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Chapter 1. Cell surface markers of cancer stem cells: diagnostic macromolecules
and targets for drug delivery
1.1 Introduction

Cancer stem cells (CSCs), also known as tupnopagating cells or tumer
initiating cells, are subpopulations of undifferentiateajhly tumorigenic cells found
within bulk tumors. CSCs have the ability to gelfiew, differentiate, and generate a
phenotypeidentical copy of the tumor from which they were isolated upon implantation
in a recipient animal (Figl). Accordingly, CSCs reside at the apex of the tumor cell
hierarchy and can differentiate into all of the cell types that comprise the hast'ttim
CSC theory directly challenges the traditional stochastic model of cancer cell growth
that predicts that all cells from anhor have tumorigenic potential

The development of suitable technologies to isolate CSCs from tumors (e.qg.,
monoclonal antibodies of unique CSC surface macromolecules ledoupwith
fluorescenceactivated cell sorting (FACS) technigues) and appropriate animal models
for xenotransplantation assays of isolated cell populations (e.g-obese diabetic,
severe combined immurdeficient (NOD/SCID) mice) have facilitated the
idertification of CSC populations from a variety of blood and solid tumdfEhese
technological advancements were prerequisite to the discovery of CSCs in acute
myelogenous leukemia (AML), which is arguably the prototypical human cancer
bearing an established CSC hierarchy. Semmalk by John Dick and colleagues
provided the first critical evidence for CSCs by isolating (with FACS) the COBBS

fraction of human donor AML cells and engrafting those cells into severe combined



immunodeficient (SCID) mic&'® Engrafted cells were able to proliferate and
differentiate, resulting in identical disease to that of the donor. Isolation of the AML
CSC population (CD34CD38) from the recipient mouse, folved by serial
transplantation nto a secondary recgmt mouseyielded the same disease, thereby
demonstrating the setenewal properties of the initially engrafted CD/®D38 AML

cell fraction. This pioneering study provided insight into the {stamnding observation
that AML cells have only limited prdkrative capacity by supporting the hypothesis that
a rare leukemic clone mst maintain the AML populatiott:*®* Additionally, this work
provided crucial evidere for the hierarchical model of tumor heterogeneity by
demonstrating that some populations of leukemic cells (COBBSY) exhibited CSC
activity, whereas other leukemic cell populations (e.g., CItda38" and CD34) did
not'® The feature that only a siopulation of cells from a tumor can facilitate
tumorigenesis is a tenant of thierarchicaimodel of timorcell growth®*° AML CSCs

exclusively give rise to clinical AME*°



Fig. 1.1 Depiction of the properties that are characteristic of cancer stem cells
(CSCs)A. CSCs (shown in gray) can seénew and undergo mulineage
differentiation (cells in color)B. Tumorigenicity. CSCs are more tumorigenic than

differentiated bulk tumor cells



Cancer therapies that are resisted by the CSC population are predicted to fail by
the CSC model’ Although outside the focus of this review, the drug resistance
properties of CSCs may result due to increased celbceiee*™® expression of anti
apoptotic protein$® and upregulation of ABC multidrugesistance transporter
proteins'®’ The CSC hypothesis is also supported by clinical data. In the case of AML,
approximately 44,000 new cases of AML are diagnosed annually in the United States
and 5year survival rates are only 24%Frontline small molecule treatments for AML
include nucleoside analogues (e.g., cytarabine) and anthracyclines (e.g., idarubicin,
daunorubicin), which are designed to induce apoptosis in rapidly dividing cancer
cells.’*?° AML CSCs, which are largely quiescent, are typically resistant to standard
chemotherapeutic agents. tharmore, recent data have demonstrated that cytarabine
actually facilitates AML CSC entry into GO/G1 phase, thereby promoting cell cycle
quiescence and providing a mechanism thdowas AML CSCs to survive
chemotherapg® Consequently, viable strategies to eradicate CSC populations are
clearly needed if curative cancer therapies are to be developed. A realized example of
this concern has been documented with pttieaceiving the targeted babl tyrosine
kinase antagonist imatinib (Gleevec®) for chronic myelogenous leukemia (CML).
Although imatinib effectively converts CML iata chronically managed dised$€&’ a
patient withdrawing from imatinib treatmentvill ultimately exhibit disease relapse
because imatinib does not eliminate CML C3t3

Elucidation of the molecular differences between differentiated cancer cells with

high proliferation rates and nondiffentiated CSCs that are mostly quiescent is an



intense area of ongoing reseaféh”® Equally important is theneed to characterize
those chemical features that confer cancerous versusammerous stem cells (e.g., the
differences in biochemistry between a leukemic stem cell amorraal hematopoietic
stem cell> A variety of cytosolic and cell surface macromolecules have been
charactezed as diagnostic markers for the identification of CSCs from differentiated
cancer cells, normal stem cells, or other cells from tissue. Many of these markers are
utilized in combination for characterization of the CSC population (e.g., COIA38

for AML CSCs described abov&jHowever, for isolation and drug targeting of CSCs,
surface marker have proven to be more usefti? Cell surfacemacromolecules are
readily captured by magnetic miebead isolation techniques and are easily detected by
flow cytometry, and the unique ligands presented on the cell surface offetoredep
targeted drug deliver? In this chapter we have consolidated the known CSC cell
surface markers that have been described for various blood and solid tumors into one
document Since intracellular markers for CSCs have beescdbed and reviewed
elsewheré®* we have focused ih review only on welcharacterized cell surface
markers due to their ability to serve as mediators for drug delivery into CSCs. In
addition to compiling CSC surface markers, we review the unique chemical and
structural features of the most wkhown CSCsurface markers and report recent efforts

to deliver therapeutic agents into CSCs mediated by CSC specific cell surface
macromolecules. Compendium of cell surface markers forifaetion of cancer stem

cells sammarized herein is the current knowleddeC&C markers from the flowing

human cancers: leukemiasaple 1.1-1.3), breast(Table 1.4), colorectal(Table 1.5,



liver (Table 1.6, pancreatiqTable 1.7), prostate(Table 1.8, melanomgTable 1.9,

brain (Table 1.10, bladder(Table 1.1J), lung (Table 1.12), and ovarian carcinomas
(Table 1.13). Recent efforts to deliver therapeutic molecules to CSCs are described in
Table 1.14. Table 1.15 provides a compendium of the other commonly used names of

the CSC markers discussed in thédwing sections.

1.2 Cancer Sem Cells Found in Liquid Tumors
1.2.1Leukemia

Leukemia is a family of diseases, comprised of blood, bone marrow, or lymphoid
system cancers that are characterized by abnormabises in white blood cell coufit.
In 2011, more than 44,000 children and adults in the United States were expected to
develop some form of leukemia, and approxitya®2,000 deaths were project€d®’
In 1994, Dick and coworkers first characterized the acute myelogenous [ausiem
cell population utilizing the CD34CD38 cell surface marker combinatidh.This
landmark discovery catalyzed the search for CSC populations from related blood as well
as solid tumors. The repertoire of CSC markers in leukemiangplicated and variable

depending on leukemiaibtype and stage of disea8e.

1.2.1.1Acute myelogenous leukemia (AML)
As has been introduced above, CD34€ D 3 Jable {.1) is the earliest
documented stem cell marker combination in cancer and is still widely used to identify

leukemic CSCs. In a seminal study, Dick and coworkers demonstrated that a small



subpopulation of AML cells with the CD34£D38 cell surface phenotype was capable

of producing a large number of colofoyming progenitors when engrafted to SCID
mice. On the other hand, CD3@D38" and CD34 cell fractions @ not exhibit these
properties® Later studies from the same gpoprovided evidence that CD3€D38

was a common immune phenotype for leukemic CSCs in multiple AML subtypes and
also demonstrated their sethewal potentia.

Additional stuies have further refined and developed the cell surface
phenotypes of AML. The Suthland group has shown that, in both in vitro and in vivo
models, CD3¥CD90 (Thy-1), CD34/CD71/HLA-DR", and CD3#CD117 (c-kit)
are unique cell surface marker phematsof AML CSCs3%*! In 2000, the Jordan group
indicated that CD34CD38/CD123 (interleukin3 r ecept or a chai n)
surface phenotype for humaML stem cell$? Additionally, CD123 expression has
also been reported on CSCs in CML, myelodysplastindsyme, and systemi
mastocytosié® suggesting that CD123 might be a broadly applicable cell surface marker
for the development of targeted therapies against CSCs across multiple leukemias. CD33
is another impo#nt surface marker for characterizing AML CSCs. CD33 has long been
known for its extensi expression on leukemic blastsyut only recently has it been
repoted as a marker for AML CSCs. Hauswirth et al. have shown that addition of
CD33" to phenotype CD34CD38/CD123 vyields a robust marker combination for
AML CSCs that isunique to cancerous stem céfisAdditionally, Florian et al.
demonstrated that CD3I€D38/CD45/CD123 was a general marker phenotype for

AML CSCs and that additional markers, such as CDTD71, CD33, CD117,



CD133, and HLADR, were observed in variable combinations with the
CD34/CD38/CD45/CD123 pherotype?® CD34'/ CD38/CD123 CSC populations
have also been noted for their upregulation of drug efflux pumps. Compared with bulk
(differentiated) tumor cells, the upregulation of multidregistance related protein 1,
breast cancer resistance protein, and lung resistaot@rphave beeabserved in AML

CSC population§® C-type lectinlike moleculel (CLL-1), which is a transmembrane
protein with a heavily Nylycosylated extracellular domain, has been found to be
exclusively expressed on AML CSCs in 92% of alld&éd AML cases. Isolation and
transplantation of CD34CD38/CLL1" cells generged AML blasts in NOD/SCID
mice?’ Another important marker of AML CSCis CD96, which belongs to the
immunoglobulin superfamily. Recent studies have demonstrated that CD96 protein
might be selectively overexpressed as a CIE3a38/CD90/ L i n — 7 phénétype

on AML CSCs as compared with the basal expeeskivel of CD96 on normal HSCE.

The elevated expression of several isoforms of adhesion molecule CD44 has been
identified in the interaction between hematopoietic progenitor cells and the surrounding
stromal cells (i.e., CSC niche) in primahuman AML samples® CD44 has been
previously exploited intargeted drug delivery to AM CSCs?° (see sectiorf T h e
chemical biology and drugitr get i ng of cel | surf adablemar ker
1.14). The Ishikawa group has reported the identification of CD25 and CD32 in
conjunction with CD3%CD38 as potential CSC markers for AML. In their study, they
found that both CD34CD38/CD25 and CD34/CD38/CD3Z leukemia cells are

enriched in quiescent, chemotherapeutic dasistant CSCs, are capable of initiating



AMLs in vivo, and are expressed at awémited level in normal HSC¥ Majeti et al.

also reported CD47 as a new potential

target for CSC therapy of AML.

CD34'/CD38/CD90/Lin"/CD47" expression was observed only in AML CSCs when

compaed with their HSC counterparts.See Tablel.l for a listing of AML CSC

surface markers.

Table 1.1.Previously reported CSC markers fmutemyelogenous leukemia (AML

Cancer Type

Marker(s)

Reference

Acute Myelogenous Leukemia
(AML)

CD34'/CD38

CD34/CD90
CD34/CD71/HLADR
CD34/CD117
CD34/CD38/CD123
CD34/CD38/CD45/CD123"
CD34'/CD38/CD123/CD33
CD34/CD38/CLL1"
CD34°/CD38/CD90/Lin /CD96"
cD44

CD34'/CD38/CD25"
CD34/CD38/CD32"
CD34/CD38/CD90/Lin/CDAT

10

39

40

41

42,46

43

45

47

48

49

50

50

51

1.2.1.2Acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) is the most common clololth cancer and

is characterized by cloharoliferation of lymphoblast®® ALL CSCs present the same

CD34/CD38 cell surface marker

phenotype as AML CSCs; however, the

CD34/CD38/CD33/CD19 phenotype has been characterized as a nobrest marker

to defineALL CSCs>? A population of ALL CSCs that are committed to lymphoid

9



differentiation has been shown to express the Philadelphia chromosome
(CD34/CD38/Ph).>®> The Philadelphia chromosome caims a chromosomal
translocation between the break point cluster region (bcr) and the gene encédiing c
(abl), which encodes for the babl tyrosine kinas& The presence of the Philadelphia
chromosome in ALL indiates an overall poor prognosisSubsequent studies have
shown that, in CD34CD38 bone marrow cells, a predominant and aberrant
CD34'/CD38/ CD19' cell population that is not present in healthy individuals carries
the Philadelphia chromosome, while the CDZ@ll populaton in this compartment
does nof® These results indicate that the COY@D38/CD19" phenotype marrow
compartment in childhood ALL is anath potential marker of ALL CSC%,which is
cortradictory to previous finding® However, it has been suggested that CDrh@yht

not be a broadly apglable AML CSC market® ALL can be classified as T lineage-(T
ALL) or B lineage (BALL).>" Cox et al. have demonstrated that ALL cells capable of
longterm proliferation and differentiation into pB2ALL in vitro (suspension culture
assay) and inivo (NOD/SCID transplant model) were derived from only CHGH10

or CD34/CD19 subfractions, indicating that the target cells for transformation in pre
B-ALL have a more immature phengiy than the bulk ALL populatiof. The same
group also discovered that CD33D4 or CD34/CD7 subfractions of childhood T
ALL cells were highly proliferative andcapable of NOD/SCID engraftmetitMore
recently, Cox et al. reported that ichildhood ALLs, the small subpopulation of
CD133/CD19 cells were capable of initiating and maintaining ldagn in vitro

cultures of BALLs and engrafting seril into NOD/SCID recipient mic€ In a recent

10



study from the Morimoto group, the stem cell characteristics of @B populations in
B-ALL were demonstrated both in vitro and in transplantation experiments, suggesting
that CD9 isa useful positiveselection marker for the identification of CSCs irABL.

Their study also showed that, in some cases, "GD@ALL CSCs was a more reliable
CSC marker than CD34* The same group also reported the importance of CD90 (Thy
1) and CD110 (@Mpl) as positiveselection markers for-ALL CSCs. In bothin vitro

andin vivo assaystheir results suggested that small subpopulations of GDBA10

cells isolated from either childhood or adult ALL specimens retained the ability to self
renew, proliferate, and differentiaté SeeTable 1.2 for disting of ALL CSC surface

markers.

Table 1.2.Previously reported CSC markers &mutelymphocytic leukemia (ALL)

Cancer Type Marker(s) Reference

Acute Lymphocytic Leukemia ~ CD34/CD38/CD33/CD19 2

(ALL) CD34/CD38/PH 3
CD34'/CD38/CD19 %
CD34'/CD10 8
CD34'/CD19 28
CD34'/CD4 9
CD34/CD7 %9
CD133/CD19 60
CD9' 6L
CD90'/CD110 62

11



1.2.1.3Chronic myelogenous leukemia (CML)

CML is often characterized by the overproduction of mature myeloid cedls. A
with ALL, CML is most closely associated with the {adyl chromosomal translocation,
which is pesent in pluripotent stem cefSCML CSCs are also characterized by the
CD34'/PH cell phenotypeTable 1) andre phenafpically similarto normal HSCE® In
addition to its role as an AML CSC marker, CD12f&s also been characterized as a
surface marker for CML CSCs (phenotype CO88€38/CD123). Queries for the
presence of other markers in CML cells bearing the CD3H38/CD123 phenotype
revealed variable positivity for CD18&D33, CD44, and CD117 molecul&however,
the presence of CD116h the surface of CML CSG=nflicts with previous reporfs.

SeeTable 1.3for alisting of CML CSC surface markers

Table 1.3 Previously reported CSC markers @ronic myelogenous leukemia (ALL

Cancer Type Marker(s) Reference
Chronic Myelogenous CD34'/CD38/CD123" s
Leukemia (CML) CD34/PH 83

1.3 Cancer Stem Cells Found in Solid Tumors
1.3.1Breast cancer

Breast cancer accounts for the deaths of more than 40,000 women each year in
the United Stats. Although the Jyear survival rate for breast cancer patients has
dramatically increased over the past few decades, tumor relapse and metastasis is still a
significant poblem in breast cancer theraldy? The evasion of breast CSCs during

therapy is a significarttontributor to disease relap%e.
12



Al-Hajj et al. were the first to identify breast CSftom whole cell population of
breast cancer specimens using the cell surface marker profile €4 /"/Lin"
(Table 2),which was the seminal report of CS@lentified from a solid tumdf. The
marker profiles CD44CD24/°"/Lin~ has been correlated withigh resistance to
traditional @ncer therapie¥, poor prognosi§® and enhanced invasive propertfés.
Notably, lineage (Lin) markers are a standard combination of monoclonal antibodies
including CD2, CD3, CD4, CD5, CDS8, NK1.1, B220, THR9, and Gil in mice and
CD3, CD14, CD16, CD19, CZD, and CD56 in humans? Addition of epithelial cell
adhesion molecule (EpCAM), yielding marker combination
CD44'/CD24 [*"IEpCAM™"  was later found to be a more robust surface marker
combination for theésolation of human breast CS&sThe multiplexing of cytoplasmic
enzyme ALDH1, membrane protei@D44, and cytokeratin has been employed to
identify putative breast CSCs and indicate poor prognosis, which is independent of
tumor size, nodal status, ERPR, and HER2status, and histological graffe.

Another important cell surface marker of human breast CSCs is Thyl (CD90). In
an MMTV-Wnt-1 breast cancer mouse model, cancer cells with the phenotype
THY1'/CD24" (1-4% of tumor cell population) were identifiedtie highlytumorigenic
in comparison to nofHY1*/CD24" populations ad displayed properties of CSEs.

