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INTRODUCTION:

This report details our accomplishments over the three year period covered by the award. We
have shown that NF«B is constitutively active in prostate cancer cell lines and endothelial cells
and that NFxB DNA binding is inhibited by parthenolide. Moreover, we have found that NFxB
is over-expressed in human prostatectomy specimens at both the prostatic intraepithelial
neoplasia and invasive adenocarcinoma stages. With the use of cDNA array technology we have
shown that multiple genes associated with the hallmarks of cancer and that are under NFxB
control are decreased when cancer and endothelial cells are treated with parthenolide. We have
subsequently confirmed these findings at the protein level with Western blot analysis. We have
subsequently shown that parthenolide is able to decrease cancer cell proliferation and enhance
the cytotoxic effect of taxanes in vitro. Finally, we have shown that parthenolide is bioactive in
vivo as it is able to inhibit angiogenesis as a single agent, enhance the cytotoxic effects of
docetaxel and restore sensitivity of the hormone independent cell line, CWR22Rv1, to the anti-
androgen, bicalutamide. More recently, we demonstrated the ability of parthenolide to also
activate INK in vitro and in vivo. However, our in vivo work in collaboration with the NCI
through the Rapid Access to Intervention Development (RAID) program revealed the poor oral
biovailability of parthenolide. With these findings in hand, we have directed our efforts to
developing a water soluble analogue that will be more suitable for clinical development as well
as turning our attention to defining the drug’s mechanism of action.

BODY:

Task 1. To identify the relative amount of the NFkB p65:p50 heterodimer and the genes
increased in response to greater NFkB activity in hormone refractory cells:

a) Culture hormone dependent(LNCaP) and hormone independent cells (C4-2)and perform a
gel-shift analysis.

b) Perform the gel shift assay with cells treated with parthenolide.

A notable function of parthenolide described by several investigators is its ability to inhibit
NFxB'™. NF«B is a collection of dimers composed of members of the Rel family of transcription
factors. The most active NFxB dimer is the p65:p50 heterodimer. NFkB dimers are bound to
inhibitory IkB proteins in the cytoplasm and are released from IkB after phosphorylation of IxB
by IkKinase (IKK) by proteosome mediated degradation of IkB. The release of NFkB and
subsequent binding to DNA occurs in response to a variety of stimuli including cytokines such as
Tumor Necrosis Factor (TNF) and interleukin-1 (IL-1) which are found in the microenvironment
of many cancers’. We have found in vitro that NFkB DNA binding is present in all prostate
cancer cell lines evaluated (Figure 1). The proportion of the p65:p50 heterodimer to p50:p50
homodimer is lowest in the LNCaP cell lines that have undergone the least number of passages
in culture compared with (i) the LNCaP cell lines that have undergone a higher number of
passages and (ii) the hormone independent cell lines — C42 and PC-3 (Figure 1A). Also of note
is that parthenolide is able to inhibit the NFkB DNA binding in a dose dependent manner starting
at 0.5 uM. EMSA also showed that NFkB DNA binding is present in the androgen independent
prostate cancer cell line, CWR22Rv1, and supershift confirmed the presence of the active
subunit, p65. NFxB DNA binding was again inhibited by parthenolide (Figure 1B).
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Fig 1A Fig 1B: CWR22Rv1
LNCaP PC-3
Parthenolide - + -
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' NFKB ]
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Parthenolide wo 051 255 0051 255
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A: Low passage LNCaP — 8 passages only
B: High passage LNCaP- 208 passages
C: PC-3 cell line

c. Perform a ribonuclease protection assay to analyze for altered levels of gene expression.

At the time writing this grant application we proposed to perform a global analysis of
parthenolide's ability to suppress genes under NFkB control using the ribonuclease protection

Figure 2

for 6 hours.

No Parthenolide

cDNA Array of CWR22Rv1 cells with
and without 10 pM of parthenolide

10 pM Parthenolide

assay (RPA). We opted to perform the evaluation using a
NF«B Superarray instead of the RPA as it assesses more
genes under NFkB control and permits quantification of
changes by image analysis. The rationale for this
evaluation is the following: Genes activated by NFxB play
a central role in many of the hallmarks of cancer including:
invasion (IL-6, matrix metallaproteinase 9; angiogenesis:
(IL-8, vascular endothelial growth factor [VEGF])); organ
specific homing of metastatic cells (CXCR4); and evasion
of apoptosis: (c1AP-1, c-IAP-2, TRAF-1, TRAF-2, Bfl-
1/A1, Bel-X; and manganese superoxide dismutase®!’. The
relative expression level of 96 transcripts under NFxB
control was determined before and after parthenolide
treatment using chemiluminesence and the GEArray

Analyzer. All results were normalized by adjusting for the signal derived from GAPDH and f3-
actin spots. The change in a given gene transcript from one experiment was estimated by
comparing the signal intensities of paired specimens. Genes that had at least a two-fold decrease
after 6 hours of treatment in both experiments and the average of the two was greater than four-
fold were arbitrarily considered to show a magnitude and consistency in effect between
experiments to support the hypothesis that genes under NFxB control are present in prostate
cancer cells and provide relevance to the electromobility gel shift findings above. The 23 genes
that met these criteria and are under the transcriptional control of NFxB '? are detailed in Table

5
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1. It is of note is that many of the genes associated with the hallmarks of cancer

13

were

decreased. Specifically, genes associated with evasion of apoptosis, TNF receptor associated
factor-1 (TRAF-1) and TRAF-5 were decreased. Also genes associated with maintaining cell-
cell adhesion and thus preventing metastasis (ICAM-2, ICAM-5 and VCAM) and genes

associated with “unlimited” growth (c-myc) were also decreased.

Table 1 Experiment | Experiment | Average of
Gene 1* 2% 1&2*
Intercellular adhesion molecule 2 39 32 35.5
Intercellular adhesion molecule 5, telencephalin 47 80 63.5
Interferon, alpha 1 53 32 42.5
Interferon, beta 1, fibroblast 33 12 22.5
Interleukin 12B, p40 63 47 55
Interleukin 1, alpha 75 13 44
Interleukin 1, beta 52 44 48
Interleukin-1 receptor type 11 16 44 30
Interleukin-1 receptor-associated kinase (IRAK)

mRNA 60 17 38.5
Lymphotoxin-alpha (TNF superfamily, member 1) 46 60 53
Protein kinase, mitogen-activated 3 (MAP kinase 3;

p44) 43 40 41.5
Neural cell adhesion molecule 1 35 57 46
Orosomucoid 1 (ORMI1, alpha-1 acid glycoprotein) | 53 51 52
Transforming growth factor beta-activated kinase-

binding protein 1 (TAB1), 17 50 33.5
Toll-like receptor 10 (TLR10), 20 80 50
Tumor necrosis factor (TNF superfamily, member 2) | 46 28 37
TNF receptor-associated factor 1 40 29 34.5
TNF receptor-associated factor 5 20 13 16.5

d. Correlate the level of gene expression with changes in the corresponding protein.
We focused our analysis on the anti-apoptotic proteins TRAF-1 and TRAF-2.

