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Recent evidence suggests tumor-initating cells (TICs), also called cancer stem cells, are respon-
sible for tumor initiation andprogression; therefore, they represent an important cell population
for development of future anti-cancer therapies. In this study, we show that the sesquiterpene
lactone parthenolide (PTL) is cytotoxic to prostate TICs isolated from prostate cancer cell lines:
DU145, PC3, VCAP, and LAPC4, as well as primary prostate TICs. Furthermore, PTL inhibited
TIC-driven tumor formation in mouse xenografts. Using an integrated molecular profiling
approach encompassing proteomics, profiles of activated transcription factors and genomics
weascertained the effects of PTLonprostate cancer cells. In addition to thepreviouslydescribed
effects of PTL, we determined that the non-receptor tyrosine kinase src, andmany src signaling
components, including: Csk, FAK, b1-arrestin, FGFR2, PKC, MEK/MAPK, CaMK, ELK-1, and
ELK-1-dependent genes are novel targets of PTL action. Furthermore, PTL altered the binding
of transcription factors important in prostate cancer including: C/EBP-a, fos related antigen-1
(FRA-1), HOXA-4, c-MYB, SNAIL, SP1, serum response factor (SRF), STAT3, X-box binding
protein-1 (XBP1), and p53. In summary, we show PTL is cytotoxic to prostate TICs and describe
the molecular events of PTL-mediated cytotoxicity. Therefore, PTL represents a promising
therapeutic for prostate cancer treatment. Prostate # 2009 Wiley-Liss, Inc.
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INTRODUCTION

For American men, prostate cancer has the highest
incidence of all cancers and is the third leading cause of
death behind heart disease and lung cancer. Treatment
of prostate cancer involves radiotherapy, surgery,
hormone therapy and chemotherapy depending on the
stage of the disease [1]. Individuals with metastatic
prostate cancer inevitably become refractory to conven-
tional therapy, resulting in disease progression and
death [2]. It is imperative that new treatments be devel-
oped to battle this fatal disease.

A growing body of evidence suggests a subpopula-
tion of tumor-initiating cells (TICs) are themediators of
tumor initiation,progressionandrelapse [3].These cells

have the ability to self-renew, aremultipotent and have
ahighproliferative capacity.These threequalities allow
a TIC to generate the heterogeneous population of cells
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found within a tumor, while continually maintaining
the regenerative pool of TICs. In contrast, the non-TICs,
which are the majority of the tumor cells, have limited
self-renewal capacity, are at the end stages of cellular
differentiation and have minimal proliferative poten-
tial [4].

In prostate cancer, the CD44þ cells are enriched for
TICs [5,6]. Patrawala et al. [7] showed that CD44þ cells
purified from a number of prostate cancer cell lines
were more proliferative, clonogenic, tumorigenic, and
metastatic than the corresponding CD44� cells. In ad-
dition, tumors derived fromxenografts ofmice injected
with CD44þ cells histologically resembled tumors
originating from unsorted cells. Furthermore, as few
as 100 CD44þ cells were able to form tumors whereas
it required approximately 10-fold more CD44� cells to
form a tumor. The CD44þ cells purified from tumors
expressed high levels of stem cell-associated genes,
including Oct-3/4, Bmi-1, b-catenin, and smoothened [8],
which is a characteristic of TICs.

The existence of prostate TICs has several important
implications. First, it provides an explanation for how
a heterogeneous tumor can be formed. The TICs are
the founder population that gives rise to the various
other non-tumorigenic cell types in the tumor. Second,
TICs appear to be more resistant to conventional che-
motherapy thereby leading to resistant disease [9].
Given these considerations, it is important that future
treatments are effective against this cell population.

Epidemiological studies strongly suggest a diet rich
in fruits andvegetables is associatedwith a lower risk in
many cancers includingprostate cancer [10].Contained
within many of these foods are phytochemicals, the
active constituents in plants, that possess a number of
chemopreventative characteristics, including: anti-
neoplastic, anti-viral, anti-neurodegenerative, analge-
sic and anti-inflammatory properties [11]. These com-
pounds represent a promising avenue in the treatment
of cancer, as well as a non-toxic approach to chemopre-
vention. In addition, many chemopreventative agents
can be used in combination with chemotherapeutic
drugs at lowered doses in order to reduce adverse side
effects [12].

