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adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and use of Laboratory
Animals of the Institute of Laboratory Resources, national
Research Council (NIH Publication No. 86-23, Revised 1985).
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adhered to policies of applicable Federal Law 45 CFR 46.
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investigator(s) adhered to the NIH Guidelines for Research
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Lu, Junxuan
1. Introdqction

The overall aim of this project is to understand the role of inhibition of angiogenesis by
selenium (Se) in breast cancer prevention. We first established the anti-angiogenesis
phenomenon of chemopreventive intake of Se in mammary cancer prevention (Jiang, et al, Mol.
Carcinog. 1999) with data supporting an association of reduced microvessel density and
decreased vascular endothelial growth factor expression with mammary cancer prevention by Se.
We discovered a specific inhibitory effect of methylselenium on vascular endothelial expression
of matrix metalloproteinase-2 (MMP-2) and vascular endothelial growth factor (VEGF) by
breast and prostate cancer epithelial cells (Jiang et al, Mol. Carcinog. 2000). Since endothelial
proliferation is a critical component of the angiogenic responses, we have investigated a potent
inhibitory effect of methylselenium and methylselenol itself on mitogenesis of human umbilical
vein endothelial cells (HUVEC) through G1 arrest and established PI3K as a potential target
pathway for signaling G1 arrest (Wang et al, Cancer Res 2001; Wang et al, Mol Carcinog. 2002).
In addition, we have also developed methodologies for evaluating anti-angiogenic attributes
(pro-angiogenic factors, mitogenesis, apoptosis, capillary differentiation etc) of Se and validated
with other agents (Jiang et al, BBRC, 2000, Jiang et al, Cancer Res 2001). In total, ten
publications have resulted from this support. Our data suggest that the methylselenol metabolite
pool possesses desirable anti-angiogenic attributes in addition to inhibitory actions on cancer
epithelial proliferation and survival.

The key purpose of the DOD IDEA awards is to stimulate high-risk and high pay-off
research. Data generated during these activities enabled us to successfully compete for grant
supports from Komen Foundation ($200,000 direct, started October 2000) and DOD prostate
cancer program ($375,000 direct, started Jan 2002) and from NCI ($825,000 direct, to be
initiated in Jan 2003). Thanks for the faith and support, DOD!

2. Key research accomplishments.

e Asreported in the December issue of Molecular Carcinogenesis, 1999, we have documented
an association of reduction of tumor microvessel density with chemoprevention of mammary
cancer in a chemically induced rat mammary carcinogenesis model. We have made the novel
observation that such changes were associated with a decreased in vivo expression of VEGF,
an important in vivo angiogenic cytokine molecule. Furthermore, we have documented a
potent apoptogenic activity of methyl-selenium on endothelial cells and discovered a specific
inhibitory effect of this Se pool, the putative chemopreventive Se metabolite (1-3), on the
expression of MMP-2 by vascular endothelial cells (see Appendix 1). This article was
featured as a cover story.

e Asreported in the December issue of Molecular Carcinogenesis, 2000, we have discovered a
methylselenium specific inhibitory effects on the expression of VEGF, by breast and prostate
cancer epithelial cells in vitro, in addition to methyl selenium specific inhibitory effect on the
expression of MMP-2 by vascular endothelial cells (see Appendix 2). In HUVEC,
zymographic analyses showed that short-term exposure to methylseleninic acid (MSeA) and
methylselenocyanate (MSeCN), both immediate methylselenol precursors, decreased the
MMP-2 gelatinolytic activity in a concentration-dependent manner. In contrast, Se forms
that enter the hydrogen selenide pool lacked any inhibitory effect. The methyl Se inhibitory
effect on MMP-2 was cell-dependent as direct incubation with Se compounds in the test tube
did not result in its inactivation. Immunoblot and ELISA analyses showed that a decrease of
the MMP-2 protein level largely accounted for the methyl Se-induced reduction of
gelatinolytic activity. The effect of MSeA on MMP-2 expression occurred within 0.5 h of
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exposure and preceded MSeA-induced reduction of the phosphorylatlon level of mitogen-
activated protein kinases (MAPK)1/2 (~3 h) and endothelial apoptosis (~25 h). In addition to
these biochemical effects in monolayer culture, MSeA and MSeCN exposure decreased
HUVEC viability and cell retraction in a 3-dimensional context of capillary tubes formed on
Matrigel, whereas comparable or higher concentrations of selenite failed to exert such
effects. In human prostate cancer (DU145) and breast cancer (MCF-7 and MDA-MB-468)
cell lines, exposure to MSeA, but not selenite, led to a rapid and sustained decrease of
cellular (lysate) and secreted (conditioned medium) VEGF protein levels irrespective of the
serum level (serum free vs. 10% fetal bovine serum) in which Se treatments were carried out.
The concentration of MSeA required for suppressing VEGF expression was much lower than
that needed for apoptosis induction. Taken together, the data support the hypothesis that the
monomethyl Se pool is a proximal Se for inhibiting the expression of MMP-2 and VEGF and
angiogenesis. The data further indicate that the methyl Se-specific inhibitory effects on these
proteins are rapid and primary actions, preceding and/or independent of inhibitory effects on
mitogenic signaling at the level of MAPK1/2 and on cell growth and survival. These
findings provide mechanistic insights into the cellular and biochemical processes that are
potentially targeted by Se to regulate the angiogenic switch during mammary carcinogenesis.
This article was featured as a cover story.

As reported in April, 2001 in Cancer Research, we have invested in developing the expertise
to study apoptosis execution and signaling, using the DU-145 prostate cancer cells as our
model (Appendix 3). Our earlier work has indicated that distinct cell death pathways are likely
involved in apoptosis induced by the methylselenol and the hydrogen selenide pools of Se
metabolites. To explore the role of caspases in cancer cell apoptosis induced by Se, we
examined the involvement of these molecules in the death of the DU-145 cells induced by
MSeA, a novel penultimate precursor of the putative critical anticancer metabolite
methylselenol. Sodium selenite, a representative of the genotoxic Se pool, was used as a
reference for comparison. The results show that MSeA-induced apoptosis was accompanied
by the activation of multiple caspases (caspase-3, -7, -8 and -9), mitochondrial release of
cytochrome ¢ (CC), poly(ADP-ribose) polymerase (PARP) cleavage and DNA fragmentation.
In contrast, selenite-induced apoptotic DNA fragmentation was observed in the absence of
these changes, but was associated with thie phosphorylation of INK1/2 and p38MAPK/SAPK?2.
A general caspase inhibitor, ZVADfmk, blocked MSeA-induced cleavages of procaspases and
PARP, CC release and DNA nucleosomal fragmentation, but did not prevent cell detachment.
Furthermore, PARP cleavage and caspase activation were confined exclusively to detached
cells, indicating that MSeA-induction of cell detachment was a prerequisite for caspase
activation and apoptosis execution. This process therefore resembled “anoikis”, a special mode
of apoptosis induction when adherent cells lost contact with the extracellular matrix.
Additional experiments with irreversible caspase inhibitors show that MSeA-induced anoikis
involved caspase-3- and caspase-7-mediated PARP cleavage that was initiated by caspase-8
and probably amplified through CC-caspase-9 activation and a feedback activation loop from
caspase-3. Taken together, the data support a2 methyl selenium-specific induction of DU-145
cell apoptosis that involved cell detachment as a prerequisite (anoikis) and was executed
principally through caspase-8 activation and its cross-talk with multiple caspases. These results
supported our success in obtaining DOD prostate cancer fund (idea development award,
$375,000 direct). We extended our mvestlgatlon into vascular endothelial cells (see next

paragraph).

As reported in October 2001 issue of Cancer Res (Appendix 4), we have investigated the
effect of methylselenium on the mitogenic response of vascular endothelial cells. Using
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human umbilical vein endothelial cells (HUVEC), we examined the effects of MSeA on
selected protein kinase signaling transduction pathways in order to characterize their role in
methylselenium induction of HUVEC cell cycle arrest and apoptosis. Exposure of
asynchronous HUVEC for 30 h to 3-5 uM MSeA led to a profound G arrest and exposure to
higher levels of MSeA not only led to G, arrest, but also to DNA fragmentation and caspase-
mediated cleavage of poly(ADP-ribose)polymerase, both being biochemical hallmarks of
apoptosis. Immunoblot analyses indicated that G; arrest induced by the sub-lethal doses of
MSeA was associated with dose-dependent reductions of the levels of phospho-AKT/PKB,
phospho-ERK1/2, and phospho-JNK1/2 in the absence of any change in p38MAPK
phosphorylation. Apoptosis induced by MSeA was associated with an increased
phosphorylation of p38MAPK in addition to the dephosphorylation of the above kinases. In
HUVEC deprived of endothelial cell growth supplement (ECGS) for 48 h, resumption of
ECGS stimulation resulted in ~ 10-fold increase in mitogenic response as indicated by *H-
thymidine incorporation into DNA. The ECGS-stimulated mitogenic response was dose-
dependently inhibited by MSeA exposure with ICsqy, ~ 1 pM and a complete blockage at 3
uM. Wortmannin, an inhibitor of PI3K upstream of AKT, potently inhibited the ECGS-
stimulated DNA synthesis (ICsgs, ~ 40 nM). Combining MSeA with wortmannin showed an
additive anti-mitogenic effect. An inhibitor of MEK 1, PD98059, also inhibited ECGS-
stimulated DNA synthesis (ICsgy, ~55 pM), but combining PD98059 with MSeA had a
similar effect as when PD98059 was used alone. A time course experiment indicated that
PI3K (AKT, S6K) activation occurred between 6 and 12 h of ECGS stimulation and 3 uM
MSeA exposure decreased AKT phosphorylation after 12 h of exposure whereas no
inhibitory effect was observed for ERK1/2 phosphorylation throughout the 30-h exposure
duration. Additional experiments indicated that MSeA, wortmannin or a more specific PI3K
inhibitor L'Y294002 appeared to target, in the mid- to late G, phase, a common mechanism(s)
controlling G; progression to S, while having no inhibitory effect on DNA synthesis once S
phase had initiated. Taken together, the results support a potent mhxbltory activity at
achievable serum levels of MSeA on ECGS-stimulated mitogenesis in the mid- to late G;
phase, and the target(s) of this inhibitory activity appears to be PI3K or components of this
signal pathway. At pharmacologic levels of exposure, modulation of ERK 1/2 and other
protein kinases may be relevant for the pro-apoptotic action of MSeA.

As reported in Mol Carcinogenesis (2002), we tested the hypothesis that methylselenol itself
was responsible for exerting these G1 arrest and caspase-mediated apoptosis (Appendix 5).
We generated methylselenol enzymatically using seleno-L-methionine as a substrate for L-
methionine-a-deamino-y-mercaptomethane lyase (EC4.4.1.11, also known as methioninase).
Exposure of DU145 cells to methylselenol so generated in the sub-micromolar range led to
caspase-mediated cleavage of poly(ADP-ribose)polymerase, nucleosomal DNA
fragmentation and morphological apoptosis and resulted in a similar profile of biochemical
effects as exemplified by the inhibition of phosphorylation of protein kinase B/AKT and
extracellularly-regulated kinases 1/2 when compared to methylseleninic acid (MSeA)
exposure. In HUVEC, methylselenol exposure recapitulated the G, arrest action of MSeA on
mitogen-stimulated G progression during mid- to late-G;, This stage-specificity was
mimicked by inhibitors of the phosphatidylinositol 3-kinase. Taken together, the results

- support methylselenol as an active selenium metabolite for inducing caspase-mediated
apoptosis and cell cycle G; arrest. This cell-free methylselenol generation system is expected
to have a significant utility for studying the biochemical and molecular targeting mechanisms
of this critical metabolite and may constitute the basis of a novel therapeutic approach for
cancer.
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e Asreported in October, 2000 in Biochemical and Biophysical Research Communications, we
have developed various assays for angiogenic attributes by extending investigations into
silymarin which is an antioxidant polyphenolic compound extracted from milk thistle
(Appendix 6). The results indicate that this compound possesses anti-angiogenic attributes
in terms of inhibiting VEGF and MMP-2 expression and inhibiting in vitro capillary
differentiation. They also showed mechanistic similarities and differences between this class
of agents from methyl Se, as expected of the structural differences. These results supported
our success in securing a grant ($200,000 direct) from the Komen Foundation to study the -
anti-cancer and anti-angiogenic activity of silymarin in October, 2000.

e We have published 2 book chapters and 2 invited reviews on the subject of selenium in
apoptosis and angiogenesis (See list below).

3. Reportable outcomes:
3.1 Publications/Manuscripts

1. Jiang, C., W Jiang, C Ip, H. Ganther and JX. Lu. Selenium-induced inhibition of
angiogenesis in mammary cancer at chemopreventive levels of intake. Mol. Carcinogenesis.
26:213-225, 1999. (cover story)

2. Jiang, C. Ganther H and Lu, JX. Monomethyl selenium-specific inhibition of MMP-2 and
VEGEF expression: Implications for angiogenic switch regulation. Mol Carcinogenesis. 29: 236-
250, 2000. (cover story)

3. Jiang C. Wang, Z. Ganther, H and Lu, JX. Caspases as key executors of methyl selenium
induced apoptosis (anoikis) of DU-145 human prostate cancer cells. Cancer Res. 61: 3062-3070,
2001. ‘
4. Wang, Z. Jiang, C. Ganther, H. and Lu JX. Antimitogenic and proapoptotic activities of
methylseleninic acid in vascular endothelial cells and associated effects on PI3K-AKT, ERK,
JNK and p38MAPK signaling. Cancer Res. 61: 7171-7178, 2001.

5. Wang, Z. Jiang, C. and Lu JX. Induction of caspase-mediated apoptosis and cell cycle G;
arrest by selenium metabolite methylselenol. Mol Carcinogenesis, 34: 113-120, 2002.

6. Jiang C. Agarwal, R and Lu. JX. Anti-angiogenic potential of a cancer chemopreventive
flavonoid antioxidant, silymarin: inhibition of key attributes of vascular endothelial cells and
angiogenic cytokine secretion by cancer epithelial cells. Biochem Biophys Res Comm. 276, 371-
378, 2000.

7. Lu, JX Apoptosis and angiogenesis in cancer prevention by selenium. Book chapter 11.
Nutrition and Cancer Prevention, Pp131-145. Kluwer/ Plenum Publishers, New York, NY.
2000.

8. Lu, JX and Jiang, C. Anti-angiogenic activity of selenium in cancer chemoprevention:
Metabolite-specific effects. Nutrition and Cancer 40: 64-73, 2001. Invited review.

9. Raich, P., Lu, JX., Thompson, H. and Combs, Jr, G.F. Selenium in cancer prevention: Clinical
issues and implications. Cancer Investigation. 19:540-553, 2001. Invited review.
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10. Combs, GF Jr. and Lu, JX. Selenium as a cancer preventive agent. Chapter 17. In Selenium:
its molecular biology and role in human health. D.L. Hatfield (editor). Kluwer Academic
Publishers, Hingham, MA, 2001.

3.2 Abstracts presented at national meetings

JLu, C. Jiang, Z. Wang, and H. Ganther. Selenium and cancer angioprevention: metabolite-
specific anti-angiogenic attributes. Era of Hope 2002 DoD Breast Cancer Research
Program Meeting September 25-28, 2002, at the Orange County Convention Center,
Orlando, Florida. (Poster presentation).

C. Jiang, Z. Wang and J. Lu. Selenium metabolite methylselenol inhibits G; to S progression of
vascular endothelial cells by targeting phosphatidylinositol 3-kinase (PI3K) pathway during mid-
to late-G; phase. American Association for Cancer Research 93rd Annual meeting. San
Francisco, 2002. (Poster presentation).

J Lu, C Jiang and H. Ganther Methylselenium specific inhibition of cancer epithelial expression
of vascular endothelial growth factor. American Association for Cancer Research 92° Annual
meeting, New Orleans, 2001 (Poster presentation).

C. Jiang, Z. Wang, H.Ganther and J. Lu. Methylselenol-induced cancer cell anoikis is executed
through a caspase-dependent mechanism. American Association for Cancer Research 92
Annual meeting, New Orleans, 2001 (Poster presentation).

Lu. J., Jiang, C., Wang, Z. and Ganther, H. Methylselenol as a proximal inhibitory selenium
metabolite for matrix metalloproteinases and angiogenesis (poster presentation) American
Association for Cancer Research 91 Annual meeting, San Francisco, April 1-5, 2000.

Jiang, C., Agarwal, R. and Lu. J. Silymarin, a flavonoid phytochemical, inhibits key angiogenic
attributes of vascular endothelial cells. American Association for Cancer Research 91% Annual
meeting, San Francisco, April 1-5, 2000 (poster presentation).

Lu J.X. Jiang, W., Jiang, C., Agarwal, C., Wang, Z. and Ip, C. Anti-angiogenic Effects
Associated with Mammary Cancer Chemoprevention by Selenium. 90" annual meeting of the
American Association for Cancer Research, 1999. Philadelphia (Mini-symposium presentation).

Jiang C., Ganther, H and J. Lu. Methylseleninic acid induces apoptosis and inhibts matrix
metalloproteinases of vascular endothelial cells. (Abstract) American Institute for Cancer Research
Annual Research Conference. Washington, DC. Sept 2&3, 1999.

3.3 Symposium and seminar presentations concerning selenium and angiogenesis by PI

March, 2002. University of Oklahoma School of Medicine, Oklahoma City, OK
Feb,2002.  University of Missouri, Columbia, Mo.

Feb,2002.  University of Louisville, KY.

Jan,2002.  North Carolina State University School of Veterinary Medicine, Raleigh, NC
Dec.2001.  American Health Foundation, Valhalla, NY. '

Nov.2001.  University of Kansas Medical Center, Kansas City, KS.

Nov. 2001.  University of Illinois School of Medicine at Rockford.

Nov. 2001.  Henry Ford Health Systems, Department of Urology, Detroit, MI.

Oct. 2001. Univ of Colorado Health Sciences Center, Medical Oncology. Denver, CO.
9




June, 2001.

May, 2001. .

May, 2001
May, 2001
April, 2001
April, 2001

March, 2001

Oct, 2000.

Oct , 2000.
Oct, 2000.

Nov. 2000.
Oct, 1999.

Nov, 1999.
Sept, 1999.
Sept, 1999.

. Lu, Junxuan
AMC Cancer Research Center Research Seminar.
Anti-Cancer, Inc., San Diego, CA.
Department of Pathology, University of Tennessee, Knoxville, TN.
Department of Nutrition. Oklahoma State University, Stillwater, OK.
Eppley Institute for Cancer Research, University of Nebraska, Omaha, NE.
Department of Animal Science, University of Connecticut. Storrs, CT.
Hormel Institute, University of Minnesota, Austin, MN.
US Expert Delegation to Jiangsu Provincial Conference on Agri/Biotechnology.
Nanjing, China.
Nanjing University of Chinese Medicine and Pharmacy. Nanjing, China
Nanjing Agriculture University, Nanjing, China.
Chinese Academy of Agricultural Sciences, Beijing.
Cornell University, Ithaca, NY. Div of Nutritional Sciences.
Univ of Colorado Health Sciences Center, Cancer Center Cell Biology Program
AMC Cancer Research Center,
Symposium speaker. "apoptosis and angiogenesis in cancer chemoprevention by

selenium”. American Institute for Cancer Research 1999 Annual Research Conference.
Washington, DC.

3.4. Grants awarded based on data generated during funding period

Source:
Title:

Principal investigator:
Total direct requested:

National Cancer Institute

Methyl selenium regulation of angiogenic switch
mechanisms

Lu, Junxuan

$825,000 (4 years)

The goal of this grant is to investigate the mechanisms of methylselenium inhibition of
mitogenesis, survival and the expression of angiogenic molecule MMP-2 in vascular endothelial
cells. This grant will start January 2003.

Source: Department of Defense-Prostate Cancer Program

Title: Methylselenium and prostate cancer apoptosis

Principal investigator: Lu, Junxuan

Dates of entire period: Jan. 7, 2002-Dec 2004

Total direct: $375,000

Source: Komen Foundation :

Title: Silymarin as a novel breast cancer preventive agent with
anti-angiogenic action

Principal investigator: Lu, Junxuan

Dates of entire period: 10/01/2000-09/30/2002

Total direct for entire period: $200,000

4. Discussion of original specific aims:

Our efforts to develop and refine a Matrigel plug in vivo angmgenesm model of Passamt1
et al (4) yielded mixed results. We focused our initial effort on using VEGF as the angiogenic
factor. Exogenous VEGF proved to be a very poor stimulant for Matrigel plug assay. After
consulting with Dr. Passaniti, we experimented with basic fibroblast growth factor (bFGF) and
were able to demonstrate much-enhanced angiogenesis. However, the large inter-animal and
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intra-plug variability of vessel responses has limited our application of this assay to test the anti-
angiogenic effect of selenium in this model. A significant complication appears to be the
immune response mounted by the Sprague-Dawley rats and C57B mice to the injected bFGF-
Matrigel solution. After discussions of the variability issue with a number of researchers familiar
with this assay, a consensus that emerged out of this interchange of information was that the
angiogenic responses and reproducibility could be improved in syngenic or immunodeficient
mice.

Because of our discovery of metabolite-specific effects of selenium on MMP-2, VEGF
expression and caspase-mediated apoptosis, we pursued these leads that resulted in a greater
understanding of the potential targets and mechanisms involved by specific selenium metabolites
to account for anti-angiogenic action. These findings extended our original aim of studying
structure-activity relationships in the in vivo model. We have been granted funding by NCI to
further pursue the investigation concerning angiogenic switch mechanisms.

5. Conclusions

The specific inhibitory effects of methylselenium on vascular endothelial cell expression
of MMP-2 and on cancer epithelial expression of VEGF and the potent anti-mitogenic and
apoptosis activities (through caspases) support and extend the anti-angiogenic activity of
selenium in chemoprevention which we first reported in 1999. These observations provide
plausible mechanistic explanations of the in vivo finding by Ip and co-workers (1-3) that
methylselenol pool appears to be the active cancer chemopreventive Se metabolite. Selenium
agents that selectively increase this metabolite pool may be of greater breast cancer preventive
benefit in women. Much work remains ahead to test this hypothesis in prevention/clinical trials.

6. References cited:

1. Ip C, Ganther HE. Activity of methylated forms of selenium in cancer prevention. Cancer
Res. 1990 Feb 15;50(4):1206-11.

2. IpC, Hayes C, Budnick RM, Ganther HE Chemical form of selenium, critical metabolites,
and cancer prevention. Cancer Res. 1991 Jan 15;51(2):595-600.