Figure 3
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Given recent data suggesting the ability of parthenolide to activate c-Jun-N-terminal kinase (JNK),.
we also performed western blot analysis of this pathway as well. In essence, we found that not only
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Figure 4 did parthenolide decrease proteins under NFkB control,
- it also activated the parallel pathway of INK. The
Control  Parthenolide (10pM) significance of this finding is unclear at this time and
Set 1 Set 2 the subject of further evaluation beyond the scope of the
current award. However, the following details how the
e SO W SO - JNK-2 tow paths are related and how decreasing NFkB, JNK
— - —————yp ACtiD may become activated. Specifically, the role JNK in
[ . apoptosis remains highly controversial, as it has been
) 6 93 6 9 3 6 9 Time hours . . . .
reported to have proapoptotic or antiapoptotic functions
-or no role depending on the cell type and stimulus.
However, recent evidence supports the hypothesis that

JNK plays a pro-apoptotic role especially when NFxB signaling is inhibited. Under such conditions
sustained activation of JNK appears to be critical factor that determines the pro-apoptotic role of
JNK. Activation of JNK and inhibition of NFkB have been found to interact in at least two points.
Namely, both TRAF 1 and TRAF 2 have been implicated in decreasing JNK activation and in so
doing preventing TNF induced apoptosis. The second interaction is the observation that NFxB
mediated inhibition of GADD153 is also associated with JNK activation.

This task is complete and a manuscript detailing these findings is in preparation and to be
submitted to Cancer Research. Some of the data is also detailed in the attached Clinical

Cancer Research paper.

Task 2. To identify the growth factors that increase NFxB activity in human umbilical venous
endothelial cells and the genes that are increased in response to NFkB activity

a). Culture HUVECs and perform a gelshift analysis with solvent control, VEGF and bFGF
b). Perform the gel shift assay with cells treated with low dose parthenolide

As can be seen in figure 5, NFkB DNA binding is present in HUVECS and can be increased by
VEGF and bFGF and suppressed by parthenolide.

Figure 5:
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c. Perform a ribonuclease protection assay to analyze for altered levels of gene expression.

At the time of writing this grant application we proposed to perform a global analysis of
- parthenolide's ability to suppress genes under NFkB control using
Fig 6 the ribonuclease protection assay (RPA). We did perform this as

: shown in Figure 6 . As one can see, bFGF and VEGF increase
TRAF-1 and this is decreased with parthenolide. We confirmed
these findings with a Southern blot analysis.

Wy yneg
(A} 4937
dWTy+A

XIAP
TRAFA
TRAF2

TAAFA Figure 7: TRAF-1
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To study other genes we have again also opted to perform the evaluation using a NFxB
Superarray instead of the RPA as it assesses more genes under NFkB control.

Table 2. Effect of Parthenolide on gene expression profiles in HUVEC cells.

Profile of Gene's down regulated Gene name Percent Change
Homo sapiens B-factor, properdin (BF), B-factor 43.56
Homo sapiens interferon, alpha 1 (IFNA1) IFNA1 52.05
Interleukin 12B,p40 IL-12B . 74.4
Interleukin 1, alpha IL-1a 69.96
Serum amyloid A1 SAALl 86.95
Human endothelial leukocyte adhesion molecule I ~ ELAM-1/E-selectin 46.81
Human P-selectin glycoprotein ligand (SELPLG) P-selectin 78.46
Homo sapiens toll-like receptor 5 (TLRS), TLR5 53.14
Homo sapiens toll-like receptor 6 (TLR6) TLR6 36.29
TNF receptor-associated factor 1 ' TRAF1 38.38
TNF receptor-associated factor 2 TRAF2 4
Vascular cell adhesion molecule 1 VCAM-1 60.58

Profile of Gene's Up regulated

p38 mitogen activated protein (MAP) kinase p38 MAPK 242.8

Protein kinase mitogen-activated 8 (MAP kinase)  JNK1 380.9
Protein kinase mitogen-activated 9 (MAP kinase)  JNK2 847.7
Homo sapiens TNF receptor-1 associated protein TRADD 663.2

d. Correlate the level of gene expression with changes in the corresponding protein.

We again opted to evaluate the effect of parthenolide on TRAF-1 and TRAF-2 levels. The
results confirmed the findings from the RPA. Specifically, bFGF and VEGF increase the levels
of these anti-apoptotic cytokines and this can be abrogated by parthenolide. These findings are
consistent with the known cell survival functions of these cytokines.
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Task 3. Evaluate the anti-cancer properties of parthenolide.

a). Perform in vitro cell proliferation assays of parthenolide in LNCaP, C4-2 and HUVECS as a
single agent in combination with docetaxel and 2-methoxyestradiol and charcoal stripped serum.

| Figure 9 We have shown that parthenolide is able to decrease
prostate cancer cell growth in vitro. Figure 9 shows
the results of an MTS-PMS assay of LNCaP and PC-
3. In the original grant application we proposed to
evaluate LNCaP and C42 in the combinations
described above. We subsequently had problems with
the media for the C42 cell line and got unreliable
results. We switched to the CWR22Rv1 cell line for

S the experiments. To assess the expansion of cell
Parthenolide (microM) number in this cell line we performed clonogenic
assays as it was not reliably assessed with the MTT-
Figure 10 (CWR22Rv1) PMS assay. This change also complimented the in
1 nM Doc+Parth versus Parth Alone vivo work described below as this cell line has been
growing reliably in both the in vitro and in vivo
104 settings. As shown in Figure 10 we have shown that
0 \\ parthenolide significantly increases the cytotoxic
‘é & g o effectiveness of docetaxel with 5 nM docetaxel alone
= 40 \‘\"\ N e decreasing the formation of clones by 40% and
2 — parthenolide at 1 pM decreased clone formation by
I T . . 2T, only 20% however, the combination at these doses
Parth (micro) decreased the number of clones by 75%. Our

previous report has detailed that parthenolide is able
to decrease HUVEC proliferation with an IC50 of 7.5

uM and capillary formation with an IC50 of 4 uM. When using the Chou and Talalay
assessment for synergy, this was observed. However, the combination decreased clone
formation by 75%. The “Calcusyn” program demonstrated synergy. The combination indices
(CI) for each micromolar dose of parthenolide (P) with 5nM of docetaxel were — 0.5P-CI: 0.87;
1P-CI: 1.07; 2.5P-CI: 0.89; 5P-CI: 0.41. A CI of 0.9 to 1.10 indicates additivity and 0.85-0.90
slight synergy and 0.7 to 0.85 moderate synergy and 0.3 to 0.7 strong synergy.
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b. Perform in vivo experiments with 20 mice in each cohort of parthenolide, docetaxel, 2-
methoxyestradiol and parthenolide + docetaxel and parthenolide + 2 methoxyestradiol and
parthenolide + castration..

