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Abstract

Multiple myeloma (MM) is an incurable plasma cell malignancy where nearly all patients succumb to a relapse. The current
preclinical models of MM target the plasma cells, constituting the bulk of the tumor, leaving the cancer stem cells to trigger a
relapse. Utilizing a three-dimensional tissue culture system where cells were grown in extracellular matrix designed to
reconstruct human bone marrow, we tested the anti-multiple myeloma cancer stem cell (MM-CSC) potential of two natural
product inhibitors of nuclear factor kB (NFxB). Here we show that parthenolide and andrographolide are potent anti-MM-
CSC agents. Both natural products demonstrated preferential toxicity toward MM-CSCs over non-tumorigenic MM cells.
Addition of the bone marrow stromal compartment abrogated andrographolide activity while having no effect on
parthenolide cytoxicity. This is the first report of a natural product with anti-CSC activity in myeloma, suggesting that it has
the potential to improve the survival of patients with MM by eliminating the relapse-causing MM-CSCs.
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Introduction

Multiple myeloma (MM), a cancer arising through
the expansion of malignant plasma cells (PCs) in the
bone marrow, is an incurable disease displaying
heavy resistance to current chemotherapy regimens
[1,2]. Patients diagnosed with MM present with
hypercalcemia and bone pain due to the presence of
Iytic bone lesions, renal insufficiency and neuropathy
due to the increased levels of monoclonal immuno-
globulin, and immunosuppression due to the in-
crease in clonal PCs in the bone marrow (BM) [1].
With a low 5-year survival rate, it is estimated that in
2009 there were over 20 000 newly diagnosed cases
of MM and over 10 000 deaths within the United
States alone. Many factors contribute to the lethal
and resilient nature of MM, including spread to
multiple bones, occasional presence of extramedul-

lary disease, and interaction with hematopoietic
microenvironments of the BM that favor MM
expansion [3]. Due to the common relapse of MM
and low long-term survival, it has been suggested that
drug-resistant MM cancer stem cells (MM-CSCs)
persist through the course of therapy supported by
BM microenvironments [4-8], thus allowing cells to
enter a state of proliferative quiescence while
remaining resistant to treatment [9].

Cell culture systems in which cells are grown on
the surface of tissue culture plastic do not accurately
represent normal tissue architecture [10] and the
complex interactions between cells and their micro-
environment. We have recently described a three-
dimensional (3-D) culture system where the extra-
cellular matrix and cellular compartments of the BM
are reconstructed in wvitro, recapitulating the native
microenvironment of the human BM in which cells
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occupy distinct niches [9]. In this reconstructed BM
(rBM) model, the MM clone undergoes up to 15-
fold expansion of the malignant cells. Using the rBM
model, we identified MM-CSCs as non-proliferat-
ing, drug resistant CD20+ B cells exhibiting multi-
potent and self-renewal potential. Thus, the rBM
model provides a biologically relevant preclinical
paradigm enabling the evaluation of therapeutic
vulnerabilities of all compartments of the MM clone,
including the drug-resistant MM-CSC.

Although the death of malignant cells is a desired
characteristic of new anticancer therapies, ridding the
tissues of CSCs is essential for preventing a relapse
and improving long-term survival. Many of the new
anti-cancer therapeutic regimens under development
include a component targeting the family of nuclear
factor kB (NFxB) transcription factors [11-14]. A
recent study demonstrated a negative effect of NFxB
inhibitors on tumor stem cell differentiation and
proliferation without cytotoxicity toward normal
stem and progenitor cells [15]. By utilizing the
rBM model, a more accurate evaluation of the
efficacy of this family of compounds can be achieved
by measuring their potency in the context of the
entire MM clone, including MM-CSCs, in an
environment closely resembling that of a patient’s
BM i vivo.

Parthenolide (PTH), a naturally occurring sesqui-
terpene lactone isolated from the feverfew plant
(Tanacerum parthenium) [16], has been of recent
interest since the discovery of its antitumor activity,
inhibition of DNA synthesis, and cancer cell pro-
liferation [17-20], and its ability to sensitize cancer
cells to other antitumor agents [21-23]. Known to be
a powerful inhibitor of NFxB activation, PTH has
been observed to induce apoptosis in human acute
myelogenous leukemia stem and progenitor cells
[15] as well as in MM cell lines [24], without
adversely affecting normal hematopoietic cells [15].
This discovery has fueled the efforts to develop PTH
as a potential treatment for leukemia [25,26]. Even
though PTH represents a novel compound with anti-
CSC activity, poor water solubility has limited its
direct clinical application. Additionally, a recent
phase I clinical study demonstrated that PTH
metabolism may further lower its clinical potential
[27]. To address the problem of low aqueous
solubility, Crooks and co-workers have synthesized
aminoparthenolides that have superior solubility
[26,28], and preclinical studies so far are promising
[25]. The ability of parthenolide to initiate apoptosis
in leukemia CSCs was suggested to be a combination
of the inhibition of activation of the transcription
activity of NFxB and induction of oxidative stress
[15,29,30]. As a member of the sesquiterpene
lactone class of natural products, parthenolide can

bind intracellular thiols, such as glutathione [31],
thus initiating oxidative stress through its sequestra-
tion. We hypothesized that molecules that inhibit
NF«B and also bind glutathione would be cytotoxic
to multiple myeloma CSCs and, thus, could be prime
candidates for clinical translation.

