation, this is not a direct measurement of its effect on target genes. While MCL
failed to block the translocation of NF-kB, we wished to examine whether t MCL could
directly interact with NF-kB, regardless of its cellular location, and thereby block its
transcriptional activity. A similar interaction has been previously reported with
helenalin, a sesquiterpene lactone which blocks NF-kB directly, while failing to prevent
NF-kB nuclear translocation [25]. To determine if MCL mimicked this phenomena, a
lentiviral construct consisting of a luciferase reporter under the control of NF-kB binding
sites within its promoter was transfected into SUM159 and MDA-MB-231 breast cancer
cells. Similar to the immunofluorescence results, luciferase signal was only detected
after NF-kB stimulation with TNFa (Figure 1.7). In accord with its ability to block NF-
kB translocation, luciferase signal was completely abolished in SUM159 and MDA-MB-
231 cells pretreated with parthenolide. However, while failing to block NF-kB
translocation in SUM159 cells, MCL pretreatment reduced the TNFa induced luciferase
signal in a dose dependent manner. These results suggest MCL is also capable of NF-kB
inhibition, albeit through a direct mechanism, and provides a possible target for eliciting

its inhibition on both the cancer and CSCs.
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Discussion

Conventional cancer treatments have shown to be limited in their ability to
reduce the rates of recurrence and metastatic progression. While capable of alleviating
some level of tumor burden for many cancers, conventional therapies fail to reduce
tumor-initiating CSCs, which studies have shown to be likely contributors to both tumor
relapse and metastasis [1-5]. Fortunately, our growing knowledge of CSCs has yielded
some potential drug candidates which have shown promising efficacy [26]. Parthenolide,
in particular, has shown to not only potently inhibit AML stem cells, but do so selectively
by sparing normal hematopoietic stem cells [8]. This is a tremendously desirable trait, as
normal tissues harbor resident adult stem cells which play a vital role in tissue function.
Interest in parthenolide promoted further development, leading to an orally bioavailable,
water soluble form LC-1. While successfully circumventing parthenolide’s poor
solubility, LC-1 is rapidly eliminated from the body, potentially limiting its use to
circulating cancers in the blood. In order to identify new compounds which, like
parthenolide and LC-1, can kill CSCs, we screened novel derivatives of parthenolide and
identified MCL as an effective inhibitor of CSCs.

We first examined the effects of MCL on breast cancer cells and stem
cells in vitro, using the MTS and Aldefluor assays. In our study, we demonstrated that
MCL not only reduced breast cancer cell viability, but also the percentage of breast CSCs
present in both basal and luminal cell lines. While preferential induction of apoptosis in
breast CSCs by parthenolide has been validated in our study, only high doses of MCL

generated apoptosis in SUM159 ALDH+ cells. To determine if the effects of MCL were
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produced through disruption of CSC self-renewal, Aldefluor+ cells were allowed to
generate tumorspheres in the presence of MCL. The first generation of tumorspheres was
markedly reduced under these conditions, compared to the number generated from our
vehicle treated controls. Additionally, we replated single cells obtained from the MCL
and vehicle treated first generation tumorspheres in drug-free medium in order to observe
if self-renewal was disrupted permanently. While there did appear to be a reduction in
tumorsphere formation from the previously treated MCL cells, the level of self-renewal
inhibition was lower than what was observed when the CSCs were exposed to the drug.
These results show that while MCL is a potent inhibitor of both the bulk population of
breast cancer cells and CSCs, the effects are governed only partially through disruption of
self-renewal, and rely on cell death mechanisms other than apoptosis at lower
concentrations.

One of the mechanisms by which parthenolide is believed to function
through is the production of reactive oxygen [21]. ROS formation is highly toxic to
living cells as these free radicals can covalently modify nearly any molecule they
encounter [27]. Cellular defenses rely on the high concentration of glutathione produced
inside the cell, which absorb ROS and keep damage away from vital cellular components
[28]. Pretreating cells with N-acetylcysteine, a precursor to glutathione that can also
reverse cysteine modifications, is capable of reversing parthenolide’s effects,
demonstrating the requirement for ROS formation [17]. Likewise, our pretreatment of
NAC on SUM159 breast cancer cells before exposure to MCL also reversed our
compound’s ability to reduce the CSC population. Similar to parthenolide, MCL

potentially requires ROS for mediating its inhibition on CSCs. Another mechanism by
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which sesquiterpene lactones like parthenolide inhibit cancer and CSCs is through a
blockade of NF-kB mediated gene regulation. Parthenolide inhibits NF-kB nuclear
translocation by disrupting a kinase that releases NF-kB from its cytoplasmic tether IkB
[22]. Using immunofluorescence, we tracked NF-kB translocation after pretreatment of
MCL followed by stimulation with TNFa. Unlike parthenolide, MCL failed to block NF-
kB translocation. However, other sesquiterpene lactones, such as Helenalin, have shown
that disruption of NF-kB translocation is not a necessary requirement for its inhibition
[25]. In line with this reasoning, more recent studies with parthenolide have shown
blockade of NF-kB nuclear translocation may not be the predominate mechanism for
drug activity, instead relying on direct alkylation of cysteine 38, an NF-kB amino acid
crucial for DNA binding [29]. Using a NF-kB mediated luciferase reporter, we
demonstrated that, like Helenalin, pretreatment with MCL could prevent NF-kB activity,
regardless of failing to prevent nuclear translocation. This raises the possibility that MCL
disrupts NF-kB directly, thereby blocking its ability to regulate gene expression.