To facilitate translation of our in vitro findings into representative animal models, we determined
the plasma concentration of parthenolide in mice following a two week dosing regimen.
Parthenolide was administered via oral gavage at dose ranges from 0.4 up to 40 mg/kg/day. One
hour post-gavage, we measured plasma concentrations of 112 nM at the 4mg/kg dose and 170
nM at the 40mg/kg dose. Parthenolide is a very lipophilic molecule and studies have shown that
the systemic concentration can underestimate the cellular concentration of such lipophilic
drugs'*". However, no overt acute toxicity was evident in any of the animals and we therefore
pursued the 40 mg/kg/day dose regimen in the following in vivo tumor models.

Of common concern to all cancer investigators is the difficulty in relating the available tumor
models to the human disease. Therefore, we selected a model based on its clinical relevance and
resistance to chemotherapy and hormonal therapy. Hence we used the human derived androgen
resistant cell line, CWR22Rv1 in the flank of the subcutaneous tissue of male mice'®. We
initially performed experiments with C-42 implanted into the tibia of male mice, however, we
were not able to measure tumor volume reliably and we switched to CWR22Rv1 in the flank.

We subsequently assessed the activity of parthenolide with both docetaxel and the anti-androgen,
bicalutamide. Docetaxel was chosen as a point of reference since it is one of the most active
drugs in the clinic for prostate cancer. Bicalutamide was chosen with the intent of determining
whether parthenolide could restore some degree of sensitivity to hormonal therapy to this cell
line that grows in castrate mice. It also needs to be pointed out that therapy was started 14 days
after tumor implantation so the tumors would be established and undergoing exponential growth.
This is a more “rigorous” model rather than commencing therapy when the tumors are only
starting to adapt to their new environment and better represents the clinical setting of

macroscopic metastatic disease. As such if activity is observed, we would have a more reliable
read-out.

Parthenolide with weekly docetaxel in a prostate cancer heterotopic model: The treatment
schedule employed was: 1) 40 mg/kg of parthenolide per day in 100 pL of 13% alcohol via oral

gavage, 2) 5 mg/kg of intraperitoneal (i.p.)

Fi 11: .
leure _ docetaxel in 13% alcohol weekly or, 3) the
cvmmnde combination of docetaxel and parthenolide.
Z‘mw Appropriate vehicle controls were used (oral daily
o 160 /g —— Control and i.p. weekly). To extend the above findings
§,1200 K o - Pathenolide beyond one cancer cell line and tumor type, we
g / blished i
£ aw 7 established mice bearing the hormone independent
® o f):/l e Doed prostate cancer cell line CWR22Rv1 in their flanks.
o /A/ ~»—Docetaxel + Treatment was commenced two weeks after
' ' ' ' Parthenoide . . 3
o 10 02535 4w implantation when the tumors were about 20 mm-.
After three weeks of treatment parthenolide and

docetaxel as single agents both suppressed tumor
growth by 15% and the combination of docetaxel plus parthenolide decreased growth by 55%
compared with control (P = 0.01) (Figure 11). The number of mice alive by day 43 decreased
because the veterinarians declared the mice with large necrosing tumors were to be sacrificed.
The number sacrificed were: control group 7 of 22; parthenolide alone group 3 of 20; docetaxel
alone group 5 of 20 and in the combination 1 of 22 had needed to be sacrificed. A linear growth
curve model was fit using a mixed model with a variance-covariance model that incorporates

10
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correlations of observations across time was also constructed. The rate of change of tumor
volume between treatment groups was evaluated by comparing the slope estimates from the
model. Data for this analysis was only taken out to day 22 of therapy because of the “drop-outs”
from mice needing to be sacrificed. The rate of change for the docetaxel + parthenolide versus
control was -43.11 (p=0.0009), and was also statistically less than docetaxel alone (p=0.016) and
parthenolide alone (p=0.011). The rate of change for docetaxel versus control was -11.1
(p=0.40) and parthenolide versus control was -9.7 (p=0.45).

Small animal PET imaging using [''C]CO and ['*F]choline (FCH) was performed on a random
subset of four mice from each group to assess iz vivo blood volume and choline metabolism (cell
membrane proliferation), respectively. The relative blood volume, expressed as the ratio of
tumor surface to muscle [''C]JCO concentrations, was 1.310.73 for solvent control; 1.27:£0.86
for parthenolide; 1.19+0.29 for docetaxel and 0.50+0.13 for the combination (combination vs.

solvent control p = 0.04). FCH uptake was also significantly decreased in the combination group
(control=1.15+0.10; D+P=0.74+0.24, p=0.05).

Interestingly, docetaxel, despite being at the forefront of current therapy for prostate cancer, is
ineffective as a single agent in this animal model at this dose and schedule. The highly
significant augmentation in docetaxel’s efficacy when combined with parthenolide in the robust
prostate cancer model utilized in these studies is a very exciting result and illustrates the promise
of this novel pro-apoptotic molecule.

Parthenolide with bicalutamide in an andogen independent prostate cancer heterotopic model:

To assess the ability to restore sensitivity to hormonal therapy we employed the same model as
described for the parthenolide plus docetaxel. In

Figure 12: this experiment, docetaxel was substituted with the
CWR22R1: Parthormolide & anti-androgen blcalutam1$1¢ at 50 mg/lfg. This fiose
Hormonal Therapy was shown to be the maximally effective dose in
800 one of the hormonally sensitive derivatives of
2 600 % o CWR22, (ie CWR22LD). After 21 days of therapy
% 400 / . |-u-Parth we observed that parthenolide can restore
g 200 5 A e Bt sensitivity to hormonal therapy as there is no
5 I o BP inhibition with bicalutamide and with parthenolide
0 ; ; ;
after 14 and 21 days of therapy there was a 16% and
0 10 20 30 40 e s . L
Days 0% inhibition of growth respectively (ie minimal to
no activity). However, the combination of

bicalutamide plus parthenolide after 14 and 21 days
resulted in 57% and 45% inhibition respectively. Statistical analyses will be done as described
above.

Using the C4-2 cell line in the tibia and measuring PSA six weeks, treatments were commenced
and continued until week 10. The results of the serum PSA test are as follows:

Average PSA Number of mice with
Treatment N (ng/ml%) SE detectable PSA
Parthenolide 13 15.764 8.395 3
Parthenolide and Docetaxel12 0 0 0
Control 16 4.756 2.595 4
Docetaxel 13 5.805 3.381 3

We saw that parthenolide had no effect as a single agent but was not different from docetaxel.
The combination of parthenolide plus docetaxel had a profound effect with no mice having PSA
at the time of sacrifice. The volumes of the tumors in the tibia were not measurable. This is
another model that supports the data described above.

11
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Finally our in vivo angiogenesis assay has shown parthenolide can decrease bFGF induced
angiogenesis.