Andrographolide (AGR), another naturally occur-
ring plant product isolated from Andrographis pani-
culata, is a copalane diterpene that has been
investigated less extensively than PTH [32]. Also a
known inhibitor of NFxB activation [33], AGR has
been shown to bind glutathione [34], and has a
history of clinical importance including anti-inflam-
matory [35], immuno-stimulative [36], and hepato-
protective [37] properties. Recent studies indicate
that AGR possesses antitumor activity, stimulating
the differentiation of mouse myeloid leukemia cells
[38] and inhibiting the growth of human acute
promyelocytic leukemia cells [39]. Moreover, AGR
contains many polar functional groups which confer
higher aqueous solubility compared to PTH, making
AGR a promising therapeutic candidate. We have
previously shown that melphalan and bortezomib
therapies are not curative, because these drugs target
CD138+CD56+ MM plasma cells, thus failing to
eliminate the CD20+ MM-CSC [9]. Here we show
that PTH and AGR are highly effective anti-MM-
CSC agents, with AGR displaying increased selec-
tivity for MM-CSCs compared to PTH. The data
presented here constitute the first report of natural
products with anti-CSC activity in MM.

Materials and methods

Cell lines and patient samples

RPMI-8226 and U266 human multiple myeloma cell
lines were purchased from the American Type
Culture Collection (ATCC) and cultured per the
manufacturer’s instructions. After approval from the
institutional review boards (Purdue University and
University of Alberta) and after informed consent
was obtained in accordance with the Declaration of
Helsinki, plasma from patients with MM was
collected during routine clinic visits at the Cross
Cancer Institute, University of Alberta and Horizon
Oncology Center, Lafayette, IN.

3-D (rBM) culture

The 3-D tissue culture was set-up as previously
described [9]. Briefly, RPMI-8226 or U266 cells
were plated at 0.5 x 10° cells/100 uL of rBM matrix
(Matrigel/fibronectin, 2:1 vol/vol) in a 48-well plate,
and the culture was allowed to gel for 30 min in a
37°C, 5% CO, incubator. Subsequently, 1 mL of
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growth medium (RPMI-1640 with L-glutamine, 20%
fetal bovine serum [FBS], 6.2 x 10~* M CaCl,, 1 x
10~ ° M sodium succinate, 1 x 10~ ° M hydrocorti-
sone) was added to each well. To isolate cells from
the rBM culture for further analysis, the mixture of
cells and matrix was scraped from the culture plates
and incubated in 2—-3 volumes of ice-cold phosphate
buffered saline—ethylenediaminetetraacetic  acid
(PBS-EDTA) recovery solution (5 mM EDTA,
1 mM NaVQOy,, 1.5 mM NaF in PBS) for 1 h at 4°C.

To determine the effects of hyaluronic acid (HA)
on the drug-resistance of MM cells, plates were
coated with 6.25 yg/cm2 of HA (Sigma) in 1%
bovine serum albumin (BSA)/PBS (per the manu-
facturer’s instructions). Subsequently, HA solution
was removed, and RPMI-8226 or U266 cells were
plated on top of the stromal layer as described above
or in the ‘MTS assay’ section below.

3-D (rBM) co-culture

Human bone marrow stromal cells (FcMSC), a kind
gift from Dr. Carlotta Glackin (Beckman Research
Institute of the City of Hope National Medical
Center), were grown in o-minimum essential med-
ium (x-MEM) (Sigma) supplemented with 20% FBS
(Sigma), 1% penicillin/streptomyocin (Sigma), and
1% 1-glutamine (Sigma). For co-culture experi-
ments, cells were plated in either 96-well (3 x 10*
cells/well) or 48-well (7.5 x 10* cells/well) plates and
allowed to adhere overnight. Subsequently, the
growth medium was removed, and RPMI-8226 or
U266 cells were plated on top of the stromal layer as
described for the ‘MTS assay’ and ‘3-D (rBM)
culture’ sections, respectively.

Drug treatments

PTH was purchased from Biomol International and
AGR was purchased from Calbiochem. PTH-CF5 and
PTH-CI were prepared as previously described [40].
Drug stocks (45 mM) were stored at —20°C and were
prepared by diluting PTH, PTH-CF3, and AGR in
ethanol with 10% dimethylsulfoxide (DMSO); PTH-
Cl stock was diluted in ethanol with 30% DMSO.
Fresh working dilutions of all drugs were made in
culture media immediately prior to cell treatment.