The naturally occurring phytochemical, partheno-
lide (PTL), is a sesquiterpene lactone that occurs in the
plant feverfew, a commonmedicinal herb traditionally
used for headaches and arthritis. Recent evidence
suggests PTLmay be a useful therapeutic agent against
certain cancers including: leukemias, breast and
pancreatic carcinomas [13,14]. PTL has been shown to
inhibit nuclear factor kappa-B (NF-kB) activation by
binding and inhibiting IkB-kinase (IKK), an activator of
NF-kB [15]. In addition, PTL inhibits both signal trans-
ducers and activators of transcription 3 (STAT3) after
activation by interleukin-6 (IL-6), and c-jun N-terminal

kinase (JNK) after activation by tumor necrosis factor-a
(TNF-a) [16].

Recent studies suggest PTL may be effective in tar-
geting cancer stem cells in some cancers. Guzman et al.
[17] showed PTL specifically targeted cancer stem cells
in primary human acute myelogenous leukemia
cells and blast crisis chronic myelogenous leukemia.
The mechanism of action was through inhibition of
NF-kB, activation of pro-apoptotic p53 and an increase
in reactive oxygen species (ROS).Another study looked
at PTL toxicity on two types of breast cancer TICs: the
side population and the breast mammosphere [18].
Zhou et al. showed PTL was able to inhibit growth and
colony formation of each of the tumor-initiating pop-
ulations. In addition, NF-kB activity was reduced.

Given breast TICs are sensitive to PTL, we set out to
investigate its role on targeting prostate cancer CD44þ

TICs both in vitro and in vivo. Our study demonstrates
PTL was cytotoxic to these cells isolated from prostate
cancer cell lines and patients. Additionally, mouse
xenograft studies showed PTL inhibited tumor
initiation and progression by CD44þ TICs. We also
determined the molecular mechanisms underlying
PTL-induced toxicity in prostate cancer. Previouswork
on PTL offered a narrow view of the molecular mech-
anisms by which this compound acts. An integrated
molecular profiling approach was used to examine
early protein phosphorylation/expression events,
transcription factor (TF) activation andgene expression
patterns [19]. We found one of the early events of PTL
cytotoxicity was attenuation of activity of the non-
receptor tyrosine kinase, src and many src-associated
signaling components that include: Csk, FAK, b1-
arrestin, FGFR2, PI3K, PKC, MEK/MAPK, CaMK, the
transcription factorELK-1andELK-1dependent genes.
Additionally, we found PTL altered binding of a num-
ber of TFs involved in prostate cancer, including:
C/EBP-a, FRA-1, HOXA-4, c-MYB, SNAIL, SP1, SRF,
STAT1/3, XBP1, and p53. This is the first investigation
to determine that prostate CD44þ TICs are sensitive to
PTL and to study the effects of PTL on prostate cancer
using an integratedmolecular profiling approach. Giv-
en the estimated 28,660 men that will die of prostate
cancer this year, new therapies are needed and PTL
represents an encouraging therapeutic again for pros-
tate cancer prevention and treatment.

MATERIALSANDMETHODS

CellCulture

Prostate cancer cell lines, DU145 and VCaP (ATCC,
Manassas, VA) were cultured in DMEM, PC3 (ATCC)
in F-12 Kaighns, LAPC4 (kind gift from Charles
Sawyers, Memorial Sloan Kettering Cancer Center) in
Iscoves DMEM. All cell lines were supplemented with
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10% heat-inactivated FBS, 1% penicillin/streptomycin
and 2 mM L-glutamine and cultured in a 37�C, 5% CO2

incubator. Sorted cells were cultured in a serum
free medium as previously described [20]. Primary
prostate cancer stem cells were purchased from Celpr-
ogen (San Pedro, CA) and maintained in Celprogens
Human Prostate Cancer Stem Cell Complete Growth
Un-differentiating Medium.

FluorescentActivatedCell Sorting (FACS)

Cells were detached with trypsin and washed once
in FACS buffer (PBS containing 1–2% BSA and 5 mM
EDTA). Washed cells were incubated at 4�C for 15 min
with 5 ml/106 cells of anti-CD44 conjugated PE
(Invitrogen, Carlsbad, CA). Cells were then washed in
FACS buffer, re-suspended at 20 million cells/ml, and
separated on a MoFlo High Performance cell sorter
(Dako Cytomation, Carpinteria, CA).