It is tempting to speculate that the differences in sensitivity observed between the
cancer cells in the different cell lines with MCL treatment could be explained by their
dependence on NF-kB gene regulation. Indeed, constitutive NF-kB activity was found to
be higher in basal breast cancer cells than luminal cell lines, and was preferentially
involved in their proliferation [30]. In agreement with this study are reports that EZH2, a
Polycomb protein crucial for self-renewal and expansion of breast CSCs, has been shown
to enhance NF-kB activity in basal breast cancer cells, while repressing NF-kB activity in
luminal breast cancer cells [31, 32]. IL-6, a cytokine with known involvement in CSC

self-renewal, was reduced in MDA-MB-231 and increased in MCF-7 cells following
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EZH2 knockdown, further illustrating the dichotomy in NF-kB regulation between breast
cancer subtypes. It could be possible that luminal cells and their suspected stem cell
component, having reduced NF-kB activity, rely less on this signaling pathway for a
driving force, and so would exhibit a subdued response to MCL mediated NF-kB
inhibition. In this regard, future studies with MCL should focus on NF-kB reliant breast
cancers, such as those arising from aggressive ER-/PR-/Her2- basal-like cells.

Our study describes a novel derivative of parthenolide that shares in the ability to
target breast cancer cells and stem cells. As more studies acknowledge the problem
CSCs pose on successful cancer therapy, it is important to scrutinize newly introduce
inhibitors for their ability to target this cancer subpopulation. By choosing parthenolide
as a starting point for our drug discovery, our compound has shown to be effective
against both breast cancer and the CSC subpopulation. As more treatments that target
CSCs are developed and incorporated with conventional therapy, the elimination of one

of the oldest global health problems may finally be within reach.
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Figure 1.1. Breast cancer cell sensitivity to MCL. Breast cancer cells were treated with
increasing concentrations of MCL, and assessed for viability using the MTS assay. Basal
and Claudin-low cell lines were more sensitive to MCL (IC50 7-8.4) than luminal cell
lines (IC50 10.6-10.9).

166



Figure 1.2 Effect of MCL on breast cancer stem cells. (A) Treatment of SUM159 cells
with MCL decreased the percentage of ALDH+ in a dose dependent manner. (B) Basal
breast cancer lines SUM149 and MDA-MB-231 saw reduction in ALDH+ beginning at 5
uM MCL. The luminal cell line MDA-MB-453 required a higher concentration (8 pM) of
MCL to reduce its ALDH+ population. (C) CD44'/CD24" MCF-7 cells were the least
sensitive CSCs to MCL treatment.
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Figure 1.3 Induction of apoptosis with parthenolide and MCL. (A) SUM159 cells
treated with 5 uM parthenolide for 24 and 48 hours showed selective induction of
apoptosis within the CSC population. (B) In contrast to parthenolide, induction of
apoptosis was only observed after a 48 hour incubation with high concentration (8 pM)
MCL.
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Figure 1.4 Effects of MCL on breast CSC self-renewal. (A) The ratio of the number of
spheres to the number of seeded ALDH+ cells represents the tumorsphere formation rate
(%). Single ALDH+ SUM159 cells treated with 5 pM MCL had a diminished capacity to
Under drug-free conditions, replated cells from MCL treated
tumorspheres showed a modest inhibition on self-renewal, as compared to the control.
(B) No significant differences were seen in tumorsphere size between cells treated with

form tumorspheres.

MCL or vehicle.
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Figure 1.5 The role of reactive oxygen species (ROS) in MCL’s efficacy. Parthenolide
is known to facilitate generation of ROS, leading to cell death. Pretreating SUM159 cells
with 5 mM N-acetylcysteine (NAC), a precursor to glutathione, reduced the efficacy of
parthenolide against ALDH+ cells. Similarly, NAC pretreatment abolished MCL’s
ability to eliminate ALDH+ cells.
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Figure 1.6 Regulation of NF-kB translocation. (A) Staining of fixed SUM159 cells for
the p65 subunit of NF-kB showed the typical cytoplasmic pattern. Upon stimulation with
TNFa, NF-kB can be seen translocating to the nucleus for gene regulation. (B)
Parthenolide is a well-known inhibitor of NF-kB translocation. Twenty four hour
pretreatment of SUM159 cells with parthenolide prevented NF-kB translocation after
TNFa stimulation. In contrast, MCL pretreatment failed to block NF-kB translocation
after stimulation, at all time points.
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Figure 1.7 Regulation of NF-kB Activity. SUM159 and MDA-MB-231 cells were
transfected with a lentivirus harboring firefly luciferase downstream a NF-kB (or MCMV
as a control) regulated promoter. Stimulation with TNFa induced luciferase activity of
both SUM159 and MDA-MB-231 cells. Pretreatment with parthenolide before TNFa
stimulation prevented the induction of luciferase. While failing to block NF-kB
translocation, pretreatment of MCL before TNFa stimulation also blocked induction of
luciferase, suggesting direct inhibition of the NF-kB protein.
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