The observation of CDZ4phenotype in combination with Thyl is contradictory to
previous reports that found breast CSCs to have a4@OB24/°"/Lin~ phenotype?®
The expression of cell surface marker CD133 is also reported to be of significance and

prognostic value for identifying CSCs in breast tumors, especiddgn combined with
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CD44'."*"> cD173 (H2) and CD174 (Lewis Y) are cell surface carbohydrate antigens
that are expressed to varying extents on different humamoaras. Ceexpression of
CD173 and CD174 with CD44 is another cell surface marker combinatigoged to
identify breast CSC®. Similar to CD173 and CD174, CD176 is also a cell surface
carbohydrate antigen that has been reported to {sxmesseé with CD44 and CD33

in breast carcinomd. Another study has shown that in BRCAL (breast cancer
associated gene-hjutant breast cancer cell lines, a small subpopulation of cancer cells
expressing CDZ4CD29 ( B i nt e g2d'iCD4Of (oar6 ODnt egrin) sur f
exhibited enhanced proliferation and colony forming ability in vitro and increased tumor
generating ability in vivo. In addition, purified CD2€D29" cells exhibit selfenewal
capability, and asow as 500 cells @uld reconstitute the heterogeneity of the parent
cancer cells in vivo, which is strongiydicative of a CSC populatiofi.Shipistin et al.
confirmed that CD201, which is also known as protein C recefRROCR), was
expressed on 100% of CD4Mreast cancer cells and was used as a cell surface marker
to isolate CSCs from primginvasive breast cancer tumdrdn addition high PROCR
expression was also reported to associate with pammnosis in clinical patienfs.See

Table 1.4for a listing of breast CSQudace markers.
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Table 14. Previously reported CSC markers for breast cancer.

Solid Tumor Type Marker(s) Reference

Breast CD447/CD24™"/Lin" 6069
CD44'/CD24"*/EpCAM™" 66
ALDH1*/CDA44 [cytokeratiri &
CD90'/CD24" 2
CD133/CD44 a7
CD173/CD174/CD44" 76
CD176/CD44 "
CD176/CD133" 77
CD24'/CD29 8
CD24'/CD49f" 8
CD44'/CD201 (PROCR) &

1.3.2 Colorectal cancer

Dalerba et al. have isolated colorectal CSCs from specimens usirgudalte
markers CD44 and EpCARM.When purified CD4¥EpCAM™" epithelialcells (Table
2) were injected into immunodeficient mice, the engrafted tumors vyielded the
differentiated phenotype profile as well as the morphologic heterogeneity of the parent
lesions from which the CD44EpCAM"" epithelial cells were isolated. Furthermore,
the authors also reported CD16#s a cemarker that could be used for validation of
colorectal CSCs in both xenografts and primary tumors, and the
CD44' [EpCAM™"/CD166 phenoype wasconsistent with poor prognogi$However,
the CD44/EpCAM marker phenotypes were not the first reported colorectal CSCs. Prior
studies hadirst indicated that CD133 was a potential cell surface CSC marker in
primary humarcolorectal cancet:® but more recent findings by Shmelkov et al. have

shown that both CD133and CD133 populations are tumorigenic and contain tumor

15



initiating cells®® In order to explain this discrepancy, Du et al. have suggested that,
unlike CD44, a surfacprotein that is of functional importance for the survival of CSCs,
CD133 has not been found to have any essential functions associated with the growth
and survival of colorectal CSE$Although CD44/EpCAM™"Y CD166 is a relatively
more reliable marker for colorectal CSCs than CD1388me exceptions have also been
documented. Lugli et al. reported that the loss of this cordbimearker
(CD44' [EpCAM™"/CD166) was rather linkedot an aggressive tumor phenotyp&
Studies have alsdiewn that CD49f, which has been reportechaCSC marker in breast
cancer? is expressed on colon cancer cells, and than higherlevels of CD49f
expression are observed with CD4dells, aknown maker of colorectal CSC¥.
Additionally, CD133/CD24" has been iderfted as a colorectal CSC markérSee

Tablel.5 for a listing of colorectal CSC surface markers.

Table 15. Previously reported CSC markers for colorectal cancer.

Solid Tumor Type Marker(s) Reference
Colorectal CD44'/EpCAM™" 50
CD44/EpCAM""/CD166" 80
CD44'/CD49f 80
CD133 8182
CD44 88
CD133/CD24 87

1.3.3Liver cancer
The incidence of hepatocellular carcinoma (HCC) cases has risen by 3% every

year since 1992, and theyBar survival rate rangésom 14% to 26% depaling on the
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stage of diagnosi¥.In spite of the intensive research efforts devoted to the discovery of
new HCC drugs, tumor relapse is stillselved in the majority of cas&sThe recent
identification of liver CSCs has yielded new targets for HCC drug discovery efforts,
which, if successful, may help to address the problem of disease relapse.

The CD133 phenotype was the first repied putative HCC CSC populatidh.
In this report by Ma et al. CD133HCC cells exhibited greater coloiigrming
capacitiesantdighe r pr ol i ferati on rlg asevell adtlieability@D 1 3 3 -
generate new tumors in both in vitro and in vivo models. Additionally, in CbtL@8or
cell s, the expression | evel of s-taemmess Qe
Notch, and Hedgehog/SMO signaling were largely upledgd, indicating those
CD133 tumor cells were putative HCC CSCs. The CD1g8pulation was further
characterized for other common CSC markers and CD34 and CD44 were found to be
upregulated when compared with the CD1@®pulation®™ Another weltestablished
cell surface marker of HCC stem cell is CD44Vithin the HCC CD133population,
CD44' cells were found to be more tumorigenic than CDeells in NOD/SCID mouse
model. Recent studies also revealed that the blocking of CD44 function by treatment
with a CD44 specific monoclonal antibody might be a potentrategyy to eradicate
liver CSCS* (sees e ¢ t i ochemicdl higogy and drug targeting of cell surface
mar ker s on c aNaedver, thet cellmurface tatbehydjate antigen CD176
was found to ceexpress with CD44 a highrate on the surface of HCC stem cells in
both cancer cell lines and surgispecimens of malignant tumorsBesides CD133 and

CD44, EpCAM was identified aan early biomarker of HCC CSEs* The sorted
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EpCAM" subpopulation of HCC cells yielded more colonies in clonogenicity assays
than the sorted EpCAMcells from the same cell line. Further in vivo evaluation in
mouse models indicated that as little 400 EpCAM HCC cells were needed to
generate a new tumor, and EpCARElls retained the ability to differentiate into both
EpCAM" and EpCAM cells, while EpCAM cells always sustained their giotype
during cell propagatiof? Additionally, CD133 expression was observed in both
EpCAM’ and EpCAM populations, indicating that EpCAM functions as a better
indicator of the CSC populatioh Recently, CD13 (alanine aminopeptidase), which is a
membranebound enzyme, has been identified as a marker for semiquiescent CSCs and a
potential therapeutic target for liver cancers. Cx@B133 and CD13/CD90
populations were observed to be extremely tumorigenic, requiring only 100 cells for
tumor formation upon transplantatidfiln a xenograft mouse model, CD13 inhibition,
which was achieved with either a CD13 neutralizing antibody or by the CD13 inhibitor
Ubenimex, repressed tummitiating and selfenewing cagpbility of the majority of
CSCS*(see section The chemical bi ol ogy and drug tar
cancer s CeY%(Thkyd)lhdsslso)been identifiedasCSC marker in HCC cell
lines® In comparison to CD90cells, CDI0 cells sorted from HCC cells lines were
found to exhibit strong tumorigenic capacity, and the subpopulation of cells with
CD90'/CD45 phenotype could generate tumor nodulesiinimmunodeficient mouse
model?®> OV6, which is a marker of hepatic progenitor (oval) cells, has been shown to
be another CSC marker in HCC cells. OMCC cells are capable of generating new

tumors in vivo andshow substantial resistance to standard chemotherapeutic drugs
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compared with OVBHCC cel | s. Further mor e ,catenihe i
signaling pathway, which is known to be iomant for the survival of CSC8 decreases
the population of OVbBcells. The OV6 cell population also gainguigher proliferation
pot ent i-eateninaattivador!’ SGeTable 1.6 for a listingf liver CSC surface

markers.

Table 16. Previously reported CSC markers for liver cancer.

Solid Tumor Type Marker(s) Reference
Liver CD176'/CD44 I
CD133 %0
CD133/CD44 o
EpCAM" 9293
CD13/CD133 o
CD13/CD90 o
CD90'/CD45 %
oVve' o

1.34 Pancreatic cancer

Pancreatic cancer is one of the deadliest forms of human cancers. Currently,
there are no known methods of early detection, and the avergegr Survival rate is
6% The mortality rate of this disease approaches %40because of its
characteristicallyhigh resistance to radiation and chemotherapy, and the tendency of
early systent disseminatiori® In spite of the significant advances in cancer biology
over the past decade, the efficacy of drugs to treat pancreatic basast substantially
improved®® Targeting the pancreatic CSC population coullovadevelopment of more

efficacious therapies to combat this lethal disease.
19
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A pancreatic CSC populati was identified only recentRj.A small population
(0.20.8%) of highly tumorigenic pancreatic cancer cells with the
CD44'/CD24/EpCAM™" phenotype (Table2) from primary human pancreatic
adenocarcinomas was xenografted into immunocompromised mice. In ¢sonpaith
nontumorigenic cells, the CD4CD24/EpCAM™" pancreatic cancer cells exhibited a
100fold increase in tumorigenic potential, and as few as 100 such cells could
reconstitute tumors that were indistinguishable isyology from the original ore™ In
related studies, Hermann et al. demonstrated that CD&38ession on the surface of
pancreatic cancer cells was consistent with increased tumorigeamditiigh resistance
to standard chemotherapy. In additiahgey further revealed that a unique small
population of CSCs bearing the CDI88XCR4" phenotype determined the metastatic
potential of the tumor. Although CD138XCR4 cells and CD133 CXCR4 cells
showed similar tumorigenicity when xenografted intaud@& mice, only the
CD133/CXCR4 cdls eliminated tumor metastasi®. SeeTable 1.7 for alisting of

pancreatic CSC surface markers.

Table 1.7. Previousy reported CSC markers for pancreatic cancer.

Solid Tumor Type Marker(s) Reference
Pancreatic CD44'/CD24/EpCAM" 9
CD133 100
CD133/CXCR4' 100
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1.35 Melanoma

Approximately 70,000 new cases of human melanoma and 9,000 melanoma
related deaths were expedtin the Urted States in 201*f.Although melanoma is not a
leading cause of canceglated mortality, it is one of few cancer types associated with
both annual increses in incidence and death réfeHuman malignant melanoma cells
are highly aggressive and drug resistant and contain cell poposatth enhanced
tumorigenicity'® The discovery of putative CSCs in melanoma celed was first
reported in 200%% preceding their subsequent isolation and characterization from cell
lines and surgical skimens:®® Nestin {Table 2),which is an intermediate filament
protein, was first described as a potential sterhrarker in melanoma cell liné&?
Nestn expression was associated with aggressive behavior of the malignant tumors and
was found to be upregulated during the development of invasive melanoma from banal
nevi (a beign chronic lesion of the skirt§* Co-expression of nestin with CD133 has
been described in context with stem cell populations in circulating melanoma cells,
which are closely relatetb their metastatic potential® Monzani et al. first utilized
CD133 as a cell surface marker to separate melanoma stem cells. Their data showed that
in contrast to CD133cells, CD133 melanoma cells werkighly tumorigenic and able
to generate a Mait (a typical melocytic m&er) positive tumor when implanted into
NOD/SCID mice. In the same study, they also revealed that melanoma cells expressing
both CD133 and ABCG2 (ATBinding cassette stfiamily G member 2) were able to
selfrenew and differentiate into astrocytes and enekymal lineages under specific

conditions, demonstrating theility of ABCG2 as a CSC markéf® Schatton et al.
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identified a small subpopulation of melanoma cells that were enriched for human
malignant melanomanitiating cells, which were defined by the expression of P
glycoprotein ABCB5, a welknown chemoresistance mediator. ABCBfielanoma
cells were found tdoe highly aggressive, possess greater tumorigenic capacity than
ABCB5™ cells, and could restablish clinical tumr heterogeneity. ABCB5 has also
been studied aa target of anticancer therdfiy/°’ (sees e ¢ t ih@ ahemical biology

and drug targeting of cell surface markers on cancer stem &dg)Tablel.8 for a

listing of melanoma CSC surface markers.

Table 1.8 Previously reported CSC markers for skin cancer.

Solid Tumor Type Marker(s) Reference

Skin CD133" 103
CD133/ABCG 2" 103
Nestin/CD133 105
ABCB5* 107

1.36 Brain cancer

Malignant brain tumors are among the deadliest human cancers. Glioblastoma
(GBM) multiforme is the most common primary brain tmn adults with 12,000
deatts in the United States annualff.In children, glioblastoma multiforme occurs less
frequently, accounting for-B% of all intracranial tumors, yet the median suaviafter
diagnosis is 50 weeKkE? Currently, there is a scarcity of effective treatments for brain
cancers, which is attributable to the sensitive environment of the disedséha

inability of many drugs to permeabilize the blebdain barrier. Unfortunately, most
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drugs that can access brain malignancies are inefficient at eradicating the tumor cells and
frequently leave behind a side population of radmd chemoresistantelts. The
existence of this side population providgesiechanism for disease relapsand recent
studies stronglyugygest that brain tumors &an established CSC hierarcfi$**! Drug
targeting of brain CSCs may yiebetter therapy outcomes.

In 2003, Singh et al. first identified CD133 as a CSC marker (Taplm
glioblastomas and medulloblastont¥sStudies of human medulloblastoma specimens
from children have also revealed a CD138bpopulation of dis that is positive for
nestin**® Sorted CD133 populations of childhood medulloblastoma specimens have
demonstrated the stem cell characteristics of-reeiéwal and differentiation, and
subjection of these cells to differentiation conditions resulted in the loss of the CD133
markert® The tumorigenicity of CD133 human donor medulloblastoma and
glioblastoma cancer cells were evaluated in NOD/SCID mice, and as few as 100 cells
were required for the developmeftnew tumors of the same pheye 13

Another glioblastoma CSC marker that has been identified is integrin A2B5, a
polysialo ganglioside. Tchoghandjian et al. used A2B5 to characterize CSC populations
in glioblastoma samples using magnatiicro-beads and FACS. In addition, the authors
sorted the cells for a secondary known CSC marker, CD133. ApBpulations
expressed characteristic features of CSCs regardless of CD133 expression, and both
A2B5'/CD133 and A2B5/CD133 populations werehighly tumorigenic, requiring

only 1,000 cells for development of a new tumor of the same phenotype. However, only

the A2B5/CD133 population of cells was fountb be invasive within the brafr?
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Studies by Ogden et al. have suggested that only the A@BSotype is characteristic

of glioblastoma CSCs, and CD133 positivity is immticative of a CSC populatiort® In
support of the evidence that CD13ells are putative CSCs, studies Wang et al.
foundthat CD133 glioblastomas were aggressive tumors and were typified by the onset
of angiogenesis, shorter survival times, and metastatic potential. However, the CD133
populations were also shown to be capable of differentiating into CDE}3, which
suggests that CD133are stem cellike.!*® Although characterization of universal
diagnostic markers for CSCs is the ultimate goal for the development of targeted
therapies, these contradictory results with CD133 clearly illustrate that patients can
express different surfacenarkers for the same disease and/or that multiple CSC
populations can be present in glioblastoma specimens.

L1CAM, a transmembrane adhesion protein found in CD1g@®ma cell
populations, was identifie as a brain CSC marker in 20608.D456MG pediatric
glioblastoma xenografts and primary human samples weieedtito study the role of
L1CAM.*® Neurosphere formation, a cellular morphology consistent with a stem cell
like state, was quantified as a measure of thereedwal properties of the CSC
population. Targeting LLCAM witshRNA decreased the ability of the CD188lls to
form neurospheres, indicating that the L1ICA®D133 population was the in vitro
CSC population. In vivo studies conducted in nude mice also showed that knockdown of
L1CAM with shRNA resulted in a reduoti in tumor size and increased surviVal

Stagéspecific embryonic antigeh (SSEAL), or CD15, has also been identified

as a potential marker of GBM 8Cs*° Utilizing primary human samples, SSEA
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cells were isdted and characterized for sethewal, differentiation, and
tumorigenicity. The presence of CDI33vas also investigated in the SSHA
populations in early studies; however, SSEACD133 and SSEA1'/CD133 were
both shown to have CSC characteristigsrting of primary human GBM specimens for
only SSEA1 expression and xenograftment of isolated cells into NOD/SCID mice
revealed that SSEA" cells exhibited at least 1€f@ld greater tumorigenic potential
than SSEAL™ GBM cells. Therefore, SSEA" can beused toidentify CSC populations

in GBM.M? SSEA1 has also beeidentifiedas a medulloblastoma CSC mark&rSee

Tablel1.9for a listing of brain CSC surface markers.

Table 1.9.Previously reported CSC markers for breamcer.