Colony forming unit assay

Colony forming unit (CFU) assays were performed
as previously described [9]. Cells isolated from rBM
cultures were resuspended in 200 ulL of Iscove’s
modified Dulbecco’s medium (IMDM) with 2%
FBS and mixed with 1 mL Human Methylcellulose
Complete Media (R&D Systems) in 35 mm ultra-
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low binding plates. CFU cultures were incubated for
14 days (or until colonies reached >50 cells) and the
resulting colonies were counted.

MTS assay

RPMI-8226 or U266 cells were grown on plastic or
in rBM at 1.25 x 10° cells per well in a 96-well plate
and treated for 48 h with either 10% DMSO/ethanol
vehicle control or various doses of PTH and AGR.
The MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
assay was performed using the CellTiter 96 AQucous
Non-Radioactive Cell Proliferation Assay (MTS)
assay kit (Promega) per the manufacturer’s instruc-
tions. Briefly, 20 ulL of combined MTS/phenazine
methosulfate (PMS) solution was added to each well
and incubated for 90 min in a 37°C, 5% CO,
incubator. The optical density (OD) was subse-
quently read at 492 nm on a Thermo Multiskan
Ascent plate reader.

Flow cytometry

To evaluate the homogeneity of each cell line, cells were
stained with CD138—phycoerythrincyanin 5 (PC5) or
CD20-phycoerythrin (PE) (Beckman Coulter) for 1 h
at room temperature, washed with PBS, and analyzed
on a Quanta SC Flow Cytometer (Beckman Coulter).
For apoptosis studies, cells were treated with PTH and
AGR, isolated from rBM, and stained with annexin V-
fluorescein isothiocyanate (FITC) and CD138-PC5
(Beckman Coulter) per the manufacturer’s instructions,
and 35 000 events were collected and analyzed on a Cell
Lab Quanta SC (Beckman Coulter) flow cytometer.
Data were analyzed with Cell Lab Quanta Analysis
software. For caspase activation studies, cells were
treated and isolated from rBM as described above, and
activation of caspases 3/7, 8, and 9 detected using the
appropriate CaspaTag In Situ assay kit (Millipore) per
the manufacturer’s instructions. Caspase activation was
measured on a Quanta SC Flow Cytometer, and the
analysis was done using Cell Lab Quanta Analysis
software.

Microscopy

Cells isolated from rBM cultures were dried onto
microscope slides, fixed with 10% neutral buffered
formalin for 15 min at room temperature, and stained
with CD138-PC5 (1:100), propidium iodide (PI), and
4/,6-diamidino-2-phenylindole ~ (DAPI) (1:5000)
(Beckman Coulter) per the manufacturer’s instruc-
tions. Slides were imaged on a Zeiss AxioObserver
digital microscope and image analysis was done using
Zeiss AxioVision software. Differential interference
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contrast (DIC) imaging was done directly in rBM
culture on a Zeiss AxioObserver digital microscope.

Statistical analysis

Data are presented as the mean + SEM of at least
three independent experiments performed in tripli-
cate. To calculate LCs5, (median lethal concentra-
tion) values, four-parameter logistic regression was
applied to log-transformed percent viability measure-
ments. Significance was analyzed by a two-tail
Student’s r-test or two-way analysis of variance
(ANOVA) and Bonferroni’s correction as post-test
to compare experiments with multiple parameters. p-
Values below 0.05 were considered statistically
significant. All analysis was performed using Prism
5.0 software (GraphPad Software).

Results
PTH and AGR are cytotoxic toward MM cells

Under physiological conditions, multiple myeloma
cells reside in the BM in contact with the extra-
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cellular matrix (ECM). The proper ECM micro-
environment exerts a protective effect on cancer cells
and has been reported to antagonize the effect of
drug treatments [41]. Therefore, in order to deter-
mine the anti-tumor potential of novel therapeutics,
cells have to be grown in the context of their native
microenvironment. In this study we utilized the 3-D
tissue culture system of rBM, recently designed in
our laboratory, to maintain MM cells under physio-
logical conditions [9]. The cell lines used in this
study were heterogeneous, and comprised CD138+
and CD20+ cells (Figure 1; results are shown for
RPMI-8226 cells; U266 cells had an identical pattern
of expression of both CD138 and CD20 antigens). In
the rBM system, single cells are plated within the
matrix comprising ECM proteins matching the
composition of human BM, and after 14 days in
rBM culture, MM cell lines, RPMI-8226 and U266,
form tumor-like structures which resemble those
seen after culturing primary bone marrow cells from
patients with MM in this system [9,42].