Animal Studies

Mice were from NCIs Animal Genetics and Produc-
tion Facility and housed in a pathogen free environ-
ment. NCI-Frederick is accredited by AAALAC
International and follows the Public Health Service
Policy for the Care and Use of Laboratory Animals.
Animal care was provided in accordance with the
procedures outlined in the “Guide for Care and Use
of Laboratory Animals” (National Research Council;
1996; National Academy Press, Washington, DC).
Injections were supplemented with an equal volume
of Matrigel (BD Biosciences, Franklin Lakes, NJ) and
animals were monitored weekly for palpable tumor
formation. Stock solutions of PTL (LKT Laboratories,
St. Paul, MN) were prepared by first dissolving the
powder in 100% ethanol and then diluting in saline
(0.9%NaCl) to a 1:10, ethanol:saline ratio. The resultant
slurry solution (100 ml) was administered by oral
gavage and given at a dose of 10 or 40 mg/kg, once
daily, 3 times aweek. Vehicle was a 1:10, ethanol:saline
(0.9% NaCl) mixture.

CellViabilityAssay

Cellswere plated at adensity of 500 cells perwell in a
96-well plate and viability was measured using Prom-
egas Cell-Titer Glo assay (Madison, WI). The Cell-Titer
Glo reagent was added to each well and equilibrated
for 30 min before measurement was taken. Lumines-
cencewasmeasured using aM100 Tecan Luminometer
(Research Triangle Park, NC).

ProteinMicroarray

Protein arraysweredoneusing theKinex� antibody
microarray service (Kinexus, Vancouver, BC, Canada).

Cells were plated on a 150mmdish (6� 106 cells/dish)
and PTL (10 mM) was added to each dish for 15 or
60min. DMSO (0.1%) was used as the negative control.
After PTL treatment, cells were rinsed twicewith phos-
phate-buffered saline (PBS) and scraped off the plate.
The cells were pelleted and lysed by adding 0.1 ml
Kinexus lysis buffer (for details, see www.kinexus.ca).
Cellswere sonicated twice for 5 sec and thehomogenate
wassubjected tocentrifugation for10minat14,000 rpm.
The protein concentration of the supernatant fraction
was measured using the bicinchoninic acid protein
assays (Pierce, Rockford, IL).

RNAIsolation

Total RNA was isolated using Invitrogens Trizol
reagent as per the manufacturers instruction. Quanti-
tation of RNA was carried out using a Nano-Drop
ND100 Spectrophotometer (Wilmington, DE).

TranscriptionArray

Panomics DNA/protein combo arrays containing
345 consensus-binding siteswerehybridized according
to the manufacturers instructions (Panomics, Fremont,
CA). Nuclear protein was extracted from PTL-treated
DU145 cells using PanomicsNuclear Protein extraction
kit following the manufacturers instructions.
Nuclear protein lysates (15 mg of each) were used in
the binding reaction. Following cleanup, the probewas
hybridized at 42�C overnight. Data were quantified
using ImageQuant TL (AmershamBiosciences, Arling-
ton Heights, IL).

GeneExpressionMicroarray

Gene expressionmicroarrays were performed using
Agilent Technologys (Santa Clara, CA)Whole Genome
Expression Microarrays. After PTL treatment, the
plates were washed twice in cold PBS and cells were
harvested for RNA extraction. Ten micrograms of total
RNA, from treated cells or universal RNA (Stratagene,
La Jolla, CA),was labeled in a reverse transcriptase (RT)
reaction mix as previously described [21]. Following
labeling, RNAse H was added to each reaction for
30 min at RT. The Cy3 labeled reaction was mixed with
Cy5-labeled reaction, and purified using an YM-30
Microcon column (Millipore, Billerica, MA) to an ap-
proximate volume of 44 ml. Purified probesweremixed
with Agilent blocking buffer (11 ml) and hybridization
buffer (55 ml). Agilent microarrays were hybridized to
the mixture of Cy3 and Cy5-labeled probes, overnight,
at 65�C.Slideswerescanned inaGenePix4000Bscanner
and analyzed using GenePix Pro (Molecular Devices,
Sunnyvale, CA). Data analysis was performed using
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Cluster and TreeView offered by Michael B. Eisen
(http://rana.lbl.gov/EisenSoftware.htm).