VEGF Plasma
OD-SE g%(;-FSE Parthenolide
%Inhibition o o concentration
¢ ) (%eInhibition) 1 hr after oral gavage
Control 4.55-0.37 3.79-0.25 0 uM
100% 100%
Parthenolide 3.89-0.23 3.00-0.22
0.4 mg/kg 14% (P=0.29) 21% (P=0.07) Undetectable
Parthenolide 4.01-.27 2.26-0.24
4 mg/kg 12% (P =0.46) 41% (P=0.0002) 0.112 yM
Parthenolide 3.60 - 0.26 2.08-0.30
40 mg/kg 21% (P =0.09) 45.3% (P<0.0001) 0.169 uyM

Immuno-histochemical (IHC) analysis of resected tumors.

To evaluate the biological changes in vivo tumors were resected tumors when the mice were
sacrificed and fixed the tumors in formalin and embedded them in paraffin and subjected them to
IHC. Nuclear staining for phosphorylation of JNK in the nuclear staining of tumors from control
mice showed a staining index of 1.2. The mice that received parthenolide alone had similar
staining index of 1.3. While mice treated with docetaxel (2.1) or combination (2.3) showed a
higher JNK staining. Microvessel density was also assessed to measure the amount of
angiogenesis in the tumors. We discovered that the amount of vessel formation (expressed
microvessels per high pwered field) in the presence of parthenolide was 22.5 (+13.6) versus 23.8
(+11.9) with docetaxel This was numerically but not statistically less that the results of 40.1
(&14.7) for the solvent control group. Significantly lower vessel density was observed in tumors
of mice that received the combination with 15.3 (+6.9).

This data demonstrates the ability of parthenolide to impact both the cancerous and

‘endothelial compartments of established xenograft when combined with a cytotoxic agent. The

THC data also demonstrated the ability of docetaxel at this dose and schedule to enhance JNK
activation (phosphorylation) in vivo but was not enough to slow tumor growth. In contrast the
combination of docetaxel plus parthenolide was able to slow tumor growth. This would suggest
that in this xenograft model the ability to activate JNK is not enough to induce an anticancer
effect. At this dose and schedule parthenolide did not augment the intensity of nuclear INK
phosphorylation. Thus, it is to be speculated that parthenolide altered a second pathway and
promoted the anti-cancer acitivity. Our attempts to measure NFKB DNA binding by EMSA and
IHC yielded inconclusive results due to (i) lack of a reliable IHC antibody to measure NFxB
DNA binding by staining for the p65 subunit and (ii) the EMSA results being confounded by the
data being an analysis of the necrotic tumor rather than the cancer cells themselves. Work to
define the relative contribution of parthenolide’s ability to inhibit NFkB DNA binding and/or
activate JNK to its anti-cancer and anti-angiogenic properties is ongoing. Other work required to
be done is determine the pathways that are altered by parthenolide and restore sensitivity to
bicalutamide

Due to the efforts required to perform the C42 tibial model and replacing with the CWR22RV 1
we were not able to complete the work with 2ME2.

12
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This task was completed with slight modifications to the original plan.

Task 4. Evaluate the clinical relévance of NFkB activation.

a. Access paraffin embedded tissue from the pathology department of Indiana university Medical
Center and stain for the p65 subunit and correlate with clinical outcome(Months 33 to 36).

Clinicopathological Experiments:

Ninety seven cases of radical prostatectomy were analyzed by immunohistochemistry.
The antibody employed was a rabbit polyclonal antibody that identifies the binding site of the
p65 subunit of the Rel family. (Santa Cruz Biotechnology, Santa Cruz, CA). Serial 5-pum-thick
sections of formalin-fixed slices of radical prostatectomy specimens were used for the studies.
The tissue blocks containing the highest Gleason score and the maximum amount of tumor were
selected. Immunoreactivity for the p65 subunit was seen in 90%, 99% and 100% of all the
specimens. However, the amount of immunoreactivty was greater in the neoplastic lesions
compared with the benign glands. Specifically, the mean percent staining intensity was 14.7% in
the benign glands and 79.2% in PIN and 88.7% in the adenocarcinoma. The difference in
amount of staining was significantly greater in the PIN lesions compared with the benign glands

(p <0.001) and was greater in the invasive neoplastic disease compared with the intraepithelial
neoplasia (p < 0.001)

Staining ' Proportion p65 Mean Staining (SD) | Range
Present

Normal 90% 14.7% (17.1) 0-50

PIN 99% 79.2 (17.8) 0-95

Cancer 100% 88.7% (12.1) 35-95

Intensity 0 1 2 3

Normal 9(9%) 57(58%) 31(32%) 0(0%)

PIN 1(1%) 10(10%) 62(64%) 24(24%)

Cancer 0(0%) 0(0%) 29(29%) 68(70%)

The differential staining (frequency and amount) and graded increase between the
normal, PIN and cancerous areas supports the contention that staining for the IkB binding site on
the p65 subunit does represent activated NFkB. The presence of staining in all the cancer
specimens support the in vitro data that activated NFkB is a common finding. The low amount
of nuclear staining is probably due to the very short half life of transcription factors in the
nucleus. The lack of association between pathological and clinical prognostic features is
secondary to the universal staining at either 2+ or 3+ intensity.

This task has been completed.
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KEY RESEARCH ACCOMPLISHMENTS

e NFxB DNA binding is present in all prostate cancer cells and is overexpressed in human
prostatectomy specimens

e Parthenolide decreases NFxB DNA binding and many genes under its transcriptional
control in both prostate cancer cells and endothelial cells.

e Parthenolide has single agent anti-cancer activity in vitro and can augment the efficacy of
docetaxel

e Invivo parthenolide is able to restore hormone sensitivity to androgen resistant cell line
despite suboptimal pharmacokinetic properties.
¢ Parthenolide has anti-angiogenic properties both in vitro and in vivo

REPORTABLE OUTCOMES

Manuscripts:

- Sweeney C, Li L, Shanmugam R, et al: Nuclear factor-kappaB is constitutively activated
in prostate cancer in vitro and is overexpressed in prostatic intraepithelial neoplasia and
adenocarcinoma of the prostate. Clin Cancer Res 10:5501-7, 2004

- Shanmugan, R et al “Restoring chemotherapy and hormone therapy sensitivity by
parthenolide in a xenograft hormone refractory prostate cancer model” manuscript in
preparation which is to be submitted to Cancer Research June 2005.