PTH, a natural product isolated from the
feverfew plant, has recently been shown to be
cytotoxic toward MM cells in conventional tissue
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Figure 1. A sub-population of CD20+ B lymphocytes is present in the RPMI-8226 cell line. RPMI-8226 cells were stained with CD138-
PC5 or CD20-PE and the presence of the plasma and B cell populations was evaluated by flow cytometry.
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cultures [Figure 2(A)] [24]. However, standard
culture systems (2-D) where cells are grown in
suspension or attached to the plastic surface of a
tissue culture flask fail to take into account the
adhesion-mediated drug resistance conferred by the
ECM. Therefore, we sought to determine whether
the anti-myeloma activity of PTH could overcome
drug resistance mediated by the interaction of cells
with the surrounding ECM. Based on L.Cs, values
determined for 2-D and rBM cultures, cells cultured
using conventional methods were 1.5-1.6 times more
sensitive to PTH than cells cultured in rBM [Figures
3(A) and 3(C), Table I]. Since inhibition of NFxB
activation is likely the main mechanism of partheno-
lide toxicity [43], we tested the anti-myeloma
potential of AGR, another natural product inhibitor
of NFkB activation isolated from the Andrographis
plant. Similar to the results obtained with PTH, cells
grown in 2-D cultures were more sensitive to AGR
than cells grown in rBM [Figures 3(B) and 3(D)]. In
both 2-D and rBM cultures PTH was more
cytotoxic than AGR, but both drugs had significant
anti-myeloma activity [Figures 3(A)-3(D) and 4].
BM stroma has been implicated in conferring
resistance to multiple chemotherapeutic agents.
Therefore, we tested the response of MM cells to
PTH and AGR in co-culture with BM stromal cells
in both 2-D and rBM cultures. Addition of stromal

o]
parthenolide

13-(3-trifluoromethyk
phenyl)-parthenolide

13-(4-chlorophenyl)-
parthenolide

Figure 2. Structures of PTH, AGR, and related derivatives. (A)
Parthenolide; (B) andrographolide; (C) 13-(3-trifluoromethylphe-
nyl)-parthenolide; (D) 13-(4-chlorophenyl)-parthenolide.
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cells to the PTH treated cultures did not affect the
efficacy of the drug. However, the response of MM
cells to AGR was completely abrogated in both 3-D
and rBM co-cultures [Figures 3(A)-3(D), Table I].
These results suggest that PTH and AGR induce
cytotoxicity through different mechanisms. An addi-
tional component of the BM ECM, HA, is expressed
at high levels in BM, and was absent from the matrix
mixture of the rBM culture. Thus, we tested the
response of MM cells grown on HA coated plates to
PTH and AGR. The addition of HA had no affect on
cytotoxicity of either PTH or AGR [Figures 3(C) and
3(D), Table I]. Therefore, we conclude that while
HA may be an important suvival and proliferation
factor in MM, adhesion to HA does not induce
resistance to PTH and AGR.

PTH and AGR exhibit anti-myeloma CSC activity

The nearly 100% rate of relapse of patients with MM
implies that none of the current therapies are capable
of completely eliminating all neoplastic cells from the
patients’ BM, allowing for the remaining tumor-
initiating cells to re-initiate the myeloma lesions.
This failure of multiple agents and their combina-
tions to cure MM emphasizes the need for new
therapeutic regimens which, in addition to targeting
the non-tumorigenic cells constituting the bulk of the
tumor and lacking tumor-initiation capacity, will
target the tumor-initiating CSCs. We and others
have previously described the resistance of CSCs in
MM to multiple conventional chemotherapeutic
agents [9,44,45]. The recent success of using PTH
as an anti-CSC agent in acute myelogenous leukemia
[15] prompted us to test the anti-MM-CSC activity
of PTH and AGR in the context of adhesion-
mediated drug resistance. MM cells treated with
either PTH or AGR were isolated from rBM cultures
48 h post-treatment and re-plated into methylcellu-
lose-based CFU assays. CFU assays are specially
formulated to allow colony formation by stem cells,
but not by other cells, and MM-CSCs have been
shown to self-renew and form colonies in CFU
media [9,44]. Unlike the use of surface markers,
which are unreliable in isolating stem cells from
many cancers, the CFU assay allows a functional
readout of the frequency and viability of CSCs from
hematological malignancies. After 14 days in CFU
culture, the frequency of MM-CSCs remaining after
PTH and AGR treatment was assessed by counting
the colonies of >50 cells visible in each plate. The
viability of MM-CSCs was then presented as a
percentage of colonies observed in the PTH and
AGR treated samples compared to the vehicle treated
controls. Both PTH and AGR induced cell death in
MM-CSCs in a dose-dependent manner [Figures 3(E)

RIGHTS LI N Kdx



Leuk Lymphoma Downloaded from informahealthcare.com by City of Hope on 11/28/12

For personal use only.