3. Ip, C. Lessons from basic research in selenium and cancer prevention. J Nutr. 1998.
Nov;128(11):1845-54. Review.

4. Passaniti A, Taylor RM, Pili R, Guo Y, Long PV, Haney JA, Pauly RR, Grant DS, Martin
GR. A simple, quantitative method for assessing angiogenesis and antiangiogenic agents
using reconstituted basement membrane, heparin, and fibroblast growth factor. Lab Invest.
1992 Oct;67(4):519-28.
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MOLECULAR CARCINOGENESIS 26:213-225 (1999)

Selenium-Induced Inhibition of Angiogenesis
in Mammary Cancer at Chemopreventive
Levels of Intake

Cheng Jiang," Weiqin Jiang," Clement Ip,? Howard Ganther,? and Junxuan Lu®*

1Center for Cancer Causation and Prevention, AMC Cancer Research Center, Denver, Colorado
2Roswell Park Cancer Institute, Buffalo, New York
3University of Wisconsin-Madison, Madison, Wisconsin

The trace element nutrient selenium (Se) has been shown to possess cancer-preventive activity in both animal
models and humans, but the mechanisms by which this occurs remain to be elucidated. Because angiogenesis is
obligatory for the genesis and growth of solid cancers, we investigated, in the study presented here, the hypothesis
that Se may exert its cancer-preventive activity, at least in part, by inhibiting cancer-associated angiogenesis. The
effects of chemopreventive levels of Se on the intra-tumoral microvessel density and the expression of vascular
endothelial growth factor in 1-methyl-1-nitrosourea—induced rat mammary carcinomas and on the proliferation and
survival and matrix metalloproteinase activity of human umbilical vein endothelial cells in vitro were examined.
Increased Se intake as Se-enriched garlic, sodium selenite, or Se-methylselenocysteine led to a significant reduction of
intra-tumoral microvessel density in mammary carcinomas, irrespective of the manner by which Se was provided:
continuous exposure (7-wk feeding) with a chemoprevention protocol or acute bolus exposure (3 d) after carcinomas
had established. Compared with the untreated controls, significantly lower levels of vascular endothelial growth factor
expression were observed in a sizeable proportion of the Se-treated carcinomas. In contrast to the mammary
carcinomas, the microvessel density of the uninvolved mammary glands was not altered by Se treatment. In cell
culture, direct exposure of human umbilical vein endothelial cells to Se induced cell death predominantly through
apoptosis, decreased the gelatinolytic activities of matrix metalloproteinase-2, or both. These results indicate a
potential for Se metabolites to inhibit key attributes (proliferation, survival, and matrix degradation) of endothelial cells
critical for angiogenic sprouting. Therefore, inhibition of angiogenesis associated with cancer may be a novel
mechanism for the anticancer activity of Se in vivo, and multiple mechanisms are probably involved in mediating the

' anti-angiogenic activity. Mol. Carcinog. 26:213-225, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

The published results of a prospective, double-
blinded, randomized, placebo-controlled trial by
Clark and coworkers demonstrate for the first time
that selenized yeast, when used as a supra-nutri-
tional supplement, may be a very effective preven-
tive agent for several major human epithelial
cancers [1]. This human trial corroborates the
findings from studies of animal models that have
shown a potent anti-cancer activity of selenium (Se)
in many organ sites with differing biochemical, ,
hormonal, and metabolic profiles [reviewed in 2,3]. _ *Correspondence to: Center for Cancer Causation and Preven-
The studies using animal model systems have 282'1 QMC Cancer Research Center, 1600 Pierce Street, Denver, CO

provided significant insight into the possible Received 16 February 1999; Revised 29 July 1999; Accepted 8
mechanisms of action of Se in this role. Ip and August 1999

that active form [2,4,5]. Mechanistic studies using
cell-culture models have so ‘far focused almost
exclusively on the cancerous epithelial cells as the
targets of the anti-cancer activity of Se and have
‘shown differential cellular, biochemical, and gene
expression responses to different forms of Se [2,3,6-
8]. To our knowledge, no published report has
examined the nonepithelial components as poten-
tial targets through which Se might exert a cancer-

coworkers have shown that a monomethyl Se Abbreviations: Se-garlic, selenium-enriched garlic; MSeC Se-
metabolite such as methylselenol (CH3;SeH) may
be the active Se in vivo against chemically induced
mammary carcinogenesis and that the chemopre-
ventive efficacy of a given Se compound may
depend on the rate of its metabolic conversion to
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methylselenocysteine; VEGF, vascular_epithelial growth factor;
MMP, matrix metalloproteinase; HUVEC, human umbilical vein
endothelial cells; MSeA, Se-methylseleninic acid; MNU, 1-methyl-1-
nitrosourea; IHC, immunohistochemical; PBS, phosphate-buffered
saline; SDS, sodium dodecyl sulfate; ECGS, endothelial cell growth
supplement IMVD, intra-tumoral microvessel density; AP-1, acti-
vator protein-1; NF-xB, nuclear protein-kappa B.
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preventive effect. Because angiogenesis, that is, the
formation of microvessels, is an obligatory compo-
nent of the carcinogenesis process for supporting
clonal expansion, lesion progression, and growth of
solid tumors [9-13], we hypothesize that Se may
exert its cancer-preventive activity, at least in part,
by inhibiting neo-angiogenesis. In this report, we
describe animal experiments showing that high
levels of Se intake, given either chronically (7-wk
feeding) in a chemoprevention setting or acutely
(3-d feedings) in bolus doses after mammary
carcinomas had reached a certain size, were able to
decrease the density of microvessels in chemically
induced rat mammary carcinomas. In the chemo-
prevention experiments, Se-enriched garlic (Se-
garlic) and sodium selenite were used. In the acute
treatment experiment, selenite and Se-methylsele-
nocysteine (MSeC) were used, the latter being a
predominant form of Se identified in Se-garlic [14]
and a metabolic methylselenol precursor [4,5]. All
three Se forms have been demonstrated to possess
potent cancer chemopreventive activity in vivo [2].

Angiogenesis is regulated by the balance between
angiogenic factors and inhibitors [10-13]. A pri-
mary angiogenic factor is vascular endothelial
growth factor (VEGF)/vascular permeability factor
[15,16). The VEGF gene is organized into eight
exons and, as a result of alternative splicing, at least
four transcripts have been detected that encode
mature monomeric VEGFs of 121, 165, 189, and 206
amino acid residues in humans [17]. VEGF;,; and
VEGF,¢s are diffusible forms capable of activating
angiogenesis in a paracrine/endocrine manner [17].
The role of VEGF; g0 and VEGFs is less well defined,
as they are synthesized but apparently not secreted
[17]). VEGF forms symmetric homodimers through
intermolecular disulfide bonds, and the dimeric
forms are biologically active [18]. VEGF is essential
for normal vasculogenesis as well as angiogenesis. A
loss of even one VEGF allele has been shown to lead
to embryonic lethality, and homozygous mutant
embryonic stem cells are incapable of forming
tumor [19,20]. Hypoxia, a condition that the cancer
cells create and are subjected to in their deregulated
growth, is a potent inducer of VEGF expression [21].
In addition, many pro-angiogenic factors such as
insulin-like growth factor, tumor necrosis factor-«,
fibroblast growth factor, and cytokines [22-25] as
well as oncogenic mutations [26-30] stimulate the
production of VEGF, supporting its primary role as
an angiogenic mediator. In this paper, we present
data documenting an inhibitory effect of Se on the
in vivo éxpression of VEGF as one possible mechan-
ism for Se’s regulation of the angiogénic switch in a
sizeable proportion of the chemically induced
mammary carcinomas.

The angiogenesis process itself involves a complex
sequence of events [9-13]. When the vascular
endothelial cells in existing vessels are stimulated

to grow, they secrete proteases such as matrix
metalloproteinases (MMPs) [31], which digest the
basement membrane surrounding the vessels. The
junctions between endothelial cells are altered, cell
projections pass through the space created, and the
newly formed sprout grows toward the source of the
angiogenic stimulus. Continued capillary sprouting
angiogenesis depends on the following conditions
or processes: the angiogenic stimulus (angiogenic
factors, hypoxia, etc.) must be maintained, the
endothelial cells must secrete MMPs required to
break down the adjacent tissue matrix, the cells
themselves must be capable of movement and
migration, and endothelial cells must proliferate to
provide the necessary number of cells for the
growing vessels. The crucial role of specific MMPs
such as MMP-2 in angiogenesis has been documen-
ted by using knockout as well as other approaches
[32-34). To provide insights into Se action in some
of these key processes, we examined the effects of
direct Se exposure in cell culture on the prolifera-
tion, survival, and gelatinolytic activities of human
umbilical vein endothelial cells (HUVEC). The results
indicate potential inhibitory effects of Se on end-
othelial proliferation/survival and the matrix degra-
dation activity critical for sprouting angiogenesis.

MATERIALS AND METHODS

Chemicals and Reagents

Sodium selenite pentahydrate was purchased
from J. T. Baker, Inc. (Phillipsburg, NJ). Se-garlic
was cultivated and prepared as described previously
[35,36]. d,1-MSeC was synthesized by H. Ganther as
described elsewhere [4,5]. Rabbit anti—factor VIII
and rabbit anti-mouse antibodies were purchased
from DAKO Corporation (Carpenteria, CA). Mono-
clonal mouse anti-VEGF was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Biotiny-
lated donkey anti-rabbit Fab’2 secondary antibody
was purchased from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA). Conjugated
alkaline phosphatase-streptavidin was purchased
from Biogenex (San Ramon, CA). Protein size
markers and enhanced chemoluminescence re-
agents were purchased from Amersham Life Science
(Arlington Heights, IL).

Methylseleninic acid (MSeA; CH3SeO,H) was
recently synthesized by H. Ganther as a proximal
precursor of methylselenol, a putative active
chemopreventive Se metabolite {2-5]. Briefly,
dimethyldiselenide (Aldrich Chemical Co., Milwau-
kee, WI) was oxidized with hydrogen peroxide (3%)
at 65°C until the yellow color of the diselenide had
disappeared. The solution was adjusted to pH 7 with
KOH and then applied to a column of Dowex 1
(chloride). After washing with water until a negative
starch/iodide test was obtained, the MSeA was
eluted with 0.01N HCl. The main starch/iodide-
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positive fractions were pooled, adjusted to pH 7
with KOH, and analyzed for total Se by fluorometric
analysis. Thin-layer chromatography on cellulose in
butanol:acetic acid:water (5:2:3 vol/vol/vol) showed
a single starch/iodide-positive spot of RF=0.42.
Reduction with excess borohydride gave a single
ultraviolet peak (252nm; mM extinction coeffi-
cient, 6.35), comesponding in wavelength and
intensity to that of aliphatic selenolates.

Upon reaction with thiols or other reducing
agents, MSeA is expected to undergo a four-electron
reduction to methylselenol by way of an intermedi-
ate selenenylsulfide:

CH;SeO,H + 3RSH = CH3SeSR + RSSR + 2H,0
CH;SeSR + RSH = CH3SeH + RSSR
Overall: CH35eO;H + 4RSH = CH;3SeH + 2RSSR + 2H,0

Under cellular conditions, it is expected that
MSeA initially will react with glutathione to give
the glutathioninyl methylselenenylsulfide. This
intermediate will undergo further reduction to
methylselenol (which ionizes to methyl selenolate
at neutral pH) through nonenzymic reduction by
excess thiol or by enzymatic reduction through
NADPH-linked reductases such as glutathione
reductase. :

Design of Animal Experiments

The effects of Se provided in different chemical
forms on selected angiogenic parameters were
assessed in both a conventional chemoprevention
setting in which Se was provided continuously after
carcinogen treatment and in an acute-exposure
setting after palpable mammary carcinomas had

established. Female Sprague-Dawley rats were pur- -

chased from Taconic Farms (Germantown, NY) at
214 of age. The rats were fed a modified AIN-76-
based purified diet with corn oil (5%) substituted for
soybean oil as the fat source and glucose substituted
for sucrose. The animals were housed three per cage

in an environment-controlled animal room main-
tained at 22 + 1°C with 50% relative humidity and a
12-h light/12-hour dark cycle.

Continuous Se Exposure Protocol

Two independent animal experiments identical
in design were performed on different occasions.
Weanling rats were fed the control diet (containing
0.1 ppm Se) until 50d of age, at which time each rat
was given an intraperitoneal injection of 50 mg/kg
1-methyl-1-nitrosourea (MNU) to induce mammary

- carcinogenesis [37]. Seven days after the MNU

injection, one group remained on the control diet,
and the other group was fed a diet supplemented
with 3 ppm Se as either Se-garlic (Experiment 1) or
sodium selenite (Experiment 2). At 8wk after the
MNU injection (i.e., 7wk of Se intervention, in
contrast to a typical 6-mo protocol for most
carcinogenesis experiments), the rats were killed
by inhalation of gaseous carbon dioxide and cervical
dislocation. Mammary tumors were dissected, and
those greater than 0.1g were frozen in liquid
nitrogen. Uninvolved mammary tissue was also
obtained from the Se-garlic experiment, fixed in
formalin, and processed for microvessel staining. As
shown in Table 1, consumption of either Se-garlicor -
selenite at a chemopreventive level led to decreased
tumor multiplicity, decreased tumor burden, or both.

Acute Se Exposure Protocol

In experiment 3, female rats were given an
intraperitoneal injection of 50mg MNU/kg body
weight at 21d of age to induce mammary carcino-
genesis [38]. Starting 4 wk after the carcinogen was
administered all rats were palpated daily for the
detection of mammary tumors. Tumor dimensions
were measured using a caliper. When mammary
tumors reached or exceeded approximately 1 cm on
the longest dimension, the tumor-bearing rats were
randomly assigned to one of three groups: (i) gavage
control (ii) once-daily gavage of 2mg Se/kg body
weight as MSeC, or (iii) once-daily gavage of 2mg

Table 1. Effects of Dietary Supplementation with Se-garlic (Experiment 1) or Selenite
(Experiment 2) on MNU-Induced Mammary Carcinogenesis*

Supplemental Supplement Number Number of Total Tumor
selenium level of rats carcinomas? burdent
Experiment 1

None 0 9 9 539
Se-garlic 3ppm 9 6 279
Experiment 2

None 0 15 25 ND
Selenite 3ppm 15 7 ND

*Mammary tumors were collected from Sprague-Dawley rats at the end of the 7-wk feeding intervention.
fIn the Se-garlic experiment (Experiment 1), only lesions greater than 0.1g were collected. In the selenite
experiment (Experiment 2), all lesions visible under 7 x magnification were collected, but the tumor weight

was not recorded.

#Tumor burden is the sum of tumor weight for tumor bearing animals for each group. ND, not determined.
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Se/kg body weight as sodium selenite. The Se gavage
was repeated two more days for a total exposure of
6 mg of Se/kg body weight over 3d. At 24 h after the
last Se dose, the rats were killed, and the mammary
tumors were dissected. A portion of each tumor was
fixed in formalin for histological analysis and
immunohistochemical (IHC) staining, and the rest
was frozen in liquid nitrogen for later biochemical
analyses.

Microvesse! Evaluation

Microvessels were detected by staining for vascu- -

lar endothelial cells by using an antibody specific for
factor VIIl/von Willebrand’s factor-related antigen,
a marker for vascular endothelial cells [39,40].
Formalin-fixed, paraffin-embedded carcinomas were
cut into S-um sections and placed on 3-amino
propyltriethaoxysilane treated slides (X-tra Surgi-
path, Richmond, IL). The sections were immobilized
at 60°C for 20min and deparaffinized with three
changes of xylene for 5 min each. After rehydration
in a series of graded ethanols and, finally, distilled
water, the sections were treated with 0.4% pepsin
(0.4 g+100mL H,0+500 uL of 2N HCI) at 37°C for
15min to retrieve the antigen. Normal donkey
serum (diluted 1:5 in phosphate-buffered saline
(PBS)) was added to block nonspecific binding for
20min at room temperature after the sections had
been rinsed with three changes of distilled water
and PBS each. Excess serum was drained and
primary rabbit anti-factor VIII antibody (diluted
1:800) was applied for 30min. After three rinses
with PBS for 5min each, biotinylated donkey anti-
rabbit Fab’2 secondary antibody (diluted 1:1000)
was applied for 30 min, and the sections were rinsed.
Conjugated alkaline phosphatase-streptavidin
(diluted 1:80) was applied for 30min. The slides
were rinsed with three changes of PBS for 5min
each, incubated with one tablet of fast red chromo-
gen (Biogenex, San Ramon, CA) plus 5mL of
naphthol buffer for 10min, and counterstained
with Harris hematoxylin (diluted 1:10) for 2 min.
The intratumoral microvessels were counted
separately for the stromal areas and within the
tumor epithelium-rich lobules (intra-lobular), each
on 10 hot-spot fields [40] representing a total area of
0.5mm?>. To facilitate counting, each hot-spot field
was projected onto a computer screen (CAS-200;
Becton-Dickinson/Cellular Analysis Systems, San
Jose, CA), and the contrast was adjusted to highlight
the vessels. All vessels within a preset rectangle
(equivalent to 0.05mm?) were counted. To deter-
mine whether Se might exert a differential effect on
microvessels of different sizes, we classified the
microvessels into three categories: “large,” a cross-
section diameter of 10 or more cells; “medium,” five
to nine cells; and “small,” one to four cells. For the
uninvolved mammary glands, which were com-
posed of mostly adipocytes and a very small fraction

of mammary epithelial structures (ducts, lobules),
microvessels in 10 random fields were counted
according to these three size categories.

VEGF Expression

The pattern of VEGF expression in MNU-induced
rat mammary carcinomas was determined by IHC
staining on formalin-fixed sections after microwave
antigen retrieval in 10 mM sodjum citrate buffer, pH
6. Mouse anti-VEGF primary antibody was incu-
bated at room temperature. Conjugated horseradish
peroxidase~streptavidin (Dako P397; DAKO cor-
poration) diluted 1:1000 was used for binding to
biotinylated rabbit anti-mouse secondary antibody
(diluted 1:100; PAKO corporation). After rinsing in
PBS, the slides were incubated with diaminobenzi-
dine chromogenic substrates (Sigma #D5637; Sigma
Chemical Co., St. Louis, MO, at 3mg of diamino-
benzidine in 5 mL of PBS+20 pL of H,0,) for 10 min.
The expression level of VEGF protein isoforms was
assessed by immunoblot analyses of carcinoma
extracts. Histologically classified adenocarcinomas
(frozen) were homogenized in nine volumes of RIPA
buffer (S0mM Tris-HCl, pH 7.4; 150mM NaCl;
2mM EDTA; 50mM NaF; 1% Triton X-100; 1%
Sodium deoxycholate; 0.1% sodium dodecyl sulfate
(SDS); 1 mM dithiotratol; 5mM sodium orthovana-
date; and 1 mM phenylmethylsulfonyl fluoride and
38 ug/mL aprotinin were added fresh). After centri-
fugation (14000 x g for 20min) the supernatants
were recovered, and the protein content was
quantified by the Bradford dye-binding assay (Bio-
Rad Laboratories, Richmond, CA). Forty microgram
of total protein was size-separated by electrophor-
esis on 15% SDS-polyacrylamide gels under non-
reducing conditions. Equal loading was confirmed
by Coomassie staining of replicate gels and by

. Teprobing blots for B-actin expression. Protein size

markers were loaded on each gel to estimate the
sizes of the proteins being detected. The proteins
were electroblotted onto nitrocellulose membranes,
and the VEGF proteins were detected by probing
with the same antibody used for IHC staining. Lung
tissue was used as a positive-control source of in vivo
VEGF. The relative protein level was determined by
enhanced chemiluminescence and x-ray film detec-
tion. The exposure time was adjusted so that the
signal intensity remained in the quantifiable range.
The x-ray films were digitized with a transmission
scanner, and the signal intensity was quantitated
with the UN-SCAN-IT gel-scanner software (Silk
Scientific, Inc., Orem, UT). The signals (pixels) were
normalized to those of the corresponding B-actin.
The normalized expression data were used for
statistical evaluations.

Cell Culture

HUVEC were obtained from the American Type
Culture Collection (Manassas, VA). They were

A
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propagated in F12K medium containing 10%
fetal bovine serum, 2mM L-glutamine, 100 pg/mL
heparin (Sigma Chemical Co.), and 30pg/mL
bovine endothelial cell growth supplement (ECGS;
Sigma Chemical Co.). Experiments were conducted
within 15 passages of receipt from the American
Type Culture Collection. For growth and survival
experiments, HUVEC were seeded into 6-well plates
for 24-48h to reach a confluence of about 50%.
Fresh medium was replaced, and Se as either sodium
selenite or MSeA was added from 100 x stock
solutions prepared in PBS. Morphological responses
were monitored over time, the cells remaining
adherent were fixed in 1% glutaraldehyde and
stained with methylene blue, and the cell number
was then counted on three high-power (200 x)
fields. Detached cells (in 500 pL of medium) were
centrifuged onto slides, fixed in 1% glutaraldehyde,
and stained in hematoxylin and eosin.

Zymogram Analysis

HUVEC were seeded into 6-well plates in com-
plete medium for 24-48h to reach 70-80% con-
fluence. The cells were washed two times with PBS
to remove spent medium and refed serum-free
medium supplemented with 100 pg/mL ECGS and
treated with selenite or MSeA for 6h (a time frame
that did not result in visible cell death or detach-
ment). Conditioned medium and cell lysates (pre-
pared in 1% Triton X-100; 0.5M Tris-HCl, pH 7.6;
and 200mM NaCl) were analyzed for gelatinolytic
activities on substrate gels [41]. Type I gelatin
(Sigma Chemical Co.) was added to the standard
acrylamide mixture in the resolving gels at a final
concentration of 0.3%. Samples were mixed with
5 x loading buffer (10% SDS; 50% glycerol; 0.4M
Tris-HCl, pH 6.7; and 0.1% bromophenol blue) and
loaded onto 5% stacking/10% resolving gels. The
gels were run at room temperature with cooling
(85V, 4-5h). After running, the gels were soaked in
2.5% Triton X-100 with gentle shaking for 20 min.
The washing was repeated two more times to
remove the SDS. The gels were then washed in
water once for 20 min and incubated at 37°C for 24—
48h in substrate buffer (50 mM Tris-HCI, pH 8.0,
and 5mM CaCl,). After incubation, the gels were
stained for 1h in Brilliant Blue R250 and destained
until clear bands appeared on a blue background.
The gels were digitized with a transmission scanner
and band intensity (on inverted images) was
quantified by using the UN-SCAN-IT gel-scanner
software (Silk Scientific, Inc.).

Statistical Analyses

The microvessel counts among groups were
compared by student’s t-test or analysis of variance,
as appropriate. For VEGF expression, for which the
variance was not normally distributed, the rank-
order test was used.
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RESULTS

Effect of Se on Microvessel Density and VEGF Expression
in 2 Chemoprevention Context

In MNU-induced mammary carcinomas, the
microvessels were concentrated in the fibro-con-
nective stromal areas and spread along stromal
ridges on the periphery of epithelial-rich tumor
lobules. Microvessels were occasionally observed
within such tumor lobules; these vessels are referred
to in this report as intra-lobular microvessels. Table
2 presents the vessel counts in carcinomas obtained
from rats consuming either the control diet or Se-
supplemented diets for 7 wk. In the Se-garlic experi-
ment (Experiment 1), the total microvessel densities
(counts/0.5mm?) in the stromal and intra-lobular
areas from Se-fed rats were 34% and 61% lower,
respectively, than in those of rats fed the control
diet. When categorized by the size of the micro-
vessels, small microvessels (with a crosssection
diameter of one to four cells) accounted for most
of the microvessels in the intra-lobular and stromal
areas (Table 2). The observed reduction in intra-
tumoral microvessel density (IMVD) in the Se-
garlic-fed group occurred almost exclusively in
these small microvessels in both the stromal and
intra-lobular areas (Table 2). The microvessel den-
sity of the uninvolved mammary glands was not
decreased by Se-garlic treatment (Table 2); the vessel
size distribution in the normal glands was less in
favor of the small vessels in comparison with that
seen in carcinomas. In the selenite experiment
(Experiment 2), 3ppm selenite exerted a similar
degree of reduction of microvessel density in the
stromal area of the mammary carcinomas, and the
inhibitory effect was again observed predominantly
in the small microvessels (Table 2).