In-CellWestern (ICW)

Src expression (phosphorylation at Y529 and pan-
specific) was performed using Li-Cors infrared-based
In-cell western assay. Sorted CD44þ DU145 cells were
seeded in a 96-well plate (5,000 cells/well) and PTL
(10 mM) was added to each well for 15, 30, or 60 min.
DMSO (0.1%) was used as the negative control or “0”
time point. After PTL treatment, cells were fixed and
permeablizedwithmethanol for15min,on ice.Thecells
were then blocked (PBS containing 2% fish gelatin),
incubated with either a phosphospecific src antibody
to tyrosine 529 (1:100 dilution; Cell Signaling, Danvers,
MA) or a pan-specific src antibody (1:100; Abcam,
Cambridge, MA), overnight at 4�C. The primary anti-
body was detected using an IRDye 800 infrared dye
conjugated to a goat anti-rabbit secondary antibody
(1:200 dilution; Li-Cor, Lincoln,NB). Antibody staining
intensity was measured using Li-Cors Odyssey Infra-
red Imaging System software. Quantitation was nor-
malized to TO-PRO-3 iodide (1:4,000), a nuclear stain.

RESULTS

Tumor-InitiatingCellsAreEnriched for
CD44Expression

Previous studies showed that prostate cancer cells
expressing CD44 are enriched in tumorigenic and
metastatic progenitors [22,23]. To validate this obser-
vation, we FACS sorted the top (CD44hi) and bottom
(CD44�/lo) 5% of CD44 stained DU145 cells (Fig. 1A)
and subcutaneously injected them into NOD/SCID
mice. After 3 months, tumors formed in 100% (6/6) of
mice injectedwithCD44hi cellswhereas tumors formed
in only 33% (2/6) of mice injected with CD44�/lo cells
(Fig. 1B). In addition, we previously determined that
the CD44hi cells formed colonies in an anchorage-
independentmanner at an approximately 2-fold higher
rate than their CD44�/lo counterparts [24]. Hence, the
CD44hi population is enriched in TICs and we deter-
mined the effects of PTL toxicity on this important
subpopulation.

Tumor-InitiatingProstateCancer StemCells
Are Sensitive to Parthenolide

Given that parthenolide is toxic to some cancer cells,
we tested the effect of PTL (0–10 mM)on prostate cancer
cell lines. PTL reduced viability of unsorted cells in
a dose dependent manner over 72 hr (Fig. 2A). When
the four cell lines, DU145, PC3, VCAP, and LAPC4,
were treated with 5 mMPTL, we saw viability decrease

to 12–28% as compared to vehicle treated cells. Increas-
ing the concentration of PTL to 10 mM further reduced
viability to 2–16% (LAPC4 and VCAP, respectively).
To determine if PTL was effective against prostate
cancer CD44þ TICs, we performed in vitro viability
assays on bothCD44hi andCD44�/lo cells purified from
several prostate cancer cell lines. As seen in
Figure 2B,C, PTL was equally cytotoxic to both
CD44�/lo and CD44hi cells, respectively. After evaluat-
ing PTL efficacy on immortalized cell lines, we then
addressed whether PTL was cytotoxic to TICs derived
from patient samples.

We tested PTL toxicity on three primary prostate
TICs (Fig. 2D) obtained from Celprogen (San Pedro,
CA). These cells were clonally selected from prostate
cancer tissue originating from clinical specimens. The
cells tested positive for the stem genes: Oct-4, stage-
specific embryonic antigen (SSEA)-3/4, alkaline phosphatase
(AP) and prostate specific antigen (PSA) (Celprogen).
Additionally, these cells were positive for: CD44,
Notch-1, SHH,Nanog and Bmi-1 andwere highly tumor-
igenic (MAD unpublished results). Figure 2D shows
the primary prostate TICs had decreased viability to
PTL treatment similar to the four cancer cell lines
(Fig. 2A–C). Viability was decreased to 8–22% at 72 hr

Fig. 1. CD44hi is the cancer initiatingpopulationofcells.A:DU145
cellswere FACS sorted into twopopulations: thehighest (CD44hi)
and lowest (CD44�/lo) 5% of CD44 stained cells.B: Kaplan–Meier
plot for time to palpable tumor formation. CD44hi and CD44�/lo

(100 sorted cells) were injected subcutaneously into the left and
right flanks, respectively, of 6 -week-oldNOD/SCIDmice.
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when treated with 10 mM PTL. Therefore, primary
prostate TICs are also sensitive to PTL.