1090 E. ¥ Gunn et al.

125 < PRPMILE22S
- © RPMI-8226 co-cutre

% viability

Parthenolide [1M)

125,
* RPMIE226 & PRPMI.82206
«» RPMIEQ26 co-0um “» RPMILE228 co-cuture
« RPMI.B220 (*HA) 1 * RPMILA22G (+HA)

» U205
2 U268 co-aMure
- U200 ()

R
‘ {'.' Ay 2,
Yang,
w 80 100 0 0 40 00 L] 100
Parthonolide (M) Andrographolide (1«M)
126, & PREVEGR 120, * PRPMIE226
o RPV-8228 co<uture «» RPVL-8226 cocuture
w RPNE-8226 (+HA) * RPVL-8220 (+HA)
» U206 ! U266
& U266 co-odre
« U206 (*HA) f R
>
&
v 0+
4] 20 40 (o) 20 100 0 20 40 60 8 100
Parthenolide [:M) Andrographolide [1:M)

Figure 3. Multiple myeloma tumor and CSCs are sensitive to PTH and AGR. (A, B) RPMI-8226 and U266 cells were grown in 2-D cultures
alone or in co-culture with BM stromal cells and treated with PTH (A) or AGR (B) for 48 h. Cell viability was assessed by MTS assay. All
values were normalized to cell viability of vehicle treated controls (z=3 independent experiments performed in triplicate). (C, D) RPMI-
8226 and U266 cells were grown in rBM cultures alone or in co-culture with BM stromal cells, or in HA coated plates, and treated with PTH
(C) or AGR (D) for 48 h. Cells were isolated from rBM and viability was measured by MTS assay. All measurements were normalized to cell
viability of vehicle treated controls (z =4 independent experiments performed in triplicate). (E, F) RPMI-8226 and U266 cells were grown in
rBM cultures alone or in co-culture with BM stromal cells, or in HA coated plates, and treated with PTH (E) or AGR (F) for 48 h. Cells
were isolated from rBM cultures and plated into a methylcellulose-based CFU assay. MM-CSC viability was assessed after 14 days in CFU
culture by counting the number of colonies present after each treatment. All colony counts were normalized to those of vehicle treated
controls (=4 independent experiments performed in triplicate). Difference between culture conditions was analyzed by ANOVA
(*p < 0.05, **p < 0.01, ***p < 0.001).
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and 3(F)]. Interestingly, both drugs exhibited higher
toxicity toward MM-CSCs (LCs50=1.5-3.5 uM)
compared to toxicity toward non-CSCs (LCs5o=7—
15 uM) (Table I). The difference in sensitivity to
PTH and AGR between the two cell lines is due to
the differences in frequency of CSCs in RPMI-8226
and U266 lines at 2.62% and 1.86%, respectively.
The selectivity ratio (the ratio of LCsy values) of
PTH and AGR for tumorigenic MM-CSCs com-
pared to the entire population constituting the bulk
of the tumor in RPMI-8226 cells was 6.3 and 10,
respectively (Table I). The selectivity ratio of PTH
and AGR in U266 was 3 and 4.4, respectively. The
nearly two-fold higher selectivity of AGR for MM-
CSCs compared with PTH is quite striking, since
PTH selectivity for leukemic CSCs was one of the
critical factors for its rapid translation into the clinic
[15].

We also tested the effects of BM stromal cells and
HA on the anti-MM-CSC activity of PTH and AGR.
RPMI-8226 and U266 cells grown on HA coated
plates exhibited the same response to PTH and AGR
as those grown in rBM cultures, with L.Cs, values for
the MM-CSC cytotoxicity of 2.4 uM and 3 uM for
PTH and AGR, respectively [Figures 3(E) and 3(F),
Table I]. The addition of BM stromal cells to the
rBM cultures treated with PTH also did not affect
the efficacy of the drug, while the anti-MM-CSC
response of both cell lines to AGR was completely

Anti-myeloma cancer stem cell therapeutics 1091

abrogated in BM stromal co-cultures [Figures 3(E)
and 3(F)].

Structural changes to PTH affect its anti-tumor activity

PTH has been shown to preferentially target CSCs in
leukemia without toxicity toward normal hemato-
poietic stem cells [15], and in our assays showed
high specificity for MM-CSCs over non-tumorigenic
cells constituting the bulk of the tumor (Table I).
The activity of PTH against CSCs in leukemia
provided a strong impetus for making structural
derivatives  with  increased water  solubility
[26,28,40]. One such derivative, 13-(3-trifluoro-
methylphenyl)-parthenolide (PTH-CF3), emerged
as an active fluorinated analog [40]. Fluorinated
compounds have significant potential to serve as
metabolic and biological probes and imaging agents
for positron emission tomography (PET). Therefore,
we sought to determine the potential of PTH-CF; as
a biological probe in MM by verifying its activity in
this disease. In order to further explore structure—
activity relationships of PTH, we examined another
structural analog, 13-(4-chlorophenyl)-parthenolide
(PTH-CI). Under physiological conditions provided
by the rBM model, PTH-CF; exhibited dose-
dependent anti-MM activity, with greater cytotoxi-
city toward MM-CSCs than non-tumorigenic cells
[Figure 5]. On the other hand, PTH-CI had higher

Table 1. LCs, values for anti-tumor and anti-CSC activity of PTH, PTH-CF;, PTH-CI, and AGR*.