Solid Tumor Type Marker(s) Reference
Brain CD133 1z
CD133/Nestir’ 13
CD133/A2B5'and CD133A2B5" '
A2B5* 15
CD133/L1CAM* ad
SSEA1* 19

1.3.7 Lung cancer

Lung cancer is the most common, yet preventable, carslated death
worldwide, resulting in rare mortalities than colon, breast, and prostate cancers
combined. The %ear survival rate for small cell lung carcinoma is 6% whoa@small
cell carcinoma is 17% Current lung cancer therapies are usually transient and fail to
completely eradiate the tumocausing resistance. One potential hypothesis for drug
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resistance to chemotherapy is the presence of drug refractory lungp@pb@tions in

the tumor masse$! Eramo et al. identified CD133CSC subpopulations (Table 2) in
small cell and norsmall cell lung cancer fronprimary human donors. CD133
expression was observed on the surface of-23% of lung cancer cells byofv
cytometry analyses, which varied depending on different disease stages of the sample. In
vivo analysis showed that tumor formation required or®dQ cells to be implanted into
SCID mice, while differentiated cell populations injected at 50,000 cells per animal
failed to produceumors'® CD176 has also been identified as a potential marker for
lung CSC populations and has been observed in combination with CD133 and CD44 cell
surface markers. CD17/€£D133 and CD176/CD44" phenotypes were observed after
sorting cells for CD176 expression, and CD1&éll populations were found to exhibit
features of CSCs, such as tumorigenicity. These results imply that CBiEg6be used

as apotential lung CSC markéf. SeeTable 1.10for a listing of lung CSC surface

markers.

Table 1.1Q Previously reported CSC markers for lung cancer.

Solid Tumor Type Marker(s) Reference
Lung CD176/CD44 "
CD176/CD133 "
CD133 122

1.3.8 Bladder cancer

Bladder transitional cell carcinoma (BTCC) is the second most @@vehancer

of the urinary tract®® Five-year survival rates for BTCC vary by stage of depment,
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ranging from 6% to 97%° Traditional therapy consists of surge radiation, and
chemotherapy®* but if disease becomes invasive, then treatment outcomegarally

poor due to metastasis. The development of diagnostic markers and new therapies for
BTCC is currently needed.

Yang and Chang have identified a subpopulation of BTCC samples from primary
human donors that display a CO/MA”~ (epithelial membrane antigen) phenotype
(specifically the isoform CD44v6Table 2).CD44/EMA™ populations were shown to
overexpress Bml and EZH2, which are proteins that play a role in-saiewal of
normal bladder stem cells. CD4BMA" cells also wre able to form colonies and
proliferate in vitro, which areharacteristic features of CSES.

Chan et al. have also postulated that BTCC CSCs can be chaeattey the
cell surface phenotype LifCD44 /cytokeratin (CK)3/CK20. Tumors from primary
human donors were sorted for CD4dnd CD44 cells and then transplanted into
immunocompromised mice (RAG2 y)c The CD44 cells were found to be more
tumorigenic, requiring only 16€,000 cells to fan tumors, while the CD44population
required 200,006500,000 cells to elicit tumors in mice. Immunofluorescence analysis
of CD44" xenografts showed taxpression of CK5 and lack of expression of CK20
(phenotype LiWCD44'/CK5'/ CK20), and this marker pmetype was deemed to be
the BTCC CSC population. The authors also queried for other common CSC cell surface
markers and discovered that CD47highly expressed on CD44ells. CD47 inhibits

phagocytosis by macrophagedowaing for pathogenesis of the blider cancet?

27



Hoechst 33342 dye is a widely used indicator of side populatiohspetential
CSC characteristicé’ ATPbinding cassette (ABC) and multidrug resistance efflux
pumps are responsible for theneilnation of Hoechst 33342 dye, as well as cytotoxic
drugs, from cells. This process is detectable by FACS dodsafor the identification
and isolation of subpopulations of cells displaying these chaisdie that are common
of CSCs'*"? ABC-G2 transporters were detected in the BTCC cell line T24.8BC
and ABCGGZ cells were cultured in vitro, and tihegrowth characteristics were
evaluated. AB@G2" cells demonstrated consistent proliferation, whereas the-BBC
did not. Side populations of ABG2" also were able to differentiate into ABG2
cells, which further supports the hypothesis that ABZ is a marker © BTCC

CSCs*?’ SeeTable 1.11 fom listing of bladder CSC surface markers.

Table 1.11.Previously reported CSC markers for bladder cancer.

Solid Tumor Type Marker(s) Reference

Bladder Lin/CD44'/CK5'/CK20 12
CDA47'/CD44" 125
CD44v6/EMA 126
ABC'G2' 127

1.3.9 Prostate cancer

Prostate cancer is the mosimemonly diagnosed malignancy and second leading
cause of death in men in the United Stafelslore than 80% of men will develop
prostate cancer in their lifetime, and madsiseases will not be diagnos&d.Prostate

cancer is routinely treated by hormone ablation therapy, but this therapy regimen fails
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when the disease progresses to a horimefinactory staté>° Currently, cytotoxic small
molecules are the only therapeutic regimen able to improve outcomes for patients with
hormonerefractory prostate cancelrs. Identification of CSC surface markers could
provide a foundation for the development of ngaterationdrugs that target prostate
CSCs:*°

The first CSC surface marker identified for prostate cancerGizast (Table 2).
In 1997, Liu et al. reported their observation that CDgebstate cancer cells were
negative for prostatspecific antigen (PSA) and prostate acid phosphatase secretion,
which are proteins that are produced during cancer cell diffeientigdn the other
hand, when CD44 prostate cancer cells were -coltured with stromal cells, the
secretion of PSA was detected, indicating that the interaction between stromal cells and
CD44 prostate cancer cells stimulated the differentiation abilityeflatter, since PSA
production was not detected when either stromal cells or Cpbstate ancer cells
when cultured alon® Collins et al. demonstrated that prostate CSCs could be identified
from human specimens with a CDO#44a 2'{¥¥ €D133 phenotype, and this population
comprised 0.2 0.3% of the totaamount of cells in the tumor. In a colefgrming
assay, the CD44 o 2'P/aD133 population yielded 3:Told greater number of
colonies compared with the total cell population and more thaol8@reater number
of colonies compared with CD¥4 o 2'€0133 or CD44/ o B tells, which
suggests the CDZ44x 2 B9¥CD133 phenotype has the ability to se#new?®
Patrawala et al. performed in vivo studies in NOD/SCID mice utilizing prostate cancer

cell lines that were enriched for the CDA4a 2"{8 dcombination phenotyp€>!* They
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found that the CD44 o 2'P population had greater tumorigenicity than other
populations isolated (CD#4 a P8 1CD44/ a 2P, 1 CD44/ o B,1 further
supporting the evidence that the CB44x 2"{8 ghenotype is the CSC populatibti.
Mulholland et al. later confirmed that the [iScal*/CD49{"%" subpopulation of
prostate cancer cells were CSCs in a murine prostate Pirieel (PTEN is a tumor
suppressor gene in theopein kinase B pathwayf° The loss of PTEN activity is
strongly associated with the initiation carmetastasis of prostate cant¥rTissue
samples were taken from murine PTEN mutant prostate tumor grafts on SCID mice after
6-8 weeks, digested into singtell suspensions, and sorted by FACS. Through a
systematic study of various potential surface markers1Suad CD49f were identified
as surface markers of prostate CSCs. Sorted cells/@dal’/CD49f"" and Lin/Sca
1/ CD49f°") were then injected into SCID mice and only UI8cal’/CD49{"" cells

induced tumor growth*® SeeTable 1.1%or a listing of prostate CSC surface markers.

Table 1.12.Previously reported CSC markdos prostate cancer.

Solid Tumor Type Marker(s) Reference
Prostate CD44"/ $,""/CD133 8
Lin/Scal*/CD49f"" 130
CDA44 [0,B,"" 133

1.310 Ovarian cancer
The most lethal disease of the female repmive tract is ovarian cancer,
High mortality rates occur due to the difficulty in diagnosing early stage ovarrareca

as well as thdigh prevalence of drugefractory relapse after initial treatment, which is
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likely a result of CSC sulmpulations that survive therapy’. Ovarian cancer §ear
survival rates vary depending on the stage of development of the tumor. Early stage
diagnosis, when the disease has yet to metastasize, Jagsaa survival rate of 73%,
while latestage ovarian cancer diagnossults in a 28% survival ratd.

Zhang et al. first identified CD44 as a potential ovarian CSC surface marker in
2008. Analysis of human ovarian specimens revealed a small populafidr0(@%) of
CD44'/CD117 cells (Table2) that were highly tumorigenic and demonstrated self
renewal by spheroid formation. Tumorigenicity was measured by engraftment of
CD44'/CD117 and CD44/CD117 subpopulations into nude mice. The
CD44'/CD117 subpopulation was able to repopulate the tumdoviehg injection of
only 100 cells, whereas the isolated CD@D117 phenotype required 500,000 cells
for tumor development after 3 months.

Ferrandina et al. identified CD133ubpopulations as ovarian CSCs in primary
human samples. The CD133ubpopulation was 4fbld more active in a colony
forming assay, which demonstrated replicative capati Work by Curley et al.
verified the presence of a CD138ubpopulation with tumeinitiating properties and
found that 0.2 12.5% of theumors expressed this phenotyge.

CD24" has also been characterized as a potential surface marker of human
ovarian CSCs. Two weeks after the plating of isolated COR4rian cancer cells,
analysis of the cell population revealed both CDaad CD2Z4 phenotypes, which
suggests that CD24&ells are CSCs due to their ability to sethew and differentiate.

Conversely, the same experiment performed with CDls failed to yield CD2%
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cells after the same amount of time in culture. Additional in etmies demonstrated
that only 5,000 CD24cells were needed for tumor formation after injection into nude
mice, whereas CDZ4cells injected at the same concentratioere unable to generate
tumors®*® Therefore, CD2%4cells are more tumorigenic than CD24lls.

To add to the growing number of ovarian CSC markers, Wei et al. isolated a
triple surface marker phetype, CD4%CD24 /EpCAM’, which best characterized the
most proliferative cell subpopulation when compared with all other marker
combinations. Cells lines OVCAR, SKOV-3, and IGROV1, as well as primary
human donor samples were used for experimentson@dbrmation assays were
performed on CD44CD24 /EpCAM" sorted cells to measure proliferation rates and to
characterize setenewal properties. In vivo studies were performed comparing
CD44'/CD24'/EpCAM’ and CD44/CD24/EpCAM  phenotypes by injection io
NOD/SCID mice. These studies demonstrated that as few as 100
CD44'/CD24'[EpCAM" cells injected in NOD/SCID mice were capable of tumor
formation, and CD44CD24 /EpCAM" cells grew tumors faster and more aggressively
than  the  CD44CD24/EpCAM populatin.*®®  Consequently,  the
CD44'/CD24' /EpCAM' phenotype was deemed to be more tumaiigand likely a

CSC population. See Tahlel3 fora listing of ovarian CSC surface markers.
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Table 1.13 Previously reported CSC markers for ovarian cancer.

Solid Tumor Type Marker(s) Reference

Ovarian CD44'/CD117 1%
CD133F 137,138
CD24 139
CD44'/CD24'/EpCAM* 140

1.4 The chemical biology and drug targeting of cell surfae markers on cancer stem
cells

The repertoires of cell surface macromolecules found on CSCs are widely used
as markers for characterizing CSC populations (destriveviously). In addition to
these diagnostic applications, the unique molecules that are presented on the surfaces of
CSCs are valuable targets for drug delivery. However, many of the surface markers that
are presented on CSCs are known to also be esqutest varying levels on the surfaces
of normal, norcancerous cells. Some of the reported CSC surface markers, in addition,
have not been rigorously queried for expression across panels-cano@rous tissue.
Therefore, cell surface markers that areesteld for targeted drug delivery applications
must be evaluated for cancer cell selectivity during development studies to probe for off
target effectS. In the folowing section we review, vere known, several of the
established chemical and structural features that are characteristic of the most common
CSC surface molecules, as well as previous efforts to deliver therapeutic agents to CSCs
by targeting their unique cell surface markers. Wepgeize that an equally exciting
area of intense investigation involves the identification of small molecules that possess

CSC inhibitory properties, such as the recent reports of theC&ai activities of the
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natural products ptrenolide and salinomycii*** However, we have focused here on
those therapeutic molecules that target CSC surface markerd a$ ghair mechanism

of inhibition.

1.41 CD133

CD133 is a fivetransmembrane protein consisting of 865 amino acid residues. It
consists of two extracellular glycosylated loops and two cytoplasmic loops, bringing the
final moleallar weight of CD133 tdl20 kDa'*? Under bioenergetic stresses, such as
hypoxic conditions, CD133 expressi is upregulated significanth)> No ligands or
signaling mechanisms have been defined for CD133. Although the biological functions
of CD133 have not been fully elucidated, the locailimabf CD133 to protrusions in the
plasma membrane suggests a possible role in namtorganization’® The rationale
for this hypothesis is the observation that CD133 is commonly located on cell membrane
protrusions, such as microviike structures on epithelial cells, which are impaottian
increasing the surface area and the reabsorption characteristics of thms&'¢eIn
addition to its presence on CSCs from multiple diseasade(suprd, CD133 is
commonly found as a marker of somatic stem cells, ranging from hematopoietic, neural,

prostde, kidney, liver, and pancreds.
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Table 1.14:Targeting of CSC populations by antibodies and small molecules.

Antibody/Agents Description Cancer Indication Reference
Clone7 Monoclonal antibody against Brain 147

CD133
CD133 targeted Single walled carbon nanotubes Brain %

carbon nanotubes

CD133 targeted lipid

nanocapsules

Catumaxomab

MT110

Edrecolomab
Adecatumumab

(MT201)
H90

P245

Gemtuzumab
ozogamicin(GO)

3C21D12
Ubenimex
7G3

Clone B6H12.2

functionalized with aniCD133
monoclonal antibodies

Lipid nanocapsules functionalize« Colorectal
with antiCD133 monoclonal
antibodies

Monoclonal trifunctional antibody Malignant ascites, ovarian an
against EpCM, CD3 and APCs  gastric

Monoclonal single chain Colorectal, lung, gastric
bispecific antibody against
EpCAM and CD3

Monoclonal antibody against Colorectal

EpCAM

Monoclonal antibody against Breast, colorectal, prostate
EpCAM

Monoclonal antibody against Acute myelogenous leukemia
CD44

Monoclonal antibody against Breast

CD44

Small moleculantiCD33 Acute myelogenous leukemia

antibody conjugate

Monoclonal antibody against Melanoma

ABCB5

Dipeptide small molecule inhibito Liver

of CD13

Monoclonal antibody against Acute myelogenous leukemia
CD123

Monoclonal antibody against Acute myelogenous leukemia
CD47

148

151

153

154155

156

94

CD133 is one of the most prominent CSC surface markers. Although a multitude

of monoclonal antibodies against CD13fave been previously described, most

commercially available CD133 antibodies have limited applicability because they only

recognize glycosylated CD133epitopes>® Consequently, the majority of CD133
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antibodies fail to identify the entire CD13opulation. Nonetheless, a repertoire of
CD133recognizig antibodies is available for various uses.

Clone7 is an amiuman CD133 monoclonal antibody that recognizes
glycosylated, as well as nalycosylated, epitopes of CD133. Clone7owais for
multiple experiments with CD133 to be performed regardless st-tpamslational
glycosylation status. Clone7 can be utilized in Western blotting, immunofluorescence,
flow cytometry, and imnunohistochemistry applicationd’

Singlewalled carbon nanotubes functionalized hwanttCD133 antibodies to
actively target CD133have been developed by Wang et al. Selective uptake of the
nanotubes was observed only in the COI@pulation, and phototherapy eradication of
the CD133 cells bearing the nanotubes was achieved by atisorpf 808nm near IR
light.®® This study has yielded a potential photothermal approach to selectively target
CD133 glioblastoma cells.

Lipid nanocapsules functionalized with a@iD133 antibodies have been shown
to target CD133CSCs, in recent work by Bourse@uilmain et al. $lective uptake by
the CD133 population was observed by fluorescence of Nile red, which was loaded into
the lipid nanocapsules. Loading of hydrophobic drugs into the lipophilic cores of the
nanocapsules are now being tested for the direct therapeutitingrgf CD133 tumors

with the goal of diminiked side effect¥’®
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1.4.2 Epithelial cell adhesion molecules

EpCAM is a singldransmembrane domain glycoprotein that plays a major role
in cell-to-cell adhesionboth constructive and disruptiv€® EpCAM is specifically
expressed on epithelial cancers such as breast, colorectal, pancreatic, liver and ovarian
tumors and can interfere with cédl-cell adhesion in various ways. One interference
met hod i s the di sr «adherincand factih, whidh ¢randdatesidto ng o f
a loss of Ecadherinmediated celto-cell adhesior® Alternatively, EpCAM was
originally observed to prevent cell scattering due ftulee adhesion characteristit®.
Because of this dual role in adhesion of cells, EpCAM expression is both-tumor
promoting as well as tumorsuppressive. The role EpCAM takes within a tismor
dependent on the tumor typ®.

Catumaxomab (Remov&pdeveloped by Fresaim Biotech GmbH and Trion
Phama) is a raiouse hybrid monoclonal and-ftinctional antibody against EpCAM,
CD3 antigen in T cells, and antigenesenting cells (APC; such as microphages, natural
killer cells, and dendritic cell$§3!%* Its capability of binding three different types of
cells canes from its unique structure:is a heterozygous antibodyitiv one chain of
mouse antEpCAM antibody and one chain of rat a@D3 antibody. The heawghain
Fc region of both chains can bind to the Fc receptors on APCs. Catumaxomab is more
than 1,006fold more potent than a monospecific aBiCAM antibody in kiling cancer
cells®31%4 catumaxomab does not require the utilization of any additional reagent(s) to
stimulate the immune response. The different specificities of the antigen binding sites of

the two antibody chains enable simultaneous recognition of both tumor cells (especially
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CSCs) and T cells, and the functionalized heavy chain Fc domain is able tb aadrui
stimulate APC, resulting in the initiation of complex immune reactions. In a pivotal
phase II/lll clinical study, Catumaxomab treatment lead to activation of peritoneal T
cells and a completion elimination of CDIA3pCAM" cells from the peritonealdid

of malignant ascites patientt&'°® Catumaxomab was approved in the European Union
in 2009 ands undergoing Ipase Il clinical trials in the United States for the treatment
of malignant ascites, ovian cancer, and gastric cané&tin addition to Catumaxomab,
there are other Hunctional or trifunctional EpCAMargeting antibodies undergoing
preclinical studies or clinical trials.