To further analyze PTLs efficacy, we determined if
PTL could inhibit tumor-initiation in vivo. Using a
NOD/SCID xenograft model, 100 CD44hi DU145 cells,
the previously identified TICs, were injected subcuta-
neously and split into the following groups; vehicle
treated, or treated with PTL 3 times per week over the
course of the entire experiment (up to 106 days) at two
concentrations (10 and 40 mg/kg). As shown in
Figure 3, PTL reduced both tumor incidence and tumor
latency. At 85 days, 100% of vehicle treated mice had
tumors, whereas only 67% (4/6) of 10 mg/kg PTL
treated mice had tumors and 50% (3/6) of 40 mg/kg
PTL treated mice had tumors. The average latency
period for vehicle treated was 61 days, whereas the
average latency period was 74 and 77.5 days for 10 and
40mg/kg, respectively.Taken together, thisdata shows
PTL was able to reduce tumor incidence and latency
initiated by TICs in a dose-dependentmanner.We next
turnedour attention to elucidating themolecularmech-
anisms of PTL toxicity using an integrated molecular
profiling approach.

ProteinMicroarrayAnalysis of PTLAction

Given our data indicating PTL killed all of the cell
lines (DU145, PC3, VCAP, and LAPC4) and popula-
tions (CD44hi, CD44�/lo, and unsorted) with similar
dose-responses (Fig. 2A–C), we inferred the molecular
events of PTL-mediated cytotoxicity were also similar.
Therefore, we carried out our profiling approach on
the unsorted DU145 population. Our first goal was
to identify early protein phosphorylation events and
protein expression changes.WeusedKinexus antibody
microarrays that interrogate 273 phospho-specific
proteins and 377 pan-specific proteins. DU145 cells
were treated with 10 mM PTL for 15 or 60 min.

Fig. 2. Parthenolide targets both cancer stem and non-stem
populationsinprostatecancercell lines andincelllinesderivedfrom
primary tissue.A:Unsorted,(B)CD44�/lo, (C)CD44hi,and(D)pri-
mary tissue-derivedcellswere treatedwithvarious concentrations
(0–10mM)ofPTL for72hr.Errorbarsrepresent standarddeviations
(SD). Y-axis represents percent viability normalized to untreated
(0.1%DMSO) control. All experiments were done in triplicate and
were performed at least three times, with representative experi-
ment shown.

Fig. 3. Parthenolide targetsprostate tumor-initiating cells invivo.
Figure shows aKaplan–Meierplotof time topalpable tumor forma-
tion. CD44hi (100 cells) were injected into the flank of male,
6-week-oldNOD/SCIDmice and then split into the indicated treat-
mentgroups;closedtrianglevehicle treated,closedsquare10mg/kg
PTL, andclosedcircle 40mg/kg PTL.
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From 650 proteins, we found 194 proteins that changed
2-fold or greater (phosphorylation or expression) at 15
or 60 min or both time points (Supplemental Fig. 1).
Interestingly, we found the non-receptor tyrosine ki-
nase src and many src-related signaling components
wereaffectedbyPTLtreatment (Fig. 4A).Src is involved
in androgen receptor transactivation, tumor prolifera-
tion and invasion in prostate cancer [25]. We observed
an increase in phosphorylation of src at tyrosine-529,
which indicates a decrease in src activity [26].

Additionally, there were four proteins known to be
direct regulators of src activity [26] that were affected
by PTL treatment: Csk, FAK, b1-arrestin and FGFR2
(Fig. 4A, top left panel). Csk, the kinase that phosphor-
ylates src at Y529 [26], showed an increase in expression
in response to PTL. We detected a decrease in expres-
sion/phosphorylation of b1-arrestin, FAK and FGFR2,
all known activators of src. Downstream signaling
proteins of src that were also affected by PTL include
PI3K, PKCs,MAPK/MEKs, andCaMKs (Fig. 4A).Nine
out of 13 PKCs, 8 out of 13 MEK/MAPKs, and 3 out of
4 CaMKs showed a loss of protein expression or phos-
phorylation.Other proteins also found to bemodulated

by PTL were c-JUN, JNK and STAT3 (Supplemental
Fig. 1) where previous work has shown that these
proteins are affected by PTL treatment [27].