Because large carcinomas were likely to contain
larger and more vessels than were their small
counterparts, it would be expected that the observed
lower IMVD in the Se-treated animals might have
been biased by the size of the carcinomas examined.
To investigate this issue, we analysed the IMVD data
against the sizes of the carcinomas in the Se-garlic
experiment (Experiment 1), in which the approx-
imate weight of each individual carcinoma was
available (Figure 1). The stromal microvessel density
in both the control and Se-garlic groups showed a
modest linear regression trend over the size (Figure
1A). However, the regression trend line for the Se-
garlic group was downshifted in parallel to that of
the control group, indicating a reduction: of vessel
density across the tumor-size ranges evaluated
(Figure 1A). The intra-lobular microvessels dis-
played a greater degree of difference between the
control and Se-treated groups as the tumor size
increased (Figure 1B). Albeit limited by the small
sample size analyzed, these data indicated that the




218

- JIANG ET AL

Table 2. Effects of Dietary Supplementation with Se-zgarlic (Experiment 1) or Selenite
(Experiment 2) on Microvessel Density (counts/0.5 mm?) of MNU-Induced Rat Mammary

Carcinomas and Non-involved Mammary Glands*

Number Total Large Medium Small
Dietary group of rats microvessels (> 10 cells)  (5-9 cells) (1-4 cells)
Experiment 1
Stromal areas:
Control S 69.416.0° 48+08 99+1.2 54.8+5.7°
Se-garlic, 3ppm 6 458+64°  3.0+1.1 7.7+£20  352+57°
Intra-lobular areas:
Control 9 16.0£2.2° 0+0 04+02 156423
Se-garlic, 3 ppm 6 62+12°  02£02  03+03  57x12°
Uninvolved mammary tissue:
Control 6 8.7+0.7 1.8+05 27404 42+08
Se-garlic, 3ppm 6 72+09  13£04  20+07  38+06
Experiment 2
Stromal areas:
Control 8 80.0+4.4° 09+04 44117 74.8+5.32
Selenite, 3ppm 4 61.0+£3.0° 03+03 38+28  57.0+2.1°

*Values are presented as means + standard errors of the mean. The values within a column bearing dissimilar

superscripts (> and ®) are significantly different (P< 0.05).

observed reduction of IMVD as a result of chronic
exposure to a chemopreventive level of Se could not
be entirely accounted for by tumor-size differences.

IHC staining for VEGF proteins in the MNU-
induced mammary carcinomas was confined to the
cytosol and was mostly localized in the cancerous
epithelial cells, with light staining in some stromal
cells. Such a staining pattern indicated that the
cancerous epithelial cells were the major source of
the in vivo expression of this angiogenic factor in
this chemically induced model of mammary cancer.
Figure 2 shows representative western immunoblot
analyses of VEGF expression in selected carcinomas
(i.e., those that were large enough for the biochem-
ical assessment). The rat lung tissue (positive control
for VEGF) expressed VEGF proteins with apparent
dimeric sizes of about 32 and 36kDa, presumably
corresponding to the VEGF;¢; protein (the rat
proteins are one amino acid shorter than their
human homologs) of varying glycosylation states
[14] or VEGF154/VEGF133. The 32 and 36kDa VEGF
proteins were the most predominantly expressed
bands in the mammary carcinomas; other smaller
bands suggestive of VEGF;2o were also expressed.
Based on the limited number of samples analyzed,
two of five carcinomas in the Se-garlic group (Figure
2A) and two of four carcinomas in the selenite group
(Figure 2B) showed a marked reduction in VEGF
expression to almost undetectable levels. Overall,
carcinomas from Se-garlic- or selenite-fed rats
displayed 45% and 75% reductions of VEGF expres-
sion, respectively, in comparison with the levels
from the control rats.

Acute Effects of Se on Microvesse! Density and VEGF
Expression in Established Carcinomas

As'shown in Table 3, acute treatment of estab-
lished mammary carcinomas with either MSeC or
selenite decreased the IMVD by 28-32% in the
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Figure 1. Correlation plots of stromal (A) and intra-lobular (B)
microvessel densities against the approximate sizes of the MNU-
induced mammary carcinomas examined. The linear regression trend
line for each group is shown.
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A Control

+ Se-garlic Lung

VEGF
B-Actin
Normalized 025 0.12 088 1.60 2.15 0.01 0.85 0.01 0.72 1.18
Pixel density
Mean + sem 1+0.39 (n=5) 0.55 +0.23 (n=5)
B Control + Selenite

VEGF
B-Actin
Normalized 1.68 090 048 041 150 1.03 003 051 001 044
Pixel density
Mean + sem 1+0.2 (n=6) 0.25+0.1° (n=4)
C Coutrol +MSeC Pool + Selenite
(gel 1)
(gel2)
Mean +sem  1+0.1°(n=5) 0.4+0.1° (n=5) 03+0.1° (n=7)

Figure 2. Western blot analyses (nonreducing ge!) of the expres-
sion level of VEGF proteins in MNU-induced rat mammary
adenocarcinomas. Two bands with apparent dimer masses of 32
and 36 kDa (marked by heavy arrows) were presumably VEGF,¢4 of
varying glycosylation states [14] or VEGF.gq and VEGF;gs. The
additional smaller bands (marked by light arrows) were most likely
VEGF 3. Forty micrograms (by the Bradford dye assay) of carcinoma
protein extract was loaded from each sample. After probing for
VEGF, the membrane was stripped and reprobed for P-actin
expression to correct for loading differences. Rat lung was used as

stromal areas; the effect was most profound with the
small and medium-size microvessels. Both Se treat-
ments led to a 60-70% reduction in VEGF proteins
(Figure 2C). As in the chemoprevention experi-
ments only a sizeable proportion of the mammary
carcinomas showed marked reduction of VEGF
expression in response to acute Se treatments; the
remainder were not altered (Figure 2C).

a positive control for VEGF expression. The normalized expression
level (pixel intensity) for individual samples is shown below each lane.
The group means and number of samples analyzed are shown for
each experiment, and those means within the same experiment
bearing different superscripts were statistically different. (A) Se-garlic
chemoprevention experiment (Experiment 1). (B) Selenite chemo-
prevention experiment (Experiment 2). (C) Acute Se treatment
experiment (Experiment 3). Two separate gels were used in this
experiment to accommodate all the samples. Pool=a pooled
sampled of the carcinoma extracts from the various groups. :

Effects of Se on Growth/Survival of HUVEC

Treatment of HUVEC with MSeA led to cell
retraction (Figure 3A vs. B) and detachment from

.the flask (Figure 3C). Such changes began to appear

10-12h after treatment was initiated. Morphologi-
cally, most affected cells displayed apoptotic fea-
tures, as indicated by nuclear condensation and




220 JIANG ET AL.

Table 3. Effects of Acute Se Treatment on Microvesse! Density (Counts/0.5 mm?) in the Stromal
Areas of Established Mammary Carcinomas (Experiment 3)*

Treatment Number of Total Large Medium Small

group carcinomas  microvessels  (>10cells)  (5-9 cells) (1-4 cells)
Control 5 93.6+4.7° 22+06 11.0+0.8% 80.4+4.5
MSeC 7 67.3+5.9° 47409 81+07° 544+63°
Selenite 6 63.8+3.0° 3.8+1.0 78+16° 522+34°

*Values are presented as means + standard errors of the mean. The values within a column bearing dissimilar
superscripts (% and ®) are significantly different (P< 0.05).

formation of apoptotic bodies. Replating these
detached cells in fresh medium did not result in
any cell attachment or growth. After 48 h of MSeA
treatment, the adherent cell number was reduced by
as much as 80% at 2uM, and virtually no cell
remained attached at 6 uM (Figure 3F). Treatment
with selenite at 4uM or lower for 48h did not
decrease the number of adherent cells and resulted
in a concentration-dependent decrease beyond this
level (Figure 3F). Morphologically, selenite treat-
ment resulted in both apoptosis and detachment of
cells, some of which did not show cell retraction and
nuclear condensation (Figure 3D and E).

Effects of Se on Gelatinolytic (MMP) Activities

A brief treatment (6 h, before overt morphological
changes) with MSeA led in both the conditioned
medium and the cell lysates to a Se concentration-
dependent reduction in gelatinolytic activities of a
72KDa species, corresponding to the latent form of
gelatinase A/MMP-2 (Figure 4, lanes 2-5 and 9-12)
[31,41]. The gelatinolytic activity of a 53-kDa
species [41], which was less abundant than MMP-
2, showed a similar pattern of inhibition by MSeA in
the medium (Figure 4, lanes 2-5). Incubating the
conditioned medium from the untreated cells for
6h at 37°C with 10 uM MSeA in a test tube did not
inhibit the gelatinolytic activities (Figure 4, lane 7
vs. lane 6). This comparison indicated that the
inhibitory effect did not result from direct reaction
of MSeA with the secreted gelatinases/MMPs and
was therefore dependent on cell metabolism to
generate the active Se, presumably methylselenol or
its derivatives. In contrast to treatment with MSeA,
treatment with 10uM selenite for 6h did not
significantly affect the gelatinolytic activities in
either the conditioned medium or the cell lysates
(Figure 4, lane 8 vs. lane 2 and lane 13 vs. lane 9).

DISCUSSION

To our knowledge, this communication is the first
to report a reduction of the density of microvessels,
especially of capillaries with a crosssection diameter
of four of fewer cells, in MNU-induced mammary
carcinomas by the consumption of chemopreven-
tive levels of Se. This effect was observed with

different forms of Se (i.e., Se-garlic, selenite, and
MSeC) and with different Se exposure protocols. In
the conventional chemoprevention setting, feeding
Se for 7wk (chronic exposure) led to decreased
tumor multiplicity, decreased tumor burden, or
both (Table 1) and a significant reduction in IMVD
in both the fibro-connective stromal areas and the
epithelial-rich intra-lobular areas (Table 2). Further-
more, the observed reduction in IMVD could not be
entirely accounted for by the tumor-size differences
between the groups (Figure 1); this was especially
apparent for the intra-lobular microvessels. Because
the microvessel density of the uninvolved mam-
mary glands was not decreased by Se-garlic (Table 2),
the effect of chemopreventive levels of Se on IMVD
reduction appeared to be neoplasia specific. In both
stromal areas and intra-lobular areas, the small
microvessels with crosssection diameters of one to
four cells were most responsive to the Se effect.

However, it is noteworthy that in a chemopreven-
tion setting, carcinomas that emerge in the presence
of the selective pressure exerted by an intervening
agent would be considered relatively refractory or
resistant to the action of that agent. Therefore, the
observed reduction in IMVD in carcinomas from the
groups chronically fed Se may in fact indicate an
underestimation of the true extent of an anti-
angiogenic response in the “sensitive” lesions,
which would take a longer time to reach a detectable
size or would never have reached a detectable size.
To seek more direct evidence of anti-angiogenic
activity, we examined the effects of acute Se
treatment on IMVD in the established mammary
carcinomas (Table 3). We observed a one-third
reduction in IMVD after 3d of Se gavage. As in the
chemoprevention setting, decreases in the number
of the small microvessels accounted for this
observed effect on IMVD. :

Because growing or newly sprouted vessels are
likely to be smaller, the observation of exclusive
reduction of small microvessels suggests that che-
mopreventive intake levels of Se may target regula-
tory mechanisms governing genesis, survival, or
both of the growing microvessels in the tumor
environment. In the work reported here, we inves-
tigated the impact of Se on the in vivo expression of
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“ Figure 3. Effects of selenium treatment on the growth and tion. (D) Adherent cells after 48 h of treatment with 101,;M selenite.
survival of HUVEC. (A) HUVEC treated with PBS (vehicle) for 48h (E) Detached celis as a result of treatment with 10 uM selenite for
as controls. (B) Adherent cells after 48h of treatment with 2uM 48 h. Note the extensive nuclear condensation in some but not other
MSeA. (C) Detached cells as a result of treatment with 2 uM MSeA cells. (F) Adherent cell number as a function of the Se concentration

for 48 h. Note the extensive nuclear condensation and fragmenta- after 48 h of treatment.
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Figure 4. Representative zymographic analyses of the effects of
selenium treatment of HUVECs on their secreted (A) and cell-
associated (B) gelatinolytic activities. HUVECs were treated with
either MSeA or Sel in a'6-well plate for 6h in serum-free medium
supplemented with 100 ug/mL ECGS. The gelatinase activities of the
conditioned media (panel A, lanes 2-5 and 8) and cell lysates (panel
B) were analyzed on gelatin I-impregnated substrate gels. Condi-
tioned medium from untreated cells was also incubated with 10uM
MSeA (lane 7) or PBS (fane 6) for € h and analyzed zymographically to

VEGF, a primary angiogenic molecule crucial for the
genesis and survival of capillary vessels. IHC stain-
ing showed that the cancerous epithelial cells were
the major source of VEGF in the mammary
carcinomas induced by MNU. This expression
pattern agrees with that reported for mammary
carcinomas induced by a different mammary che-
mical carcinogen, 7,12-dimethylbenz[a]anthracene
[42]. In both the chemopreventive and acute-
treatment exposure settings, the VEGF expression
level in a sizeable proportion, but not all, of the Se-
treated carcinomas was significantly lower than in
untreated controls (Figure 2), regardless of the form
of Se used. The role of VEGF in initiating and
especially in maintaining neo-angiogenic processes
and in supporting endothelial survival has been
extensively documented. Whereas overexpression
of VEGF is linked to increased angiogenesis and
more aggressive tumor behavior [43,44], anti-angio-
genic interventions, especially those based on VEGF
antibodies or interference with signal transduction
through its receptors [45-49], have been shown to
result in the inhibition of tumor growth and
induction of endothelial apoptosis. More pro-
foundly, germline knockout experiments have
shown that loss of even one VEGF allele leads to
embryonic lethality in heterozygotes and that

determine whether MMP inactivation was caused by direct reaction
between the enzyme proteins with MSeA per se. The inverted
images of the zymograms (lower panels) were used for densitometric
quantitation. The relative pixel density for the 72-kDa gelatinase A/
MMP-2 is shown below each lane. The arrowheads on the left mark
the positions of molecular mass standards corresponding to (from
top) 97, 66, and 47kDa. Lane 1 contains serum-free medium as a
blank control. .

homozygous mutant embryonic stem cells are
incapable of forming tumors [19,20], suggesting a
critical threshold effect of VEGF level to mediate
and maintain normal vasculogenesis and neo-
angiogenesis. In light of the crucial role of VEGF
in endothelial proliferation and survival [45-49], it
is therefore possible for Se-induced reduction of
VEGF production in those affected tumors to lead to
reduced endothelial proliferation and survival and
consequently a reduction in the density of small
microvessels.

In addition to or independent of VEGF inhibition,
the direct apoptogenic effect of Se exposure on
vascular endothelial cells, the inhibition of the
endothelial cells’ ability to degrade tissue matrix,
or both may also contribute to the anti-angiogenic
activity. The consequence of endothelial apoptosis
could be collapse of microvessels and reduction in
microvessel density. Vascular endothelial cells, by
their very nature of lining the blood vessels, are
exposed to Se before the delivery of serum Se to the
cancerous mammary epithelial cells. The cell-cul-
ture data presented in Figure 3 indicate that serum-
achjevable levels (2pM or less) of Se as MSeA, a
proximal Se precursor of the putative active anti-
cancer Se metabolite methylselenol [2-5), induced
apoptosis of HUVEC by direct exposure. Selenite

P
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also exerted cytocidal effects on HUVEC but a
higher exposure level (fourfold) was needed to
achieve the same extent of cell death. Furthermore,
abrief treatment (6 h) of HUVEC with MSeA resulted
in concentration-dependent inhibition of secreted
and/or cell-associated gelatinolytic activities (Figure
4). The inhibitory effect of MSeA on MMPs was
dependent on cell/metabolism-activation to yield
the putative active Se metabolite methylselenol,
because direct incubation of the conditioned med-
jum with MSeA in a test tube did not affect the
gelatinase activities (Figure 4). In support of a MSeA/
methylselenol-specific inhibitory effect on MMPs,
selenite at a level (10uM) that induced apoptotic
and cytolytic effects on HUVEC did not significantly
inhibit MMP activity. The crucial role of MMP-2 in
capillary angiogenesis was recently established in
germline knockout as well as other model systems
{32-34]. The MMP inhibitory activity observed here
extends the active Se metabolite hypothesis of
cancer chemoprevention [2-5] to include a specific
action of methylselenol or its derivatives on a key
process crucial for angiogenesis, that is, the matri-
lytic activity of the stimulated endothelial cells to
invade the fibro-connective support structures dur-
ing sprouting. This may offer an explanation for the
greater in vivo chemopreventive efficacy of methyl-
selenol precursor compounds (MSeC, Se-garlic, and
methylselenocyanate) over selenite and conven-
tional selenoamino acids [2]. That both methylsele-
nol precursors and selenite were observed in this
study to reduce VEGF expression and IMVD in the
mammary carcinomas in the animal model may
reflect the ability of in vivo Se metabolism to
generate the active Se metabolites with endothelial
apoptogenic and MMP inhibitory activities. This
metabolic conversion activity is probably relatively
inefficient, if not absent, in cell culture. Future work
will determine the significance of and mechanisms
involved in Se-induced endothelial apoptosis and
MMP inhibition in cancer chemoprevention.

As a matter of speculation on the mechanisms of
Se regulation of VEGF expression, MMP activity, and
apoptosis, a common thread may rest in redox
regulation of the activity of transcriptional factors
or redox modification of functional state/activity of
redox-sensitive proteins. In the case of VEGF,
hypoxia is a potent inducer of VEGF expression
[21], and this effect is principally mediated by the
hypoxia-inducible factor-1 and activator protein-1
(AP-1) [50-53]. The activity of many nuclear factors
such as hypoxia-inducible factor-1 and AP-1 is redox
regulated [53,54]. Because hypoxia is commonly
experienced by cancerous epithelial cells as the
expanding clones strive to grow in size [5§], it is
possible that Se may inhibit hypoxia induction of
VEGF expression by modulating the activity of these
transcriptional factors. Thioredoxin has been con-
sidered a critical redox mediator for these nuclear

factors [53], and its redox state may be controlled by
Se through thioredoxin reductase, a newly recog-
nized selenoprotein [56-59]. Indeed, severe Se
deficiency has been reported to differentially mod-

~ulate the DNA binding activity of liver nuclear

extract to AP-1 and NF-KB sequences [60]. It is
conceivable that the transcriptional activity of these
factors, and consequently VEGF expression, may be
redox-regulated by thioredoxin reductase in the
nutritional range of Se supplementation. On the
other hand, AP-1 and NF-kB activities have been
shown to be potently inhibited by high levels of Se
exposure in cell culture [61,62]. Such an inhibitory
effect, which is probably more relevant to chemo-
preventive levels of Se exposure, may result from the
modulation of cysteine residues by Se through
formation of Se-S mixed disulfides or selenotrisul-
fides in these factors and other intracellular pro-
teins. This topic was recently reviewed [63]. As far as
MMPs are concerned, the inhibitory effect was not
caused by MSeA per se, but most likely through the
intracellular generation of methyselenol or its
derivatives as described earlier. It remains to be
determined whether the inhibitory effect is at the
mRNA level or the protein level or whether it results
from a direct modification of the MMP enzymatic
activity. Relevant to the latter, MMP-2 expression in
fibroblasts has been shown to be regulated by thiol
antioxidants [64] and oxidation of MMP-2 in the
test tube has been found to lead to its inactivation
[65]. Because apoptosis initiation and execution in
many models involve cysteine proteases (caspases),
an additional hypothesis to be tested is that Se
somehow exerts apoptogenic effects through mod-
ulation of the cysteine in such caspases [63].

Taken together, the in vivo and in vitro data
presented are consistent with a potential anti-
angiogenic effect of Se at chemopreventive intake
levels. If proven true, the anti-angiogenesis effect
may warrant a paradigm shift concerning cancer
prevention research with Se. The carcinogenesis
targets, i.e., the epithelial cells, do not exist in
isolation in vivo but instead interact with the
extracellular matrix and nonepithelial cells (e.g.,
fibroblasts, lymphocytes, and blood vessels) that
reside in the stroma. By inhibiting neoplasia-driven
angiogenesis and inducing growth arrest and apop-
tosis of cancer epithelial cells, Se may inhibit the
conversion of avascular lesions to a vascular pheno-
type, thereby suppressing the progression and
growth of the epithelial lesions. Further work is
needed to establish the significance of an anti-
angiogenic activity as a mechanism of the cancer-
preventive activity of Se, especially when used as a
nutritional supplement.
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Monomethyl Selenium-Specific Inhibition
of MMP-2 and VEGF Expression:
Implications for Angiogenic

Switch Regulation
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Previous work suggested that antiangiogenic activity may be a novel mechanism contributing to the cancer
chemopreventive activity of selenium (Se). Because methylselenol has been implicated as an in vivo active
chemopreventive Se metabolite, experiments were conducted to test the hypothesis that this metabolite pool might
inhibit the expression of matrix metalloproteinase-2 (MMP-2) by vascular endothelial cells and of vascular endothelial
growth factor (VEGF) by cancer epithelial cells, two proteins critical for angiogenesis and its regulation. In human
umbilical vein endothelial cells (HUVECs), zymographic analyses showed that short-term exposure to methylseleninic
acid (MSeA) and methylselenocyanate (MSeCN), both immediate methylselenol precursors, decreased the MMP-2
gelatinolytic activity in a concentration-dependent manner. In contrast, Se forms that enter the hydrogen selenide
pool lacked any inhibitory effect. The methyl Se inhibitory effect on MMP-2 was cell dependent because direct
incubation with Se compounds in the test tube did not result in its inactivation. Immunoblot and enzyme-linked
immunosorbent assay analyses showed that a decrease of the MMP-2 protein level largely accounted for the methyl

Se-induced reduction of gelatinolytic activity. The effect of MSeA on MMP-2 expression occurred within 0.5 h of
exposure and preceded MSeA-induced reductlon of. the phosphorylation level of mitogen-activated protein kinases
(MAPKs) 1 and 2 (~3 h) and endothelial apoptosis (~25 h). In addition to these biochemical effects in monolayer
culture, MSeA and MSeCN exposure decreased HUVEC viability and cell retraction in a three-dimensional context of
capillary tubes formed on Matrigel, whereas comparable or higher concentrations of selenite failed to exert such
effects. In human prostate cancer (DU145) and breast cancer (MCF-7 and MDA-MB-468) cell lines, exposure to MSeA
but not to selenite led to a rapid and sustained decrease of cellular (lysate) and secreted (conditioned medium) VEGF
protein levels irrespective of the serum level (serum-free medium vs. 10% fetal bovine serum) in which Se treatments
were carried out. The concentration of MSeA required for suppressing VEGF expression was much lower than that
needed for apoptosis induction. Taken together, the data support the hypothesis that the monomethyl Se pool is a
proximal Se for inhibiting the expression of MMP-2 and VEGF and of angiogenesis. The data also indicate that the
methyl Se~specific inhibitory effects on these proteins are rapid and primary actions, preceding or independent of
inhibitory effects on mitogenic signaling at the level of MAPK1/2 and on cell growth and survival. Mol. Carcinog.
29:236-250, 2000. © 2000 Wiley-Liss, Inc.