MT110 (developed by Micromet GmbH) belongs to a class of sitithén
antibodies called bispecific T cell engager or BiTE. MT110 was constructed by coupling
the antigen bi-QR3 naggp@Abomanbciosal antibodies, yielding a
hybrid antibody with spaficity for both EpCAM and CD3%’ A BIiTE antibody enables
the generation of a cytolytic synapse between a cytotoxic T cell and a targetacell
binds to the BIiTE antibod}’? In the case of MT110, the target cell is a tumor cell that
expresses the EpCAM cell surface marker. The formation of the cytolytic synapse
induces T cells for redirected lysis of the EpCAMrget cell at picoto femtomolar
concentrationd®” MT110 has been shown twave highantitumor ativity in various
animal model¥®"**® and is capable of completely eliminating colorectal CSCs in cell
culture and in animal modet&’ MT110 is currently in pase | clinical trials in the

United States for lng and gastrointestinal cancérs.
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Edrecolomab (MabtZA, Panorex®, deveped by Cancer and Leukemia Group
B) was one of the first monoclonal antibodies administered to humans for cancer
therapy. Edrecolomab islaw-affinity murine lgG2a monoclonal antibody that targets
the celtsurface glycoprotein EpCAM. Because of the pgiee basal level expression of
EpCAM molealles on normal epithelial celté* the toicity of EpCAM-targeting
antibodies was viewed as a potential obstacle for the deweltpof this class of
therapies.’? Since the expression level of EAM on the surface of CSCs is much
higher than it is on the surface of normal epithelial cells, the desitpvweaffinity
edrecolomab decreases the possibility otarffjet effects while maintaining efficacy for
targeting CSCs, which makes edrecolomabedi-tolerated drug with a ratively wide
therapeutic window’? Edrecolomab, which is thought to eliminate tumor cells by
antibodydependent celnediatedcytotoxicity (ADCC) and/or complemeiakependent
cytotoxicity (CDC)*?"® underwent pase IHII clinical trials in the United States as a
potential postoperative adjuvant treatment of stage Il colon cancer. However, the clinical
trial was terminated in 2005 because of lack of improvement of overall or disease
survival>*

Adecatumumab (MT2D, developed by Micromet GmbH) is a fully humanized,
recombinant IgG1 monoclonal antibody that specifically binds to EpCAM lweith
affinity. It was designed to retain the safety profile, yet improve the antitumor potency
of edrecolomab. MT201 exhibited EpM-specific CDC with potency similar to that of
edrecolomab, but the efficacy of ADCC induction of MT201 was-feld greater than

that of edrecolomab’” It also has been reported that the combination of adecatumumab
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and docetaxel is safe and efficacious in heavily pretreated advsatagglbreast carnrce
patients:’*MT201 is now in pase Il clinical trials in the United States for the treatment

of prostate, colorectahnd metastatic breast cancefs.

1.4.3CD44

The lymphocyte adhesion recept€D44, first described in 1983 is a
transmembrane glycoprotethat binds hyalurone (HA).}"® CD44 was first cloned in
1989}"" and the binding domain wazystallized in 2004 (PDB 1PQZ2"® CD44 is
involved in many important cellular processes, including cell growth, survival,
differentiation, and apoptosté**®* CD44 plays a crucial role in cancer migration and
matrix adhesion in response to the cellular microenvironmenthighdCD44 levels are
associated with increasing cellular aggregatiod tumor metastatic potentidf The
importance of CD44 in cancer cells, especially in CSCs, is closklted to its unique
structure and function. The extracellular domain of CD44, which is a globular structure,
contains two domains: a linflomain and a HA binding domatf*'®? Binding sites for
microenvironment proteins, such as Iaim, collagen, and fibronectit%* receptors
such as E and Lselectin'® and other glycosaminoglyna have also been
characterized®® The transmembrane region of CD44 contains a glycebpidched
microdomain (GEM), which is responsiblerfthe oligomerization of CD44%’ The
crosslinking and GEM association of CD44s, which is often induced by the binding of

HA or other ligands, leads to a conformational change of the molecule and is important

in CD44mediated signal transductioff. The main function of the cytoplasmic domain
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of CD44 is to recognize its partner molecules ankyrin, ezrin, radixid, raoesin
(ERM). ERM proteins are cytoskeleton proteins that regulate cell migration, cell shape,
and protein esorting in the plasma membraffé.The unique strcture of CD44
molecules indicates that they are functionally important to CSCs. CD44 regulates c
cell adhesion and homirf§,cell extravasation and migratidf’ the crosstalk bateen
stem cells and their nicHé! epithelial mesenchymal transitidii> and he repression of
cell apoptosis?® Each of these functions contribat® the observation that CD44 is one
of the most pevalent surface markers in CSt$.CD44 is a cell surface marker
extensively expressed on the surface ofrgelaange of CSCs including AML, bladder,
breast, colorectal, liver, ovarian, pancreatic, and prostate cancers (T ablé<).

H90 is an antiCD44 monoclonal antibody that was first reported by John Dick
and colleagues in 2006 as @thapeutic approado treat AML?° Currently, the majority
of leukemia chemotherapeutics are antifeoditive drugs that target rapidly cycling
leukemic cells. However, disease relapse is observed in more than 70% of adult patients,
indicating that quiescent AML CSCs\anot been effectively removeédf AML CSCs
are more difficult to targethan highlyproliferative and differentiated leukemic cells due
to their quiescent nature. However, the survival andreaéwal of AML CSCs requires
attachmentto extrac#lular niche proteind®® Thus, targeting the interaction between
niche proteins and AML CSCs, which is mediated by the cell surface marker CD44, may
provide amechanism to eradicate AML CS&4.In vivo administration of H90 to
NOD/SCID mice transplanted with human AML showed a significardredese in

leukemia repopulatioff
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P245 is another CD4dgpecific monoclonal antibody with a design and targeting
rationale similar to H90. Administration of P245 to human breast cancegredtso
markedly decreased the growth of tumor cells and effectively prevented tumor relapse
after chemotherapynduced remission. P245 is now under preclinical studyttier
treatment of breast cancér.Both of the above CD4dpecific antibodies also have the

effect of nducing differentiation in CSC%.

1.4.4CD33

CD33 is a myeloid cell surface antigen that is expressed on leukemic blasts from
85% - 90% of AML patients and the combination phenotype
CD34'/CD38/CD123/CD33 is uriquely exprssed on the surface of AML CSEs.
CD33 is a single transmembrane protein ikadctivated by phosphorylatidff CD33
functions as a putative adhesion molecule of monocytic and myeloid lineage cells and
modulates sialic acidependentinding and cell differentiatiofi* In immune responses,
CD33 acts as an inhibitory receptor of ligand bindimduced tyrosine phosphorylation
by recruiting cellular phosphatases to its SH2 domain and blocking signal transduction
through hydrolysis of the misphaés of signaling moleculd$?*®® CD33 also induces
apoptosis in acute myeloid leukemia through mechanigsirat are not fully
characterized

Gemtuzumab ozogamicin (Mylotdtg developed by Wyeth and Pfizer) is a
smallmolecule-antrCD33 monoclonal antibodyconjugate. The smatholecule

component of this drug is #d ¢ e t-galicheaicin dimethyl hydrazide, a stable
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enediyne antitumor antibiotic that was identified fromsereen of potent DNA
alkylators?®® The antibody comonent is a humanized 1gG4 amD33 antibody
(hP67.6) that is conjugated to calicheamicin by an acidlabile hydrazone linker. Studies
have shown that the antibedairug conjugate exhibits good potency, as well as
selectivity, which is attributed to its prepy of only releasing the DNA alkylator in the
acidic environment of cellular lysosoméi.e., it is stable in blood}***®* The antibody
component of gemtuzumab ozogamicin (GO) is largely-togit and functions to
facilitate the uptake of calicheamicin into CD3RML cells. Once released,
calicheamicin undergoes rearrangement to form a diradical megatialitis capable of
binding DNA and initiating singleand doublestranded DNA breaks, which results in
cell cycle arrest or apoptosi$ GO was marketed as an AML therapeutic from 2000 to
2010 but was voluntary withdrawn from thenket in June 2010 when postclinical trials
showed an increasing number of deaths and a lack of benefit compared with othe
conventional cancer therapi®. Currently, the combination of GO and other

chemotheapeutics are under variousges of clinical investigatiorf§>

1.4.5CD34

HSC antigen CD& is a single transmembrane glycoprotein and belomdbe
CD34 family of proteing® CD34 was first identified as a surface marker of immature
lymphohematopietic progenitor cells in 1982’ Four years later, Berenson et al.
reported that, fdbwing the transplantation of CD34human marrow cells,

hematopoietic systems were able to reconstitutethally irradiated baboorf§® CD34
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has been widely used as a surface marker for the identification ofanoarous
hematopoietic sm cells for over three decad®and, more reently, has been
identified as a CSC marker for multiple diseases (vide supra). Besides hematopoietic
and leukemic stem and progenitor cells, CD34 is also widely expressed on the surface of
vascular adothelial cells and mast cef¥ In spite of the dinctional importance of
CD34, the crystal structure of this protein remains unsolved. As a result, the structure
and function of CD34 is not as welludied as CD44. The extracellular domain of CD34
contains a seringthreonine and prolinerich domain tlat is extensigly glycosylated

and sialylated'®! Moreover, a juxtamembrane stalk region, a cystboraled
globular domain, and a putative-dlycosylation site were also identified ineth
extracellular section of CD3%° The most welknown intercellular binding partner of
CD34 is L=selectin, which is a cellular adhesion molecexpressd on the surface of
leukocytes*? Other potential ligands of CD34 are also under exploration. In addition,
each CD34 protein comprises a singensmembrane helix and a cytoplasmic domain
that contains highly conserved phosphorylation sites and atefninal PDZ
(postsynapticdensity protein) binding motff:®?** The PDZ binding motif of CD34
recognizes Crtike protein, which is an adaptor protein that further interadts the N
terminus of NHERF (N&H" exchange regulatory cofactor) scaffoldingteins. The C
terminus of NHERFs contains an ERM binding domain, which facilitates the indirect
interaction of actin cytoskeleton with other binding partners of NHPR¥eins**

CD34 has been proposed to be iwed in enhancing proliferatioft®> blocking

differentiation®® promoting lymphocyte adhesiél, and the trafficking of
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hematopoietic cell&®**® Because of the ubiquitous expression pattern of CD44 on the
surface of both cancerous and normal cells, it has not hgiezedifor drug delivery to

CSCs.

1.46 ABCB5

ATP-binding cassette stiamily B member 5 is a member of ABC transporter
proteins that contains two transmembrane domains and two nucleotide binding
domains?!” ABC transporter proteins are part of theglpcoprotein family and are
responsible for the transport of a large array of substrates across cellular membranes.
Due to these characteristics, ABCrisporter proteins are responsible for the multidrug
resistance pifdes of cancer cells due to their ability to export drugs from cells. ABCB5
exists in two isoforms, a and B, and is a
expressed on skin cancer cells and is closely associated with the chemoresistance of
madignantmelanominitiating cells (MMICs)?*®

3C21D12 is a monoclonal ariBCB5 antibody. Systematic administration of
3C2-1D12 into nude mice revealed an increase in ADCC in ABOBBIICs, as well as

107

tumorinhibitory effects.”” This anttABCB5 monoclonal antibdy has not yet rehed

preclinical testing status.

1.47CD13
CD13 (alanine aminopeptidase N) is a @8iino acid singldransmembrane

peptidase, consisting of a small N terminus and a large C tesntivad contains the
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active site'° CD13 is found ubiquitously in various organs, such as the kidneys, small
intestines, and the liver. CD13 plays an impottrole in antigen processing for the
immune response and is expressed in TBodlls as well as macrophad@$CD13 has
been reported as a diagnostit sarface marker in liver CSC5.

Ubenimex is a small molecule inltidr of CD13. Ubenimex (bestatin) is a
dipeptide isolatedrom Streptomyces olivoreticdfi and is known to have antitumor
effects through augmeation of the host immune systéft?*® Ubenimex is a
competitive protease inhibitor and deters the growth of kargcer and leukemic cell
lines??*?> A mechanism of action has been proposed by therystallization of
ubenimex with leukotriene A4 hydase (PDB 1HS63?° which is structually
homologais to cell surface antigen CD3%. Studies have shown that, in mouse
xenograft models, the combination of CD13 inhibitor and cell proliferatiorbiiaini
fluorouracil dramatically reduces tumor size, as well as tumor progression, as compared
with either singleagent therapy’ Ubenimex is not under clinical investigation at the

present time.

1.48CD123

CD123 isthea subunit o f-3 cells@face redemtar. |t dhas kpeen
elucidated as a CSC marker in AKfibut also has been identified as a marker of normal
hematopoieticstem cells, where it plays amportant role in proliferatiof® Structural

information for CD123 is not well established
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7G3 is a monoclonal ar€D123 antibody. Targeting of CD123 by this antibody
has been shown to significantly reduce CB@H38 AML CSC cell populations and
tumor engraftment in NOD/SCID mice. However, the efficacy of the antibody in
established AML disease treatment models is still limited, and optimization is required
before this strategy is suitable for clinical investigatiofise proposed mechanism of
ant-rCD123 antibodies (e.g., 7G3) includes the inhibition of AML CSC homing to bone
marrow and prevention of activation of human CD123 by’ To our knowledge,

molecules of this class are not yet in clinical trials.

1.4.9CD47

The leukocyte surface antigen CD47 plays an important role in cell adhesion by
actingas a platelet adhesion receftorCD47 is widely expressedt lowlevels in many
tissues andhighly expressed on AML CSCs, where increased CD47 expression
indicative of poor prognosf. One functional ligand of CD47 is signeegulatory
proteinra  ( S| RPa) , which is expressed on phago
and SIRPa activates a si gnalthetnhi@torsafucti on
phagocytosi$*° The ectodomain of CD47 wasystallized in 2008 (PDB 2JJS}

Clone B6H12.2 is a monoclonal antibody that blocks the interaction between
Chb47 and SI RPa. It has been demonstrated t
human AML CSCs in vim and has therapeutic potenftalln NOD/SCID mice,
B6H12.2 treatment depleteAML cells in peripheral blood>? In a preclinical in vivo

mouse treatment model withigh levels of engraftment, treatment with a@D47
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antibodies resulted in the rapidearance of AML andtargeting of the CSC

population>+#3?

1.5 Summary and conclusions

Numerous studies ka reported the existence of tumor cell populations with
abilities to seHrenew, differentiate, and potently initiate tumorigenesis. These cell
populations, termed cancer stem cells (CSCs), are strongly implicated in disease
propagation and, if not addsesi during drug therapy, can facilitate disease relapse.
Consequently, there is a significant and unmet need to better characterize the unique
biology of CSCs as well as develop therapies to eradicate them. CSC markers, which are
macromoleculege.g., progins, carbohydrates, etc.) that are uniquely expressed on the
surface or in the cytoplasm of CSCs, are essential for the isolation and characterization
of CSC populations. Additionally, these CSC markers provide targets for the specific
delivery of therapatic molecules into CSCs. In thihapter we reviewed those cell
surface macromolecules that are presented on the surfaces of many tumor CSCs,
described the unique chemical and structural features of the most common markers, and
reported recent efforts timrget CSC surface markers as part of drug delivery efforts.
Clearly, the field of CSC biology is still in its infancy and even less advanced are efforts
to target those cells with therapeutic molecules. However, given that the elimination of
CSCs may radt in significantly enhanced therapy outcomes in patients, the focus of
cancer drug discovery scientists should shift, at least in part, to designing next

generation drugs that target CSC populations
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Table 1.15.Alternative names of CSC surface menkthat appear in this chapter.