Parthenolide InducesAlterations in
Transcription FactorBinding

Ournext goalwas to lookat early transcription factor
binding events induced by PTL treatment. To achieve
this, we used Panomics Protein/DNA array that meas-
ures DNA binding of 345 transcription factors. DU145
cells were treated with 10 mM PTL for 30 or 90 min, or
DMSO (0.1%) as a control. There were 39 TFs with
decreased and 18with increasedDNA-binding activity
(Supplemental Table 1). We assigned “fold-changes in
binding” to siteswithvisible spots on thearray (Fig. 4B).
Any potential decrease in binding where there was
no visible spot was labeled “undetectable.” To further
evaluate our data, we looked for TF binding changes
that were relevant to prostate cancer and found
the following: C/EBP-a, fos-related antigen (FRA-1),
ELK-1, homeobox A4 (HOXA-4), c-MYB, p53, SNAIL,
SP1, serum response factor (SRF), STAT1/3 and X-box

Fig. 4. Parthenolide attenuates src signaling.A: Proteinmicroarrayofprostate cancercells (DU145) treatedwithPTL (15or60min).Relative
proteinlevelchangesareindicatedbythecolorbar.Redindicatesanincrease,greenindicatesadecreaseandblackindicatesnochange.Timepoints
(0,15, and 60min) are shown at the top of each protein cluster: regulatoryproteins of src (top left panel), PKCproteins (topright panel),
MEK/MAPKproteins (bottomleft) andCaMKproteins (bottomright).B:Regulationof ELK-1bindinginDU145 cells treatedwith PTL at 0,
30,and90min.TranscriptionalbindingwasdeterminedusingPanomicsDNA/proteincomboarray.LossofELK-1bindingisshownonthetoppanel.
Bottom panel is ANG-IRE, an adjacent spot with small differences in binding activity to demonstrate specificity and equal hybridization.
C: ELK-1-dependentgene expressionchanges ofDU145 cells treatedwith PTL (1,4, or 8 hr).Relativegene expression changes are indicatedby
the colorbar.Redrepresents anincrease, greenrepresents a decrease andblackrepresents no change. * denotes anaverage ofmultiple spots
on the array.
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binding protein-1 (XBP1; Supplemental Table 1). Each
of these TFs are linked to prostate cancer initiation,
progressionormetastasis [28–34]. For example,HOXA-
4 is a potential clinical marker for prostate cancer [35]
and STAT3 activation is associated with tumor metas-
tasis in prostate cancer [36]. Interestingly, ELK-1, a
downstreamtarget of src, showedasignificantdecrease
in binding at both time points (Fig. 4B). ELK-1 stim-
ulates cell proliferation and sustains tumor growth in
prostate cancer [37]. Therefore, we demonstrate that all
components of the src/MAPK/ELK-1 signaling path-
way are downregulated by PTL treatment (Fig. 4A–C).

GeneExpressionChanges InducedbyParthenolide

To complete our integrated profiling approach, we
analyzed gene expression changes induced by PTL,
using Agilents HumanWhole Genome Expression Mi-
croarrays. Either PTL (10 mM) or DMSO (0.1%) was
added toDU145 cells for 1, 4, or 8hr.Our analysis found
387 genes, 118 upregulated and 269 downregulated,
that changed at least twofold in any time point
(Supplemental Fig. 2a–e).

To further analyze our PTLgene set (387 total genes),
we identified TF binding sites in the PTL-regulated
genes using the Gene Set Enrichment Analysis (GSEA,
ttp://www.broad.mit.edu/gsea/, Broad Institute,
Cambridge, MA) that analyzes 500 TF binding sites.
Our analysis found 36 TF binding sites in the PTL-
regulated genes (Supplemental Table 2). To refine our
analysis, we next determined if any of the 36 TFs were
involved in prostate cancer and, we indeed found
17 TFs that have been implicated or directly involved
in prostate malignancy: the androgen receptor, CDX2,
C/EBP-a, C/EBP-b, EGR1, ELK-1, ETS1, ETS2, FOXA1,
GFI1, JUN, LEF1, c-MYB, c-MYC, SMAD3 and SP1
[28,38–44]. The TFs overlapping with those we found
using Panomics protein/DNA array (Supplemental
Table 1) include: C/EBP-a, JUN, c-MYB, SP1 and
ELK-1. Interestingly, we found 15 ELK-1-associated
genesweremodulated by PTL,with 10 out of 15 having
a decrease in expression (Fig. 4C), consistent with and
further validating the decrease in binding we found on
the TF array (Fig. 4B).