Cells Culture PTH PTH-CF; PTH-CI AGR
RPMI-8226 2-D None 6.5 ND ND 10
Stroma 5 ND ND NR
3-D rBM 10 60 25 15
rBM w/ stroma 7 ND ND NR
HA 6 ND ND 13
CFU rBM 1.6 13.5 60 1.5
rBM w/ stroma 4.8 ND ND NR
HA 2 ND ND 2.3
Ratio” 6.3 4.4 0.42 10
U266 2-D None 4.3 ND ND 8
Stroma 7 ND ND NR
3-D rBM 7 57.5 22 15.3
rBM w/ stroma 6 ND ND NR
HA 7.3 ND ND 12
CFU rBM 2.3 25 50 3.5
rBM w/ stroma 5.5 ND ND NR
HA 2.4 ND ND 3
Ratio’ 3 2.3 0.44 4.4

*L.Cs, values are presented in uM.

"Ratios represent preferential selectivity of each drug for the MM-CSCs [sensitivity ratio =LCs0(3-D, rBM)/LC5,(CFU, rBM), i.e.
LCsp(total cells in rBM)/LLC5,(MM-CSCs treated in rBM and transferred to CFU for MM-CSC evaluation)].

LCs0, median lethal concentration; CSC, cancer stem cell; PTH, parthenolide; AGR, andrographolide; 2-D, two-dimensional; CFU, colony
forming unit; rBM, reconstructed bone marrow; w/, with; HA, hyaluronic acid; ND, not determined; NR, L.Cs5, not reached, MM-CSCs,

multiple myeloma cancer stem cells.
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Figure 4. PTH and AGR are cytotoxic in rBM culture. (A) RPMI-8226 and U266 cells were grown in rBM cultures and treated with PTH or
AGR for 48 h. DIC imaging was done directly in rBM culture (arrowheads mark dying cells; magnification x 10). (B) Cells were grown as in
(A), isolated from the rBM, and stained with CD138 (red) and propidium iodide (blue) (magnification x 10).
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Figure 5. Multiple myeloma tumor and CSCs are less sensitive to structural derivatives of PTH than to the parent compound. (A) RPMI-
8226 and U266 cells were grown in rBM cultures and treated with PTH-CF; or PTH-CI for 48 h. Cells were isolated from the rBM and the
viability was measured by MTS assay. All measurements were normalized to cell viability of vehicle treated controls (7 =4 independent
experiments performed in triplicate). (B) Cells were grown and treated as in (A), isolated from the rBM cultures, and plated into a
methylcellulose-based CFU assay. MM-CSC viability was assessed after 14 days in CFU culture by counting the number of colonies present
after each treatment. All cell counts were normalized to those of vehicle treated controls (z=4 independent experiments performed in
triplicate).
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cytotoxicity toward non-tumorigenic cells than
MM-CSCs [Figure 5]. The selectivity ratios of
PTH-CF; and PTH-Cl for MM-CSCs over the
non-tumorigenic population in RPMI-8226 cells
were 4.4 and 0.42, respectively, and for U266 cells
the selectivity ratios were 2.3 and 0.44 (Table I).
In striking contrast to PTH and PTH-CF3, both of
which were more selective toward CSCs than the
non-tumorigenic counterparts, PTH-CI exhibited a
complete loss of selectivity for the MM-CSCs. This
comparison not only highlights the critical need to
examine potential therapeutic compounds in more
robust assays, rather than in traditional 2-D
cultures, but also illustrates the importance of
understanding the structure—activity relationships
of emerging therapeutics for selectivity toward
CSCs.