Cancerous tissue
CSC marker Other common names
where expressed

A2B1 a2B1l I ntegrin; a2bl integ Prostate
A2B5 a2B5 I ntegrin; a2b5 integ Brain
ABCB5 ABCB5 P-gp; ATP-binding cassette sufamily B member 5 Melanoma
ABCG2 ABC transporter G family member 2 Skin, bladder
CD4 Leu3; T4 ALL
CD7 GP40; Leu9; TP41 ALL
CD9 BTCC-1; DRAP-27; MIC3; MRR1; TSPAN29; 5H9 ALL

antigen; p24
CD10 Atriopeptidase; CALLA; Enkephalinase; Neprilysin; SFE ALL
CD13 Aminopeptidase N; Alanyl aminopeptidase; gp150; Lapl Liver
CD19 B-lymphocyte surface antigen B4; L-42 ALL
CDh24 Small cell lung carcinoma cluster 4 antigen Breast, colorectal,

ovarian, pancreatic

CD25 Interleukin2 receptor subunit alpha; TAC antigen; p55  AML

CD29 Integrin betal; Fibromectin receptor subunit beta; Vi4A  Breast
subunit beta

CD32 Low affinity 1gG Fc receptor tb; CDw32; Fegamma Rllb  AML

CD33 Siglect3; gp67 AML, ALL

CD34 Hematopoietic progenitor cell antigen CD34 AML, ALL, CML

CD38 ADP-ribosyl cyclase 1; cADPr hydrolase 1; T10 AML, ALL, CML

CD44 CDw44; Epican; ECMRII; GP90 receptor; HTCH-I; AML, bladder, breast,
Heparan sulfate proteoglycan; Hermes antigen;-BGP colorectal, liver,
Hyaluronate receptor ovarian, pancreatic,

prostate
CD45 Receptotype tyrosingrotein phosphatase C; Leukocyte AML, liver

common antigen; T200
CD47 Leukocyte surface antigen CD47; antigenic surface AML, bladder
determinant

protein OA3; integrirassociated protein; MER6
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Table 1.15 (Continued)

Cancerous tissue

CSC marker Other common names
where expressed
CDA49of Integrin alpha6; VLA-6 Breast colorectal,
prostate
CD71 Transferrin receptor protein 1; T9; p90 AML, breast, liver
CD90 Thy-1 membrane glycoprotein ALL, AML, breast, liver
CD96 T cell surface protein tactile; T cedtivated increased latr AML
expression protein
CD110 Thrombopoietin receptor; Myeloproliferative leukemia ~ ALL
protein;
Protooncogene dvipl
CD117 Mast/stem cell growth factor receptor kit; Piebald trait ~ AML, ovarian
protein; ekit; p145;
Tyrosineprotein kinase kit
CD133 Prominin1; antigen AC133; Pminin-like protein 1 ALL, brain, breast,
colorectal, liver, lung,
melanoma, ovarian,
pancreatic, prostate
CD166 Activated leukocyte cell adhesion molecule Colorectal
CD173 H2 Breast
CD174 Lewis Y Breast
CD176 ThomserFriedenreich antigen (TF) Breag, liver, lung
CD201 Endothelial protein C receptor; PROCR; APC receptor Breast
CK20 Cytokeratin20; Protein IT Bladder
CK5 Type Il keratin Kb5; Cytokeratid; 58 kDa cytokeratin; Bladder
Keratin5; Type Il cytoskeletal 5
CLL1 C-type lectin domairfiamily 12 member A; DCALZ2; AML
MICL
CXCR4 FB22; Fusin; HM89; LCR1; LESTRNPYRL; SDF1 Pancreatic
receptor; CD184¢-X-C chemokine receptor type 4
Cytokeratin Keratin Breast
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Table 1.15.(Continued)

Cancerous tissue \Were

CSC marker Other common names
expressed
EMA Epithelial membrane antigen; MUTC CD227; Bladder
PEM; PUM; KL-6; H23AG;
Episialin; Carcinomassociated mucin; Breast
carcinoma associated antigen DF3
EpCAM CD326; GA7332; KSA; KS1/4 antigen; ESA; Breast, coloreal, liver,
EGP314; EGR2; Adenocarcinmaassociated ovarian, pancreatic
antigen; Cell surface glycoprotein Trdp
HLA DR CD74; p33; la antigeassociated invariant chain AML
L1CAM CD171 Brain
Lin Cell lineage protein AML, bladder, breast,
prostate
OoVv6 Liver
Scal Stem cell antigeidl Prostate
SSEA1l Stagespecific embryonic antigeh; CD15 Brain
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Chapter 2. Development of novel parthenolide analogues and evaluation of their

anticancer activities

2.1 Introduction

Sesquiterpene lactonese a large family of natural products that have broad
therapeutic applications as amflammatory antimicrobial, antiviral and antitumor
agents. Currentlythere are over 5000 knowratural sesquiterpene lactorfesm four
different families?*>*® only three sesquiterpene lactones (and their adducts) have made
it to clinical trials. These sesquiterpene lactones are thapsigangamisinin,and
parthenalde which were evaluated as antimalaf@ftemisinin)and anticancer agents

respectively(Thapsigargin and L€, Figure 2.1).2’

CO,H
ww
1\ \N/ . /

lo) CO,H

Thapsigargin Artemisinin Dimethylamino Adduct
of Parthenolide (DMAPT, LC-1)

Figure 2.1 Structure of the three sesquiterpene lactones that have gone to clinical trials:
thapsigargin, artemisinin, and the dimethylamino addupadhenolide.

Parthenolide(PTL, 1) is a germacranolidesesquiterpene lactone from the

feverfew plantTanacetum partheniuna known medical herb utilized for centurfés.

52



Originally isolated by Sorm et al in 1962TL can comprise up to 1% of dried feverfew
leaves™° Out of all the natural products contained in feverfew leaR&s, is the major

natural product® Although known for many therapeutic use®TL has been
predominately investigated as an anticancer agent against numerous cancer types, both
in vitro and in vivo. Specifically, PTL has been tested againstrvical cancef

glioblastom&*! breast cance???*® leukemia®>*24+24

pancreatic cancéf! prostate
cancer*#**°|ung cancef>**?melanoma$>*%**®* and colon cancer’

Althoughthe mechanism of anticancer activity®fL is not fully elucidated, it
has beerdemonstrated th®TL has strong NFk B i n h?P%®'ilt has been found
that the NFk B p a t honsitytively sctive or dysregulated in numerous disorders,
including cancef®’ Currently, two mechanisms of inhibition have been elucidated for
PTL: inhibition by preventing the phospor y| ati on and aWegdr adat i
direct binding to the p65 transcription factor sub@titBy binding directly to k B
kinase,the degradation of k Bisi preventedsequestering the NEB t ranscri pt
factorsin the cytoplasm and activation of the pathwiayprevented® Additionally,
PTL can bind directly to the p65 subunit of the-kFB t r anscri ption fact
DNA binding®®

Recently,a publication by Jordan et al. has broufgfiL into the forefront of
anticancer therapeutic developm&ttThey discovered tha®TL displayed selectivity
against the AML stem cell population (CSC), but when dosed at the same concentration

to normal hematopoietic stem celRTL had no cytotoxic effec® This selectivity was

due toPTL inhibiting a constitutively active Nk B pat hway previously
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AML, but is regulated in normal hematopoietic céfSIn contrast, Cytarabine first

line chemotherapeutic for AMLdisplayed cytotoxicity against both AML cells and
normal hematopoietic stem cells, while sparing the AML CSC population due to their
quiescent naturé’® The ability for a chemotherapeutic to selectively target the CSC
population versus the narancerous cell population is a rare characteristic that could
potentially make chemotherapy less toxic to patients. Due to this uniqu®Trhiis an
attractive nairal product for chemotherapeutic development. (for a comprehensive
background on the CSC model please see Chapter 1).

Unfortunately, PTL is not an ideal drug candidat®TL suffers from poor
bioavailability and modesh vitro cytotoxicity (low micromolamat bestf*3**° Previous
clinical trials irvestigating the extract dhe feverfew plant yieldedho detectable serum
concentration oPTL in cancer patient® In a similar study in ain vivomouse model
a maximum serum concentration of 0.169 uM was detected after an oral gavage of
feverfew dose of 40 mg/kg, far below the required concentration to reachstivehi€h
is in the low micromolar rang@* One way to address the bioavailability is to improve
the aqueous solubility oPTL by conversion to a prodrug. One such compound
(dimethylamino PTLFigure 2.1) was found to be 106lmes more watesoluble than
PTL. However, the modest potency of the compound remains probleiffatic.

In addition to development of a prodrug, structurevagtrelationships (SAR
have been previously investigated on sesquiterpene lactones in an effort lap deve
clinical candidate$®*?®’ Previous SARstudies of PTL havepredominatelyfocusedon

the exocyclic methyleneF{gure 2.2).2342402%8 This is due to the ease of $iatic
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accessibility of the exxyclic metlylene, although it is the primary pharmacophore of
PTL 234265269270 74 improve the bioavailability and cytotoxicity &fTL against cancer

cells, we envisioned an SAR study against the various reactive functional groups of the
moleculeand to expnd on the limited previous investigations in this reg&idure

2.3). This task will be accomplished through the development of a small libré&ylof

analogues.

1° or 2° Amine

_ R = Alkyl, aryl
MeOH
R, = H, X, CF,, CH,CH
B Pd(OAc)z, Et;N T e ETRES
e — R, = H, NH,, CF;, CO,Me, F
DMF, A 24 h
I ~
L

Figure 2.2 Previous SAR studies of the exocyclic methylene of Parthenofde.
Modification of the exocyclic methylene vidlichael addition of primary and secondary
amines. Neelakantan et al. focused on aliphatic R groups, while Nasim et al. focused on
aromatic R group&*?®® B. Palladiumcatalyzed arylation with aryl iodides to yieRt

alkylideney-butyrolactonedy Han et af*
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C1-C10 Olefin Vinyl Methyl Group
E vs Z orientation; Oxidative modifications

Reduction; Increase polarity
Configuration;
Ring rigidity
Exocyclic Methylene
Prodrug formation
Epoxide Improve water solubility
Reactive

Open via cyclization
Figure 2.3 Functional group modifications investigated for their contributions to the

anticancer activiesof parthenolide, PTL) across a panel of cancer cell types

2.2 Research Objectives

Usinga semisynthetic approachye have developed a small libraryR®TL
analoguegFigure 2.4). With this library of compounds, waeucidatel the key structural
features that confd?TL's cytotoxicity, and develogd PTL analogues that possess less
off-target cytotoxicity (toxicity to normal cells). Eacbmpound was scraeed against
ninecell lines to determine their kg Described heia is the syntheseand biological
evaluation of eacRTL analogueand its implications tthe development ofa more

potent and selectivantiproliferative agent
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Figure 2.4 Synthesizedibrary of parthenolide analogues.

2.3 Results and Discussion
2.3.1 Synthesis o& Library of Parthenolide Analogues

The cevelopment of a librarpf PTL analogueshegan with the synthesis of
dimethylamino prodrug®MAPT (LC-1, 1a) and costunolide(CTL, 2) to deduce the
importance of the exocyclic olefirs¢heme 2.1 A dimethylamino modification to the
Michael acceptor allows increased water solubility while maintaining the activity due to
elimination of the dimethylamb group within cells to the parent compodfif.2
Following a published procedure to synthesize DMAIPTL was reacted with an
excess of dimethylamine to affortla in 97% yield®** CTL was refluxed with

dimethylamine to yiel®ain 82% vyield?"®

57



Dimethylamine
-—>
Methanol

R=0; PTL, 1 R =0; 97% DMAPT, 1a
R = Olefin; 82% 2a

Pd/C, H,
—_—
Ethanol

97%

PTL, 1 3

Scheme 2.1Synthesis oéxocyclic olefin modified analoguds, 2a, and3.

In addition to the prodrugs, a reduced exocyclic methylene analogBé&Laf
dihydroparthenolide 3) was syrtiesized as previously report€d®’**’> PTL was
hydrogenated in the presence of palladium on carbon undedrageyn atmosphere.
After 45 mincomplete reduction of the exocyclic methylenePaiL yielded3 in 97%
yield (Scheme 2.}, with no reduction of the GC10 olefin. We envisioned thiBTL
analogue would have no biological activity due to the removal of the Michael acceptor,
the primary pharmacophore BT L.

Therole of theC1-C10 olefin to the cytotoxicity profile d?TL was investigated
by synthesizingcompounds4-6 (Scheme 2.2 In orde to synthesize compoundsand
5, without reduction of the exocyclic olefin, tRIL prodruglawas used. Initially, the
reaction was attempted utilizing palladium on carbon in 1 atm of hydrogen gas, however
no product was observed. The hydrogen pressa® increased to 50 psi with a Parr
shaker which allowed for product formation; however, even after 5 days of shaking

under pressure the reaction did riolly go to completion.Instead, the catalyst was
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switched to platinum oxide (P#ounder 50 psi of hjrogen gas to afford the reduced
product1b (99% vyield) after 2 days. Reinstallation of the exocyclic methylene was
achieved by reactindb with iodomethaneto afford the quaternary iodoniunsalt.
Heating of this intermediatevith deionized water promoted Hofmann elimination
yielding a mixture ofdiastereomergl and 5. Currently, the separation of these two
diastereomers by HPLC is underwayprovide ample material for testing and accurate
reaction yeild Previously,our lab separated a small portionotind5 by HPLC and
crystallized diastermer5. X-ray analysis allowed us to assign the relative
stereochemistry of the methyl groyAppendix 1). Absolute stereochemistry was

assigned due to the rest of the stereochemisti®fof was known.

PtO,, H, 50 PSI 1. CHsl, THF
AN Ny —_— . o R —. NS + AN
0 = N— ‘0 = Ny— 0 = ‘0 =
o / EtOAC °% by 2. H,0,A °o °o
o o o

99% o
1a 1b 4 23% 539%

UV light

7, A Y —_—
oO

Benzene

PTL, 1 6

Scheme 2.2Synthesis 0€1-C10 olefin modifiedPTL analoguesA. Hydrogenated G’
C10 diastereomersand>b. B. Attempted jotoisomeriation of PTL to provideZ-

isomer®6.

In addition to eliminating the GC10 olefin, thestereochemistrpf the C1C10

olefin was investigatedPreviously reported syntheses of thas@mer of PTL (6,
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Scheme 2.2have been accomplishéy photoisomerization usingv light radiationat
254 nm?’4?'® After multiple attempts, this methad isomerizatiorcould not be reliably
executed in our hands. Instead we acquired tis@er of PTL as a byproduct durimg
the synthesis of melampomagnolide B §cheme 2.8 During the allyic oxidation of
the CXC10 olefin, a rotation of the vinyl methyl grompust occur for the final [2,3]
sigmatropic rearrangement to occur. Instead of the sigmatropic shift occurtergyuse

is eliminated yielding the -‘somer ofPTL (6) as a byproduct in 4% vyield. We used this
material for screening.

Oxidative modifications tdhe C2C10 allylic metyl group ofPTL were also
investigated.Accordng to an established protocd’TL was rected with selenium
dioxide andtert-butyl hydroperoxide in an allylic oxidation of the IO olefin to
yield melampomagnolide B7, Scheme 2.3in 74% yield*’"*"® Compound? was then
reacted with dimethylamine to produéain 97% vyield, protecting the exocyclic olefin.
Compoundra was then reacted with palladium on carbon under 50 psi of hydrogen gas
to reduce the CGL10 olefin. Deprotection of the exocyclic olefin was achieved to yield

8 via a Hofmann elimination as previously described for preparatidraofi5.
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SeOz
—_—
t-BuOOH, DCM
40 °C

PTL, 1

1. Pd/C, H, (50 PSI)
EtOAc

Dimethylamine

W\
, 2. CHgl, THF

o 3.H,0, A

Methanol, rt

97%

Scheme 2.3Synthesis of melampomagnolide analoguelTaf. Melampomagnolide B

(7) was synthesized as previously descrit/ée’®

The guaianolide analoguésigure 2.5 were provided by cavorker Dan Wang
(9 and10). The 57-5 ring structure of guaianolide was achieved by read®nly with
boron trifluoridediethyl etherateyia reaction of the CIC10 olefin with the epoxide,

yieldinganalogue® and10as preiously described®®?®*

Figure 2.5 Synthesized rearranggdidanolide analogues @tarthenolide.

In addition to structural modifications oPTL, the fumarate salts o#ll

dimethylamino analogues of the exocyclic methylede, (2a, 7a, and 9) were
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synthesized to afford greater water solubilitysclieme 231 General, the

dimethylamino compounds were reacted with fumaric acid to affdrd4, in high

yields (range 82% quant).

Fumaric acid

> COZH
Et20 ¢ %
CO,H
R=O;1_a R = O; Quant 11
R = Olefin; 2a R = Olefin; 82% 12
OH
\ Fumaric acid - . CO,H
W\
'I“ Et,0 %
(o} 85% CO,H
7a
1. Dimethylamine
Methanol
CO,H
2. Fumaric acid, HO" "'“\N’ o 2
E
t20 o / CHzozH
99% (2 steps)
9 14

Scheme 2.4Synthesis of fumarate salt analogue® ot dimethylamino prodrugs.

2.3.2 Biological Evaluaion of Parthenolide Analogues

The synthesized analoguesRfL were evaluated for their cytotoxicity in nine
cell lines to probe the effect structural modification on cellularytotoxicity profiles
(Table 2.1). Cancer cell lines investigated were £145 (prostatecancer), CCRFECEM

(acute lymphoblastic leukemijaHL-60 (romyelocytic leukemip Hela ¢ervical
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cancej, MCF7 (breast cancer) GBM6 (glioblastoma multiforme) U-87MG
(glioblastoma  multiforme) and NCI-ADR-RES (multidrugresistant ovarian
can@r’#?®)_ Vero cells (African green monkey epithelial kidney cells) were utilized to
gauge ctotoxicity against normal cells. Each compound evaluateautiproliferative
activity was verified to be = 95% pure
dissolving compounds into molecular biology grade DMSO and were stor2a ac.