Key words: selenium; methylselenol; matrix metalloproteinase-2; vascular endothelial growth factor; mitogen-
activated protein kinase; angiogenesis

inhibitory effect of Se at chemopreventive intake
levels on tumor angiogenesis [6]. Because angiogen-
esis is obligatory for early lesion growth and

INTRODUCTION

The results of recent human prevention trials
using selenium (Se) alone [1,2] or in combination
with other agents {3] have demonstrated potential
cancer chemopreventive utility for multiple organ NPT ——— ]
sites. Such efficacy has supported by the potent Sﬂ_egtorge:g‘c/):rdegée Stézz QMC Cancer Research Center, 1600 Pierce
chemopreventive activity of Se in most animal Received 1 March 2000; Revised 21 August 2000; Accepted 19
carcinogenesis models when its intake exceeds that September 2000

required formeetingthe nutritional requirement for - Abbreviations: Se, selenium; MMP, matrix metalloproteinase;
normal physiologic functions [4,5]. Although sev-
eral hypotheses have been advanced to account for
the anticarcinogenic effects of Se [4,5], the under-
lying mechanisms remain to be elucidated. We

* recently reported data that were consistent with an
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MSeA, methylseleninic acid; HUVEC, human umbitical vein endothe-
lial cell; MSeCN, methyliselenocyanante; VEGF, vascular endothelial
growth factor; MAPK, mitogen-activated protein kinase; ELISA,
enzyme-linked immunosorbance assay; ATCC, American Type
Cuiture Collection; FBS, fetal bovine serum; ECGS endothelial cefl
growth supplement PES, phosphate-buffered saline; MTT, 3-(4,5-
dimethyithiazol-2-yl)-2,5-dipheny! tetrazolium bromide.
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progression [7-9] as well as metastasis [10], an
antiangiogenic activity may be a novel mechanism
contributing to the cancer chemopreventive activ-
ity of Se. Because methylselenol has been implicated
as a critical Se metabolite pool for cancer chemo-
preventive activity [4,11,12], the present study was
designed to test the hypothesis that this Se pool
-might exert specific inhibitory activities on angio-
genic switch mechanisms.

Angiogenic switch in epithelial lesions is con-
trolled through at least two principal cell compart-
ments, i.e.,, the transformed epithelial cells that
serve as a main source of angiogenic factors and the
vascular endothelial cells that constitute the targets
for the angiogenic signals [8,9]. With angiogenic
stimulation, the vascular endothelial cells increase
their expression and secretion of matrix metallo-
proteinases (MMPs) to break down the extracellular
and tissue matrix, increase cell motility, and
undergo cell division to provide the necessary
" number of cells for the growing vessels. The
essential role of MMP-2 in angiogenesis has been
well documented [13-16]. Consistent with a methyl
Se—specific hypothesis for Se regulation ofangio-
genesis, we previously reported a potent inhibitory
activity of methylseleninic acid (MSeA), a novel
penultimate methylselenol precursor, on: "MMP-2
gelatinolytic activity (zymographic: analyses) in
human umbilical vein endothelial cells (HUVECs)
that was absent for selenite at an exposure level that
produced equivalent inhibitory effect on HUVEC
growth and survival [6]. In the present study we
extended that work by delineating the Se metabolite
specificity for MMP-2 inhibition by comparing Se
compounds known to enter the hydrogen selenide
pool (sodium selenide and selenite) or methylsele-
nol pool (MSeA and methylselenocyanate
(MSeCN)). We characterized the temporal relation
of methyl Se inhibition of MMP-2 expression with
its effects on HUVEC mitogenic signaling and
endothelial growth and survival. In addition, we
contrasted the effects of methyl Se versus selenite on
HUVEC cell viability and retraction in the three-
dimensional context of capillary tubes formed on
Matrigel, an extracellular matrix extract of EHS
sarcoma. '

A key for initiating and sustaining angiogenic
responses is increased production of angiogenic
stimulators [8,9]. A positive, primary angiogenic
factor is vascular endothelial growth factor (VEGF)
or vascular permeability factor {17,18]. Transformed
epithelial cells are the major source of VEGF
expression in many types of solid cancers [19-23];
however, recent data have suggested that stromal
cells and even vascular endothelial cells may also
express VEGF in the angiogenic microenvironment
of tumors [24]. Previously, we documented a
decrease of VEGF protein level in a sizable propor-
tion of the chemically induced mammary carcino-

‘mas treated with Se in vivo [6], suggesting
inhibition - of VEGF expression as one possible
mechanism for Se to regulate the angiogenic switch.
In the present study, we investigated the Se
metabolite specificity for this effect and report a
rapid and sustained methyl Se-specific inhibitory
effect on VEGF expression in prostate and breast
cancer epithelial cells. We extended our work to a
prostate cancer cell line for comparison with breast
cancer cell lines because of the results of the trial by
Clark et al. [1] in which the prostate appeared to be
the most responsive organ site for Se cancer-
preventive activity. In addition, a recent study has
linked higher Se intake as indicated by the Se
content in toe-nail clippings to lower prostate
cancer risk in U.S. men [25].

Cell growth, function, and survival are regulated
through multiple signaling pathways. Receptor
tyrosine kinases as well as mitogen-activated protein
kinase (MAPK) or extracellular regulated kinase
pathways transduce signals initiated extracellularly
by way of cascades of protein kinases to the nucleus
[26,27]. The phosphorylated MAPK1 and 2 (phos-

'pho-MAPK1/2) are the active forms that translocate

to the nucleus, where they phosphorylate protein
substrates, leading to cell-type—specific responses
including in-many cells the activation of the cell- .
cycle machinery for mitogenesis. MAPK1/2 (44 and
42 kDa, respectively) and p38™4PX have been shown
to regulate the expression of some MMPs [28,29]
and mediate VEGF-induced endothelial responses
such as hyperpermeability and cell motility and
proliferation [30-33], although little is. known
about their involvement in MMP-2 expression in
vascular endothelial- cells. Similarly, the MAPK
cascade has been implicated in VEGF expression
regulation by proangiogenic factors such as basic

fibroblast growth.factor [34], and nothing is known
about its role, if any, in methyl Se inhibition of
VEGF expression in cancer epithelial cells. There-
fore, the phosphorylation state of MAPK1/2 was
characterized in relation to the methyl Se-specific
inhibitory effects on MMP-2 and VEGF expression
in vascular endothelial and cancer ep1the11a1 cells,
respectively.

MATERIALS AND METHODS

Chemicals and Reagents

Sodium selenite pentahydrate was purchased
from J. T. Baker, Inc. (Phillipsburg, NJ). Sodium
selenide was purchased from Alfa Products (Dan-
vers, MA). MSeA (CH3SeO,H) and MSeCN
(CH3SeCN) were synthesized as described elsewhere
[6,35). Intracellularly, MSeCN and MSeA most likely -
react with reduced glutathione to generate methyl-
selenol. A VEGF enzyme-linked immunosorbent
assay (ELISA) kit was purchased from R&D Systems
.(Minneapolis; MN). Human recombinant proMMP-
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2 protein and MMP-2 ELISA kits were purchased
from Oncogene Research Products (Cambridge,
MA). Antibodies to MMP-2 for immunoblots were
purchased from Lab Vision Corp. (Fremont, CA).
Antibodies to MAPK1/2 and phospho-MAPK1/2
were purchased from New England Biolaboratories
(Beverely, MA). Matrigel, a reconstituted extracel-
lular matrix preparation of the EHS sarcoma, was
purchased from Becton-Dickinson Labware (Bed-
ford, MA). .

Cell Lines

HUVECs were obtained from American Type
Culture Collection (ATCC; Manassas, VA) and were
propagated in F12K medium containing 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 pg/mL
heparin (Sigma Chemical Co., St. Louis, MO), and
30 ug/mL bovine endothelial cell growth supple-
ment (ECGS; Sigma Chemical Co.) as described
previously [6]. DU145 prostate cancer cells and
MDA-MB-468 breast cancer cells were kindly pro-
vided by Dr. Rajesh Agarwal, who originally
obtained these cells from ATCC. MCF-7 breast
cancer cells were obtained from ATCC. DU145 cells
were cultured in RPMI-1640 medium supplemented
with 10% FBS and 2 mM t-glutamine. MCF-7

+.and : MDA-MB-468 breast cancer cells were
-, cultured- .in Dulbecco’s minimum essential

medium ‘supplemented with 10% FBS and 2 mM
L-glutamine.

Zymogram Analysis for HUVEC MMP-2

Unless otherwise specified, HUVECs were seeded
into six-well plates in complete medium (10% FBS,
2 mM 1-glutatmine, 100 pug/mL heparin, and 30 pg/
mL ECGS) for 24-48 h to reach near confluence. The
cells were washed three times with phosphate-
buffered saline (PBS) to remove spent medium,
refed serum-free medium supplemented with 100
pg ECGS/mL, and treated with the various forms of
Se for 6 h (a time frame that did not result in visible
cellular changes). For time-course experiments,
aliquots were taken from the medium at different
durations of exposure to MSeA. To evaluate the
reversibility of MMP-2 inhibition, HUVECs were
treated for 3 h with MSeA or PBS as described above,
and the conditioned media were harvested. The
cells were washed three times with PBS and were
refed serum-free fresh medium supplemented with
100 pg ECGS/mL. Aliquots were taken from con-
ditioned media at 1, 3, 6, and 12 h after MSeA
withdrawal. Gelatinolytic activities were analyzed
on substrate gels as described previously [6]. Each
experiment was replicated at least once.

Western and ELISA Analyses for
MMP-2 Protein Quantitation

HUVECs were seeded in T75 flasks in complete
medium and grown until near confluence. After

spent medium was removed and cells were washed
three times with PBS, the cells were treated with
MSeA for different durations in serum-free medium
supplemented with 100 pg ECGS/mL. Conditioned
media were collected, aliquots were saved for zymo-
graphic analyses, and the remainder portion was
concentrated with Centricon spin filters (30-kDa

- cutoff; Millipore Corp., Bedford, MA) for ~50-fold.

The concentrated samples were used for MMP-2
quantitation by western blotting [6]. Recombinant
human proMMP-2 (72 kDa) was loaded on the gels
as a positive standard. In a separate experiment,
conditioned media were concentrated (approxi-
mately fivefold) by evaporation in a Speedvac
Concentrator and used for ELISA according to the
manufacturer’s instructions (Oncogene Research
Products).

Capillary Tube Formation on Matrigel
(In Vitro Angiogenesis)

Kubota et al. [36] showed that, when seeded on
Matrigel, an extracellular matrix extract from the
EHS sarcoma, vascular endothelial cells undergo
rapid differentiation into capillarylike structures.
This affords a simple assay for assessing the impact
of agents such as Se compounds on capillary
differentiation in vitro and cell viability and func-
tion in a simulated histogenic three-dimensional
context. HUVECs were harvested by trypsinization, .
and ~40000 cells per well were seeded onto 24-well
plates coated with 300 uL of Matrigel (solidified

-at 37°C for 1 h before the addition of Se stock

solutions). Before cell seeding, 0.5 mL of medium
was added to each well, and Se stock solution was
added at two times the desired concentration.
HUVECs were added in 0.5 mL of medium per well.

- Tube formation was observed periodically over time
~under a phase-contrast microscope and photo-

graphed with a Polaroid camera. At 72 h after
seeding, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) [37] was added to test
the metabolic viability of Se-exposed HUVECs.

ELISA Analyses of VEGF Expression in
Cancer Epithelial Cells

In short-term dose-response experiments, DU145
prostate cancer cells and MCF-7 (estrogen depen-
dent) and MDA-MB-468 (estrogen independent)
breast cancer cells were seeded in T25 flasks in
complete medium until near confluence. The spent
medium was removed, and flasks (cells) were
washed three times with PBS. Cells were treated in
either serum-rich complete medium (10% FBS) or

serum-free medium with increasing concentrations

of MSeA or selenite for up to 6 h. VEGF content in
conditioned media and cell lysates (prepared with
calibrator diluent buffer RDSK provided with the
ELISA kit) was analyzed with the use of an ELISA kit
according to the manufacturer’s instructions (R&D
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Systems). In time-course experiments, near-conflu-

" ent DU145 cells were treated with PBS, selenite, or

MseA, and aliquots of the culture media were taken
at hourly intervals for VEGF ELISA. Samples were
measured in duplicate or triplicate, and experiments
were replicated at least once.

In long-term experiments to examine whether the
methyl Se-inhibitory effect on VEGF expression was
transient, MSeA doses that led to growth arrest
without significant induction of -apoptosis were
applied daily to DU145 prostate cells, starting in
log-phase growing (~40-50%. confluence) cells, in
fresh complete medium. DNA content in cell
lysate was measured by Hoechst dye binding to
approximate cell number. VEGF content in cell
lysate was measured by ELISA and normalized to

DNA content to estimate VEGF expression on a per-

cell basis.

Cell Growth and Apoptosis Evaluation

Cells were seeded in six-well plates untl 50%
confluence and were treated in fresh serum-rich
(10% FBS) medium with increasing concentrations
of MSeA or selenite for 48 h or as specified. Adherent
cells were fixed in 1% glutaldehyde and stained with
crystal violet for cell enumeration. as described
previously [6]. To verify that DU145 celis underwent
apoptotic cell death with Se treatment; cells were
treated in T75 flasks with MSeA or selenite for 24 h,
and DNA from both adherent and -detached cells
was extracted and analyzed as previously described
[38]. To standardize Se exposure across different cell
culture vessels, 0.2 mL of medium per square
centimeter of vessel surface (e.g., 15 mL for a T75
flask, S mL for a T25 flask, and 2 mL for each well ofa
six-well plate) was used.

immunobiot Analyses of Phospho-MAPK1/2
and MAPK1/2

To determine whether the MAPK signaling cas-
cade was associated with the inhibition of MMP-2
and VEGF expression by methyl Se exposure, cell
lysates were prepared in RIPA buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaC], 2 mM ethylene-
diaminetetraacetic acid, 50 mM sodium fluoride,
1% Triton X-100, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1 mM dithiothreitol, 5 mM
sodium orthovanadate; 1 mM phenylmethylsulfo-
nyl fluoride, and 38 pg/mL aprotinin were added
fresh). Supernatants were recovered after centrifuga-
tion (14 000g for 20 min, 4°C), and the protein
content was quantified by the Bradford dye-binding
assay (Bio-Rad Laboratories, Richmond, CA). Forty
micrograms of total protein was size separated by
electrophoresis on 15% sodium dodecyl sulfate-
polyacrylamide gels. The proteins were electro-
blotted onto nitrocellulose membranes and probed

~ for phospho-MAPK1/2 (pp44/pp42) and MAPK1/2

(P44/p42).

RESULTS

Part I: HUVEC MMP-2 Expression and

~ In Vitro Capillary Tube Formation

Exposure to methyiselenol precursors led to
decreased endothelial MMP-2 expression

Treatment of HUVECs for 6 h with MSeA led to a
concentration-dependent reduction of the secreted
72-kDa MMP-2 gelatinolytic activity in the condi-
tioned medium (Figure 1A) and in cell lysate, as
previously reported [6]. The inhibitory efficacy was
remarkable, with an ICso of ~2 uM, which is within
the upper range of plasma Se concentration in most
U.S. residents [1]. Similarly, treatment with MSeCN
resulted in a concentration-dependent decrease of
MMP-2, and the inhibitory efficacy was comparable
to that of MSeA (Figure 1A). In contrast, treatment
with hydrogen selenide precursors (up to 20 uM
sodium selenite or 50 uM sodium selenide) did not
significantly decrease MMP-2 in.the conditioned
medium (Figure 1A).

Incubation of HUVEC-condmoned medium (con-
taining secreted MMP-2) with all four Se forms in
the test tube for 6 h at 37°C did not decrease the
gelatinolytic activity (Figure 1B), indicating that

MSeA or MSeCN per se did not react directly with = .
MMP-2 protein to inactivate its -activity, The --

inhibitory action of these methylselenol precursor
compounds was therefore dependent on cellular
metabolism.

Reduction of MMP-2 protein level largely accounted
for methy! Se inhibition of MMP-2 '
Western blot analyses of the MMP-2 protein level
in conditioned medium of HUVECs treated with
MSeA indicated that a reduction in the MMP-2
protein level closely paralleled the observed loss of
MMP-2 gelatinolytic activity (Figure 1C), whereas
selenite treatment had minimal effect on both the
gelatinolytic activity and MMP-2 protein level
(Figure 1C). Comnsistent with the immunoblot
results, ELISA quantitation of MMP-2 in the condi-
tioned medium in a separate experiment indicated
that 5 uM MSeA treatment for 8 h decreased the
MMP-2 Jevel from 1.81 + 0.24 ng/mL to 0.38 +0.02
ng/mlL, a reduction of 79%.

Methy! Se inhibition of MMP-2 expression was
rapid and sustained

In time-course experiments, the inhibitory effect
of MSeA on MMP-2 showed a lag time of 10 min,
and by 30 min, ~50% reduction was detected
(Figures. 2A and 3C). In exposure-and-withdrawal
experiments (Figure 2B), the MMP-2 inhibitory
action of a 3-h MSeA exposure persisted for at least
12 h because the linear slope of the MMP-2 versus
the time plot of the MSeA-exposed cells indicated
no exponential recovery once MSeA was withdrawn.
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Figure 1. (A) The inhibitory specificity of Se forms on HUVEC
MMP-2. Representative zymographic analyses of MMP-2 in condi-
tioned medium of HUVECs treated for 6 h (in separate experiments)
with methylseleninic acid (MSeA), methylselenocyanate (MSeCN),
sodium selenite, or sodium selenide in serum-free medium supple-
mented with 100 ug/mL ECGS. Relative pixel density as a percentage
of control cells is presented below each lane. (B) Lack of MMP-2
inactivation by direct incubation of HUVEC conditioned medium with
Se compounds in test tubes at 37°C for 6 h. Each Se was added to

In similar exposure-and-withdrawal experiments,

MSeA treatment for 12 h or shorter duration did not
decrease the number of HUVECs surviving to 52 h,
in contrast to the fast action of MSeA on MMP-2
(Figure 2C). It took 25 h or longer of continued
exposure to MSeA to result in cell number reduction
(Figure 2C), predominantly through induction of
apoptosis, as previously reported [6].

PBS MSeA Selenite
s

10 10

15 110

5 85
10 uM. Se-ite and Se-ide denote sodium selenite and sodium
selenide, respectively. (C) Immunoblot analyses of MMP-2 protein in
conditioned medium. HUVECs (in T75 flasks) were treated with
MSeA or selenite for 3 h in the presence of 100 ug/mL ECGS.
Aliquots of the condition medium were analyzed by zymography for
gelatinolytic activity. The bulk of the conditioned media was
concentrated ~50-fold using Centricon spin filters (Millipore Corp.)
and analyzed by western blotting, with recombinant 72-kD
proMMP-2 protein (10 ng) as the standard. -

Methyl Se inhibition of MMP-2 occurred irrespective

of ECGS stimulation and preceded

phospho-MAPK1/2 reduction .
Two known responses of vascular endothelial cells

with angiogenic stimulation are increased expres-

sion of MMP-2 and increased mitogenic signaling

leading to cell proliferation. As expected, ECGS

supplementation for 6 h to ECGS-starved (~48 h)
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Figure 2. (A) Time course of MMP-2 inhibition by MSeA (10 uM)
exposure of HUVECs. Aliquots of medium taken at the different time
points were analyzed by zymography. Percentages of inhibition
relative to the PBS-treated control at each time point are presented
below the treated lanes. (B) Reversibility of MSeA-induced MMP-2
inhibition. HUVECs were treated for 3 h with PBS or MSeA (10 uM),
and the cells were washed three times with PBS and re-fed serum-
free medium supplemented with 100 pug/mL ECGS. Aliquots of
medium taken at the different time points were analyzed by
zymography. The-MMP-2 pixel density was plotted against time to

evaluate the kinetics of MMP-2 recovery in cells exposed once to
MSeA. A linear slope of the curve indicated a lasting inhibitory effect
after MSeA withdrawal. (C) Effect of duration of MSeA (5 uM)
exposure on number of HUVECs surviving in MSeA-free medium to
52 h. HUVECs were treated with either PBS or MSeA for the time
indicated, the medium was removed, cells were washed three times
with PBS, and fresh medium was fed until cells were fixed at 52 h.
The bar graph represents the number of MSeA-treated cells as a
percentage of the respective PBS treated-controls. Error bars indicate
SEM of six random fields counted.




242 - ' JIANG ET AL

A
_ -ECGS +ECGS .
MSeA (uM) S 10 5 10
Zymogram
% 21- 4 2 100 20 8
IB: phospho-MAPK1/2
% 19 14 10 100 29 15
——_— sSeaBsw
B MSeA Selenite Selenide
[Se, uM] 10 . - 10 20 20
* ‘ |I ’8 . L o e
IB: phospho-MAPK12

Figure 3. (A)Effects of MSeA exposure (6 h) on MMP-2 expression
and MAPK1/2 phosphorylation status in synchronized HUVECs.
HUVECs (175 flasks) were deprived (synchronized) of ECGS for ~48
h and, after PBS washing, were treated with MSeA for 6 h in the
presence or absence of 100 pg/mL ECGS. Conditioned medium was
used for zymography. Forty micrograms of cell lysate was

- " HUVECs increased secreted MMP-2 by 4.8-fold

(Figure 3A). Western blot analyses of HUVEC lysates
showed that a 5.3-fold increase of MAPK1/2 phos-
phorylation was associated with the ECGS-sti-
mulated MMP-2 expression. Exposure to MSeA
decreased MMP-2 in a concentration-dependent
manner, not only in ECGS-stimulated cells but also
in ECGS-starved cells (basal expression). Further,

immunoblotted for phospho-MAPK1/2 and total MAPK1/2. (B) Lack
of inhibitory effect of selenite and selenide exposure for 6 h on
HUVEC phospho-MAPK1/2 levet. (C) Temporal relation between
MseA inhibition of MMP-2 expression (zymogram and immuncblot)
and phospho-MAPK1/2 inactivation in synchronized HUVECs (T75
flasks) treated in the presence of 100 pg/mL ECGS.

exposure to MSeA led to a reduction of phospho-
MAPK1/2 level in a concentration-dependent man-
ner, and this inhibition closely paralleled that for
MMP-2, especially in the ECGS-stimulated cells. The
expression level of total MAPK1/2 was not affected
by treatment with either ECGS or MSeA. In contrast
to MSeA, exposure to selenite and selenide, which
lacked inhibitory effect on MMP-2 expression, did
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not decrease the level of MAPK1/2 phosphorylation

(Figure 3B).
Given the close parallel changes observed

between MMP-2 expression and phospho-MAPK1/ -

2 levels, a time-course experiment examined the
temporal relation between these MSeA-induced
_events in ECGS-stimulated HUVECs that had been
deprived of ECGS for ~48 h (Figure 3C). Whereas
MMP-2 expression was significantly lowered at
30 min, a significant reduction of phospho-
- MAPK1/2 levels occurred at 3 h. These results
indicated that the effect of methyl Se on MMP-2
expression took place before its inhibition of
phospho-MAPK1/2.

Methylselenol precursors inhibited HUVEC capillary
retraction and survival on Matrigel.
When seeded on Matrigel, HUVECs underwent

rapid reorganization (visible within 1-2 h) and- -

subsequently formed capillarylike structures (in
vitro differentiation). When added simultaneously
with cell seeding, none of the Se compounds at the
concentration ranges tested negatively affected the
initial tube formation, i.e., differentiation, program
within the first 28 h (Figure 4A-D). As.time
progressed, . the capillary structures in the 'PBS
‘control wells sta:fed to retract into spheroids (Figure
4E and §) that were. metabolically viable at 72 h as

measured by their ability to metabolize MTT (Figure .

4M). Exposure to 5:uM MSeA (Figure 4F and J) or
MSeCN (Figure 4G-and K) resulted in a blockage of

the capillary tubes from retracting into such sphe- -

roids. By 72 h of exposure to either MSeA or MSeCN,
only a minor proportion of the cells in the pro-
tracted capillaries were still metabolically viable, as
judged by, their ability to metabolize MTT (Figure 4N
and O). Most cells displayed morphologic apoptotic
characteristics. In contrast to these methylselenol
precursors, selenite at concentrations as high as 10
uM did not inhibit tube retraction or cell viability
(Figure 4H, L, and P). These results indicated that
methyl Se was more effective than selenite in a
three-dimensional capillary histogenic context at
inhibiting HUVEC cell viability and retraction. .