PTH and AGR induce caspase-mediated apoptosis in
MM cells

PTH and AGR are thought to induce cell death by
blocking activation of NFxB. Since NF«xB is respon-
sible for transcription of a number of inhibitors of
apoptosis, it is logical that blocking NF«xB will lead to
cell death in the affected cells. Cell death can occur
by either of two mechanisms: apoptosis, pro-
grammed cell death; or necrosis, non-specific cell
death. The preferential selectivity of PTH and AGR
toward CSCs suggests that these compounds elimi-
nated their target cells by inducing apoptosis.
Although plasma membrane integrity is disrupted
during both apoptosis and necrosis, making cells
permeable to dyes such as PI, an early apoptotic
event is the translocation of phosphatidylserine from
the inside leaflet of the plasma membrane to the
outside. This translocation can be detected by the
binding of annexin V to the externalized phosphati-
dylserine. Apoptotic cell death was induced in both
CD138+ plasma cells and CD138— cells in re-
sponse to PTH and AGR treatment. Cells in the
early stages of apoptosis were positive for annexin V
alone, and those in the late stages of apoptosis were
positive for both annexin V and PI [Figure 6(A)]. We
and others have demonstrated that CD20+ B cells
consistute the CSC population in MM [9,44];
therefore, the CD138 — fraction of RPMI-8226 and
U266 cells is enriched for MM-CSCs. As described
above, MM-CSCs are more sensitive to PTH and
AGR than are their non-tumorigenic counterparts,
and after treatment with PTG and AGR a higher
percentage of annexin V positive cells was observed
in the CD138— (76.8% and 75.32% for PTH and
AGR, respectively) than in the CD138+ population
(44.6% and 40.6% for PTH and AGR, respectively)
[Figure 6(B)].
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Caspases, a family of cysteine proteases, initiate a
cascade of proteolytic cleavages resulting in cell
death. Initiator caspases 8 and 9 are responsible for
initiation of the apoptotic cascade by activating the
effector caspases 3 and 7, which in turn cleave
numerous cellular protein substrates and mediate the
final stages of apoptotic cell death. Treatment with
PTH or AGR activated caspases 8, 9, and 3/7 in both
RPMI-8226 and U266 cells (Figure 7). The major
caspases activated in the RPMI-8226 cells by PTH or
AGR were caspases 8 and 3/7 [Figures 7(A) and
7(C)]. However, treatment of U266 cells with PTH
and AGR activated caspases 8 and 9 to the same
degree [Figures 7(B) and 7(D)]. Therefore, we
conclude that while PTH and AGR activate an
apoptotic response in MM cells, the specific mechan-
ism of cell death is likely cell-dependent.

Discussion

MM remains incurable even with the recent devel-
opment of highly effective and potent therapies such
as bortezomib and lenalidomide. The inability of the
new therapeutic modalities to eliminate the tumor
and prevent a relapse, which is nearly 100% in MM,
suggests the presence of a drug-resistant malignant
cell population capable of initiating the growth of
new tumors. CSCs have been isolated from both
hematopoietic and solid malignancies and are char-
acterized as rare drug-resistant cells with tumorigenic
capacity, while the bulk of the tumor mass comprises
highly proliferative cells lacking the ability to initiate
new malignant growth. Our previous study demon-
strated that while bortezomib is highly potent against
clonotypic plasma cells from patients with myeloma,
its selectivity for these cells makes bortezomib an
ineffective therapy against MM-CSCs that exhibit a
B cell phenotype [9,44]. Therefore, new treatment
strategies have to be developed to specifically target
MM-CSCs, taking into account the effects of both
ECM and stroma. In the study presented here we
describe the anti-CSC activity of PTH and AGR,
active ingredients in medicinal plants feverfew and
Andrographis paniculata used in traditional medicine
as anti-inflammatory agents with fever reducing
properties. Both PTH and AGR efficiently targeted
MM-CSCs with LCs, values ranging from 1.6 to
3.5 uM. MM-CSCs were selectively targeted by
both PTH and AGR, with higher selectivity ratios
for CSCs than non-tumorigenic tumor mass,
as measured by the ratio of LCsy values between
MM-CSC viability after treatment with PTH or
AGR, as assessed in CFU assays, and total cell
viability after treatment in rBM culture. U266 cells
were slightly less responsive to PTH and AGR than
RPMI-8226 cells, possibly due to their ability to
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Figure 6. PTH and AGR induce apoptosis in multiple myeloma cells. RPMI-8226 and U266 cells were grown in rBM cultures and treated
with 25 uM of PTH or AGR for 18 h. Cells were isolated from the rBM and triple stained with CD138-PC5, annexin V-FITC, and
propidium iodide. (A) A density plot of propidium iodide exclusion versus annexin V expression; (B) a density plot of CD138 expression

versus annexin V.

secrete interleukin-6 (IL-6), which in rBM cultures
without the stromal component acts in an autocrine
fashion to promote cell growth and survival [46]. In
contrast, RPMI-8226 cells do not secrete IL.-6, and
thus were more responsive to PTH and AGR.
Although the LCsq value of PTH and AGR was
higher for U266 cells, the efficient targeting of the
MM-CSC subpopulation in this cell line suggests

that both PTH and AGR can overcome the
protective effects of IL-6. Additionally, the presence
of IL-6 in U266, but not RPMI-8226, cultures could
explain the observed differences in caspase 9 activa-
tion between these cell lines.