Cells were plated in 96 well plates and allowed to incubate for 24 hoursiekhelay,

plates were dosed with molecules, each concentration dosed in triplicate, and then
incubated for 48 hours. The plates were stained with Alamar Blue® metabolic viability
reagent during the final-2 hours of dosing. Reaction time with Alamar I@uearied
between cell type, but fluorescent readout was only accepted above 1000 AFU. For
HelLa, DU145, U87MG, MCF7 and Vero cell lines, deoxidative metabolism of the
reagent was observed to be rapid and required an incubation time of 1.5 ho&®&. HL
cdls metabolized Alamar Blue® at a much slower rate requiring a 3 h incubation time to
observe fluorescence above 1000 AFU. For all remaining cell lines, an incubation time
of 2 h for Alamar Blue® was usebata collected was normalized by subtracting blank
wells (contained no cells) and dividing by control wells (cells with no drug). Nareaal
values were graphed using GraphP&dmp using a sigmoidal dosesponse equation to
determine the I€. Sigmoidal dos@esponse curves were generated in triplidate
determine the average §£and standard deviatioRTL was dosed above and below its

ICsp as a control for each plate.
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2.3.2.1 Biological Evaluation of Parthenolide, Costunolide, and Reduced
Parthenolide

We found thatPTL conveys modest low micromolaytotoxity against six of the
eight cancer cell lines tested (145, IGo= 8.9 £ 4.6 uM; CCRFKCEM, 1C50= 4.7 £
1.6 pM; U-87MG, 1Gp= 5.8 + 2.3 uM; GBMG6, 1G= 3.4 =+ 1.1 pM; HL=60, 1Gp= 9.3
+ 3.8 UM; MCFR7, IC50= 9.7+ 2.8uM Table 2.1). HeLa and NCI/ADR-RES cell lines
required higher concentrations to achieve agy IEelLa, IGo = 44.1 + 6.4 uM,;
NCI/ADR-RES, 1Go = 57.6 + 8.9 uM).PTL also conveyed the same cytotoxicity
against the normal Vero cell line @&= 12.4 + 0.6 uM) when compared to thencer
cell lines, reinforcing the need forRTL analogue that can spare normal cdéMevious
studies ofPTL against cell lines MC¥H, HL-60, U-87MG, and HelLa were in general
agreement withour data, revealing low micromolar inhibitory activity, with some
variability resulting from different incubation times and methods of viability

measurement$283284

64



‘paulwLIslap

87 0] = gl ‘uoneinsp prepurls F (£ < u) sabeiane ale sanjeA 3| ‘saul| ||90 19ouB JuaIalp aulu ul (¥ apijousayned

paonpal pue ‘(Zapioumso) ‘(fapijouayled Jo (A uidf) uonenuasuod Alolqiyul rewixew JjeH T'Z a|gel

00§ < 00§ < 00§ < 00§ < 00§ < 00S < 00§ < 00S < 00§ < €
60FLGC VLF8Vr VT L9l agl  g/evse 8TF0OL  80F96 Z0FET TEFG. z
90FVZT 68F 9GS 8TFL6 VOFTvr 8EFE6 TIFVE  €TF8S OTTF LY 9V F6'8 1d'T
S3d
0JaA -4av/ION  Z-40IN ©19H 09-TH 9NgD OIN.8-N EleXELSlole SyT-na  punodwo)d

Lo
O



Biological evaluation oCTL (2) demonstrated that thedsof the epoxide from
PTL was highly tolerated across five cancer cell linesyf6r DU-145, CCRFCEM,
U-87MG, and GBM6 = 2.3-9.6 uM vs.PTL = 3.4— 8.9 uM; ICso for NCI/ADR-RES
=448 £ 7.4 uM vsPTL =57.6 £ 8.9 uM). Loss of the epoxide was not taled in the
two remaining cancer cell linesvaluated(HL-60 35.4/37.8 uM vsPTL = 9.3 = 3.8
uM; MCF-7, 16.7/14.3 uM vsPTL = 1.4/6.7uM) indicating a need for this functional
group formaintaining activity to the level d*TL. Additionally, loss of actiity against
Verocells (ICso=25.7 £ 0.9 uM vsPTL = 12.4 + 0.6 uM). Costunolide was previously
reported to inhibigrowth of DU-145 cells at ICso = 4.8 UM, verifying our observation
of ICso = 7.5 + 3.1uM.?® HL-60 results were consistent with previous report€ B
being dosed up to 8 pM and greater than 97% cell viability obséf¥ed.

ReducedPTL analogue3 was observed to be biologically inactive £4&G 500
puM) in all cell lines tested, indicating that the exocyclic olefin must remain intact for
biological ativity of PTL. These results are consistant with previous reports of
biological activity of reducedPTL in other cell lines as well as antiviral
activity 23275287 additionally, complete loss of activity of reduc&TL was observed

when dosed to primary leukemia céffs.

2.3.2.2 Biological Evaluation of CiC10 Olefin Modified Parthenolide Analogues
Analogues with modifications to the €110 olefin €ompounds4-6) were

highly tolerated and demonstrated similar biological activity to the parent compound
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PTL (Table 2.2. Diastereomerd and5 wereequipotent tdPTL in all cancer cell lines
tested(DU-145, CCRFCEM, U-87MG, and GBM6; Ig for 4 and5=1.6—-7.7 £ 0.4—
2.8 UM vs.PTL = 3.4-8.9 + 1.1- 4.6 uM). Compoundd and5 also demonstrated the
same cytotoxicity against the normal Vero cell linesgl€ 13.9 + 2.2 and 12.1 £ 3.3
MM, respectively) when compared BTL (ICso = 12.4 + 0.6). Biologcal testing in
HelLa, MCF7, NCI/ADR-RES and HL-60 still need to be completed for analoguks

and>b.
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Similar to diastereomer$ and5, the Zolefin isomer ofPTL, compound6, has
been evaluated for anticancer activity. Analogudemonstrated the same biological
activity when compad to the parent compourfdTL in cancer cell lines D145,
CCRFRCEM, U-87MG, and HL60 (ICso for 6 =2.2—9.1+ 1.0— 4.4 uM vs. 1G5, for
PTL =4.7-9.3% 1.6 - 4.6 uM respectively demonstrating that the orientation of the
vinyl methyl group is not vitato the anticancer activityn these cell linesin the
chemoresistant cell line NCI/ADRESG6 gained activity when compared RIL (ICs
for6=9.4+ 2.1 vs.PTL = 57.6+ 8.9). GBM6, HelLa, and Vero cell lines still require
testing of6 in triplicate. Fom these observations of €110 modified analogues, the

presence of the GC10 olefin is not vital to the anticancer activityRfL .

2.3.2.3 Biological Evaluation of Oxidative Modified Parthenolide Analogues
Melampomagnolide B7) was found to have sinait cytotoxicity toPTL in the
cancer cell hes DU145, CCRFCEM, HL-60, HeLa and MCF7 (ICsofor 7 = 14.1 £
5.7,55+1.27.5+3.0,36.1+ 3.2 and 9.5 1.9uM vs.PTL =8.9+ 4.6,4.7 £ 1.6, 9.3
+ 3.8,44.1 £ 6.4 and 1.4,6.7uM). Unfortunately7 also conveyed the same cytotoxicity
for normal Vero cells aPTL (ICso for 7 = 15.6 + 3.5uM vs. PTL = 12.4 + 0.6uM)
indicating that oxidation of the vinylogous methyl group does not help wittaxgét
biological activity. Loss of activity was observed foin the glioblastoma cell line U
87MG (ICsp for 7 =16.3 £6.8 uM vs. PTL = 5.8 + 2.3uM). Additional tesing is still

required for GBM6Gand NCI/ADRRES.Data from our screening irlkemia cell lines
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matctes previous reported 1§ results observedrom dosing 7 to primary leukemia

cells?’®
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Reduction of the GLC10 olefin of Melampomagnolide B was also performed
to investigate if the orientatiaof the alcohol had an impact on the anticancer activity of
PTL. After hydrogenation, the two diastereomers were tested as a mtufelgss of
activity in DU-145 and U87MG cellswas observed fa8 (ICso = 26.7 £ 6.5, and 26.8 +
2.3 UM, respectively) when compared BTL (ICso= 8.9 + 4.6 and 5.8 £ 2.8M,
respectively). Data has been collected for C&HEM, GBM6, and HEG0 but not yetn
triplicate. HeLa, MCF7, NCI/ADR-RES and Vero all still require triplicate evaluation

of 8.

2.3.2.4Biological Evaluation of Rearranged Guaianolide Parthenolide Analogues
Rearranged guaianolide analo@u@emonstrated equipotent cytotoxicity in three

cancer cell lines (DU145, CCRFCEM, and HL:60: 1G5, =14.8 +4.0,5.2+1.8,and 7.1

+ 1.3 uM respectively)when compared t&#TL (DU-145, CCRFCEM, and HI-60:

PTL = 8.9 + 4.6, 4.7 £ 1.6, and 9.3 = 3.8/ respectively). It was observed with the

glioblastomacell lines (U87MG and GBM6), as well as the metastatic breast cancer

cell line MCF7, that a higher concentratiowere required to achieve Kg when

compared tdPTL (ICso for U-87MG, GBM6, and MCH for 9: 16.2 + 3.6, 8.7 £ 0.6,

96 + 1.0uM vs. PTL = 58 + 2.3, 3.4 = 1.1, and 1.4/6[dM, respectively).

Interestingly,9 also demonstrated less cytotoxicity against the normal Vero cell line

(ICso= 36.1 + 9.4uM vs.PTL = 12.4 + 0.6uM)
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Rearranged guaianolide analodiewas also found to have similar cytotoxicity
in three cancer cell lineU-145, CCRFCEM, and HL-60: IG, =13.9 + 3.7, 4.8
1.5, 11.6 £ 0.2uM respectively)when compared t®TL (DU-145, CCRFCEM, and
HL-60: PTL = 8.9 + 4.6, 4.7 £ 1.6, and 9.3 + 3.8/ respectively). Similar t®,
analoguel0 lost activity against the glioblastoma cell lineSUMG and GBM6 (1G =
29.3 = 3.0, and 8.4 + 1,8V respectively) whe compared t&TL (IC50=5.8 £ 2.3 and
3.4 £ 1.1uM respectively). A decrease in activity was also observed in the breast
cancer cell line MCH (ICsp = 25.0 + 4.3uM) ascompared tdPTL (ICso = 1.4, 6.7
puM). AnaloguelO also showed the lowest cytotoxicagainst the normal cell line Vero
(ICs0 = 54.5 = 3.0uM) out of all the other analogues when compare®Ta (ICso =
12.4 + 0.6uM). Triplicate data has not been completed yet for HeLa and NCIfADR

RES.

2.3.2.5Biological Evaluation of Dimethylamino Fumarate Parthenolide Analogues.
Dimethylamino furmarate salts were highly tolerated as modificatior®Taf.

LC-1 fumarate saltl(l) displayed the same cytotoxicity against all the cancer cell lines

when compared tBTL (ICsofor 11=1.9-63.5+0.4—11.8 uM vs. IGyfor PTL = 3.4

— 441 +1.6 — 6.4 uM). Unfortunately, the same cytotoxicity was observedlfbr

against the normal Vero cell line @&€= 15.6 + 7.8uM vs. PTL = 12.4+ 0.6 uM).

Although not primary leukemia cell lines themselves;6{Land CR~CEM leukemia

cell lines match previous data performed in primary leukemia cell dfi@dthough not
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testedin vivo for our studies, LEL has been previously investigated in pancreatic and

prostate murine models resulting in tumor suppres3fi
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CTL fumarate salil2 only retained the same activiag 11 in the leukemia cell
line CCRFCEM andnormalVero cells (CCRFCEM and Vero IGes for1l2=6.6 £ 2.5
and 21.1 £1.2uM vs. 11 =1.9 + 0.4and15.6 + 7.8uM respectively).12 lost activity
against seventher cancer cell lines (kgfor DU-145,U-87MG, HL-60, HeLa, MCF7,
NCI/ADR-Res and GBM6 = 6.6118 + 0.9- 18 uM vs. 11 (IC5p= 3.5-63.8 £ 0.4—
11.8uM). Previous DU145 cytotoxicity data for only the dimethylamino compo@agl
and not the fumarate salt was available. Our findings agreed wiftrélimus DU145
anticancer dat&”>

The MebmpomagnolideB fumarate saltl3 is currently underadditional
biological evaluationto determine its 16 values in all nine cell lines. It has been
elucidated thattihas lower cytotoxicity in £B7MG, HL-60, and MCF7 (ICso= 28.3 *
2.3,36.2 £6.1, and 16.7+ 0.9 pM vs. PTL = 5.8 + 2.3,9.3 + 3.8 and 1.4, 6.7
respectively) Compoundl3 was found to be equipotent BSL in the glioblastoma cell
line GBM6 (IGsofor 13=5.8+ 1.2 vs.PTL = 3.4+ 1.1).

The dimethylamino fumarate salt of guaianol®lgl4) was not as well tolerated
as other dimethylamino fumarates. Guaianolide fumaratel 4#dist activity against all
cell lines tested to datéQso for DU-145, CCRFCEM, U-87MG, HL-60,and GBM6 =
27.8-775+7.3-10.4 uM vs.PTL =3.4-9.3+ 1.1-4.6 uM; NCI/ADR-RES = 74.5
MM vs. PTL = 57.6 £ 8.9 uM). In HelLaells 100% cell viability was not achievable

with 500 puM being the largest conceation dosed. The extrapolatedsjvalue was >
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250 uM. Additionally, activity was also lost against the normaito cell line (1Gs for

14=48.7 £ 5.9 UM vsPTL = 12.4 + 0.6 uM).

2.4 Conclusion and Future Direction

In summary, we have synthesized adiy of PTL analogues to elucidate the
importance of various functional groups to its cytotoxicity profile. The modified
functional groups oPTL included alterations to the exocyclic olefin,-C10 olefin, the
vinyl methyl group, as well as loss of theozmle. In addition rearranged &-5
guainanolide analogues were synthesized to observe the importance of the ring structure
of PTL to its cytotoxicity profile. Dimethylamino prodrugs were synthesized to address
the water solubility issues ®#TL and evalated as fumarate salts for their biological
activity. The only modification to completely ablate activityRifL across all cell lines
was removal of the exocyclic olefin, the primary pharmacophoRa tf.

Modifications to the CAC10 olefin were toleratedcross all cell lines tested for
analoguest-6 indicating that alteration or complete removal of the internal olefin of
PTL has no effect on the biological activity. Oxidative modifications to the vinyl methyl
group were also highly tolerated with sligbgs of activity observed in the glioblastoma
cell line U-87MG. Tolerance of the installation of the allylic alcohol can allow for
further modifications to this site to prepaRIL probe compounds and additional
analoguesDimethylamino fumarate salt anglees11-14 all displayed lowcytotoxicity

within 5-fold of PTL against the cancer cell lines tested, confirming that the
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dimethylamino prodrug oPTL is a viable modification to improve water solubility
while retaining biological activity.

The rearrangedguaianolide analogue® and 10 demonstrated the most
interesting biologicahctivity of all the PTL analogues. Although analogu@sand 10
displayed similar activity when comparedR@L in most cancer cell lines (except U
87MG, 10 was 6fold less potentitanPTL), the greatest finding was a loss in activity
against the normal cell line Vero. Both rearrangdd. analogue® and10 had up to a
5-fold loss in activity against Veraells indicating that the more ridged-755
guaianolide ring structure was nas cytotoxic to normal cells. From these results we
can conclude that the guaianolide ring structure should serve as a new basis for further
SAR studies. Other future direction for this SAR could include modifications to the
butyrolactone, as well altdrans in ring sizes for new potential clinical leads.- Re
synthesis and purification of analoguk$ and8 to finish biological testing is currently

undemway.

2.5 Experimental
2.5.1 General

All reactions were performed under an anhydrous nitrogen atramspinless
otherwise noted. Parthenolide was purchased from Enzo Life Sceemtespurified by
SiO, chromatography prior to biological studie€ostunolide was purchased from
Tocris Biosciene (Boston, MAgndwas used without further purificationComnercial

grade reagents (Aldrich, Acros, Alfa Aesar) were used without further purification
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unless othervgie noted. Tetrahydrofuran anidldoromethane were rendered anhydrous
by passing through the resin column of a solvent purificatioresysBenzene was
purified by distillationover calcium hydride Methanoland N,Ndimethylformamide
were purchased as anhydrosslvent High pressure hydrogenation reactions were
performed in a Parr hydrogenation apparaMslifhe, IL; model # 3916). All reactions
were nonitored by thirlayer chromatography (TLC) using silica getB&4 TLC plates
(Merck), and visualized using cerium ammonium molybdate st&ilica gel
chromatography was performed using a Teledgne Combiflash R200 instrument
using Redisep RGold High-Performance silica gel columns (Teledyiseo). HPLC
purification was performed using akgilent 1200 series instrumemiquipped with a
Zorbax (Agilent) preparatory column (21.2 x 250 mmyrid). Analysis of compound
purity was conducted on the aforemiened HPLC, using a Zorbax analytical column
(4.6 x 150 mm, 5um). Nuclear magnetic resonance (NMR) spectroscopy employed a
Bruker Avance instrument operating at 400 MHz (ft) and 100 MHz (for*C) at
ambient temperaturénternal solvent peaks wereferenced in each case. Mass spectral
data was obtaineddm the University of Minnesota Department of Chemistry Mass

Spectromety lab, employing a Bruker BioTORF instrument.

2.5.2 Synthesis of Parthenolide Analogues
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Dimethylamino Parthenolide 1a

Known compound.awas prepared by the method of Neelakantan.&f 8arthenolide
(16.9 mg, 0.07 mmol) wasdissolved in methanol (4 mignddimethylamine was added
(0.0 mL, 0.20 mmol). The reaction was allowed to stir forIb at rf and then
concentratedn vacuw to yield compound! (19.9 mg, 97®%0) asan off white crystalline
solid. *H NMR (400 MHz,CDCls) & = 5.19 (dd J = 12.3, 3.8Hz, 1H), 3.81 (tJ = 9.0
Hz, 1H), 2.78-2.68 (m, 2H), 2.62 (dd] = 13.2, 4.8 Hz, 1H), 2.452.31 (m, 2H)22.25
(s, 6H), 2.22 (s1H) , 2.21-2.01 (m, %), 1.68 (t,J = 1.2 Hz, 3H), 1.66-1.57 (m, 1H,
1.28 (s, #), 1.21 (td,J = 13.0, 5.8 Hz, 1H)**C NMR (100MHz, CDCl;) =8176.6,
134.8, 125.2, 82.3, 66.7, 61.6, 57.8, 48.0, 46.6, 46.3, 46.3, 36.8, 30.1, 24.2, 17.3,
17.1 MS-ESI" m/z [M+H] calcd for C;7H2eNOs: 294.2, found: 294.2MS-ESI" m/z

[M+Na] calcd forC;7H27NOsNa: 316.1, found: 316.2

Dimethylamino Costunolide 2a
The known compound?a was prepared byas described bySrivastava etal?”
Costunolide (1M mg, 0.04 mmol) was dissolved anethanol (15 m). An excess of

dimethylamine(0.1 mL, 0.2 mmaqgl was added and the reaction was refluxed at®0
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overnight. The reactionwas concentratedh vacuo after reacting forl2 h The crude
product waspurified by flash chromatography ov8iO, (gradient 810% methanol in
dichloromethanedo yield compound?a (9.8 mg, 824) as an offwhite crystalline solid.
'H NMR (400 MHz, CDC}) & 4 J8P1.5,48 Hiz, 1H), 4.66 (d,= 9.7 Hz, 1H),
455 (t,J = 9.3 Hz, 1H), 2.74 (dd] = 13.2, 5.1 Hz, 1H)2.60 (dd,J = 13.2, 4.8 Hz, 1H),
2.39-2.29 (m, 2H), 2.27 (s, 6H), 2.252.12 (m, 2H)2.12—1.91 (m, 4H), 1.68 (d] =

1.4 Hz, 3H), 1.64- 1.54 (m, 1H), 1.40 (s, 3H), 1.25 (s, 1HfC NMR (10 MHz,

ChClk)y & 177. 7, 140. 6, 1135.3,26.3,462,41.29./,2852 7 .