Part Il: VEGF Expreésion in Cancer Ebithelial Cells

MSeA rapidly decreased VEGF expression in
cancer epithelial cells

In short-term experiments, exposure of near-
confluent DU145 prostate cancer cells to increasing
concentrations of MSeA or selenite in serum-rich
medium (10% FBS) for 6 h led to very distinct effects
on VEGF expression, as shown in Figure 5A and B.
MSeA treatment decreased both cellular (cellular
lysate, Figure 5A) and secreted (conditioned med-
ium, Figure 5B) VEGF levels in an Se concentration-
dependent manner, with ICspe ~2 pM. The inhibi-
tory effect of MSeA on VEGF expression was also

observed in serum-free medium with almost iden-
tical patterns (data not shown). In contrast, expo-
sure to selenite in the same dose range did not
decrease VEGF expression; in fact, a slight increase
(5-10%) in VEGF expression was often observed in
selenite-treated cells. The methyl Se inhibitory
action was exerted very rapidly in that exposure to

"5 uM MSeA in serumn-rich medium decreased the

secreted VEGF level by ~50% within 2 h (Figure 5C).

Lower MSeA concentration was required for inhibiting
VEGF expression than for inducing apoptosis .
.Exposure of DU145 prostate cancer cells to either
sodium selenite or MSeA above some threshold
levels for longer durations led to apoptosis, as
indicated by DNA nucleosomal fragmentation (Fig-
ure 5D), and decreased the number of cells remain-
ing adherent-after 48 h (Figure SE). MSeA was more

‘efficacious than selenite at inhibiting cell growth

and survival. The inhibitory effect of MSeA on VEGF
expression was observed at a concentration (2 pM)

‘that was twofold lower than that needed to induce
- significant apoptosis (4 pM and above). Althcugh

selenite exposure at 5 pM achieved a similar extent
of DNA fragmentation and cell number reduction as
MSeA at 5 pM, the difference in the' potency of:the

respective Se to inhibit VEGF expréssion withina
few hours of exposure was self-evident. These results

.indicated that the inhibitory actionof MSeA was

not a consequence of cell “po1sonmg

. Sustained lnhlbmon of VEGF expressmn reqwred

continued presence of MSeA - .
‘The possibility that the observed decrease of VEGF
expression by MSeA was a transient. effect was

-assessed through daily.exposure of DU145 cells

(starting when cells were in log-phase growth, ~ 40--
50% confluent) to a low dose (3 uM) that predomi-
nantly led to growth' arrest (F1gure 6). Consistent
with the results in confluent cells shown above,
greater than 50% decrease of VEGF expression was
observed at 6 h of exposure and the effect was
sustained throughout the exposure period of 72 h
(Figure 6A). The daily exposure to MSeA led to
detectable growth inhibition by 48 h as assessed
through DNA measurement (Figure 6B). When
expressed on a per-cell basis, i.e., normalized to
DNA content, this level of MSeA exposure led to a
sustained ~50% decrease of VEGF expression level
throughout the exposure duration (Figure 6C).
Selenite at the same dose level did not affect cell
growth (Figure 6B) or VEGF expression (Figure 6A
and C). In a separate experiment, withdrawal of
MSeA (3 uM) after 96 h of exposure led to the
rebound of VEGF expression (Figure 6D). These
results indicate that the mechanism(s) suppressing
VEGF expression was reversible and that continued
presence of MSeA was necessary to inhibit VEGF
expression. )




JIANG ET AL.

PBS MSeA, 5 yM ‘MSeCN, 5 uyM Selenite, 10 uM

Loy S - S0 A (! Y -
M, 72h/MTT N, 72 YMTT 0, 72 WMTT P, 72 b/MTT
Figure 4. Effects of Se forms on HUVEC retraction and viability in taken at 28 h (A-D), 40 h (E-H), and 72 h (L) of treatment. At
an in vitro capillary differentiation assay. HUVECs (~40000Avell) 72 h (M-P), MTT was added to each well and incubated for an
were seeded into Matrigelcoated, 24-well plates that had been additional 5 h, and brightfield photomicrographs were taken
provided with 2 x concentrations of the indicated Se forms, and (magnification, 200 x). Black products indicate mitochondrial
phase-contrast photomicrographs (magnification, 100x) were

conversion of MTT by metabolically viable cells.
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" Figure 5. Concentration-dependent effects of selenite (diamonds)
and MSeA (squares) on VEGF protein levels in DU145 cell lysate (A)
- and conditioned medium (B) after exposure for 6 h in serum rich
medium. (C) Acute time course of effects of exposure to Se as
sodium selenite (10 uM, diamonds) or MSeA (5 uM, squares) in 10%
- FBS medium on VEGF secretion by DU145 prostate cancer cells. In
these short-term exposure experiments, near-confluent DU145 cells
were treated with Se in 10% FBS medium or serum-free medium

MseA inhibition of VEGF expression was also
observed in breast cancer cells and
independent of phospho-MAFK1/2

In support of the generality of this inhibitory
effect of methyl Se on VEGF expression, two human
breast cancer cell lines (MCF-7 and MDA-MB-468)
tested thus far -showed the same Se metabolite
specificity of inhibition irrespective of the serum
levels in the treatment medium (Figure 7A and B). It
appeared that a greater concentration of MSeA was
required to induce a similar extent of inhibition on
VEGF expression in the breast cancer cell lines than
in the DU145 prostate cancer cell line.

In contrast to vascular endothelial cells in which
MSeA exposure led to a decreased level of phospho-
MAPK1/2, treatment of DU145 prostate or MDA-
MB-468 breast cancer cells with MSeA did not
decrease the levels of phospho-MAPK1/2 within
the time frame of suppression of VEGF expres-
sion (Figure 7C), suggesting a mechanism of inhibi-

E. Adherent cell number at48 h
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(identical patterns of responses were observed, data not shown).
VEGF was assayed in triplicates by ELISA(R&D Systems, Minneapolis,
MN). (D) DNA nucleosomal fragmentation assay after 24 h of
exposure 1o MSeA or selenite (adherent and detached cells were
combined for DNA extraction). (E) Effect of exposure to increasing
concentrations of selenite or MSeA in 10% FBS medium for 48 h on
the number of adherent DU145 cells in six-well plates. Error bars
indicate SEM of six random fields counted.

tion of VEGF expression independent of MAPK1/2

activity.
‘ DISCUSSION

Although mechanisms. underlying the cancer
chemopreventive activity of Se are not fully under-
stood, animal and cell culture models have yielded
much insight. Of particular significance, the work of
Ip and colleagues [4,11,12] has implicated methyl-
selenol as the active in vivo Se metabolite pool for
anticancer activity. These studies indicated that the
mammary cancer-preventive efficacy of a given Se
compound appears to depend on the rate of its
metabolic conversion to the methylselenol pool.
Subsequent studies by us and others had shown that
the methyl Se pool induces numerous cellular,
biochemical, and gene expression responses that

- are distinct from those induced by Se forms that

entered the hydrogen selenide pool [38-42]. For
example, MSeCN and Se-methylselenocysteine,
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Figure 6. (A-C) Effects of daily exposure to low-dose MSeA (3
uM, squares) or selenite (3 uM, diamonds) on cellular VEGF content
(A, total; C, normalized to DNA) and DNA content (B) of DU145 cells
{two T25 flasks per datum point, each flask assayed in duplicate).
Selenium exposure was initiated when cells were 40-50% confluent
(log phase). Every 24 h, spent medium was removed and fresh

another methylselenol proximal precursor present
in Se-enriched garlic and other seleniférous plants,
induce exclusively apoptosis of cancerous mam-
- mary epithelial cells without induction of DNA .
single-strand breaks [40-42]. In contrast, sodium
selenite and sodium selenide rapidly (within hours
of Se exposure) induce DNA single-strand breaks
(i.e., genotoxic) and lead to subsequent cell death by
a composite of acute lysis and apoptosis' [38-40].
These inorganic Se compounds and the methyl-
selenol precursors also exert a differential anti-
proliferative effect, as assessed by [PH]thymidine
incorporation into DNA, and arrest the cells at
different stages of the cell cycle [40-42]. More
recently, specific inhibitory effects on cyclin-depen-
dent kinases [43] and protein kinase C [44] have
been attributed to the methylselenol pool. Together
these findings indicate the presence of at least two
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complete medium (10% FBS) with sodium selenite or MSeA was fed.
(D) Reversibility of effects of low-dose exposure to MSeA on VEGF
expression in DU145 cells. After 96 h of exposure to 3 uM MSeA, one
group of flasks remained on MSeA treatment, and the other group
was washed with fresh medium once and then fed fresh complete
medium for 24 and 48 h.

different pools of Se metabolites that induce distinct
types of biochemical and cellular responses. Key
features of these differences are schematically illu-
strated in Figure 8. It is noteworthy that only a
single methylation reaction separates the two pools
of Se metabolites. o

We recently reported data supporting an anti-

© angiogenic activity of Se at chemopreventive intake

levels as a novel mechanism for cancer chemopre-
vention [6]. The present study extended that work
and provided in vitro evidence of methyl Se-specific
inhibition of the expression of two proteins critical
for angiogenesis: MMP-2 by vascular endothelial .
cells and VEGF by cancer epithelial cells. The data
support a rapid, primary, and sustained inhibitory
action of the methyl Se pool on these proteins.
Specifically, first with respect to MMP-2 expression
in HUVECs, exposure to either MSeA or MSeCN led
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Figure 7. Effects of MSeA or sodium selenite on VEGF protein
secreted by MCF-7 (A, 6-h treatment) and MDA-MB-468 breast
cancer cells (B, 3-h treatment). Serum levels in the treatment medium
were as indicated in panel A. (C) Lack of inhibitory effect by MSeA
and selenite exposure (3 h) on phospho-MAPK1/2 levels in DU145
and MDA-MB-468 cancer cell-lines.

to an Se concentration—dependent reduction of
MMP-2 gelatinolytic activity (Figure 1A). Quantita-
tion of the MMP-2 protein using western blot and
ELISA analyses showed that a reduction of the
protein level largely accounted for the loss of
gelatinolytic activity (Figures 1C and 3C). The
methyl Se-specific inhibition occurred rapidly
(~0.5 h; Figures 2A and 3C) and appeared to persist
well after the Se source was withdrawn (Figure 2B).
The onset-of inhibitory action on HUVEC MMP-2
level far preceded that of growth arrest and
apoptosis responses, which required 25 h or longer
exposure to MSeA (Figure 2C). Because neither
" MSeA nor MSeCN reacted directly in the test tube
with MMP-2 protein to lead to its inactivation
(Figure 1B), the observed inhibitory effect on MMP-
2 expression must be a cell-dependent process
or processes. In contrast to these methylselenol
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Figure 8. Schematic relation of selenium precursors (dotted
rectangles) that enter two metabolite pools that induce distinct
biochemical and cellular effects. The genotoxicity (or lack of) and
apoptogenic effects were based on studies with mammary cancer
epithelial cells and leukemia cells [38-42]. The present study
provides data supporting methylselenol-specific inhibitory effects
on MMP-2 expression by vascular endothelial cells and VEGF
expression by cancer epithelial cells. -

immediate precursors, Se forms that enter the
hydrogen selenide.pool, at least during the time
frame of the" experiments  performed, did not
significantly decrease MMP-2 expression. The data,

" therefore, were consistent with the methylselenol

precursors or their common product methylselenol
triggering a cellular process or mechanism leading
to the reduction of MMP-2 protein level (Figure 8).
Technologic advances in quantitating the cellular
hydrogen selenide and methylselenol levels should
provide more direct support for this hypothesis.

As far as mechanisms are concerned, it will be
important to determine whether an inhibition of
MMP-2 gene transcription or an increase of MMP-2
protein turnover account for the methyl Se-specific
reduction of MMP-2 protein level. Although an
inhibition of gene transcription and mRNA transla-
tion is possible, the very fast inhibitory action of
methyl Se on MMP-2 (~30 min) suggests that a
mechanism involving the rapid degradation of
cellular MMP-2 protein may also be triggered. It
will also be important to determine whether MMP-2
expression in capillary microvascular endothelial

- cells, the likely targets of angiogenic stimulation, is

inhibited by methyl Se with the same specificity and

- efficacy as in the vein endothelial cells (HUVECs)

employed in the current study. )

It is noteworthy that exposure to methyl Se
induced phospho-MAPK1/2 inactivation (depho-
sphorylation) in the vascular endothelial cells, an -
effect that was lacking by either selenite or selenide
exposure- (Figure 3A and B). To our knowledge, this
is the first time an Se metabolite-specific inhibitory
effect on MAPK1/2 signaling has been described.
However, the onset of the reduction of phospho-
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MAPK1/2 level was preceded by the reduction of
MMP-2 expression (Figure 3C). Such a temporal
relation precluded the methyl Se inhibition of
phospho-MAPK1/2 signaling as a mediating event
in its acute inhibition of MMP-2 expression.

In addition to the methy] Se-specific inhibitory

. effects observed in monolayer culture on HUVEC

MMP-2 expression and phospho-MAPK1/2, we
observed profound inhibitory effects of MSeA and
MSeCN on HUVEC retraction and viability in the
three-dimensional context of capillary tubes formed
on Matrigel (Figure 4). Such effects were methyl Se
specific as they were not observed with selenite
(Figure 4) or selenide (data not shown) at higher
doses. These results suggest that methyl Se was likely
more efficacious than selenite or selenide at inhibit-
ing vascular endothelial cell viability and cell
motility (for retraction) in a capillary histogenic
environment relevant for angiogenic switch regula-
tion. Future work will determine whéther methyl Se
inhibition of the MAPK signaling cascade and MMP-
2 expression contributes to the observed effects on
endothelial cell viability and motility in such a
three-dimensional context.

With regard to VEGF expression in cancer epithe-

lial cells, we observed a methyl Se-specific inhibi-’
tion on VEGF protein level in the prostate cancer’
DU145 cell line and two breast cancet cell lines -

tested thus far. The inhibitory action on VEGF
expression by MSeA was rapid (within 1-2 h; Figure
SC) irrespective of the serum level in which the cells
were treated and independent of phosphorylation
status of MAPK1/2 in the cancer cells (Figure 7). In
addition, the inhibitory effect was elicited by
€xposure concentrations that did not negatively
affect cell viability (Figures 5 and 6). In an attempt
to simulate chemopreventive application of Sé in a
chronic, low-dose exposure context, we observed
that daily exposure to MSeA exerted a sustained
suppression of VEGF expression without evidence of
developing resistance (Figure 6C). Further, with-
drawal of MSeA exposure led to the de-repression of
VEGF expression (Figure 6D), indicating a reversible
mechanism of inhibition of VEGF expression by
MSeA under the low-dose exposure context. This
observation suggests that continued presence of
methyl Se is necessary to inhibit VEGF expression.
VEGF plays a crucial role in vasculogenesis and
angiogenesis in normal physiologic and pathologic
states as indicated by germline knockout experi-
ments in which a loss of even one VEGF allele leads
to embryonic lethality in heterozygotes, and homo-
Zygous mutant embryonic stem cells are incapable
of forming tumor [45,46]. Whereas overexpression
of VEGF is linked to increased angiogenesis and
more aggressive tumor behavior [47,48], antiangio-
genic interventions, especially those based on VEGF
antibodies or interference of signal transduction
through its receptors [49-53], have been shown to

result in the inhibition of tumor growth and induc-
tion of endothelial apoptosis. The methyl Se-
specific inhibitory effect on VEGF expression
observed in the present work may therefore repre-
sent an important mechanism for the regulation of
the angiogenic switch in early lesions by chemo-
preventive intake of Se.

The rapid inhibitory action of methyl Se on the
expression of MMP-2 and VEGF suggests a com-
monality of mechanisms to bring about a reduction
of the cellular level of the respective proteins.
Further investigation of the biochemical and cellu-
lar processes involved in the reduction of their
protein levels will shed light on how methyl Se
activates such mechanisms. A salient feature of the
two molecules is that both are secretory proteins
containing intramolecular or intermolecular disul-
fide bridges critical for their- activity or function
[13,54]. One attractive hypothesis is that methyl-
selenol generated intracellularly may disrupt such
disulfide bridges, leading to destabilization of these
proteins and selective proteolysis.

In summary, the present results support the

- hypothesis that the methyl Se metabolite pool,

probably methylselenol, exerts potent and primary
inhibitory effects on two proteins, with significant
implications for angiogenesis switch regulation (as
schematically summarized in Figure 8). Particularly
noteworthy is the remarkable inhibitory efficacy,
with ICso of ~2 uM after just a few hours of
exposure. As reference values, the mean plasma Se
concentration of subjects without Se supplementa-
tion in a recent human trial was ~1.5 uM, and Se
supplementation (200 pg/d as selenized yeast)
brought the mean Se level to ~2.5 yM [1]. Therefore,
the methyl Se-specific inhibitory activities on these
proteins may be physiologically pertinent for angio-
genic switch regulation in early transformed lesions
in vivo in the context of cancer chemoprevention,
which aims at retarding and blocking the growth
and progression of early lesions. The antiangiogenic
attributes reported in this study and the growth
arrest and apoptogenic activities without genotoxi-
city (Figure 8) make the methylselenol precursors
attractive chemopreventive agents for considera-
tions in humans.
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ABSTRACT

Apoptosis mductlon may be a mechanism mediating the antlcancer
activity of selenium. Our earlier work indicated that distinct cell death
pathways are likely involved in apoptosis induced by the CH;SeH and the
hydrogen selenide pools of selenium metabolites. To explore the role of
caspases in cancer cell apoptosis induced by selenium, we examined the
involvement of these molecules in the death of the DU-145 human prostate
carcinoma cells induced by methylseleninic acid (MSeA), a novel penul-
timate precursor of the putative critical anticancer metabolite CH,SeH.
Sodium selenite, a representative of the genotoxic selenium pool, was used
as a reference for comparison. The results show that MSeA-induced
apoptosis was accompanied by .the activation of multiple caspases
(caspase-3, -7, -8, and -9), mitochondrial release of cytochrome ¢ (CC),
poly(ADP-ribose) polymerase (PARP) cleavage, and DNA fragmentation.

In contrast, selenite-induced apoptotic DNA fragmentation was observed -

in the absence of these changes, but was associated with the phosphory-
lation of c-Jun-NH,-terminal kinase 1/2 and p38 mitogen-activated pro-
tein kinase/stress-activated protein kinase 2. A general caspase inhibitor,
benzyloxycarbonyl-Val-Ala-Asp-(OMe) fluoromethyl ketone, blocked
MSeA-induced cleavage of procaspases and PARP, CC release, and DNA
nucleosomal fragmentation, but did not prevent cell detachment. Further-
more, PARP cleavage and caspase activation were confined exclusively to
detached cells, indicating that MSeA induction of cell detachment was a
prerequisite for. caspase activation and apoptosis execution. This process
therefore resembled “anoikis,” a special mode of apoptosis induction in
which adherent cells lose contact with the extracellular matrix. Additional
expenments wnt.h irreversible caspase inhibitors show that MSeA-induced
anoikis involved caspase-3- and -7-mediated PARP cleavage that was

) lmhatzd by caspase-8 and probably amplified through CC-caspase-9 ac-
tivation. and a feedback activation loop from caspase-3. Taken together,
the data support a methyl selenium-specific induction of DU-145 cell
apoptosis that involves cell detachment as a prerequisite (anoikis) and is
executed principally through caspase-8 activation and its cross-talk with
multiple caspases.

INTRODUCTION

The trace element seleniim is an essential micronutrient for hu-
mans and animals. The current recommended daily allowance is 55
pg for a healthy adult (1). Two human cancer prevention trials have
indicated that a supranutritional selenium supplement (i.e., 200 ug
daily) might be an effective preventive agent. for several major can-
cers, including those of the prostate, lung, colon (2), and liver (3). The
results ‘corroborate findings in various animal models that selenium
possesses a potent cancer chemopreventive activity when its intake
exceeds the nutritional requirement by ~10-fold (4). The studies in

these model systems have provided significant insights on the poten-. ..

tial mechanisms_ of action. }-has been shown that a mono-methyl
-selenium species, possibly methylselenol (CH,;SeH), may be.a critical
in vivo selenium metabolite against chemically induced mammary
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carcinogenesis; the cancer preventive efficacy of a given selenium

compound may depend on the rate of its metabolic conversion to that
active form (4-6). Selenium-enriched garlic, of which selenium-
methylselenocysteine constitutes a major selenium component, ex-
erted a lasting protective effect even when provided for as little as 1
month in the early promotion stage of mammary carcinogenesis (7, 8).
These findings suggest that a chemopreventive intake of selenium
may exert protection against cancer development by inducing the loss
of transformed epithelial cells in vivo. Because lesion size is governed
by the balance between rates of cell proliferation and cell death, the
significance of a cell deletion action is further implicated by the lack
of a detectable antiproliferative effect of a selenium dose that con-
ferred effectlve chemoprevenuon in vivo in a chemically mduced
mammary carcmogenes1s model (9).

Regarding the cell deletion action of selenium, our previous work
documented distinct proapoptotic effects of different chemical forms
(pools) of selenium on mammary tumor epithelial cells in vitro (8, 10,
11). Immediate precursors"of CH,SeH, such as selenium-methylsel-
enocyanate and selemum—methylselenocysteme were shown to in-
duce exclusively apoptosis of mammary tumor epithelial cells without
induction of DNA single strand breaks (8, 10). On the other hand,
sodium selenite. and sodium selenide, which feed into thé hydrogen
selenide (H,Se) pool (12), induced DNA single strand breaks (i.e.,
genotoxic) within a few hours of selénium exposure and subsequent
cell death by a composite of acute lysis and apoptosis (10). However,
little is known of the execution pathway(s) of methyl selenium-
induced cancer cell apoptosis.

Programmed cell death induced by physiological/pathological cues
often is characterized by marked changes in cellular morphology,
including chromatin condensation, membrane blebbing, nuclear
breakdown, and the appearance of membrane-enclosed apoptotic bod-
ies (13). Biochemically, internucleosomal DNA fragmentation and
caspase-mediated cleavage of PARP® and key cytoskeletal proteins
principally underlie these cellular and nuclear changes (14, 15). PARP
cleavage essentially inactivates the enzyme by destroying its ability to
respond to DNA strand breaks for repair, and it also blocks necrosis
resulting from PARP-mediated NAD*/ATP depletion to ensure an
irreversible ‘apoptotic death (16). PARP cleavage has now been rec-
ognized as a sensitive marker of caspase-mediated apoptosis.