Interestingly, AGR was nearly two-fold more
selective for MM-CSCs than PTH. This preferential
selectivity of AGR is a key discovery, and strongly
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Figure 7. PTH and AGR induce apoptosis of multiple myeloma cells through the activation of caspases. MM cell lines were grown in rBM
cultures and treated with PTH or AGR for 48 h. After treatment, cells were isolated from rBM and assayed for the presence of active initiator
caspases 8, 9, and effector caspases 3/7. Caspase activity was measured by flow cytometry using caspase-specific fluorochrome inhibitor of
caspase (FLICA) apoptosis detection kits (z=3 independent experiments performed in triplicate). (A) RPMI-8226 cells treated with
parthenolide; (B) U266 cells treated with parthenolide; (C) RPMI-8226 cells treated with andrographolide; (D) U266 cells treated with
andrographolide. Caspase activation at different drug doses as compared to vehicle treated controls (0 uM) (*p < 0.05, **p < 0.01,

***p < 0.001).

supports the need for additional translational studies
of AGR in MM. Indeed, the specificity of PTH for
myelogenous leukemia stem cells [15] fueled the
subsequent translational efforts [25], and concomi-
tantly catalyzed the search for new compounds with
selectivity for CSCs [47]. However, loss of AGR-
mediated cytotoxicity in BM stromal co-cultures
emphasizes the complexity of the system, and stresses
the need to evaluate potential therapeutic agents
under physiological conditions.

Natural products continue to be a tremendous
source of compounds for drug discovery, especially
in cancer. After the discovery of the specificity of
PTH for leukemia CSCs [15], PTH derivatives with
enhanced water solubility were developed [26,28].
Even though solubility was one of the pharmacolo-
gically limiting factors of PTH, its metabolism is
another concern [26,27]. We prepared a fluorinated
PTH derivative (PTH-CF5) as a potential probe [40]
to identify metabolites of PTH, and demonstrated

that, similar to the parent compound, PTH-CF;
retained selectivity for MM-CSCs. These findings
are contrasted by PTH-CI, which demonstrates how
subtle structural changes eliminate the CSC selectiv-
ity.

The work presented here highlights the mostly
unexplored aspects of preclinical testing: evaluating
the efficacy of therapeutic agents in the context of
cell-cell and cell-FECM adhesion-mediated drug
resistance, and evaluating the efficacy of novel
therapeutics against CSCs. Our previous studies
and the work of others have pointed toward
CD20+ lymphocytes as the CSCs in MM [9,44].
However, the failure of rituximab as a MM ther-
apeutic has raised questions regarding the identity of
MM-CSCs. The data demonstrating the inefficiency
of rituximab to treat MM can be explained by a
number of factors. The efficacy of rituximab is
dependent on the high level of expression of CD20
on the cell surface. Based on our analysis and that of
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Matsui and colleagues, MM cells are weakly positive
for CD20, and constitute a minor population of
malignant cells in patients with MM and cell lines.
Thus, it is possible that there are not enough CD20
molecules on the surface of MM cells for rituximab
to be effective. Additionally, since CD20+ cells
constitute only a minor population of MM cells, the
regimen of rituximab administration will likely be
crucial to the success of this therapy. If administered
at the wrong time during disease progression,
targeting of rituximab to the MM-CSCs may be
hindered, thus further lowering its efficacy. The large
volume of evidence that has accumulated in support
of the CD20 phenotype of the MM-CSC suggests
that rituximab should be evaluated as an anti-MM-
CSC agent in combination with conventional che-
motherapies which eliminate the bulk of the tumor.
The comprehensive reconstruction of the BM
microenvironment in rBM cultures allows expanded
monitoring of drug impact on both tumorigenic and
non-tumorigenic tumor populations under physiolo-
gical conditions. MM cells become resistant to
conventional chemotherapeutic agents when cul-
tured in contact with ECM [48-50]. In our study,
MM cells grown in contact with ECM in 3-D
cultures were nearly twice less sensitive to PTH
and AGR as the same cells cultured under standard
conditions. Therefore, to ensure that the observed
toxicity of PTH and AGR against MM-CSCs takes
into account adhesion-mediated drug resistance, we
treated the cells in the rBM, and then transferred the
surviving cells to the CFU assay to assess the
frequency of the surviving MM-CSCs. As discussed
above, we determined that PTH and AGR are highly
selective for MM-CSCs compared to the non-
tumorigenic populations. Additionally, it has been
previously shown that PTH does not target normal
hematopoietic stem cells [15], thus further raising the
value of this compound as a potential anti-tumor
therapeutic. The rBM is the only available model
within which the drug-resistant properties of MM
can be assessed in culture, and therapies targeted
against MM-CSCs can be readily tested. The
selective toxicity of AGR in MM-CSCs is a novel
result, and although synthetic derivatives of AGR
have been prepared as potential anticancer agents
[32], the structure—activity relationships remain
unexplored. The selectivity of AGR for MM-CSCs
provides a strong impetus for further translational
efforts.
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