Abstracts:

- Proceeding American Association for Cancer Research 2004

o “INVIVO ANTI-PROSTATE CANCER PROPERTIES OF PARTHENOLIDE
CORRELATED WITH PET IMAGING”

Presentations:

- none
Patents and licenses applied for and/or issued:
Nakshatri; Harikrishna and Sweeney; Christopher J. (Indianapolis, IN)
Patent number: 6,890,946

Issued May 10, 2005
Title: Use of parthenolide to inhibit cancer

O O 0 O

Funding applied for based on work supported by this award;

- Rapid access to intervention development RAID application
o First application Feb 2005 was successful and defined the PK profile of
parthenolide
o Second application Feb 2006 for scale-up production under review and
preparation for
- DOD Idea Award: A mechanistic evaluation of dimethlyaminoparthenolide’s anti-cancer
properties — submitted February 2005




Sweeney, Final Report; DAMD17-02-1-1-0072
CONCLUSIONS:

In this study, we have demonstrated the molecular effects of parthenolide on both an
androgen independent prostate cancer cell line and endothelial cells. Specifically, we have
documented that parthenolide blocks NFkB DNA binding in both cancerous and endolthelial
cells and decreases the expression of anti-apoptotic genes (TRAF-1 and TRAF-2) under NFxB
control. These molecular events were seen at doses of parthenolide (approximately 5 uM) that
were also observed to inhibit clone formation of CWR22Rv1 as well as the ability of HUVECs
to proliferate and form capillaries. Moreover, we clearly demonstrate the ability of parthenolide
to enhance the ability of docetaxel to inhibit clonogenic formation in vitro.

However, further clinical development of parthenolide is confounded by data from our
RAID application demonstrating the low bioavailability of parthenolide. Specifically, this work
has demonstrated that the dose of parthenolide used in these in vivo experiments provides only
low nanomolar concentrations of parthenolide to the bloodstream'’. Moreover, this work
demonstrated that higher doses would not increase the serum levels. As such water soluble
analogues of parthenolide with the same type and amount of in vitro activity and provide plasma
concentrations that exceed 10 pM have been developed'’. Despite, this it is interesting to note
that parthenolide still had some in vivo activity. This could be due to assessment of the systemic
concentration of lipophilic molecules parthenolide may underestimate the cellular concentration

of such drugs and this has been well described for nicotine'*"”.

In summary we have shown that parthenolide is a new anti-cancer agent with the unique
property of inhibition of NFkB and associated decrease in anti-apoptotic proteins TRAF1, TRAF
2 in both cancer and endothelial cells. Activation of INK was also observed. These changes
were associated with inhibition of cell proliferation in vitro and restoration of CWR22Rv1
sensitivity to chemotherapy and bicalutimide. However, parthenolide is poorly bioavailable and
water soluble analogues are being developed to overcome this problem which may result in

single agent with anti-cancer activity in vivo through inhibition of NFxB and activation of INK.
This work is ongoing.
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Nuclear Factor-kB Is Constitutively Activated in Prostate Cancer In
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ABSTRACT

Purpose: The transcription factor nuclear factor-xB
(NF-xB) promotes the production of angiogenic, antiapop-
totic, and prometastatic factors that are involved in carci-
nogenesis. '

Experimental Design: Electromobility gel shift assays
were used to evaluate NF-xB DNA binding in vitro. The
functional relevance of NF-xB DNA binding was assessed by
both cDNA array analyses and proliferation assays of pros-
tate cancer cells with and without exposure to an NF-xB
inhibitor, parthenolide. Immunohistochemistry staining for
the p65 NF-«B subunit was used to determine the frequency
and location of NF-«kB in 97 prostatectomy specimens. The
amount of staining was quantified on a 0-3+ scale.

Results: An electromobility gel shift assay confirmed
the presence of NFkB DNA binding in all four prostate
cancer cell lines tested. The binding was inhibited by par-
thenolide, and this agent also decreased multiple gene tran-
scripts under the control of NF-kB and inhibited prolifera-
tion of prostate cancer cells. The staining results revealed
overexpression of p6S in the prostatic intraepithelial neopla-
sia and cancer compared with the benign epithelium. Spe-
cifically, there was a predominanee of 1+ and 2+ with no
3+ staining in benign epithelium, whereas there was only
2+ and 3+ staining (30 and 70%, respectively) in the can-
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cerous areas. These differences were statistically different.
There was no correlation with tumor grade or stage.

Conclusions: NF-xB is constitutively activated in pros-
tate cancer and functionally relevant in vifro. Inmunohisto-
chemistry of human prostatectomy specimens demonstrated
overexpression of the active subunit of NF-kB, p65, and that
this occurs at an early stage in the genesis of prostate cancer.
This work supports the rationale for targeting NF-xB for
the prevention and/or treatment of prostate cancer.

INTRODUCTION

Nuclear factor-kB (NF-kB) is a dimeric transcription factor
composed of members of the Rel family (1). The predominant
NF-xB dimers are the transcriptionally active p65:pS0 het-
erodimer and the less active p50:p50 homodimer (2). NF-«kB
dimers are bound to inhibitory IkB proteins in the cytoplasm
and released from inhibitor of nuclear factor-xB (IkB) after
phosphorylation of IkB by Ik kinases followed by proteosome-
mediated degradation of IkB. The release of NF-kB and subse-
quent binding to DNA occurs in response to a variety of stimuli,
including chemotherapy, radiation, and cytokines such as tumor
necrosis factor oo (TNF-a) and interleukin (IL)-1. Genes acti-
vated by NF-kB play a central role in many of the hallmarks of
prostate cancer, including invasion (IL-6 and matrix metallo-
proteinase 9), angiogenesis (IL-8, vascular endothelial growth
factor), and inhibition of apoptosis (cIAP 1, c-IAP 2, TRAF-1,
TRAF-2, Bfl-1/A1, Bel-X;, and manganese superoxide dis-
mutase; Refs. 3—-6).

Induction of NF-kB promotes resistance to TNF and chem-
otherapy (6) and inhibition of NF-kB activation by overexpres-
sion of IkB restores chemotherapy and TNF sensitivity. This
suggests that constitutive NF-«kB activation may be an important
mechanism of hormonal and chemotherapy resistance. Studies
of cell lines in vitro have shown that NF-«B is constitutively
activated in many malignancies, including breast cancer and
prostate cancer (7, 8). Recently, investigators have shown that
inhibition of NF-kB by insertion of mutated IkB into cancer cell
lines causes decreased vascular endothelial growth factor and
IL-8 expression and was associated with decreased in vivo
growth with decreased angiogenesis of an ovarian cancer cell
line (9, 10). Emerging preclinical evidence implicates NF-kB in
the development of prostate cancer because it has been shown to
regulate bcl-2 transcription (8) and inhibition of NF-«kB results
in apoptosis (11) and cell cycle arrest (12).

Therapy directed against the transcription factor NF-kB is
therefore a prime target and has the potential to improve the
prognosis of prostate cancer patients. This latter point is under-
scored by findings from the clinical trials of the proteasome
inhibitor PS 341. This drug blocks NF-«B (in addition to other
pathways) and induces remissions and suppression of proteins
under NF-kB control (e.g., IL-6) in patients with multiple my-
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eloma, hormone refractory prostate cancer, and non-small cell
lung cancer (13, 14).