Caspases are aspartate-specific cysteine proteases, existing as latent
intracellular zymogens (14, 15). Once activated by apoptotic signals,
they can systematically dismantle the cell by cleaving key cellular and
nuclear proteins with defined substrate specificities (14, 15). Accord-
ing to their sequence of action'in apoptos1s signaling, the more than 14
caspases are organized into apopfotic initiator caspases (caspase-2, -8,
-9, and -10), apoptotic executioner caspase§ (caspase-3, -6, and -7),
and cytokine processor caspases (caspase-1, -4, -5, -11, -12, -13, and
-14). The initiator caspases appear to have some. specificity for dif-

3The abbreviations used are: PARP, poly(ADP-ribose) polymerase; FADD,
Fas-associated death domain (Mort-1); CC, cytochrome ¢; APAF-1, apoptosis protease
activation factor-1; MSeA, methylseleninic acid; zVADfmk, benzyloxycarbonyl-Val-Ala-
Asp-(OMe) fluoromethy ketone; zZDEVDfmk, benzyloxycarbonyl-Asp-Glu-Val- Asp-(OMe)
fluoromethyl ketone; ZIETDfmk, benzyloxycarbonyl-He-Glu-Thr-Asp-(OMe) fluorometHyl
ketone; ZLEHDfmk, benzyloxycarbonyl-Leu-Glu-His-Asp-(OMe) fluoromethyl ketone; PKB,
protein kinase B; JNK, c-Jun-NH,-terminal kinase; SAPK, stress-activated pmtem kinase;
MAPK, mltogen-acuvazed protein kinase; p-NA, p-nitroaniline.
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ferent types of upstream apoptosis signals as well as prefeired down-
stream substrate procaspases. In fact, two general activation cascades
have been described (14-17). The first involves cell death receptor-
mediated signaling through caspase-8. Once the receptor is activated,
the adapter molecule FADD becomes recruited to the receptor, allow-
ing binding and autocleavage activation of procaspase-8. The .active
caspase-8 in turn cleaves executioner procaspases (caspase-3, -6, and
-7), leading to their activation. The second, termed the “apoptosome”
cascade, involves activation of procaspase-9 by CC released from
mitochondria. Once in the cytosol, CC binds to APAF-1, which then
permits recruitment of procaspase-9, resulting in the oligomerization
and autoactivation of procaspase-9. Active caspase-9 then cleaves and
activates executioner procaspases. The mitochondrial pathway has
been shown to be triggered by diverse chemotherapeutic agents (16,
17)." Furthermore, there have been ample examples of cross-talk
between these two cascades in many apoptosis models. For example,
caspase-8-cleaved BID, a Bcl-2 interacting protein, had been shown to
amplify CC release from mitochondria (18, 19). Recent reports have

shown a feedback amplification of CC release by downstream effector -

caspases (20-22). Therefore, depending on the apoptosis signal, the
death-receptor/caspase-8 cascade or the CC/APAF-1/caspase-9 cas-
cade can play either a direct initiating or an indirect amplifying role in
caspase activation and apoptosis execution.

To explore the role of caspases in cancer cell apoptosis induced by
selenium, particularly by CH,SeH, we examined the involvement of
these molecules in the death of the DU-145 human prostate carcinoma
cells induced by methylseleninic acid (CH;5e0,H; MSeA) in contrast
to selenite, used as a reference. MSeA is a novel, penultimate CH,SeH

precursor that is water soluble, nonvolatile, and ideal for cell culture-

delivery for mechanistic investigations. We chose to use a human
prostate carcinoma cell line for this study because the prostate appears
to be a sensitive organ site for cancer chemoprevention by selenium in
a recent prevention trial (2). Our data show that MSeA-induced
nucleosomal DNA fragmentation was accompanied by the activation
of multiple caspases (caspase-3, -7, -8, and -9), PARP cleavage, and
mitochondrial release of CC, whereas apoptotic DNA fragmentation
induced by selenite was observed in the absence of these changes.
Furthermore, the data support MSeA induction of cell detachment as
a prerequisite for the activation of caspases in an apoptosis execution
process resembling “anoikis,” a special mode of apoptosis induction
in which adherent cells lose contact with the extracellular matrix (23).

MATERIALS AND METHODS

Chemicals and Reagents. Sodium selenite pentahydrate was purchased
from J.T. Baker, Inc (Phillipsburg, NJ). MSeA synthesis has been described
elsewhere (24), and concentrated stocks were stored in small aliquots at
—80°C. Intracellularly, MSeA probably reacts with reduced glutathione to
generate CH;SeH. The caspase inhibitors zZVADfmk (general), zZDEVDfmk
(caspase-3 and -7; see Ref. 25 for specificity), ZIETDfmk (caspase-8), and
2LEHDfmk (caspase-9) were from Enzyme Systems Inc. (Dublin, CA). Rea-
gent kits for CC ELISA and caspase colorimetric activity assays were pur-
chased from R&D Systems (Minneapolis, MN) and used per the manufactur-

" er’s instructions. Antibodies for PARP and caspases were purchased from Cell

Signaling Technology (apoptosis sampler kit, cat. no. 9915; Beverly, MA)
and-BD PharMingen (San Diego, CA). Phospho-specific antibodies for
AKT/PKB, JNK and p38 MAPK were purchased from New England
Biolabs (Beverly, MA)., - k

Cell Culture and Selenium Treatments. DU-145 prostate cancer cells
were kindly provided by R. Agarwal (AMC Cancer Research Center), who
originally obtained these cells from the American Type Culture Collection.
The cells had ‘been passaged ~50 times when we took possession. DU-145
cells were cultured in RPMI 1640 supplemented with 10% fetal boviné serum
and 2 mM L-glutamine (no antibiotics). For the DNA fragmentation assay,
caspase activity and immunoblot analyses, cells were tréated in T75 or T25

" flasks. When cells reached 50-70% confluence, the medium was changed, and

the cells were treated with selenium or other agents. To standardize selenium
exposure, cells were given fresh medium at a volume-to-surface area ratio of
0.2 mlem? (15 m! for a T75 flask and 5 ml for a T25 flask). Concentrated
selenium stock (aqueous solution stored at —80°C) was diluted in PBS to 1 mm
immediately before use. In experiments in which caspase inhibitors were used,
the inhibitors (dissolved in DMSO) and MSeA were mixed into treatment
medium first and then fed to cells. DMSO was added to groups that did not
receive inhibitors to control for solvent effects. The final concentration of
DMSO was <2 pl/m! and did not by itself induce adverse cellular responses.
Representative morphological responses to selenium exposure were docu-
mented with a Polaroid camera at X200 magnification under a phase-contrast
microscope. All experiments were replicated two or more times,

DNA Isolation and Gel Electrophoresis. DNA isolation and gel electro-
phoresis were as described previously (26). Briefly, after selenium exposure,
conditioned medium was collected, and detached cells were recovered by
centrifugation at 200 X g for 5 min at room temperature. Adherent cells were
lysed and scraped in 1 ml of a buffer containing 10 mm Tris-HCl (pH 8.0), 100
mM EDTA, 0.5% SDS, and 0.5 mg/m! proteinase K and pooled with the
detached cells. After digestion at 50°C for 3 b, the lysate was extracted twice
with phenol-chloroform. Nucleic acids were precipitated with 0.6 volume of
isopropanol in the presence of 0.2 M NaCl. The pellet was resuspended in 30
wl of 10 mM Tris-HCI, 1 mM EDTA (pH 7.5); treated with RNase to digest
RNA; loaded onto an 1.5% agarose gel ‘containing 0.1 pg/ml ethidium bro-
mide; and electrophoreséd. Gels were photographed with Polaroid films using
UV illumination and digitized with a scanner.

Immunoblot Analyses. After selenium exposure for a defined length of
time, detached cells were collected as above by centrifugation. The cell pellet
was washed once in icecold PBS. Adherent cells'were washed twice in PBS,
lysed in radicimmunoprecipitation assay buffer [50 mm Tris-HC (pH 7.4), 150
mM NaCl; 2 mm EDTA, 50 mm NaF, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 1 mm DTT, 5 mM sodium orthovanadate, 1 mM phenyl-
methylsulfony! fluoride, and 38 pg/ml aprotinin (added fresh)), and pooled
with the detached cell pellet. After sonication, the lysate was centrifuged
(14,000 X g for 20 min at 4°C), and supernatant was recovered. The protein
content was quantified by the Bradford dye-binding assay (Bio-Rad Labora-
tories, Richmond, CA). Forty (for PARP, AKT, JNK, and p38 MAPK) or 100
pg (for caspases) of total protein were size-separated by electrophoresis on 10,
12, or 15% SDS-polyacrylamide gels, depending on the sizes of target proteins.
The proteins were electroblotted onto nitrocellulose membranes and probed
using primary antibodies commercially obtained from Cell Signaling Technol-
ogy, New England Biolabs, or other vendors and detected by enhanced
chemiluminescence. In many cases, antibodies from multiple sources for a
protein of interest were used to verify specificity of detection. Positive-control
samples obtained from the antibody suppliers were used whenever available,
The X-ray films were digitized using a transmission scanner, and the signal
intensity was quantified using the UN-SCAN-IT gel scanner software (Silk
Scientific, Inc., Orem, UT).

Caspase Activity Assays. After selenium treatment of a defined length, the
detached cells were harvested by centrifugation at 200 X g for 5 min at room
temperature as dbove, washed once with PBS, and the cell pellets were held on
ice. The adherent cells were washed twice with PBS, scraped off in 500 ul of
ice-cold lysis buffer provided with R&D Systems caspase assay kits, and
pooled with the detached cells. After sonification, the lysate was centrifuged
for 20 min at 14,000 X g at 4°C. The resulting supernatants were analyzed for
protein concentration by the Bradford dye-binding assay and stored at —20°C
until used for caspase colorimetric enzymatic activity assays per the manufac-
turer’s instruction using 96-well plate. Equal amounts of protein from different
treatments were used, and the assays were set up on ice. Absorbance was -
recorded on a plate reader at 405 nm immediately after the start of the assay
and after 10~16 h of incubation at 37°C. The net increase of absorbance was
indicative of enzyme activity.

. CC Assay. Mitochondria-free cytosol was prepared according to a. method
described for prostate cancer cells (27). Briefly, after selenium treatment of a
defined length, the detached floaters were harvested by centrifugation at
200 X g for 5 min at room temperature as above, washed once with PBS, and
the cell pellets were held on ice. The adherent cells were washed twice with
PBS, scraped off in 500~700 ul of ice-cold ‘hypotonic buffer [20 mm HEPES-
KOH (pH 7.4), 10 mM KCl, 1.5 mm MgCL, I mM sodium EDTA, 1 mm
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Fig. 1. A, phase contrast photomicrographs depicting representative morphological
responses of DU-145 prostate cancer cells at 9 and 24 h of exposure to 5 um MSeA or
selenite. Note profound cell retraction and rounding at 9 h and detached or loosely adhered
rounded cells at 24 h for MSeA-treated cells. For selenite-exposed cells, note prominent
cytosolic vacuoles in adherent cells at 9 h and vacuolated adherent cells and floaters (out
of focus) at 24 h. Magnification, X200. B, agarose gel (1.5%) electrophoretic detection of
nucleosomal DNA fragmentation at 24 h of exposure to increasing concentrations of
MSeA or selenite. The leftmost lane was loaded with 100-bp DNA size markers. Inverted
image was used to:better show fragmented DNA. C, immunoblot detection of PARP
cleavage at 24 h of exposure to increasing concentrations of MSeA or selenite. Antibody
1 (Ab1) detected both the full-length (116 kDa) and cleavage product (89 kDa) of PARP.
The increased sensitivity of detection by Ab2 in the bottom panel was attributable to the
use of an antibody that specifically recognized only the cleaved PARP (cat. no. 9915; Cell
Signaling Technology). Adherent cells and detached floaters were combined for cell lysate
preparations for these analyses.

sodium EGTA,-I mM DTT, 250 mM sucrose, and protease inhibitors], and”

pooled with floaters. After incubation on ice for 20 min, cells were further
disrupted by Dounce homogenization for 50 strokes. Nuclei and cellular debris
were removed by centrifugation at 1000 X g for 10 min at 4°C. Supernatants
were further centrifuged for 20 min at 14,000 X g at 4°C to pellet mitochon-
dria’ The resulting supernatants were analyzed for protein concentration by
Bradford dye binding and stored at —80°C until analyzed for CC content using
an ELISA kit from R&D Systems. Equal amounts of protein from different
treatments were used for these assays. )

RESULTS

Morphological Responses and DNA Nucleosomal Fragmenta-
tion. Exposure of DU-145 cells in log-phase monolayer culture to 5
1M MSeA led to cell retraction (elongated rod shapes) and rounding
by 9 h and subsequent detachment of individual cells from the culture
vessels (Fig. 14). Some, but not all, detached cells (floaters) displayed
the -grape-like fragmented morphology typical of apoptotic bodies
under a phase-contrast microscope.In contrast, exposure to sodium
selénite led to the appearance of prominent cytoplasmic vacuoles by
9 h and detached floaters later (Fig. 14). Despite the different mor-
phological responses elicited by the two forms of selenium, both
MSeA- and selenite-treated cells displayed DNA nucleosomal frag-
mentation typical of apoptotic cell death at 24 h of exposure (Fig. 1B).

PARP Cleavage Was Detected Mainly in MSeA-exposed Cells.
In dose-response experiments, PARP cleavage was detected in MSeA-
treated cells after 24-h exposure at as low as 3 uM and increased in a
dose-dependent manner (Fig. 1C). On the other hand, PARP cleavage
was minimal in cells exposed to 5 um selenite (Fig. 1C) that had
undergone a comparable extent of DNA nucleosomal ﬁaémentation
(Fig. 1B). Instead, the level of full-length PARP expression decreased
in selenite-exposed apoptotic cells. These results indicate that PARP
cleavage was involved in apoptosis execution induced by MSeA, but
was minimally, if at all, involved in apoptosis induced by selenite
within the time frame of the study.

Multiple Caspase Activities and Mitochondrial Release of CC
Were Detected in MSeA-exposed, but not Selenite-exposed, Cells.
To define which caspases were involved in PARP cleavage during
apoptosis induced by MSeA, we analyzed the enzymatic activities of
DU-145 cell lysates against tetrapeptide substrates DEVDp-NA (for
caspases-3 and caspase-7), IETDp-NA (for caspase-8) and LE-
HDp-NA (for caspase-9) after 24-h exposure to 5 uM selenium as
either MSeA or selenite (Fig. 2, A-C). The relative hydrolytic activ-
ities toward the respective substrates were 5.3-, 1.7-, and 2.1-fold in
MSeA-treated cells compared with untreated control cells, whereas no
changes in the activities of these enzymes were detected in the

A. DEVD-pNA hydrolysis

{casp-3-like)
6 -
* 4
-’
e 2
0

B. IETDp-NA hydrolysis (casp-8) -

nﬁlmg protein

MSeA  Selenite
S CLGEM) GpM) |

Fig. 2. A-C, enzymatic activities of cell lysates toward tetrapepfide caspase substrates
in DU-145 prostate cancer cells at 24 h of exposure to 5 M MSeA or selenits. The
chromogenic substrates were DEVD-pNA (caspase-3-like and caspase-7; A), IETD-pNA
(caspase-8; B), and LEHD-pNA (caspase-9;.C). The caspase activity was ,expressed as
fold relative to untreated controls and represented mean and SD (bars) of three independ-
ent experiments done on different occasions. D, CC cortent’in postmitochondrial cytosol
preparations of DU-145 prostate cancer cells at 24 h of exposure to 5.m MSeA or selenite
measyred using 2 CC ELISA. Adherent cells and floaters were combined for the analyses
of caspases and CC. Protein contents of the cell lysates were measured to equalize input

o ; ) .

'

of protein from different groups for each assay.

~ PBS
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Fig. 3. A immunoblot analyses of the cleavage pattemns of sclected caspases in DU-145
prostate cancer cells a1 26 h of cxposure to 5 pum sclenium as MSeA or selenite (Sel). Sofid
arrows indicate full-length proteins. Dashed arrows indicate cleavage intermediates and
final products. ? indicates that intermediates have not been identificd. B, phosphorylation
slatus of selected protein Kinases involved in cell survival and cellular stress and apoplosts
signaling in DU- 145 prostate cancer cells at 24 b of exposure to § M sclenium as MSeA
or selenite. Adherent cclls and Roaters were combined for cell lysale preparations for
immunoblot analyses.

selenite-treated cells. The cytosolic CC level was increased 2-fold in
the MSeA-treated cells, but not in selenite-treated cells (Fig. 2D).
These results indicate that CC release might be involved in some
aspect of caspase activation in MSeA-induced apoptosis.

By immunoblot detection, cleavage of procaspase-8, -9, -3, and -7
was detected in MSeA-treated cells at 26 h of exposure, corresponding
to significant PARP cleavage and DNA fragmentation (Fig. 34). On
the other hand, selenite-exposed cells did not cleave procaspase-3,
slightly increased procaspase-7 cleavage, and minimally cleaved
PARP despite pronounced DNA nucleosomal fragmentation (Fig.
3A). Paradoxically, the extent of procaspase-9 cleavage in the selen-
ite-treated cells was much greater than in MSeA-treated cells (Fig.
3A), although caspase-9 activity was not detected in the selenite-
treated cells (Fig. 2C). Similarly, selenite-exposed cells underwent
increased cleavage of procaspase-8 compared with untreated control
cells, but failed to hydrolyze the IETDp-NA substrate in the caspase-8
enzyme assay. . . o

The discrepancy between procaspase-9 cleavage (suggesting acti-
vation: Fig. 3A) and the Jack of measurable hydrolysis of LEHDp-NA
(Fig. 2C) in selenite-exposed cells might be in part attributable to
increased phosphorylation (suggesting activation) of AKT/PKB (Fig.
- 3B), a survival enzyme (28) that has been shown to inhibit apoptosis

at least in part through an inactivation of caspase-9 (29) and the
proapoptotic BAD protein (30, 31) by phosphorylation. The selenite-
exposed cells, but not those treated with MSeA, also had a significant
induction of the phosphorylation of INK1 (p54), INK2 (p46), and p38
MAPK/SAPK? (Fig. 3B), two protein kinase pathways that have been
linked to stress responses and apoptosis (32). These results suggest
potential alternative pathways that might contribute to selenite-
induced apoptosis signaling and execution independent of caspases
and PARP cleavage. o

Temporal Relationship of Caspase Activation and PARP Cleav-
age in MSeA-exposed Cells. To further define the involvement of
caspase in MSeA-induced apoptosis, we analyzed the kinetic patterns
of procaspase cleavage in time coursé experiments (Fig. 4). In an
acute exposure setting (experiment 1), the appearance of procaspase-8
cleavage intermediates of 43 or 41 kDa was observed at 6 h, whereas
the final cleavage products of procaspase-8, -9, and -7 were detectable
by 10 h of exposure when PARP cleavage became apparent. The
activation of these three enzymes preceded induction of the expres-
sion of what appeared to be cleavage intermediate(s) of procaspase-3
by at least 2 h. In experiment 2, the levels of cleaved caspase-8 and -9
peaked at 16 h, whereas those for caspase-3 and -7 peaked at 20 h.
These cleavage patterns suggest that the initial PARP cleavage before
caspase-3 activation was likely attributable to cleaved caspase-7 or -9
and that, once activated, caspase-3 might further amplify PARP
cleavage.

Measurement of enzyme activity indicated that hydrolysis of
IETDp-NA (caspase-8 activity) increased significantly at 12 h
of MSeA exposure and peaked at 16 h, whereas hydrolysis of
DEVDp-NA (caspase-3 and -7 activity) increased with the same time
frame, but peaked at 20 h (Fig. 5). The hydrolysis of LEHDp-NA
(caspase-9 activity) also peaked at 20 h (Fig. 5). Together, the cleav-
age patterns and activity measurements suggest that the activation of
caspase-8 was mostly an upstream event for caspase-mediated PARP
cleavage during MSeA-induced apoptosis.

A General Caspase Inhibitor Abolished MSeA-induced PARP

_Cleavage, CC Release, and DNA Fi'agmentation. Cotreatment of

DU-145 cells with ZVADfmk (80 z2m) blocked, as expected, MSeA-
induced cleavage of procaspase-8, -9, -3, and -7 completely at 20 h of
exposure (Fig. 64). This general caspase inhibitor also completely
blocked PARP cleavage and DNA fragmentation (Fig. 64) and mito-
chondrial CC release (Fig. 6B). These results indicate that these three
events are caspase dependent and that the CC/caspase-9 activation
cascade might be a secondary amplification, rather than an initiating,
pathway in MSeA-induced apoptosis execution.

Contrary to its inhibitory efficacy on these apoptosis-execution
events, zVADfmk did not block cell retraction and rounding, nor did
it decrease the number of cells that subsequently detached to become
floaters by 20 h (Fig. 6C). Cleavage of PARP and procaspase-3 and -7
was detected exclusively in the MSeA-induced floaters, and was not
detectable in the adherent cells (Fig. 6C). The inhibitor blocked the
cleavage of procaspase-3 and -7 and PARP in the MSeA-induced
floaters (Fig. 6C). These observations indicate that MSeA-induced
cell detachment is a prerequisite for caspase activation and PARP
cleavage. This mode of apoptosis induction closely resembled anoikis,
in which adherent cells undergo apoptosis after becoming detached
from the extracellular matrix (23). . -

. Effects of Specific Caspase Inhibitors on MSeA-induced PARP
Cleavage and DNA Fragmentation. To delineate the relative con-
tributions of the various caspases, especially with reference to the two
activation cascades described in the “Introduction™ (14, 15) for
MSeA-induced PARP cleavage, we next examined the impacts of
irreversible caspase inhibitors ZIETDfmk (for caspase-8), zZLEHDfmk
(for caspase-9), zDEVDfmk (for caspase-3 and, at higher level, for
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Experiment1

Time
MSeA

Cleaved PARP

Total Caspase-8

Total Caspase-9

Cleaved Casp-7 .

Cleaved Casp-3 B

Experiment 2
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. 43/41kD
““intermediates

18kD
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% 37D
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Fig. 4. Immunoblot analyses of the time course of MSeA-induced cleavage of PARP and selected caspases in DU-145 prostate cancer cells exposed to 5 um MSeA. Adherent cells
and floaters were combined for cell lysate preparations for these immunoblot analyses. The:experiments were conducted several weeks apart, which might account for the slight
difference in the time of onset of caspase activation and PARP cleavage between them. Solid arrows indicate full-length proteins; dashed arrows indicate possible cleavage intermediates

and final products.

caspase-7; Ref. (25) and zVADfmk (for all caspases) at a concentra-
tion of 40 um for each inhibitor. As shown in Fig. 74, at 40 uM the
general caspase inhibitor zZVADfmk completely blocked MSeA-
" induced PARP cleavage, which is in excellent agreement with the data
presented in Fig. 6 for 80 um inhibitor. The caspase-8 inhibitor
zIETDfmk decreased PARP cleavage by 90%, and the caspase-9
inhibitor zZLEHDfmk decreased PARP cleavage by 40%. When the
two inhibitors were used together, the effect was the same as for the
caspase-8 inhibitor alone, indicating that caspase-9 might be a down-
stream component of the caspase-8 activation cascade rather than as
an independent pathway.

The effects of these inhibitors on the caspase cleavage patterns and
‘PARP cleavage provided further support for this scenario. As shown
in Fig. 7B, the caspase-8 inhibitor zZIETDfmk decreased the cleavage
of procaspase-9 by 90% and completely blocked the generation of the
cleaved caspase-7 (20 kDa) and caspase-3 (17 kDa). The caspase-9
inhibitor ZLEHDfmk decreased the extent of active caspase-3 (17 kDa
product) by 60% and active caspase-7 by 70%, whereas it had little
effect on the accumulation of the cleaved caspase-9 itself. Blockage of
the caspase-8 activity decreased the extent of MSeA-induced PARP
cleavage by 90%, and the caspase-9 inhibitor decreased PARP cleav-
age by 60% in this experiment, in good agreement w1th the previous
experiment. )

The caspase-3-like inhibitor ZDEVDfmk blocked MSeA-induced
PARP cleavage by ~97%, establishing caspase-3 as a major player in
PARP.cleavage (Fig. 7B) with minor contribution from caspase-7 to
- this activity. Surprisingly, this inhibitor produced nearly complete
inhibition not only of caspase-3 cleavage, but also of caspase-9
cleavage. These results, -coupled with the delayed activation of
caspase-3 in the time course experiments (Fig. 4), suggest a possible
feedback loop from caspase-3 to caspase-9. zDEVDfmk significantly
reduced (~80%) but did not completely block procaspase-7 cleavage,
which might be attributable to the initial caspase-8 and -9 activities
leading to procaspase-7 cleavage before the feedback loop from
caspase-3 was established: On the basis of these cleavage patterns and
- the-fact that ZVADfmk blecked -CC release from mitochondria (Fig.