Given that we saw similar levels of PTL toxicity in
both the total cell population and in the CD44þ TICs
and that src activation was identified as a mediator of
PTL-induced cytotoxicity in the total cell population,
we wished to validate the inactivation of src in DU145
TICs.Therefore,weevaluatedattenuationof srcactivity
in the CD44hi TICs using Li-Cors In-cell western assay
(Fig. 5A,B). Sorted CD44hi DU145 cells were treated
with PTL (10 mM) for 15, 30, and 60 min and measured
for src phosphorylation at tyrosine 529. As shown in
Figure 5B, there was a 68%, 56%, and 48% increase in

phosphorylation at 15, 30, and 60 min, respectively,
indicating a decrease in src activity. Moreover, PTL
treatment did not significantly affect the levels of total
src expression. Finally, treatment of CD44hi cells with
PP2, a src inhibitor, showed adose-dependent decrease
in cellular viability as compared to the controls
(Supplemental Fig. 3). Taken together, our data sug-
gests PTL-mediated cytotoxicity is mediated, in part,
by attenuation of src signaling. Additionally, andmore
importantly,wevalidated the attenuationof src activity
in TICs. Taken together, this indicates that one of the
early signaling events of PTL treatment of prostate
cancer cells is the downregulation of this signaling
pathway in both the TICs as well as the non-TICs,
indicating that PTL may be a viable treatment for
prostate cancer.

DISCUSSION

This is the first study to demonstrate that the phyto-
chemical parthenolide is able to induce cell death in

Fig. 5. PTLincreasessrcphosphorylationattyrosine529inCD44hi

tumor-initiating DU145 cells.A: Representative image of an In-cell
western assay for src activity. PTL treatment times (0, 15, 30, and
90min) are indicatedon theleft side.The leftpanel indicatesphos-
phorylation of src at tyrosine 529 (p-Y529), ameasure of its activity
andtherightpanel shows total srcexpression (pan-specific).Note
thatthegreencolorwasartificiallygeneratedtoillustrateimmunos-
taining image acquired from the infrared (IR) dye.B: Quantitation
of theIn-cellwesternassay forsrcactivity.Percentchangeswerecal-
culated as fold changes relative to untreated control (0 time point)
and presented as mean SD. The signal intensities for p-Y529 and
pan-specific src werenormalized toTO-PRO-3 iodide fluorescence
(not shown). P-values (n¼ 3) compare percent changes of p-Y529
withpercentchanges ofpan-specific src.
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prostateTICs.After72hrof treatmentwithPTL(10mM),
), we determined that it is toxic (>90%) to most of the
TICs and non-TICs in both cell lines and primary
prostate cancer cells (see Fig. 2). The significance of
these in vitro studies was validated using in vivo mod-
els. Mice engrafted with TICs and treated with PTL
showed a marked decrease in tumor incidence and
latency (see Fig. 3). This suggests that PTL is a potential
anti-prostate cancer agent that can target both the TICs
and their differentiated progeny. In order to address
the molecular targets of PTL, we performed
an integrated molecular profiling of PTL cytotoxicity
using protein microarrays (650 data points), transcrip-
tion factor binding assays (345 data points) and geno-
mic microarrays (whole genome). Collectively, we
evaluated a high density of data points examining the
status of numerous cellular functions. Our integrated
molecular profiling approachwas successful in follow-
ing the effects of a drugs signal transduction process
initiated at the plasma membrane down to regulation
of TFs and finally to the corresponding gene expression
level. In addition, we demonstrate each array set
(protein, TF or gene expression) was able to validate
one of the other array set (e.g., loss of ELK-1 binding in
the TF array corresponded to loss of gene expression of
manyELK-1mediatedgenes in thecDNAmicroarrays).
Our results confirmed that previously reported
proteins, such as STAT3 and JNK, are involved in
PTL-induced cytotoxic effects (see Supplemental Fig. 1)
[45]. Interestingly, src activation was decreased upon
addition of PTL (see Fig. 4A), identifying this non-
receptor tyrosine kinase as a novel target of PTL. We
also saw attenuation of downstream src effectors, in-
cluding: PI3K, PKCs,CaMKs, andMAPKs (see Fig. 4A).
Finally, we confirmed one of the early events of our
profiling, attenuation of src activity, in tumor-initiating
cells using other biochemical methods (e.g., In-cell
westerns). Future studies will validate the role of other
signaling components of PTL cytotoxicity (e.g., MAPK,
ELK-1) in the tumor-initiating population.