Electromobility gel shift analyses were undertaken to con-
firm the presence of NF-kB DNA binding in vitro in a variety of
prostate cancer cells lines and to determine whether this could
be inhibited by the NF-«B inhibitor parthenolide. The functional
relevance of NF-kB DNA binding was assessed by cDNA array
analyses and proliferation assays of prostate cancer cells with
and without exposure to a NF-«xB inhibitor, parthenolide. The
immunohistochemistry analysis was undertaken to determine
the frequency and location of NF-kB by staining for the p65
subunit of the Rel family.

MATERIALS AND METHODS

Electromobility Gel Shift Assay. All prostate cancer
cells were plated on 100-mm plates and harvested in exponential
growth phase. The prostate cancer cells were (a) the hormone-
sensitive cell line LNCaP (in three different passage states: low
passage, 11 passages; intermediate passage, 38 passages; and
high passage, 208 passages); (b) PC-3 (hormone-independent
cell line) and (¢) C42 (a hormone-independent subclone of
LNCaP). The LNCaP P-11 and 208 and PC-3 cells were cul-
tured in MEM with 10% fetal bovine serum and were obtained
from American Type Culture Collection (Manassas, VA). The
LNCaP P-38, the parental clone of the C42 cells, and the
C42 cells were provided by Dr. Thomas Gardner and cul-
tured in T-media (Life Technologies, Inc., Rockville MD).
The CWR22Rv1 cell line was kindly provided by Dr. James
Jacobberger (15). The cells were grown in DMEM containing
10% FCS.

Solvent control and parthenolide dissolved in 100% etha-
nol (Aldrich, Milwaukee WI) were added 3 h before harvesting.
Whole cell extracts were prepared as previously described (7)
and incubated with a radiolabeled NF-xB probe for 30 min at
room temperature. The oligonucleotide probe binds to the
NF-kB DNA binding site in the promoter region of the immu-
noglobulin gene. Electrophoresis and autoradioragraphy were
performed as previously described (7) using NF-kB and SP-1
probes (Promega, Madison, WI). The specificity of parthenolide
inhibiting NF-«B DNA binding was verified by the use of the
SP-1 probe as a control.

¢DNA Array Analysis. Total cellular RNA was ex-
tracted from CWR22Rv1 after 6 h of exposure to solvent control
and 10 pwmol/liter parthenolide using RNeasy Minikit (Quiagen,
Valencia, CA) according to the manufacturer’s instructions. The
NF-«xB pathway GE array kit was obtained from SuperArray
Bioscience Corp. (Bethesda, MD). The kit determines expres-
sion of 96 genes that either interact with or are controlled
by NF-«xB. Total RNA from respective samples were used
as a template to generate biotin-labeled cDNA probes using
GEArray Ampolabelling RT kit (SuperArray Bioscience Corp.).
The cDNA probes corresponding to the mRNA population were

then denatured, and hybridization was carried out in GEHyb -

solution to nylon membranes spotted with gene-specific frag-
ments. Membranes were then washed in 2X SSC, 1% SDS
twice for 15 min each, followed by 0.1X SSC, 0.5% SDS twice
for 15 min each. Chemiluminescence was used to visualize the
expression levels of each transcript, and the results were quan-

tified with the GEArray Analyzer. The change in a given gene
transcript was estimated by normalizing the signal intensities
with the signals derived from glyceraldehyde-3-phosphate de-
hydrogenase and B-actin.

 Proliferation Assay. LNCaP and PC-3 cells were plated
in a 96-well U-bottomed plate (Becton Dickinson Labware,
Franklin Lakes, NJ) at a concentration of 5000 cells/50 pl media
and incubated in 5% CO, at 37°C for 24 h. Varying parthenolide
concentrations in 50 pl of media were added to the media 24 h
later. Colorimetric readings were obtained using the Cell Titer
96 AQ,cous Non-radioactive Cell Proliferation Assay (Promega
Corp.; Madison, WI) system and an ELISA plate reader after
48 h of exposure to parthenolide. The readings obtained for each
concentration tested were from an average of eight wells. Each
experiment was expressed as a percentage of the solvent control
and completed at least three times with consistent results. The
results presented are an average of three experiments.

Tissue Samples. Ninety-seven cases of radical prostatec-
tomy and bilateral lymphadenectomy between 1990 and 1994
were obtained from the surgical pathology files of Indiana
University Medical Center. Institutional Review Board approval
was obtained from the Indiana University Purdue University
Institutional Review Board. Complete clinical and pathological
data were available for 93 patients. Patients ranged in age from
51 to 78 years (mean, 63 years). Grading of the primary tumor
from the radical prostatectomy specimens was performed ac-
cording to the Gleason’s system. The Gleason grade ranged
from 4 to 10. Pathological stage was performed according to the
1997 Tumor-Node-Metastasis system. Pathological stages were
as follows: T,, (n = 12 patients); T, (n = 42 patients), T,
(n = 25 patients, and T, (» = 14 patients; Table 1). Thirteen
(14%)) patients had lymph node metastasis at the time of surgery.
Clinical and complete pathological data were not available for
four patients.

Immunohistochemical Studies. The antibody used was
a rabbit polyclonal antibody that identifies the NH,-terminal
domain of NF-kB p65 of human origin (SC 109; Santa Cruz
Biotechnology, Santa Cruz, CA). Serial 5-pum thick sections of
formalin-fixed slices of radical prostatectomy specimens were
used for the studies. The tissue blocks containing the highest
Gleason score and the maximum amount of tumor were se-
lected. One representative slide from each case was analyzed,
and we recognized the limitation of sample variation. Samples
were removed from the paraffin by placing them three times in
xylene for 5 min and then rehydrating through graded ethanol
and finally immersion in distilled water. Slides were then rinsed
in Tris-buffered saline. Antigen retrieval was performed by
using the Dako Target Retrieval kit (Dako, Carpinteria, CA)
containing a citrate buffer (pH 6.0) for 20 min at ~95°C. Dako’s
Avidin Biotin blocking system was used for 10 min, and the
tissue sections were then rinsed with Tris-buffered saline. The
nonspecific binding sites were blocked by incubating with Da-
ko’s Protein Block for 20 min. Tissue sections were then incu-
bated with the polyclonal rabbit antibody against p65 (1:100
dilution at room temperature for 60 min). After washing with
Tris-buffered saline, the secondary antibody, Dako Link (Dako
LSAB2 kit) was applied for 20 min and then rinsed with
Tris-buffered saline. Additional washing was followed by incu-
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Table 1 Patient characteristics

Mean % of cells staining with

N = 93 (data on four % of total patients

P65 subunit of NF-xB Mean p65 subunit of NF-xB

patients not available) (N = 93)* antibody (2= SD) antibody staining 0-3 (= SD)
Primary Gleason grade