DEVDp-NA hydrolysis (Casp-3-like)

04 1 . —8—PBS
0.3 - —-MSeA
8
g 024
(=]
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v
3
Pa)
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Fig. 5. Time course of caspase substrate hydrolysis activities in DU-145 prostate
cancer cells exposed to 5 um MSeA. Adherent and detached cells were. pooled for lysate
preparation for the enzyme assays. The chromogenic substrates used were DEVDp-NA

. (for caspase-3 and 7), IETDp-NA (for caspase-8), and LEHDp-NA (for caspase-9),

respectively. High background absorbance (OD) in controls was attributable to protein
precipitation over the course of 2 =10-h incubation. Each poinr represents the mean of
duplicate flasks, each with triplicate measuremients.
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A

zVADfmk

Fig. 6. A, inhibitory effects of a general caspase
inhibitor, zZVADfmk (at 80 um), on MSeA-induced
DNA fragmentation and cleavage of PARP and
selected caspases in DU-145 prostate cancer cells.
Solid arrows indicate full-length proteins. Dashed
arrows indicate cleavage intermediates and final
products. B, inhibitory effects of zVADfmk on
MSeA-induced CC release into the cytosol. Mito-
chondria-free cyiosol was used for ELISA assay.
For the above assays in A and B, adherent cells and
floaters were combined for analyses. C, bar graph
demonstrates lack of effect of ZVADfmk on
MSeA-induced cell detach bl
onstrate exclusive presence of PARP cleavage and
cleaved caspase-3 and -7 in floaters. F, floaters; A,
adherent cells. In this experiment, the adherent
cells and floaters were analyzed separately for cell
number and PARP and caspase-3 and -7 cleavage.
In all experiments, MSeA exposure duration was -
20hat5 um.

Cleaved P

6B), we propose a putative scheme of caspase-3 feedback activation of
caspase-9 through a mitochondria/CC release mechanism (see Fig. 8).

In addition, the various inhibitors did not block the conversion of
procaspase-8 to the 43/41 kDa intermediate forms, but appeared to
inhibit the generation or maturation of the 18-kDa active caspase-8
form as indicated by the retarded migration of the expected band (Fig.
7B). These observations suggest a possible feedback loop from the
downstream caspases, most likely caspase-3, to caspase-8 for the full
activation/processing of caspase-8 in MSeA-exposed DU-145 cells
(see Fig. B).

Despite the effective blockage of PARP cleavage by ZDEVDfmk or
zZIETDfmk, DNA fragmentation was detected, albeit at a reduced
extent compared with MSeA exposure alone (Fig. 7B). These results,
together with the complete blockage of DNA fragmentation (Fig. 64)
and PARP cleavage (Figs. 64 and 7A) by the general caspase inhibitor
ZVADfmKk, indicate the likelihood that additional caspases contribute
to DNA fragmentation activity and PARP cleavage induced by MSeA
exposure (see Fig. 8)

DISCUSSION

Two Selenium Metabolite Pools Induce Prostate Cancer Cell
Apoptosis Execution by Distinct Mechanisms. The data presented
above document for the first time, to our knowledge, the involvement
- of PARP cleavage (Fig. 1) and the' activation of multiple caspases
(Figs. 2 and 3) during apoptosis execution induced by a mono-methyl
selenium compound, MSeA. The data also ruled out caspase activa-
tion during the same time frame for apoptosis execution induced by
selenite, which has been shown by us and others to be genotoxic (8,
10, 11, 26). Instead, apoptotic DNA fragmentation in selenite-exposed
cells was associated with the phosphorylation of JNK1/2 and p38
MAPK/SAPK?2, whereas these two stress- and apoptosis- signaling
kinases (32) were not phosphorylated in the MSeA-treated cells (Fig.
3B). Furthermore, selenite exposure increased the phosphorylation of
AKT/PKB (Fig. 3B), a protein kinase known to mediate cell survival

B - Cytosolic cytochrome ¢
MSeA

- + + 5pM
ZVADImk - - + 80 M

ngimg protein
oBagsBH

55/50kD full
e 43/41KD
intermediates

in many cell types (28). The activation of AKT provides one potential
explanation for the inactivation of caspase-9 in selenite-treated cells
(Fig. 2 versus Fig: 3) through AKT-tnediated caspase-§ phosphory-
lation (29). A recent report has shown that nanomolar concentrations
of selenite inhibited caspase-3 activity by a redox mechanism both in
the test tube and in cell culture (33). It is therefore possible that
selenite might have also inhibited the activities of caspase-8 and -9 as
well as caspase-3 in our study (Fig. 2, A-C) through a redox modi-
fication of the critical cysteine residual in the active center of each
caspase. Taken together, these data with the two selenium compounds
clearly demonstrate that distinct modes of apoptosis signaling and
execution were induced in DU-145 cells by the-two metabolite pools,
as diagramed schematically in Fig. 8. These results agree with and
extend our earlier findings of the differential biochemical and ceéllular
actions of these two selenium pools thh mammary cancer cells

{10, 11).

Caspases as Essential Executors of MSeA-induced Apoptosis
(Anoikis). Pertaining to the role of caspases in MSeA-induced PARP
cleavage and apoptosis execution, the general caspase inhibitor
2VADfmk completely blocked MSeA-induced CC release, PARP
cleavage, and DNA fragmentation, establishing caspase activation as
an essential and necessary upstream mediating event of these apo-
ptotic processes (Fig. 6, A and B). However, it did not prevent
MSeA-induced cell detachment (Fig. 6C), and caspase-3 and-7 acti-
vation and PARP cleavage were detected exclusively in the MSeA-
induced floaters, but not in the MSeA-exposed adherent cells (Fig.
6C). These results support MSeA-induced cell detachment as a pre-
requisite for caspase activation. This mode of cell death induction
closely resembles detachment—mduced anoikis (23).

As mentioned in the “Introduction,” two caspase-activation cas-
cades, i.e., the death receptor/caspase-8 pathway and the CC/APAF-
1/caspase-9 apoptosome pathway, have been demonstrated for acti-
vation of downstream executioner caspases in numerous apoptosis
models (14-17). As far as caspase cascades involved .in anoikis are
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Fig. 7. A, effects of a general caspase inhibitor (VA Dfink) and an inhibitor of caspase-8
(UETDfmk) or caspase-9 (zZLEHDfmk), individually or combined, on MSeA-induced
PARP cleavage in DU-145 cells at 20 h of exposure. B, effects of an inhibitor of
caspase-8, caspase-9 or caspase-3 (zDEVDfink) on MSeA-induced cleavage of PARP and
selected caspases and DNA fragmentation in DU-145 cells at 20 h of exposure. In both
experiments, each inhibitor was used at a final concentration of 40 M. Both adherent cells
and floaters were combined for these analyses. Solid arrows indicate expected full-length
proteins. Dashed arrows indicate cleavage intermediates and fina! products. Diagonal
arrows indicate unidentified cleavage intermediates with altered migration patterns.

concerned, it has been shown that.detachment-induced apoptosis
requires death receptor-related and death domain-containing _proteins
(34) and that apoptosis is blocked by a dominant-negative form of
FADD (35). In these studies, detachment induced strong activation of
caspase-8 and -3 (34, 35). In addition, recent reports have shown a
caspase-dependent CC release from mitochondria durmg anoikis (36).
These findings support the primary role of the death receptor/
caspase-8 pathway for anoikis execution with the CC/caspase-9 cas-
cade as a secondary amplification pathway. This generalization ap-
pears to fit the ‘patterns of caspase activation induced by MSeA in
DU-145 cells as discussed next. :

- Caspase-8 Is Functionally Upstream of Other Caspases w1th
Potential Feedback Loop(s) in MSeA-induced Anoikis. The tem-
- poral sequence of MSeA-induced caspase cleavage patterns (Fig. 4)
indicated that the activation of caspase-8 (e.g., occurrence of p43/p41
cleavage mtermedlates) preceded caspase-9 and -7, all of which
occurred prior to activation of caspase-3. The activity measurements
were consnstent with the tempora! kinetic patterns of activation ob-
served ‘above (Flg 5). Becausg caspase-3 has much higher specific

METHYL SELENIUM INDUCTION OF CASPASE-DEPENDENT ANOIKIS

activity for PARP .cleavage than either.caspase-7 or -9 (25), the
delayed cleavage of -caspase-3 subsequent to the activation of
caspase-8, -9, and -7 might account for the accelerated PARP cleav-
age once apoptosis execution has initiated.

Using irreversible inhibitors for selected caspases, we attempted to
further delineate the paths of'caspase activation and their relationship
to PARP cleavage and DNA fragmentation induced by MSeA (Fig. 7).
Several lines of evidence support the scenario that the CC/caspase-9
cascade may be an integral component, rather than an independent
pathway, of the death receptor/caspase-8 activation cascade(s). First,
as shown in Fig. 74, the caspase-8 inhibitor blocked PARP cleavage
to the same extent as both caspase-8 and caspase-9 inhibitors used
together. As shown in Fig. 7B, the caspase-8 inhibitor almost com-
pletely blocked procaspase-9 cleavage as well as cleavage of pro-
caspase-7 and -3. The caspase-9 inhibitor, on the other hand, de-
creased but did not completely block the extent of cleavage of
procaspase-3 (to the 17-kDa active product) or procaspase-7, although
it had little effect on the accumulation of the cleaved caspase-9 itself.
The latter outcome would be predicted from a serial upstream-down-
stream, rather than a parallel, relationship between caspase-8 and -9.
How caspase-8 mediates activation of caspase-9, whether via a direct
cleavage effect or BID-induced CC release/caspase-9 activation (17,
18), remains to be determined.

ZDEVDfmk (a more potent inhibitor for caspase-3 than for
caspase-7; Ref. 25) almost completely blocked PARP cleavage (Fig.
7B), which is consistent with the primary effector role of caspase-3 in
executing PARP cleavage as documented in many other model sys-

Methylselenol
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| DNA strand breaks ]
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Fig. 8. Proposed pathways of MSeA-induced caspase activation and relationships to
mitochondria release of CC (cyto <), PARP cleavage, and DNA nucleosomal fragmenta-
tion' during apoptosis execution in DU-145 prostate cancer cells. Solid arrows indicate
probable events. Dashed arrows-indicate likely feedback loops from caspase-3 to up-
stream initiator caspases. Thin dashed lines indicate steps where caspase mhxbxtors used
in this study exert their effects. Selenite-induced changes are outlined on the right for
comparison. The gentotoxic activity of selenite (DNA single strand breaks) was based on
our earlier results in leukemia and mammary cancer cell lines (8, 10, 26).
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tems (14-17). zDEVDfmk not only blocked the activation of
caspase-3, but also significantly decreased cleavage of procaspase-9,
indicating that a feedback loop tnight be involved in the full activation
of the caspase-9 cascade (Fig. 7B). Recently, caspase-3 activation has
been shown to amplify CC release from the mitochondria, via cleav-
age-of either BID or Bcl-2 (20-22). The fact that CC release from
mitochondria in MSeA-exposed cells was caspase dependent (Figs. 2
and 6) suggests that the CC/APAF-1/caspase-9 cascade may also be a
part of the feedback amplification loop for overall MSeA-induced
PARP cleavage (Fig. 8). In addition to the feedback loop from
caspase-3 to caspase-9, our data appear to also indicate a feedback
loop from caspase-3 to caspase-8 (Fig. 8). The various inhibitors,
including zZDEVDfmk for caspase-3, did not block the conversion of
pro-caspase-8 to the 43/41 kDa intermediate forms, but appeared to
inhibit the generation or maturation of the 18-kDa active form of
caspase-8 as indicated by the retardation of migration (Fig. 7B).
Studies are in progress to test these hypotheses.

Additional Caspases Might Contribute to MSeA-induced DNA
Fragmentation Activity. Although the inhibition data support the
prominent role of caspase-8 — caspase-9, -7 — caspase-3 for PARP
cleavage, these caspases do not fully account for DNA fragmentation
as a result of exposure to MSeA (Fig. 7B). These results, when
considered together with the complete blockage of DNA fragmenta-
tion by zVADfmk (Fig. 6), suggest that additional caspases may’
contribute to the DNA fragmentation activity in MSeA-exposed DU-
145 cells (Fig. 8). :

Relevance of Anoikis Induction by Methyl Selenium in Cancer
Chemoprevention. The remarkable efficacy of MSeA in inducing
DU-145 cancer cell apoptosis as judged by PARP cleavage (~3 uM;
Fig. 1C) is noteworthy. As reference values, the mean plasma sele-
nium concentration of subjects without selenium supplementation in
the recent human trial was ~1.5 um (2). Selenium supplementation
(200 ng/day as selenized yeast) that was associated with a >50%
reduction in the risk for prostate, colon, and lung cancers brought the
mean selenium level to ~2.5 um (2). DU-145 prostate cancer cells,
originally derived from an aggressive metastatic carcinoma, are inde-
pendent of androgen for growth, capable of anchorage-independent
growth (Le., resistant to anoikis), and have extended survivability
upon trophic *factor withdrawal (37). Therefore, the apoptosis
(anoikis) sensitivity of such malignant cells to MSeA would be
expected to be much lower than that of transformed prostate epithelial
cells in early lesions, which represent the likely targets of chemopré-
vention by selenium. Although the work reported here focused on
induction of anoikis of this aggressive metastatic prostate cancer cell
line by MSeA treatment, we speculate that the anoikis mechanism
may apply to prostate epithelial cells in early lesions in a pharmaco-
logical as well as a chemoprevention context. In other words, achiev-
able serum levels of MSeA might be enough to induce anoikis of
transformed prostate epithelial cells in early lesions. Further work is
needed to establish the relevance of induction of anoikis by methyl
selenium for the chemoprevention of prostate carcinogenesis.

In summary, the data show that MSeA-induced DU-145 cell de-
tachment is a prerequisite for caspase activation and PARP cleavage
in an apoptosis execution pathway that is principally initiated by
caspase-8 — caspase-9, -7 — caspase-3 and is Jlikely amplified by
feedback loop(s) from caspase-3. Many mechanistic questions remain.
For example, is integrin-signaling inhibition involved in MSeA in-
duction of cell detachment and caspase activation? Are death receptor

molecules and their adapters, such as FADD, involved in the initial

stage of caspase-8 activation? Does the AKT/PKB survival pathway,
whose phosphorylation was decreased at 24 h of exposure to MSeA,
play a role in MSeA-anoikis signaling and execution? Are the Bcl-2

family- of -anti- -and-pro-apoptosis - preteins, such as Bid and BAD, ..
- ) 3069

involved in MSeA-induced anoikis? Answers to these questions will
help to elucidate how methyl selenium triggers the signaling and
execution of cancer cell anoikis.
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ABSTRACT

Inhibiting the mitogenic response of vascular endothelial cells may in
part mediate the antiangiogenic and anticancer activity of supranutri-
tional selenium supplements. Our previous work had shown that methyl-
seleninic acid (MSeA), a precursor of the critical anticancer methylselenol
metabolite pool, was a potent inhibitor of the growth and survival of hu-
man umbilical vein endothelial cells (HUVECs). Here we investigated the
effects of MSeA on selected protein kinase signaling transduction path-
ways to characterize their role in methylselenium induction of HUVEC
cell cycle arrest and apoptosis. Exposure of asynchronous HUVECs for
30 h to 3-5 uM MSeA led to a profound G, arrest, and exposure to higher
levels of MSeA not only led to G, arrest but also to DNA fragmentation
and caspase-mediated cleavage of poly(ADP-ribose)polymerase, both bio-
chemical hallmarks of apoptosis. Inmunoblot analyses indicated that G,
arrest induced by the sublethal doses of MSeA was associated with dose-
dependent reductions of the levels of phospho-protein kinase B (also
known as AKT or PKB), phospho-extracellular signal regulated kinase
(ERK) 1/2, and phospho-Jun NH,-terminal kinases 1/2 in the absence of
any change in p38 mitogen-activated protein kinase (MAPK) phosphoryl-
ation. Apoptosis induced by MSeA was associated with an increased
phosphorylation of p38 MAPK in addition to the dephosphorylation of the
above kinases. In HUVECs deprived of endothelial cell growth supple-
ment (ECGS) for 48 h, resumption of ECGS stimulation resulted in an
~10-fold increase in mitogenic response, as indicated by [*H]thymidine
incorporation into DNA. The ECGS-stimulated mitogenic response was
inhibited in a dose-dependent manner by MSeA exposure with a IC;, ~1
pM and a complete blockage at 3 uM. Wortmannin, an inhibitor of
phosphatidylinositol 3-kinase (PI3K) upstream of AKT, potently inhibited
the ECGS-stimulated DNA synthesis (ICso, ~40 nM). Combining MSeA
with Wortinannin showed an additive antimitogenic effect. An inhibitor of
MAPK/ERK kinase 1, PD98059, also inhibited ECGS-stimulated DNA
synthesis (ICsy, ~55 pM), but combining PD98059 with MSeA had an
effect similar to that when PD98059 was used alone. A time-course exper-
iment indicated that PI3K (AKT and ribosomal protein S6 kinase) acti-
vation occurred between 6 and 12 h of ECGS stimulation, and 3 pM MSeA
exposure decreased AKT phosphorylation after 12 h of exposure, whereas
no inhibitory effect was observed for ERK1/2 phosphorylation throughout
the 30-h exposure duration. Additional experiments indicated that MSeA,
Wortmannin, or 2 more specific PI3K inhibitor, 1Y294002, seemed to
target, in the mid- to late-G, phase, a common mechanism(s) controlling
G, progression to S while having no inhibitory effect on DNA synthesis
once S-phase had initiated. Taken together, the results support a potent
inhibitory activity at achievable serum levels of MSeA on ECGS-stimu-
lated mitogenesis in the mid- to late-G, phase, and the target(s) of this
inhibitory activity seems to be PI3K or components of this signal pathway.
At pharmacological levels of exposure, modulation of ERK1/2 and other
protein kinases may be relevant for the proapoptotic action of MSeA.
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INTRODUCTION

Sustained angiogenesis is obligatory for the genesis and progres-
sion of solid tumors (1-3). One of the key angiogenic responses upon
stimulation of vascular endothelial cells with polypeptide angiogenic
factors is signaling through receptor protein kinase pathways leading
to cell cycle entry and progression of the normally quiescent vascular
endothelial cells to provide sufficient number of cells for the growing
capillaries (1-3). Agents that interfere with endothelial cell mitogen-
esis and survival can therefore be of significant cancer chemopreven-
tive potential and utility. In this regard, we have previously reported
(4, 5) that MSeA,> a novel penultimate precursor of the putative active
chemopreventive selenium metabolite methylselenol pool (6-8), ex-
erted a potent inhibitory action on the growth and survival (through
apoptosis) of HUVECs. Such an inhibitory activity provides a poten-
tial mechanism to account for the observed antiangiogenic and cancer
chemopreventive activity of selenium (4). However, how the antimi-
togenic and proapoptotic effects of the methylselenol pool are medi-
ated in the vascular endothelial cells and, more specificaily, whether
protein kinase signaling pathways are involved in mediating these
activities have yet to be investigated.

The primary function of vascular endothelial cells as lining of blood
vessels requires that their mitogenic signaling and responses be dif-
ferent from most other cell types with reference to typical polypeptide
growth factors such as platelet-derived growth factor and epidermal
growth factor. Such specificity ensures the essential quiescent state of
vascular endothelial cells in mature individuals or organs until angio-
genesis is called for, such as in wound healing or carcinogenesis. The
unique mitogenic signaling behavior of vascular endothelial cells is in
part attributable to their possession of special receptors for endothe-
lial-specific mitogens such as VEGF (9). Much work has focused on
VEGF signaling through its receptors, which belong to the platelet-
derived growth factor receptor-family of receptor tyrosine kinases.
Upon activation, these receptors dimerize and/or oligomerize, after
which autophosphorylation and transphosphorylation of their tyrosine
residues in the intracellular domain occur. These phospho-tyrosine
molecules act as docking sites for adaptor signaling molecules and
nonreceptor tyrosine kinases, generating signal cascades that culmi-
nate into vascular endothelial cellular responses such as mitogenesis,
hyperpermeability, increased motility, and matrix degradation through
matrix metalloproteinases (10).

Several protein kinase cascades (11-14) have been mvesugated for
their involvement in the vascular endothelial mitogenic, apoptotic,
and other responses (15-24). The PI3K is a heterodimer of a M,
85,000 (p85) adaptor subunit and a M, 110,000 (p110) catalytic
subunit (11). Activated p110 catalyzes the phosphorylation of mem-

3 The abbreviations used are: MSeA, methylseleninic acid; HUVEC, human umbilical
vein endothelial cell; VEGF, vascular endothelial growth factor; PI3K, phosphatidylinosi-
tol 3-kinase; PDK, phosphatidylinositol-dependent kinase; PKB, protein kinase B (also
known as AKT); S6K, ribosomal protein S6 kinase; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal regulated kinase; MEK, MAPK/ERK kinase; P38
MAPK, also known as stress-activated protein kinase 2; SAPK, stress-activated protein
kinase; ECGS, endothelial cell growth supplement; JNK, Jun NH,-terminal kinase; PARP,
poly(ADP-ribose)polymerase; TCA, trichloroacetic acid.
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brane phosphatidylinositol 4,5-bisphosphate in the D3 position to
generate phosphatidylinositol 3,4,5-trisphosphate. Phosphatidylinosi-
tol 3,4,5-trisphosphate and its phospholipid phosphatase product,
phosphatidylinositol 3,4-bisphosphate, accumulate in the membrane,
creating docking sites for two lipid-binding protein kinases, namely
PDK1 and AKT, which bind to these lipids via their pleckstrin
homology domains. AKT becomes activated as a result of this plasma
membrane localization and by its phosphorylation on both Thr308 and
Ser473 catalyzed by PDK1 and an unidentified but provisionally
named PDK2, respectively. Once activated, AKT can inhibit apopto-
sis by a number of actions, including phosphorylation and inactivation
of the proapoptotic Bcl-2 homologue Bad (20, 21), the apoptosis-
initiating enzyme caspase-9 (22), and the forkhead family transcrip-
tion factor that mediates transcription of proapoptotic gene products
(23). The PI3K and its other downstream substrate, S6K, have been
shown to mediate the stimulatory effects of VEGF or serum on DNA
synthesis in HUVECs and other endothelial cells (15-17, 24).

The classic MAPK/ERK pathway is a key component in the trans-
duction of signals leading to growth and transformation in many cell
types (12, 13). It consists of a linear cascade of protein kinases: Raf,
MEK, and MAPK/ERK. ERK1/2 are acutely activated upon growth
factor stimulation. The ERK pathway has been shown to contribute to
the mitogenic responses of HUVECs to VEGF or serum (15-17). In
addition to the PI3K and ERK pathways, the p38 MAPK/SAPK?2
pathway seemed to mediate the motility-stimulating effects of VEGF
with a concomitant antimitogenic action in HUVECs (16, 18). In
numerous cell lines, the INK/SAPK1 pathway as well as the p38
MAPK pathway are involved in apoptosis signaling and regulation
(14). The interplay of the signals from the various pathways in turn
command cell cycle entry and progression by modulating the balance
of cyclins and cyclin-dependent kinase inhibitors within cyclin-
dependent kinase-cyclin complexes, which in tumn inactivate retino-
blastoma protein by phosphorylation and G, transition, leading to
DNA replication and mitosis (25).