Src is a gateway signaling protein and is strongly
implicated in prostate cancer [46]. It can promote cross-
talk between numerous proteins that includeG-protein
coupled receptors, growth factor receptors (EGFR,
PDGF, and IGF), cytokine receptors and integrins, all
of which have been implicated in cancers [47,48]. There
are nine known family members in the src family of
tyrosine kinases, but src itself is implicated most in
cancer [49]. In particular, src has an important role in
prostate cancer where it is overexpressed and src
inhibitors attenuate cancer cell line growth and prolif-
eration [50]. In addition, src has been implicated in
bone metastasis of prostate cancer [51]. Given srcs role
in cell signaling and cancer, there are a number of src

inhibitors already in various stages of clinical trials
[52]. In particular, dasatinib, a novel src family tyrosine
kinase and Abl kinase inhibitor is currently being
evaluated for clinical trials in prostate cancer [53].
Given our studies showing PTL cytotoxicity attenuates
src activity, future studies are warranted to evaluate
the effectiveness of PTL in targeting prostate tumor
cells.

An importanthurdle indrug therapydevelopment is
overcoming solubility and bioavailability of the
compound. Although, our in vivo studies showed PTL
abrogated tumor initiation and latency,we found itwas
unable to do this proportionally to its dose (from 10 to
40 mg/kg). Contributing to this discrepancy is the
solubility and bioavailability of PTLwhichwas soluble
at 10 mg/kg, but relatively insoluble at 40 mg/kg.
Furthermore, previous work in animal models showed
PTL reaches only nanomolar levels in serum [54]. At
these concentrations, PTL would have to be increased
almost 30-fold to reach cytotoxic in vitro levels [55].
Interestingly, a recent study discovered a PTL analog,
dimethylaminoparthenolide (DMAPT) with 1,000-fold
increased solubility over PTL and a 70% oral bioavail-
ability [56]. The drug had similar in vitro and in vivo
cytotoxic affects and molecular responses as PTL.
Moreover, DMAPT had in vivo activity in a canine
leukemic model.

PTLs ability to target TICs is important to future
therapies. These biologically unique cells are responsi-
ble for cancer initiation, progression, relapse and drug

Fig. 6. Molecular mechanism of parthenolide induced death of
prostate cancer cells. PTL-induced cell death affects a number of
prostate cancer-related signaling pathways, including: src and src-
related signaling components, reactive oxygen species (ROS),
NFkBsignaling,p53,STAT3activityandJNK.*indicatesDNAbinding
change, (DNA double-helix) indicates gene expression change,
(P) phosphorylationchange and#indicatesprotein level change.

8 Kawasakiet al.

TheProstate



resistance [57]. The existence of TICs and their ability
to self-renew, differentiate into multiple lineages and
their unlimited proliferative capacity makes them par-
ticularly insidious to tumormalignancy. It is likely that
the recurrence of a tumor results from the inability of
the conventional therapy to target the cancer stem cell
[58]. Therefore, it is paramount that future therapies
target this vitally important population of cells.
Our data shows that PTL treatment targets both pros-
tate non-TICs as well as TICs, offering a novel therapy
that may overcome the problem of tumor relapse and
metastasis.

Here, we have uniquely identified the effects of
PTL on src-initiated signaling pathways in prostate
tumor-initiating cells. Additionally, PTL affects a num-
ber protein expression/phosphorylation events, mod-
ulates transcription factors and gene expression.
Specifically, PTL was shown to inhibit NFkB, STAT3
activities/proteins, suggesting that PTL may impact
several pathways recognized to be involved in the
etiology of prostate cancer (Fig. 6). Importantly, our
integrated molecular profiling has revealed that PTL
may affect significant pathways in prostate TICs,
including the novel identification of the src pathway.
Thus, PTL, or its analogs, may eventually be among the
most efficacious treatment for patients.
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