2 . 14 83.0 = 157 2.69 = 0.48

3 46 88.9 = 5.07 2.67 = 0.47

4 27 90.4 = 5.38 2.64 = 0.49

5 13 89.6 = 6.56 291 £ 0.29
Secondary Gleason grade

2 16 87.3 = 6.51 2.53 £0.52

3 37 89.1 = 104 2.73 = 045

4 .34 88.6 = 5.99 2.75 *+ 0.44

5 13 88.8 = 6.1 2.67 + 0.49
Gleason sum

<7 . 32 858 + 11.0 2.60 = 0.49

7 42 90.38 * 5.05 271 £ 0.46

>7 26 89.1 + 6.20 279 £ 041
T classification

T,. 13 829 = 16.6 2.75 = 045

Top 45 89.4 = 471 2.64 = 0.49

Ts, 27 89.4 = 6.00 2.60 * 0.50

Tap 15 89.6 = 6.03 3.0 = 0.00
Lymph node metastasis

Positive 13 90.4 = 5.82 275 =582

Negative 87 88.3 = 8.18 2.68 *+ 0.47
Extraprostatic extension

Positive 41 89.7 = 5.80 273 =045

Negative 59 87.8 = 9.01 2.67 £ 047
Surgical margin

Positive 40 89.2 = 546 2.78 + 042

Negative 60 88.2 £ 9.16 2.64 + 0.48
Vascular invasion

Positive 27 90.6 = 5.27 2.68 = 0.48

Negative 73 87.9 = 8.56 2.71 £ 046
Perineural invasion

Positive 85 90.0 = 8.02 2.7 =046

Negative 15 86.4 + 6.91 2.64 + 0.50
High-grade PIN

Positive 98 88.7 = 7.83 2.71 = 0.45

Negative 2 82.5 = 10.6 200

* Data on 4 patients not available.

bation with streptavidin horseradish peroxidase (Dako Label,
LSAB?2 kit) for 20 min. Immunoreactivity was visualized by
incubation of sections with 3,3’-diaminobenzidine in the pres-
ence of hydrogen peroxide. Sections were counterstained with
light hematoxylin and mounted with a coverslip. All of the
procedures were performed at room temperature,

The extent and intensity of staining were evaluated by a
single pathologist (L. Cheng) in benign epithelium, prostate
intraepithelial neoplasia (PIN), and adenocarcinoma from the
same slide for each case. Microscopic fields evaluated and
scored were those with the highest degree of immunoreactivity.
A numeric intensity score of between 0 and 3 was assigned to
each case on a scale of from 0 to 3 (0, no staining; 1+, weak
staining; 2+, moderate staining; and 3+, strong staining). Inter-
and intraobserver variation of staining was not assessed in the
current study. The authors recognized the limitation and inher-
ent subjectivity of immunostaining evaluation. A representative
slide with 3+ staining is presented in Fig. 4.

Statistical Analysis. The intensity of staining in benign
epithelium, PIN, and adenocarcinoma were compared using the
Cochran-Mantel-Haenszel tests for correlated ordered categori-

cal outcomes. Pairwise comparisons between the tissue types
were made if the ANOVA revealed significant treatment effects.
P < 0.05 was considered significant, and all P values were
two-sided.

RESULTS

Electromobility Gel Shift Analysis. We have found in
vitro that NF-kB DNA binding is present in all prostate cancer
cell lines evaluated (Fig. 1). The proportion of the p65:p50
heterodimer to p50:p50 homodimer is lowest in the LNCaP cell
lines that have undergone the least number of passages in
culture compared with (a) the LNCaP cell lines that have
undergone a higher number of passages and (b) the hormone
independent cell lines—C42 and PC-3 (Fig. 14). Also of note is
that parthenolide is able to inhibit the NF-kB DNA binding in a
dose-dependent manner starting at 0.5 pmol/liter. EMSA also
showed that NF-kB DNA binding, present in the androgen-
independent prostate cancer cell line CWR22Rv1 (Fig. 1B), and
supershift assay on two occasions confirmed the presence of the
active subunit p65 (data not shown). NF-xB DNA binding was
again inhibited by parthenolide (Fig. 1B).
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c¢DNA Array Analysis. The relative expression level of

96 transcripts was determined using chemiluminescence and
analyzed with GEArray Analyzer. All results were normalized
by adjusting for the signal derived from glyceraldehyde-3-phos-
phate dehydrogenase and B-actin spots. The change in a given
gene transcript from one membrane/experiment was estimated
by comparing the signal intensities of paired specimens: parthe-
nolide treated versus solvent control (Fig. 2). Genes that had at
least a 10% decrease after 6 h of treatment compared with
untreated control in two consecutive experiments were arbi-
trarily considered to show a magnitude and consistency in effect
between experiments to support the hypothesis that genes under
NF-kB control are present in prostate cancer cells and provide
relevance to the electromobility gel shift findings. The 18 genes
that met these criteria and have previously been shown to be
under the transcriptional control of NF-«kB (16) are detailed in
Table 2. It is of note that genes associated with the hallmarks of
cancer (17) were decreased with parthenolide treatment. Specif-
ically, genes associated with evasion of apoptosis, TNF receptor
associated factor-1 and TNF receptor associated factor-5, were
decreased. Also, genes associated with maintaining cell-cell
adhesion and thus preventing metastasis (intercellular adhesion

No Parthenolide

10M Parthenolide

Fig. 2 ¢DNA array of CWR22Rv!1 cells with and without parthenolide.
The panel on the left is an analysis of cells without treatment, and the
panel on the right is after 6 h of exposure to parthenolide.
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Table 2 Genes under NF-kB control expressed in prostate cancer (CWR22Rv1) cells and
decreased after treatment with the NF-«B inhibitor parthenolide.

Gene

Experiment 1* "Experiment 2* Average of 1 and 2*

Interceltular adhesion molecule 2 39 ’ 32 355
Intercellular adhesion molecule 5, telencephalin 47 80 63.5
Interferon, ol 53 32 425
IFN, B 1, fibroblast 33 12 22.5
IL-128, p40 63 47 55
IL-1, & 75 13 44
IL-1, B 52 44 48
IL-1 receptor type II 16 44 30
IL-1 receptor-associated kinase (IRAK) mRNA 60 17 38.5
Lymphotoxin-a (TNF superfamily, member 1) 46 60 53
Protein kinase, mitogen-activated 3 (MAP kinase 3; p44) 43 40 41.5
" Neural cell adhesion molecule 1 . 35 57 46
Orosomucoid 1 (ORM1, «-1 acid glycoprotein) 53 51 52
Transforming growth factor B-activated kinase-binding protein 1 (TAB1), 17 50 335
Toll-like receptor 10 (TLR10), 20 80 50
Tumor necrosis factor (TNF superfamily, member 2) 46 28 37
TNF receptor-associated factor 1 40 29 345
TNF receptor-associated factor 5 20 13 16.5

* Results reported as percentage decrease of gene compared with untreated control cells.

molecule-2, ICAM-5) and genes associated with inflammation
(TNF) were also decreased.