26.3, 17.4, 16.3. MESI" m/z [M+H] calcd forCi7H,gNO,: 278.2, found: 278.2

Reduced Parthenolide 3

Known compound was prepared by the method of Govindachari é¥atarthenolide
(13.9 mg, 0.054mmol) andpalladium on carbonl@.2 mg, 0.13 mmo) wereadded to
a flask and #hanol(10 mL). Thereaction was placed under 1 atm of BEnd allowed to
stir for 45 mins. Upon completion, theeaction was filteredhrough celiteand the
solvent was removeih vacuo Theproduct wagurified by flash chromatography over
SiO, (10-50% ethyl acetate in hexanes gradient) to yield comp@uiid.30 mg, 97%
yield). *H NMR (400 MHz, CDC}) =&.19 (dd,J = 11.8, 1.8 Hz, 1H), 3.81 (§,= 9.1
Hz, 1H), 2.70 (dJ = 9.0 Hz, 1H), 2.46-2.22 (m, 3H), 2.16 (m, 2H), 2.05 @= 12.3

Hz, 1H), 1.95-1.79 (m, 3H), 1.70 (s, 3H), 1.681.35 (m, 3H), 1.29 (s, 3HMS-ESI
82
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m/z [M+H] cdcd for C1sH230sNa: 273.1, Found: 273.MS-ESI" m/z [M+H] calcd for

C1sH203K: 289.1, found: 289.1

Reduced C1C10 Olefin of Dimethylamino Parthenolidelb

Compoundla (29.10 mg, 0.10 mmol) was dissolved into ethyl atetand Pt@(29.9
mg, 0.28 mmol) was added. The reaction was placed under an atmaspHg(80 psi)
and the reaction was shook for 2 days with a Parr shaker. The reaction was then filtered
through a celite plug ahwashed with ethyl acetate (55xml) and dichloromethane (5 x
4 ml). The solvent was removéad vacuoto yield compoundlb (29.30 mg, 99%) as a
white crystalline solid*H NMR (400 MHz, CDC)) =&.82 (t,J = 9.4Hz, 1H), 3.00 (dJ =
9.6 Hz, 1H), 2.72 (dd) = 12.9, 4.0 Hz, 1H), 2.58 (dd,= 12.9, 5.0 Hz, 1H), 2.37 (m,
2H), 2.25 (s, 6H), 2.15 (m, 2H), 1.73 (m, 2H), 1-66.52 (m, 2H), 1.49 (s, 3H), 1.47
1.36 (m, 3H), 1.10 (m, 2H), 0.88 (d= 6.4 Hz, 3H).*C NMR (100 MHz, CDG)) =&
177.1, 80.8, 76.7, 66.6, 61.98.2, 46.2, 45.6, 44.36.6, 35.7, 30.8, 27.6, 25.7, 21.2,

20.5, 19.0. HRMSESI m/z[M+H] calcd for C;7H30NOs: 296.2220found: 296.2229
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C1-C10 ReducedPTL Analogues 4 and 5

Compoundlb (28.7 mg, 0.01mmol) was dissolved into THF (2 ml) and iodomethane
was added in excess (0.inl, 1.60 mma). The reaction was allowed to stirrafor 20

h. The solvent and excess iodomethane was remwmvedcuoresulting in 30.6mg of
yellowish solid. Dstilled water(10 mL) was added and the reaction was heated to 45
°C. Complete solvation of the yellowish material resultétiin minutes of heating. The
reaction was allowedo stir with heating for 3 hand then solvent was removed
vacua SatuatedNaHCG; aqueoussolution (5 mL) was added to the reaction mixture,
and the prduct was extracted with DCM (3 20 mL). The combined organic layers
were washed with brin€0 mL), and dried withNaSOs. The reaction wapurified by
flash chromatography ov&iO, (10%650% dhyl acetate in hexanes gradient) to yield

12.3 mgof crude productHPLC separatioand characterizatiois currently underway.

Cis Parthenolide 6
Previously reported syiesis of cis prthenolide were attempted but tuot be

replicatedn my hand€’4?"° Cis parthenolide was isolated as a side product from
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synthegs of melampomagnolide B). Crude material was purified by Si@radient 10
—50% ethyl acetate in Hexanes) to yield compo@(d 90 mg, 4% vyield) as a white
crystalline solid*H NMR (400 MHz,CDC}) =8&.24 (d,J = 3.5 Hz, 1H), 5.53 (d] =
3.2 Hz, H), 5.33 (1 J= 7.3 Hz, H), 3.83 (t,J= 9.3 Hz, 1H), 2.90 (d] = 9.4 Hz, 1H),
2.77 (M, 1H), 2.50— 2.18 (m, 3H), 2.10 (m, 3H), 1.71 (B 1.69-1.58 (m, H), 1.53
(s, 3H), 1.07 (t) = 12.1 Hz, 1H)MS-ESI m/z[M+Na] calcdfor CysH,oNaO: 271.1,

Found: 271.1MS-ESI" m/z[M+K] calcd for CysH,0KO: 287.1, found: 287.1

Melampomagnolide B ()

Known compound was prepared by the method of Nasim &t &’ Parthenolide (49
mg, 0.20mmol) and selenium dioxid2 mg, 0.20 mmaglwere suspended in aydrous
dichloromethae (15 mL)and t-BuOOH (0.32 mL, 3.33mmol, 70% in HO) and
refluxed at 40°C for 4.5 h. The reaction mixture was cooledttcandwater (15 mL)
was added to the reactiomhe crude material was extracteith DCM (3 x 15 mL).
The combined organics wereietl over NaSQO,. The solvent waghen removedin
vacuq and the product wagurified by chromatography ove3iO, (gradient 1660%
ethyl acetate in hexane$p yield compound 3(38.80 mg, 74%) as a off-white
crystalline solid*H NMR (400 MHz, CDC})  &.25<d,J = 3.5 Hz, 1H), 5.66 (t) =

8.3 Hz, 1H), 5.55 (d) = 3.2 Hz, 1H), 4.23-4.04 (q,J = 12.6 Hz, 2H), 3.86 (} = 9.3
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Hz, 1H), 2.92- 2.76 (m, 2H), 2.42 (s, 2H), 2.372.11 (m, 3H), 1.74- 1.61 (m, 1H),
1.56 (s, 3H), 1.18 1.04 (m, 1H).XC NMR (100 MHz, CDCk) & = 1,838.7,839.0,
127.7, 120.4, 81.3, 66.0, 63.5, 60.2, 43.0, 37.0, 25.7, 24.1, 23.8, 18.}MSpESI m/z

[M+Na] calcdfor CysHooNaO,: 287.1, found: 287.1

Dimethylamino adduct of Melamponeagnolide B (7a)

Melampomagnolide B7, (32.9 mg, 0.0 mmol) wasdissolved in methanol (4 m§nd
dimethylamine was added (0.InL, 0.20 mmol). The reaction was allowed to stir
overnight andwasthenconcentrateih vacuoto yield compound’a (32.70 mg 86%) as
awhite solid. 'H NMR (400 MHz, CDCB) =&.59 (t,J = 7.9 Hz, 1H), 4.10 (g) = 13.0
Hz, 2H), 3.85 (t,J = 9.2 Hz, 1H), 2.80 (dJ = 9.4 Hz, 1H), 2.73 (dd] = 12.9, 5.1 Hz,
1H), 2.61 (ddJ = 12.9 5.4 Hz, 1H), 2.5% 2.35 (m, 4H), 2.25 (m, 2H), 2.21 (s, 6H),

2.12 (m, M), 1.59 (n, 1H), 152 (s, 3H), 1.07 (t) = 114 Hz, 1H)."*C NMR (100MHz,

CDCl) & = 177. 0, 141. 1, 127. 2, 81. 63717 7.

27.5, 25.8, 23.8, 18.HHRMS-ESI" m/z[M+H] calcd for G7H»gNO,4: 310.2013, found:

310.1999
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ReducedC1-C10 olefin of Melampomagnolide B 8

Compound7a (46.90 mg, 0.15 mmol) was dissolved intohgl acetate(10 mL), and
10% palladium orcarbon(46.30 mg, 0.44 mmol) was adddd the reaction mixture
The reaction was put under atmosphere of 50 psi hydrogen gas, and shook &ays.
The reaction mixture was filtered through a celite plud washed with ethyl acetate (5
x 5 mL) and DCM (5x 5 mL). The solvent was removed vacuoand the crude
materialwaspurified by flash chwmatography ove8iO, (0 to 10% Methanol in DCM)
to yield (14.@ mg) as a white solid. The compound was tbesolved into THF (2 ml)
and iodomdtane was added in excess (DL, 1.60 mma). The reaction was allowed
to stir atrt for 20 h The solvent ah excessmethyl iodinewas removedn vacuo
resulting ina yellowish solid. stilled water (10 mL) was added and the reaction and
was heated to 45°C. Complete solvation of the yellowish material reswitdn
minutes of heating. The reaction was allowedstir with heating for 3 hthen solvent
was removedn vacuo SaturatedaHCGQ; aqueoussolution (10 mL) was added to the
reaction mixture, and the pioct was extracted with DCM (320 mL). The combined
organic layers were washed with brine, and dreagr Na,SQO,. Purification and

characterizatioms currently underway.
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LC-1(11)

Known canpound11 was prepared by the method of Neelakantan &' @&ompound

la (14.2 mg, 0.05mmol) wasdissolved into ethyl ether (5 mland fumaric acid (5.62

mg, 0.05mmol) was added. The reaction was allowed to stir for two days and solvent
was removedn vacuoto yield compoundLl (16.3 mg, 82 %) as a white solidH

NMR (400 MHz, DMSQds) =&3.M (s, 2H), 6.62 (s, 2H), 5.22 (dd= 11.9, 2.4 Hz,

1H), 3.97 (t,J = 9.0 Hz 1H), 2.80 (d,J = 9.0 Hz, H), 2.63 (n, 3H), 2.42- 2.26 (m, 2H)

2.21 (s, 6H), 2.14 (mH), 2.10— 1.91 (m, 4#), 1.64 (s, B), 1.20 (s, B), 1.17— 1.05

(m, 2H). Spectral data matches previously repottéd.

Costunolide Fumarate Salt 12

Compoundlb (15.10 mg, 0.055 mmol) wadlissolved into ethyl ether (5 mland

fumaric acid (6.34 mg, 0.0&imol) was added. The reaction was allowed to stir for two
days, at which time solvent was remowvadvacuoto yield compoundl2 (22.20 mg,
quantitative yield) as an off wiei solid. *H NMR (400 MHz, DMSQdg) & = 6. 60
2H), 4.78 (df, J = 10.6, 2.2 Hz, 1H), 4.70,( = 9.7 Hz, 1H), 4.64d, J = 10.2 Hz, 1H),

2.70 - 2.52 (m, H), 2.35—2.21 (m, 3H), 2.18 (s, 6H), 2.121.88 (m, 5H), 1.63 (d] =
88
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1.3 Hz, #), 1.36 (s, 3H)**C NMR (100MHz, DMSOd 6 ) = 137.1, 166.2, 139.5,
136.9, 134.1, 127.5, 126.2, 80.5, 57.0, 50.3, 45.3, 45.2,4015.27.1, 25.8, 16.9, 15.9.
HRMS-ESI" m/z [M+H] Calcd for Ci7HxsNO, (without salj: 278.2115, found:

278.2126.

Melampomagnolide B fumarate salt 13

7a(40.9 mg, 0.15 mmol) was dissolved into DCM (5 mL) and fumaric acid QLg,

0.15 mmol) was added. The reaction was allowed to stir overnight, at which time solvent
was removedth vacuoto yield compound3 (55.30 mg, 85%) as a white solidH NMR

(400 MHz, DMSGds) & 6. 61 (Jk=,7.7 BZHDH), 4.E (4 9.6 izt 1H),

3.92 (g,J = 13.3Hz, 2H), 2.73- 2.55 (m,4H), 2.312.14 (m, 1®4), 2.13—1.99 (m, 3H),

1.57 (t,J = 10.6 Hz, 1H), 1.47 (s, 3H), 0.960.86 (m, 1H)*C NMR (100MHz,

DMSOd 6 )=1%71, 1662, 141.0, 134.1, 123.5, 123.4, 80.6, 63.3, 59.9, 57.6, 45.2,
45.2,43.4, 42.7, 40.263, 25.7, 24.0, 23.0, 17.HRMS-ESI' m/z[M+H] calcd for

C17H28NO4 (without sal): 310.2013found: 310.2015.

2.5.3Protocol for Mammalian Cell Culture
All cell lines were naintained in a humidified 5% C&nvironmentat 37 °C in
culture flasks (Corning). Adherent cells were dissociated using 0.25% T4PJiA

solution (Gibco). CCRIECEM cells (ATCC, CCL-119) and NCI/ADRRES were
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cultured in RPM{1640 media (Airo) supplemented with 10% fetal bovine serum
(FBS, Gibco), penicillin (100 1.U./mL), and streptomycin (100 u§/mATCC) at a
density of 2 x 19- 2 x 10 cells/mL. DU-145 cells (ATCC,HTB-81), Vero cells
(ATCC, CCL-81), U-87TMG cells (ATCC,HTB-14), andHeLa cells (ATCC,CCL-2)
were cultured ilMEM media (Cellgroysupplemented with 10% FBS (Gibco), penicillin
(100 1.U./mL), andstreptomycin (100 pg/mL, ATCC). HBO cells (ATCC,CCL-240)
were cultured in IMDM media (Cellgro) supplemented with 20% FBS @ibc
penicillin (100 I.U./mL), and streptomycin (100 pg/mL, ATCC). MCFeells (ATCC,
HTB-22) were cultured irMEM media (Cellgrolsupplemented with 10% FBS (Gibco),
bovine insulin (0.01 mg/mL, Sigmajenicillin (100 1.U./mL), andstreptomycin (100
pg/mL, ATCC). GBM6 cells gift from the lab of professor Jolhlfest) were cultured
with  DMEM/F12 (1:1) with LGlutamine, without HEPES (Thermo Scientific)
supplemented with Normocin (100 pg/mL, Invivogen), 50X B supplement (10 mL,
Gibco), 100X N2 supplement5 mL, Gibco), human EGF (20 ng/uL, Peprotech),
human FGFbasic (20 ng/uL, PeproTech), penicillin (50 I.U./mL), and streptomycin (50

pg/mL, ATCC).

2.5.4Protocol for Cell Culture Cytotoxicity Assays

The potocol for cellular cytotoxicity assaysas preiously published byour
laboratory(Hexum et §l.2®* CCRRCEM and HL-60 cells wereculturedat a density of
10,000 cells/well in cell dture media (50 pL) in standa@b-well plates (Costar) 24 h

prior to treatment. D145, Vero,U-87MG, GBM6, HelLa, MCF7, and NCI/ADR-RES
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cells were seeded at a density 000 cells/well in cell culture media (50 pL) in
standard 9@vell plates(Costar). Blank (no cells) wells and control (vehicle control
treated) wells were prepared for every experiment to normalize tlae AlatPTL
analogues were serially diluted in psarmed media and dosed to 96 well plafesal
volume/well = 100 pL; final DMSO concentration = 0.h% pproximately 13 hbefore

the end of the treatent period (48 h), Alamar Blu@nvitrogen) cell viality reagent

was added to the 96 well platgd pL). A quantitativemeasure of cell viabilitgan be
achieved fromevaluating the ability of metabolically activells (which are proportional

to the number of living cells) to convert resazurin (filiorescent dyg to red
fluorescent resorufinFluorescence data were obtained on either a Molecular Devices
SpectaMax M2 plate reader or an LJBioSystems HT Analyst plate reader.
Background fluorescence (no kebntrols) was subtracted froeach well and chilar
viability values following compound treatmewere normalized to vehiclenly treated
wells (control wells only treated with aqueous DMSO, which were arbjtrassigned
100% viability). Individual 1G, curves were generated by fitting data to tlgnsidal
(dose response) functioof varied slope in GraphPad Prism (v. 5d@ftware. Only
curve fits with B > 0.95 were deemed sufficient. Each experiment was performed in
biological triplicate and mean g values were daulated from the individual 16
values obtained from each replicate. Standard deviation was calculated from the

individual 1Gso values obtained for each biological replicate.
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Dimethylamino Parthenolide 1a
'H NMR (CDCl 5):
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Dimethylamino Parthenolide 1a
3C NMR (CDCl5):
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Dimethylamino Costunolide 2a
'H NMR (CDCl 5):

I
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Dimethylamino Costunolide 2a
3C NMR (CDCl5):
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Reduced Parthenolide 3
'H NMR (CDCl5):

CDCls
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Reduced C1C10 Olefine of Dimthylamino Parthenolide 1b
'H NMR (CDCl 3):

T™MS

CDCls
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ppm
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Reduced C1C10 Olefine of Dimthylamino Parthenolide 1b
3C NMR (CDCl5):

CDCl;
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Cis Parthenolide 6
'H NMR (CDCl 5):
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Melampomagnolide B (7)
'H NMR (CDCl 5):

T™MS
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ppm
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Dimethylamino adduct of Melampomagnolide B (7a)
'H NMR (CDCl 5):

2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0
ppm
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Dimethylamino adduct of Melampomagnolide B (7a)
13C NMR (CDCl3):

CDCls
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LC-1 (11)
'H NMR (DMSO-d):
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ppm
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Costunolide Fumarate Salt 12
'H NMR (DMSO-d):

DMSO
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Costunolide Fumarate Salt 12
13C NMR (DMSO-d):
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Melampomagnolide B Fumarate Salt 13
'H NMR (DMSO-dg):
DMSO
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Melampomagnolide B Fumarate Salt 13
13C NMR (DMSO-dg):
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Chapter 3. Raisingthe Effective Intracellular Concentration of Parthenolide

Utilizing a Gold Nanopatrticle Delivery System.

3.1 Introduction

Nangarticlesare particle®n theorder of nanometers made out of various
metals (copper, platinum, silver, gold) orsemiconductorftitanium dioxide cadmium
selenide, cadmiursulfide, silver sulfide, andehd sulfidef*° Ligands are used during
the synthesis of nanoparticles to control growth and prevent aggrega@osmpared to
the size of a cell, nanopatrticles are up to ten thousand times smaller, around the size of
receptors, enzymes, and antibodi@Dueto their small size, nanoparticles are capable
of interactions both extracellular and intracellff&r.

Nanoparticles have been intensely investigated as potential drug carriers for
targeted deliverg®*?%?% Nanoparticle delivery systems take advantage of
pathophysiological alterations observed in tumors, such as increliffesion and
permeability due to leaky vasculature of tunfofdNangarticles ranging between 20
100 nm can take advantage of the enhanced permeability and retention effect (EPR),
allowing passive diffusion into tumaqrsherebypermitting greater accumulation when
compared to free drugs’ Moreover, nanoparticle delivery systems can increase drug
solubility and allow for timed release of drugs conjugated to &7

However, nanoparticles do have their flaws. The reticuloendothelial system
(RES) will opsonize large naparticles (> 100 nm) and eliminateem through the

liver.292390301 T ayoid excretion through the RES, smaller particles functionalized with
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a secondary layer of hydrophilic polymer are u¥edPolyethylene glycol (PEG) has
been widey used to mask nanoparticles from the RES, while also improving water
solubility3%?

Out of all the nanomaterials utilized today, gold nanoparticles (AuNP) have
become a primary intest in drug delivery researéfr*°**** Gold has excellent
properties that lead to ease of synthesis and functionalization of nanopaHitfes.
Compared to other materials used, gold has greater chemical stabiiyld also has
intrinsic characterization properties that include visible light scattering/absorption, low
biological concentrations, and large electron density that allows for easy quantification,
location, and imaging in biological organisfi3*®® Additionally, routes have been
developed for controlled synthesis of AUNP allowing the shape andfsiie AUNP to
be regulated®”3*°

AuNPs have beenpreviously loaded with anticancer drugs, such as

|302L311
)

paclitaxe methotrexaté™® daunorubicin’® gemcitabine®’* 5-fluoruracil 3*°

cisplatin*® tanoxifen !’ trastuzumaB*® and dxorubicin®!° Agasti et al demonstrated
that by conjugation to a AUNP delivery systean100-fold decrease ithe 1G; value of
5-fluorouracil (5-FU) was observedrom 11.9 pM to 0.7 uMn MCF-7 cells. AuNP in
this study were used to cagd=8), and upon photolysis;BU wasreleased™®

Gold is alsoreadily functionalized by thioldJtilization of an alkanethiol linker
to anchor drug payloads to the AuNP is often observed in the litePStr¥> Thiol

ligand exchange is a fairly rapid conversion that depends on chain length and

stercs 32322 Because of these characteristics we have chosen to synthesize parthenolide
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(PTL) functionalized AuNPs utilizing a PE@iol, similar to that ofa previously
reportedfunctionalization of paclitaxel to a AuN®! By conjugatingPTL to a AuNP
we hope toimprove the water solubility of the drug and increase the effective
concentration delivered to the target cancer cells.
3.2Research Objectives

Current progress on the synthesis and anticancer evaluation BfflLa
functionalized AuNPis herein reportedWe have envisioned three different linkers
(Figure 3.]) to investigate the effects of conjugatiRgL to AUNP. melampomagnolide
B linker 15, a nonfunctional linker 16 and a dimethylamino analogue &fTL
(DMAPT) linker17. Once synthesized, we wil/| i nvest
two major problems withPTL: its poor water solubility and low micromolar anticancer
activity. A AuNP delivery system should increase the effective concentrati®T lof
delivered to cancer cslhllowing detectable levels &fTL, and ultimately reaching the
ICsoin vivo. Additionally, water solubility of the drug would improve by utilization of a
PEG linker as well as the innate characteristic of AuUNP to improve drug solubility.
Described here are the efforts made towards the synthesisP@L afunctionalized

AuNP.
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Figure 3.1 Proposed linkers for conjugation BTL to AuNP. Conjugation oPTL via

ester linkerl5, a nonfunctionakontrol linker 16, anda DMAPT inspiredlinker 17. N

ranges from 3&5 PEG units CTPE£goo

3.3 Results and Discussion
3.3.1 Synthesis of 2 nm Gold &hoparticles

2 nm gold nanoparticles ewe synthesized from a known procedife.
Tetrachloroaurate trinydrate anenpercaptophenol were dissolved into methanol. Acetic
acid was added to the stirring reaction to prevent deprotonatiormargaptophenol.
Next, NaBH, was added to the reactigmadually causing a brown precipitate to form,
which wasa clear indication of formation of 2 nm gold nanoparticles. After complete
addition of NaBH the reaction was allowed to stir for 30 minutes then the solvent was
removedin vacuo The brown solid wawashed with ethyl ether and distilled and

deionizedH,O to remove any excess reagent. Transition electron microscopy was
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utilized to image the nanopatrticles verifying the size of the particles and to observe if
aggregation had occurred. Particles werentbto have an average of 2 nm in diameter

(Figure 3.2).

Figure 3.2 Transition electron microscopy image of synthesizedn gold
nanoparticles.
3.3.2 Solution Phasé&unctionalization of Gold Nanoparticles

Originally, use of 2 nm AuNP for conjugatioof PTL was plannedhowever,
concerns were raised. Twon AuNP fall short of the requirements for the EPR effect.
Additionally, TEM images of larger AUNP are easier to resolve. We opted to purchase
15 nm tannic acid capped AuNP to continue our studiesnidacid capped 15 nm
AuNPs were reacted with the 2,000 m\®a) carboxyl thiol polyethylene glycol
(CTPEGyoo at rt for 12 h to yieldl8 (Scheme 3.1 AuNPs were then filtered through

a 10,00kDamolecular weighfilter to remove excess thiol and tanaicid.
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PyBOP DMF, rt /YY) ; ‘%Q*(\ § = CT-PEGyq

Scheme 3.1 Solution phase synthesis dPTL functlonallzed AuNP.A. Thiol
functionalization of AuNP.B. Attempted Mitsunobu conditions to synthesize
Melampomagnolide B (Mel B) functionalized AuNE. Attempted syntbsis of non
functional AuNP.

After resuspension of the AuNB8 in Milli pore water, U\:Vis full spectrum
analysis was performed. We observed that functionalization of the AuNP via ligand
exchange of the thiol for tannic acid had occurred due to an obsedhection in the
wavelength max (520 nm) of 15 nm AuNFEigure 3.3.3% Additionally, we could

confirm a 15 nm core patrticle sizZéigure 3.4).
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Figure 3.3 Full spectrum UV-Vis absorption of functionalized18 and non
functionalized gold nanoparticles. A reduction of absorbance at the wavelength max of

15 nm AuNP (A = 520 nm) was observed wupon
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Figure 3.4 Transition electron microscopy image of 15 nm AuNP after funtionalization

with carboxyl thiol PEG.S8. Core particle size was 15 nm.
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Following the protocol toa@njugate pclitaxel to a AUNP, Msunobu conditions
wereperformedto conjugate rlampomagnolide B7) to 18 (Scheme 3.1 DMF was
added to the solution ofi8, and the water was removed vacuo 4-(N,N-
Dimethylamino)pyridiniursd-toluenesulfonate andN , Mi&opropylcarbodiimide was
added to theeaction and left to stir oveight. IrreversbileAggregation of the AuNP
was observed the next day.

In an effort to synthesize the néunctional AUNR peptidecoupling conditions
were performedto conjugate ddimethylamino)1-propylamine to the free carboxylic
acid of 18. PyBOP and dimethylamine were reacted witB ovemight. Aggreation of
the AuNP was observed similar to that observed with coupling to melagnolide B.
Based on these unexpected difficulties, it was decided to first synthesR€LtHenker-

thiol reagent, and then couple the-pssembled payload to the nanoparticle.

3.3.3 Solid Phase $nthesis of DMAPT Linker for Gold Nanoparticle
Functionalization

In an effort to avoid the aggregation issues of solution phase synthesis of the
PTL functionalized linker on a AuNP, solid phase synthesis was perforfd@.C
protected Rink amide MHBA resin was deprotected with pipegidAfter washing the
resin with DMF, it was reacted with mercaptoacetic acid in the presen&®€fi and

TEA to yield the free thiol on resifscheme 3.1)
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Scheme 3.Z5o0lid phase synthesis of dimethylamino analogueTaf (DMAPT) PEG

linker 17. N ranges from 3&5 PEG unitCTPEGqoq

Any disulfide bonds formed from the free thiol of mercaptoacetic weiethen
cleaved with DTT. Rigourous washirtg removethe DTT was performed and the
resulting free tiiol was reacted with the 2000 MWiol caboxyl PEG (CTPEGg
yielding compoundl. In an effort to prevent linkers on resin to react with each other
during peptide synthesis with Ns@imethytl,3-propanediamine, the diangnwas
monofunctionalized befohand withPTL in a Michael addition to @ld compound2
in 98% vyield Current effortare focused on exploring pége coupling reagents to

conjugate22to 21, and then cleaving3 from resin to yield the DMAPT linket7.

3.4 Conclusion and Future Direction
In summary we have attempted to symsize aPTL functionalized AuNP.

Initial solution phase synthetic routes lead to irreversible aggregation of the YiaNP
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Mitsunobu and peptide coupling reactions. Functionalization of the AuNP with
CTPEGgpwas achieved by a thiol exchange reactiorefmace the tannic acid capping

the AuNP. To circumvent the observed aggregation, we have begun solid phase
synthesis of théTL functionalized linkers. Once synthesized, we will react the linkers
with tannic acid capped AuNP for a facile thiol exchangetrea. Anticancer activity of

the PTL functionalized AuNP will be evaluateth vitro upon completion of the

synthesis.

3.5 Experimental

Parthenolide was purchased from Enzo Life Scien€snmercial grade
reagents (Aldrich, Acros, Alfa Aesar) were useihout further purification unless
otherwise noted. 15 nm gold nanoparticles were purchased from Ted Pella Inc
(Redding, CA). Carboxyl thiol polyethylene glycol (mw = 2000) was purchased from
JenKem Technology USA (Allen, TX). Centrifuge filters wereghased from Millipore
(Billerica, MA). 2 nm Transition electron microscopy images were peformed by the
UMN characterization facilty on a on Becnai G F30 microscopel5 nm AuNP
Transition electron microscopy images were also performed by the UMN
characerization facility on arecnai T12 microscopéJV-Vis full specrum analysis was
performed on &Molecular Devices SpectraMax M2 plate readsing millipore water as
a solventNuclear magnetic resonance (NMR) spectroscopy employed a Bruker Avance
instrument operating at 400 MHz (for'H) and 100 MHz (for*3C) at ambient

temperature. Internal solvent peaks were referenced in each case.

117



3.5.1 Synthesis of 2nm Gold Nanoparticles

Two nm gold nanoparticles were synthesized from the Brust méthod.
Tetrachlopauric(lll) acid (298.5 mg, 0.88 mmol) anenpercaptophenol (230 mg, 1.82
mmol) were dissolved into 150 mL &eOH. AcOH (3 mL) was then added. NaBH
(30 mL, 0.4 M) was added slowly (1 mL ever9 3econds) affording a brown ppt
Reaction was then allowea stir for 30 minutes after complete addition of NaBH
Solvent was then removead vacuoand the remaining brown solid was washed with
ethyl ether (20 mL) and then deionized water (20 mL) to yield a brown @oié Q)
Transition electron microscopy imeas showed an average size of 2 nm of the particles

(Figure 3.2).

3.5.2Synthesis of Parthenolide Functionalized Gold Nanopatrticles indhution.
Synthesis of CTPEGggo Functionalized AuNP (18)

A 15 nmtannic acidcappedgold nanoparticle solutiom distilled and deionized
water (2mL, 1.1x103? particles/ml) was reacted witla nondiscreteCTPEGygo (50.0
mg, 0.03 mmol) overnighThe rext day thereaction was filtered through a 10,000 mw
centrifuge filter, washed witldistilled and deionizedvater (3 x (6 mL) through the
centrifuge filter. Remaininganoparticle solution that did not filtevas removed from
the centrifuge filter and resuspended into distilled and deionized water (total vofume
2 mL). A total volue of 2 mL was required to be compareUheVis spectrmn of the

functionalized AuNP to the starting tannic acabped AuNPFull spectrum UWis
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was performed to gauge functionalizatidd.NMR (400 MHz, BO) & = 3. 71 ( s,
2.74 (t,J= 6.3 Hz, 2 H-CH,-SH). 189 protons correlates to 47 repeat PEG units, which
falls into the range of PEG repeat units observed by maldi of CIfgESarting

material.

3.5.3Solid Phase $nthesis of DMAPT Linker 17

o s €\/O%/\g/0H

Synthesis of21.

Rink amide MHBA resin (21.4 mg) was swelled in DMF (1 mL) for 10 minutes
in a solid phase reaction vessel. Piperidine (0.2 mL, 0.002 mmol) was added and
allowed to shake for 1 h. The reaction was filtered anshed with DMF (5 x 1 mL)
with manual shaking between washes. Kaiser test verified deprotection of the amine was
achieved. The resin was swelled with DMF (1 mL) for 10 minutes. Mercaptoacetic acid
(0.01 mL, 0.14 mmol), EDCI (24.3 mg,1® mmol), and BN (0.02 mL, 0.14 mmol)
were added to the reaction vessel and left to shake over night. Reaction was filtered and
washed with DMF (5 x 1 mL) with maial shaking between washes to form the amide
bond on resin

The resin was theswelled with DMF (1 mL) for 10 mutes. Dithiothreitol
(28.5 mg, 0.19 mmol) was added and reaction was allowed to shake for 15 minutes.
Reaction was filtered and washed with DMF (5 x 1 mL) with manual shaking between

washes. The resin was reswelled with DMF (1 mL) for 10 minutes, andEGxh{
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(23.4 mg, 0.0117 mmol) was added to the reaction vessel and left to shake over night.
Next day reaction was filtered and washed with DMF (5 x 1 mL) with manual shaking
between washes to yield compou2id Future direction would involve peptide coing

with 22 to anchorPTL to resin. Cleavage of the disulfide bond would then yield the

DMAPT Linker which can be functionalized to a gold nanopatrticle.

Dimethyl-Propanediamine Parthenolide22

Parthenolide (32.6 mg, 0.1®mol) as dissolved into MeOH (5 mL) and an
e X ¢ e s s -DaomfethyMNL,3-propanediamine (0.1 mL, 0.80 mmol) was added and the
reaction was allowed to stir overni-ght
Dimethyl1,3-propanediamine was removed in vadooyield compound3 (45.2 mg,
98%) as a clear oifH NMR (400 MHz, CDC}) & = ,J5 1115Hz, )d3.79 (t,J
= 9.0 Hz, 1H), 2.77 (dd] = 13.4, 4.8 Hz, #), 269 (M, 2H), 2.60 (t,J = 6.9 Hz, 2H),
2.45—2.32 (m 7H), 2.26 (m, 2H), 2.20 (s, 3H), 2.162.01 (m, %), 1.67 (s, 3H), 1.63
(m, 2H), 1.27 (s, Bl), 1.20 (tdJ = 13.0, 5.6 Hz, H). **C NMR (100 MHz, CDG)) & =
176.6, 134.7, 125.2, 125.1, 82.2, 66.7, 61.4, 57.0, 56.5, 50.5, 48.0, 46.6, 42.7, 41.3, 36.8,

30.1, 27.7, 24.2, 17.MS-ESI' m/zcalcd forC,oH3sN,Os: 351.2648, found351.2611
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3.6 NMR

CTPEG2000 Functionalized AuNP (18)
'H NMR (D,0):

o)
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Dimethyl-Propanediamine Parthenolide22 X
“0 % ..__/4\</_ﬂ=

'H NMR (CDCl 5):

T T T T T T T T T T T T T T T T T T T
2.9 2.8 27 26 25 24 23 22 21 20 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1
ppm

CDCl,

8.0 73 7.0 6.5 6.0 5.5 2.0 4.5 4.0 3.5 3.0
ppm
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Dimethyl-Propanediamine Parthenolide22

3C NMR (CDCl 3):

CDCl,

T T T T T T T T T T
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Appendix A: Crystal Structure of Parthenolide Analogue 4
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