Proliferation. To assess if the inhibition of NF-kB in
prostate cancer cells by parthenolide has antiproliferative prop-
erties we performed an Cell Titer 96 Aq,.,s Non-Radioactive
Cell Proliferation Assay (Promega Corp.) proliferation assay.
As detailed in Fig. 3, 48 h of exposure to parthenolide resulted
in a dose-dependent inhibition of prostate cancer cell prolifer-
ation with an IC, of 4 umol/liter (dose to inhibit proliferation
to 50% of control) for both LNCaP and PC-3 cells.

Immunohistochemistry. Immunoreactive staining for
the p65 subunit of NF-kB was cytoplasmic (Fig. 4). No immu-
noreactivity was seen in stromal cells. When the extent of
staining in the normal, PIN, and adenocarcinoma specimens was
quantified on the 0-3+ scale, there was a graded increase
between the normal epithelial tissues, PIN, and cancer (Table 3).
Specifically, none of the benign glands had 3+ and 66% exhib-
ited 0 or 1+ staining. The amount of staining in the PIN lesions
was intermediate with 74% of lesions having 1+ or 2+ and
25% had 3+. In contrast all of the cancer specimens were 2+ to
3+ (30 and 70%, respectively). The cancer specimens had no 0
or 1+. The difference in amount of staining was significantly
greater in the PIN lesions compared with the benign glands (P <
0.0001) and was greater in the invasive neoplastic disease com-
pared with the intraepithelial neoplasia (P < 0.0001).

Multiple pathological prognostic features and clinical pa-
rameters were correlated with the amount of staining (0-2+
versus 3+) in the cancer specimen. There was no association
between T-stage, grade, prostate-specific antigen relapse, or
extraprostatic extension. However, there was a trend toward an
association between extent of tumor involvement in the prosta-
tectomy and 3+ staining (P = 0.056).

DISCUSSION

This data demonstrates the presence of constitutive NF-xB
DNA binding in a variety of prostate cancer cells in vitro and
that this can be inhibited by parthenolide. Of note is that the

amount of NF-kB DNA binding is increased in LNCaP cells that
have been in culture longer and the ratio of the p65:p50 het-
erodimer to p50:p50 homodimer is increased in the hormone-
independent cell lines compared with the hormone-dependent
cells. The p65:p50 heterodimer is more biologically active than
other dimers and is associated with the antiapoptotic properties
of NF-«B (18). This suggests that increased NF-kB activation
may be associated with hormone independence. Also, the ob-
servation that cells that have been in culture longer develop an
increase in NF-kB DNA binding may partially explain the
observation by Igawa et al. (19) who have shown the LNCaP
cell line becomes androgen independent with greater cell pas-
sages. Other investigators have found constitutive NF-«B DNA
binding in prostate cancer cells in vitro and that NF-kB can be
inhibited by a variety of agents, including selenium (20), ibu-
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Fig. 3 Proliferation assay with colorimetric proliferation assay dem-
onstrating dose-dependent inhibition of prostate cancer cell proliferation
with an NF-kB inhibitor, parthenolide.
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profen (21), ibdehydroxymethylepoxyquinomicin (22), dexa-
methasone (23), and genistein (24).

The relevance of NF-xB DNA binding in prostate cancer

cells was confirmed by screening for the presence of and
changes in genes under the control of NF-kB. We clearly have
shown that many NF-kB-related genes that promote the cancer
process are expressed in CWR22Rv1 cells and are decreased by
the NF-kB inhibitor, parthenolide. The inhibition of NF-xkB
DNA binding was associated with an inhibition of cancer cell
proliferation.

The p65 subunit is the more relevant component of NF-xB,
and this article characterizes its location and frequency in hu-
man prostatectomy specimens by immunohistochemical stain-
ing. The differential staining (frequency and amount) and
graded increase between the normal, PIN, and cancerous areas
supports the contention that NF-kB is involved in carcinogen-
esis and, in particular, the genesis of prostate cancer. The
presence of a high amount of staining in all of the prostate
cancer specimens in vivo supports the in vitro electromobility

Table 3 Staining intensity grade

Staining intensity grade (N = 97)

Intensity 0 1 2 3
Normal 9 (%) 57 (59) 31(32) 0(0)
PIN* 1) 10 (10) 62 (64) 24 (25)
Cancer* 0(0) 0(0) 29 (30) 68 (70)

NOTE. All data expressed as n (%)

* Indicates statistically different distribution of staining intensity
compared with that of normal cells (P < 0.0001 using Wilcoxon paired
signed rank test).

Fig. 4 Photomicrograph of im-
munohistochemical staining of
p65 (Santa Cruz Biotechnology)
showing minimal immunoreac-
tivity (intensity score of 1+) in
benign prostate epithelium (4
and B). In contrast, there is stain-
ing in the PIN: intensity score of
3+ (C and D). * indicates lumen
of normal gland; 4 indicates lu-
men of gland with PIN.

gel shift assay data, which shows that increased NF-kB is a
universal finding in prostate cancer and that it is involved in the
development and propagation of prostate cancer (8, 11, 12, 25).
The lack of nuclear staining is due either to the very short
half-life of transcription factors in the nucleus or the fact NF-xB
is increased in amount and is yet to be activated. Although this
immunohistochemistry staining does not document the presence
of activated NF-B, it at least demonstrates that prostate cancer
cells are primed to the deleterious effects of NF-«kB activation
by cytokines found in the prostate cancer microenvironment
such as IL-1, (26, 27). Our attempts to employ other antibodies
that recognize an epitope that overlaps the nuclear localization
signal of the p65 subunit, and hence identify released/activated
NF-kB, were unsuccessful because of our inability to minimize
the background staining (data not shown).

The lack of association between pathological and clinical
prognostic features is probably due to the universal staining at
either 2+ or 3+ intensity in the cancer cells. The presence of
NF-kB in normal glands at a lower frequency and amount is
because it is a ubiquitous transcription factor with a baseline
level of activity to promote growth and survival of all cells. In
contrast, the universal presence and higher amount in the cancer
specimens suggests that this transcription process is involved in
the malignant transformation. The observation of the sudden
increase in NF-kB expression from the benign epithelium to the
PIN lesions suggests that activation of NF-«B is an early event
in prostate cancer carcinogenesis. Findings supporting this have
been made in breast cancer. Specifically, carcinogen treatment
of female Sprague Dawley rats i# vivo and in human mammary
epithelial cells in culture resulted in NF-«kB activation just
before malignant transformation of the breast tissue (28).
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This article provides strong support for the hypothesis that

NF-kB is increased and relevant at an early stage in prostate
cancer because it is found in both PIN and cancerous lesions.
This works provides support for the development of NF-xB
inhibitors as either preventative agents (prevent the transition of
normal cells to PIN or prevent the progression from PIN to
cancer) or as a therapy for advanced prostate cancer.
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