The objective of this study was to define the effects of MSeA on
mitogenesis and protein kinase signaling in the HUVEC model to

identify potential target pathways/molecules for the methyl selenium

action. We have chosen as endothelial mitogen for the present work,
ECGS, a bovine pituitary extract probably made up of a mixture of
multiple angiogenic factors (26, 27). This was based on the rationale
that tumor angiogenesis would likely be driven by multiple angio-
genic factors in addition to VEGF.

MATERIALS AND METHODS

Chemicals and Reagents. MSeA was synthesized as described elsewhere
(4). MSeA most likely reacts with reduced glutathione intracellularly to form
intermediates that can undergo additional reduction to methylselenol
(CH,SeH; 28). Bovine ECGS, heparin, PD98059, Wortmannin, and an anti-
body for B-actin were purchased from Sigma Chemical Co., St. Louis, MO.
LY294002 was purchased from CalBiochem-Novabiochem Corp., La Jolla,
CA. [Methyl-[’H]]thynﬁdine (20 Ci/mmol) was purchased from DuPont-New
England Nuclear, Wilmington, DE. Recombinant human VEGE165 was ob-
tained from Becton Dickinson, Bedford, MA. HUVECs were obtained from
American Type Culmre Collection, Manassas, VA, and used within 15 pas-

- sages upon receipt. Antibodies specific for cleaved PARP (p89), cleaved

caspase-3, and cleaved caspase-7 and those for protein kinases and their
phosphorylated forms (AKT Serd73, S6K Thrd21/Serd424, ERK1/2 Thr202/
Tyr204, MEK1 Ser217/221, INK Thr183/tyr185, and P38 MAPK Thr180/
Tyr182) were purchased from Cell Signaling Technology, Beverly, MA.
Cell Cycle Distribution and Apoptosis Evaluation. HUVECs were prop-
agated in F12K medium containing 10% fetal bovine serum, 2 mM L-gluta-
mine, 100 pg/ml of heparin, and 30 pg/ml of bovine ECGS, as described
previously (4, 5). HUVECs were seeded in T,s or T,s flasks at 60-70%

confluence and were treated in fresh complete medium with increasing con-
centrations of MSeA for 30 h or as otherwise specified. Detached floaters and
adherent cells were pooled together and analyzed for cell cycle distribution by
flow cytometry and for DNA nucleosomal fragmentation. DNA was extracted
and analyzed as previously described (29). Cleavage of PARP (30), caspase-3,
and caspase-7 as evidence of caspase-mediated apoptosis was analyzed by
immunoblotting with antibodies specific for the cleaved products as we have
previously described (31). To standardize Se exposure among different cell
culture vessels, 0.2 ml of medium was used per cm? of vessel surface (eg., 15
ml for a T,; flask, 5 ml for a T, flask).

HUVEC Synchronization and [*H]thymidine Incorporation into DNA.
HUVECs were seeded in T, flasks in complete growth medium until 70~80%
confluent and then were fed the above medium without ECGS for 48 h. To
determine the effect of MSeA on ECGS-stimulated cell proliferation, [(*Hjthy-
midine (0.4 uCi/ml) and ECGS were added to the synchronized cells simul-
taneously. The DNA synthetic activity was measured as [*H]thymidine cumu-
lative incorporation into the TCA-precipitable fraction during 30 h of ECGS
stimulation, unless otherwise specified as in selected time course experiments.

Immunoblot Analyses. Cell lysates were prepared in lysis buffer [50 mm
Tris-HC1 (pH 7.4), 150 mm NaCl, 2 mm EDTA, 50 mM sodium fluoride, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mMm dithiothreitol, 5 mM
sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride and 38 ng
aprotinin/ml were added fresh]. Supernatants after centrifugation (14,000
g X 20 min; 4°C) were recovered and the protein content was quantified by the
Bradford dye-binding assay (Bio-Rad Laboratories, Richmond, CA). Six or 20
pg of total protein was size-separated by electrophoresis on 10 or 12%
SDS-polyacrylamide gels, depending on the size of the target protein being
investigated. The proteins were electroblotted onto nitrocellulose membranes
and probed with antibodies for the phosphorylated AKT, ERK1/2, S6K, P38
MAPK, or JNK and those for cleaved caspase-3, caspase-7, or cleaved PARP.
Membranes were stripped by incubation in Re-Blot 1X antibody stripping
solution (Chemicon International, Inc., Temecula, Ca) for 20 min at 28°C and
reprobed for the respective total protein kinase content or B-actin for verifying
loading evenness.

RESULTS
Part I: Effects of MSeA in Asynchronous Cells

MSeA Induced G, Arrest at Low Exposure Level and Caspase-
Associated Apoptosis at High Level. Exposure of asynchronous
HUVECs in complete growth medium (10% serum, 30 pg/ml ECGS
and other endothelial additives) for 30 h to 3-7 UM MSeA led to an
enrichment of cells in G;-G, phase of the cell cycle and a significant
reduction of cells in S and G,-M phases (Fig. 1). The decrease of the
fraction of the proliferating cells (i.e., S plus G,-M) was 44, 60, and
52% for the MSeA exposure concentration of 3, 5, and 7 MM, respec-
tively. Exposure of HUVECs to higher levels (e.g., 10 uM or greater)
of MSeA led not only to G, arrest but also to cell death by apoptosis
as indicated by an increase in the sub-G,-G, fraction of apoptotic
bodies (Fig. 1). Biochemically, apoptosis was characterized as DNA
nucleosomal fragmentation (Fig. 24) and cleavage of PARP (Fig. 2B),
a key substrate of apoptosis executioner caspases (30, 31). The exe-
cutioner caspases (e.g., caspase-3 and caspase-7) were cleaved (in-
dicative of activation) in a dose-dependent manner to MSeA exposure
(Fig. 2B). These results indicated that exposure to a level of MSeA >5
uM induced caspase activation and apoptosis in asynchronous
HUVECs.

MSeA Modulated Phosphorylation Status of Multiple Protein
Kinases. To determine the potential involvement of protein kinase
pathways in MSeA-induction of G, arrest and caspase-mediated apo-
ptosis, we surveyed the phosphorylation status (indicative of activa-
tion states) of the four major protein kinases after asynchronous
HUVECs were exposed to increasing concentrations of MSeA for
30 h (Fig. 3). Exposure to subapoptotic doses of MSeA (3-5 um) led
to a dose-dependent reduction of the levels of phospho-AKT (Serd73),
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Fig. 1. Flow cytometric analyses of effects of MSeA exposure of asynchronous
HUVECs on their cell cycle distribution after 30 h of treatment. The percentage of
distribution data for each treatment group was the average of two flasks. The data were
representative of three independent experiments. The enrichment of Gy-G, population and
the depletion of cells in S and G,-M phases in groups exposed to <7 uM MSeA indicated
G, arrest. The increase in sub-G,-G, fraction in cells treated with 10 M MSeA indicated
the presence of apoptotic bodies.

phospho-ERK1/2 (Thr202/Tyr204), and phospho-JINK1/2 (Thr183/
Tyr185) and did not change p38 MAPK phosphorylation (Thr180/
Tyr182) status. The observed reduction of phosphorylation status in
" response to MSeA:exposure was not caused by a decrease of the total
protein conterit~of the respective protein kinases (Fig. -3).

In cells exposed to an apoptogenic level of MSeA (e.g., 10 um), an
increased level of phosphorylation of p38 MAPK was observed in
addition to AKT, ERK1/2, and JNK dephosphorylation. These results
indicated that MSeA-induced modulation of AKT, ERK1/2, and JNK
kinase pathways were associated with G, arrest, whereas such alter-

ations.in concert with an enhanced p38 MAPK phosphorylation were '
likely involved in the proapoptotic action of MSeA in HUVECs.

Part II. Antimitogenic Effects of MSeA in ECGS-
Stimulated Cells

ECGS-stimulated Cell Cycle Progression Model. To more sen-
sitively define the G, arrest activity of MSeA on HUVECs and the
signal transduction mechanisms involved, next we examined effects
of MSeA in an ECGS-depletion and stimulation model. To verify the
mitogenic response of this model, ECGS was omitted from the com-
plete growth medium for ~48 h to partially synchronize HUVECs and
its stimulatory effect was compared with that of recombinant VEGF at -
20 ng/ml, a level that has been shown to produce maximal mitogenic
stimulation on HUVECs (15-17), during a 24-h stimulation period
(Fig. 4A). ECGS treatment stimulated DNA synthesis, assessed as
[*H]thymidine incorporation into TCA-precipitable DNA, by ~10-
fold (Fig. 44). In comparison, VEGF stimulation increased DNA
synthesis by only ~90% (Fig. 4A). These results indicated that ECGS
was a much stronger mitogen than VEGF for the HUVEC: in vitro.

Flow cytometry analyses of cell cycle distribution after ECGS
depletion in the presence of 10% serum and other endothelial supple-
ments showed that 73% cells were in Gy-G,, 3% in S, and 24% in
G,-M phases, respectively (n = 3 flasks). Upon ECGS stimulation,
the distribution pattern remained unchanged for 12 h and subsequently
cells entered S-phase between 12 h and 18 h and the percentage of
S-phase cells peaked at 24 h (Fig. 5A). The time course of [*H]thy-
midine incorporation mirrored the cell cycle distribution pattern,
showing a sudden rise in DNA synthetic activity between 12 h and
18 h of ECGS stimulation (Fig. 5B). On the basis of these results, we
standardized the ECGS-deprivation protocol for 48 h for assessing the
MSeA effects in the rest of the work.

MSeA Potently Inhibited ECGS-stimulated G, to S Progres-
sion. MSeA treatment that was initiated either 3 h before (experiment
1) or simultaneously with ECGS stimulation (experiment 2) decreased

A MSeA 0 5 10 20 pM

DNA
B MSeA 0

89kD

Cleaved PARP
19kD
Cleaved Casp-3 [ 17D
20kD

Cleaved Casp-7
b 46kD

Fig. 2. Biochemical markers of apoptosis execution induced by MSeA exposure of
asynchronous HUVEC: for 30 h. A, agarose gel electrophoretic analysis of DNA extracted
from HUVECs after MSeA exposure. Detached cells and remaining adherent cells were
pooled together for DNA extraction. DNA size marker was multiples of 100 bp. B,
detection of cleaved PARP, cleaved casapse-3, and cleaved caspase-7 in MSeA-exposed
cells by Western blot. B-Actin was reprobed to indicate evenness of loading of protein
extract from each treatment. Arrows, proteins of expected sizes of the cleaved PARP,
cleaved caspase-3, cleaved caspase-7, or full length B-actin.
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Fig. 3. Effects of MSeA exposure of asynchronous HUVECS for 30 h on the phos-
phorylation status and expression level of selected protein kinases as detected by immu-
noblot analyses. B-Actin expression was reprobed to indicate evenness of loading of
protein extract from each treatment. Bold arrows, total proteins of expected sizes; thin
arrows, respective phosphorylated kinases.

[*Hlthymidine incorporation into DNA dose-dependently during 30 h
of ECGS exposure (Fig. 4B). The inhibitory potency was remarkable
with an IC;, of ~1 um MSeA and a complete blockage to the
unstimulated basal level at 3 um (Fig. 4B). Flow cytometry data (Fig.
5A) corroborated the DNA synthesis results (Figs. 4B and 5B) in that
exposure to 3 uM MSeA completely blocked the progression of G,
cells into S-phase.

Exposure to 7 uMm or higher level of MSeA led to detectable
caspase-mediated PARP cleavage in the synchronized HUVECs (Fig.
4C). Taken together, the [*H]thymidine incorporation and cell cycle
distribution results demonstrated an excellent inhibitory potency of
MSeA on ECGS-stimulated cell cycle progression from G, to S-
phase. Furthermore, the data indicated that the primary antimitogenic
activity of serum achievable levels of MSeA (Cso, ~1 uM) was
independent of the proapoptotic action of MSeA exposure at pharma-
cological levels (e.g., >5 um).

Effects of MSeA on ECGS-stimulated PI3K and ERK Signaling
Events. In a time-course experiment designed to delineate the likely
sequence of events involving PI3K and ERK1/2 pathways in ECGS-
stimulated HUVEC cell cycle progression and in MSeA-induced G,
arrest, ECGS stimulation did not significantly increase the phospho-
rylation of the PI3K targets AKT and S6K within the first 6 h of
exposure, but increased AKT phosphorylation (~5X) and S6K phos-
phorylation (~8X) at 12 h (Fig. 64). ECGS stimulated ERK1/2
phosphorylation by ~4X, ~10X and ~8X after 6, 12, and 30 h,
respectively (Fig. 64). The above phosphorylation changes of AKT,
S6K, and ERK1/2 occurred with little change in the total protein
content of the respective protein kinases. In an experiment examining
the phosphorylating status of MEK1 and ERK1/2 during acute expo-
sure to ECGS, it was observed that MEK1 phosphorylation already
peaked at 5 min of ECGS stimulation and declined gradually after 5

min (Fig. 6B). ERK1/2 phosphorylation plateaued within 5 min and
was sustained throughout 30 min. ERK1 showed a slight decrease of
phosphorylation afterward. Taken together, these data suggest that
upon ECGS-stimulation, PI3K activation (indicated by AKT-, S6K-
phosphorylation) was likely activated between 6 h and 12 h during
mid- to late-G, progression; whereas MEK1-ERK1/2 activation was
likely involved in signaling for G, entry within a few minutes of
ECGS stimulation in this model.

The effects of MSeA exposure on these kinases were dependent on
the dosage. At 3 uM, which completely blocked ECGS-stimulated
G,-S progression (e.g., [*Hjthymidine incorporation and flow cytom-
etry data as shown in Figs. 4B and 5), MSeA did not decrease the
levels of ERK1/2- or S6K-phosphorylation throughout the 30-h du-
ration (Fig. 6A). This level of MSeA exposure decreased AKT phos-

A 1
12
10§
84
6
4
2.

o
+ 30 pg/m!
VEGF - . + - 20ng/ml

Fold of Basal

Fold of Basal

MSeA, uM

C MSeA 0 3 5 7 10

Cleaved PARP
B-Actin

Fig. 4. A, a comparison of the mitogenic effect of endothelial cell growth supplement
(ECGS, 30 pg/ml) versus VEGF (20 ng/ml) on HUVECs previously deprived of ECGS
for 52 h. [*H]thymidine was added at the time of treatment with ECGS or VEGF for 24 h.
[*Hjthymidine incorporation into DNA was measured by TCA precipitation and extensive
washing and followed by liquid scintillation. Unstimulated basal activity was set as unity.
Results represented mean and SD of triplicate flasks. Fresh serum-containing medium
(medium) without either of the above angiogenic factors did not have stimulatory activity.
B, dose-dependent inhibitory effect of MSeA on ECGS-stimulated [°H]thymidine incor-
poration into TCA-precipitable DNA. [PHjthymidine was added at the time of treatment
with ECGS for 30 h. In experiment 1, MSeA was added 3 h before ECGS stimulation. In
experiment 2, MSeA was added simultaneously with ECGS stimulation. Each experiment
was done in duplicate flasks: results reflect mean values, with SD <10% of respective
means. C, immunoblot detection of cleaved PARP in synchronized HUVECs exposed to
ECGS and MSeA for 30 h. Arrow, cleaved PARP. B-Actin was reprobed to indicate
evenness of loading of protein extract from each treatment.
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Fig. 5. A, flow cytometry analyses of S-phase fraction as a function of time after ECGS
stimulation of ECGS-deprived HUVECs and the effect of 3 um MSeA added simulta-
neously with ECGS stimulation. Each point represents the result of an individual flask
(n = 2 flasks/group). B, DNA synthesis activity ((*H]thymidine incorporation, TCA-
precipitated cpm/T25 flask) as a function of time after ECGS stimulation and the effect of
3 uM MSeA added simultaneously with ECGS stimulation. {*H]thymidine was added
simultaneously with ECGS stimulation at O h. Each point represents.the result of an
individual flask (» = 2 flasks/group).

phorylation at 30 h. MSeA exposure at 5 um decreased ECGS-
stimulated phosphorylation of ERK1/2 at 6 h, AKT and S6K (p70)
phosphorylation at 12 h (Fig. 6A). During acute exposure (Fig. 6B), 10
M MSeA treatment simultaneous with ECGS stimulation did not
decrease MEK1 phosphorylation until 30 min of exposure and de-
creased phosphorylation of ERK1/2 at 3 h. These data therefore
implicated an involvement of the inactivation of PI3K and/or ERK1/2
pathway activities for the antimitogenic action of MSeA, probably
through a mechanism(s) well after the initial MEK-ERK mediated
signaling had taken place.

Effects of PI3K and MEKI1 Inhibitors with MSeA on ECGS-
stimulated DNA Synthesis. To test the role of the PI3K and MEK-
‘ERK1/2 pathways in ECGS-stimulated mitogenesis and MSeA-
induced G, arrest, we next examined the impact of a PI3K inhibitor,
Wortmannin (Ref. 32) and a MEK1 inhibitor, PD98059. With Wort-
mannin preloaded for 1.5 h before ECGS stimulation, a potent inhi-
bition of [*H]thymidine incorporation was observed with ICs, ~35
oM (Fig. 7A). PD98059 (preloaded for 1.5 h) also inhibited ECGS-
stimulated DNA synthesis, but at relatively high concentrations (ICs,,
~55 pMm; Fig. 74).

In a separate experiment (Fig. 7B), Wortmanmn (40 nM) alone
inhibited [*H]thymidine incorporation by ~60%, and PD98059 (60
pM) alone inhibited by ~72%. The two inhibitors combined com-
pletely blocked ECGS-stimulated DNA synthesis. These results indi-
cated that the PI3K and MEK1-ERK pathways could independently
contribute to ECGS-stimulated cell cycle entry and/or progression to
S phase, during which [*H]thymidine was incorporated into the DNA.
Exposure to 1 M MSeA alone inhibited [*H]thymidine incorporation
by ~38% (Fig. 7B). Combining MSeA with Wortmannin had a near
additive inhibitory effect on ECGS-stimulated DNA synthesis (81%;

Fig. 7B). However, MSeA combined with PD98059 had an effect
similar (78%) as that when PD98059 was used alone (72%). These
results suggested that the antimitogenic activity of a low level MSeA
exposure, e.g., 1 uM, might share a common target(s) with the PI3K
inhibitor, and not with the mechanism that was regulated by the
MEKI inhibitor.

Cell Cycle Stage-specific Effects of MSeA versus PI3K or
MEK]1 Inhibitors on G,/S Progression. To define further when
during ECGS-stimulated cell cycle entry and progression MSeA ex-
erted the inhibitory activity, we exposed HUVECs to 3 uM MSeA
either simultaneously with ECGS stimulation (agent exposure lag
time = 0), or at 6 h (early mid-G,), 12 h (late G,), or 24 h (peak S
phase) after ECGS stimulation had commenced (agent exposure lag
time = 6, 12, or 24 h). As shown in Fig. 84, MSeA exposure after
cells had been stimulated for 6 h had the same inhibitory effect on
[®H]thymidine incorporation as simultaneous exposure. MSeA expo-
sure that was commenced after cells had been stimulated by ECGS for
12 h (i.e., a few hours before onset of S-phase as shown in Fig. 5) was
still profoundly inhibitory, although was slightly less effective than
when the MSeA exposure was simultaneous with ECGS. After 24 h of
cell cycle progression, which coincided with peak DNA synthesis
activity as shown in Fig. 5, MSeA exposure was totally ineffective at
decreasing [*H]thymidine incorporation, indicating that MSeA did not
have an acute inhibitory effect on additional DNA synthesis once cells
had started S phase. Taken together, the data indicate that the anti-
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Fig. 6. A, time course of effects of MSeA on AKT, S6K, and ERK1/2 phosphorylation
status and expression profile in ECGS-stimulated HUVEC detected by immunoblot
analyses. B-Actin expression was reprobed to indicate evenness of loading of protein
extract from each treatment. Bold arrows, total proteins; thin arrows, respective phos-
phorylated kinases. Treatments with MSeA and ECGS were started simultaneously. B,
acute effects of MSeA exposure on ECGS-stimulated MEK-ERK phosphorylation
changes in HUVEC. ECGS was added at 100 pg/ml in this experiment.
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Fig. 7. A, effects of a PI3K inhibitor Wortmannin (W7) or a MEK! inhibitor PD98059
(PD) on ECGS-stimulated [*H}thymidine incorporation into HUVEC DNA at 30 h.
Inhibitors were preloaded for 1.5 h before ECGS stimulation. DMSO was used as solvent
vehicle and was added to the basal as well as stimulated controls. B, effects of combining
1 py MSeA with these inhibitors on ECGS-stimulated [*H)thymidine incorporation into
DNA at 30 h. Inhibitors were preloaded for 1.5 h before ECGS stimulation. Unstimulated

basal activity was set 2s unity. Results were the average of duplicate flasks with SD
shown.

mitogenic action of MSeA was exerted specifically during mid- to
late-G, phase.

Interestingly, Wortmannin became progressively more inhibitory
on ECGS-stimulated DNA synthesis as the lag time between Wort-
mannin treatment and ECGS stimulation was increased from 0 to 12 h
(Fig. 8B). Wortmannin treatment after 24 h of ECGS-stimulation was
ineffective on DNA synthesis (Fig. 8B). Because of the known insta-
bility of Wortmannin in neutral pH (33), the data suggested that the
onset time of PI3K pathway participation in ECGS-stimulated cell
cycle progression was at mid- to late-G, phase. This is because the
longer the lag time between Wortmannin addition and ECGS stimu-
lation, the greater the effective concentration of the inhibitor to block
the PI3K activity that was required for mediating HUVEC progression
from G, to S phase. This conclusion was supported further by the
pattern of inhibitory effect of a more stable and specific PI3K inhib-
itor, L'Y294002 (34), which showed a pattern that was identical to that
of MSeA (Fig. 80C).

In contrast to the similarities of mid- to late-G, arresting action
shared among MSeA and the PI3K inhibitors, the MEK]1 inhibitor
PD98059 moderately inhibited DNA synthesis only when given si-
multaneously (i.e., with preloading for 1.5 h) with ECGS stimulation

(Fig. 8D), and lost the inhibitory activity when provided at 6 h or later.
The PI3K and MEKI1 inhibitor data were consistent with the notion
that MEK1-ERK1/2 signaling was an early event during ECGS-
stimulated HUVEC cell cycle entry, rather than for mediating G,
progression; whereas PI3K activation was required during mid- to
late-G, to mediate signaling for G, progression toward S phase.

DISCUSSION

Vascular endothelial cell proliferation is an essential component of
the angiogenic responses. Inhibiting angiogenic factor-driven mito-
genesis will therefore be an important means of achieving selective
antiangiogenic action, because vascular endothelial cells in normal
adult tissues are essentially quiescent. In this context, we have shown
that serum-achievable levels of MSeA potently inhibited ECGS-
stimulated HUVEC mitogenesis in vitro. The data established that
when cycling HUVECs were exposed to subapoptotic levels of
MSeA, they became arrested in the G, phase (Fig. 1). Furthermore, in
an ECGS-depletion/stimulation model, MSeA inhibited, in a dose-
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Fig. 8. Cell cycle stage-specific effects of (4) MSeA, (B) Wortmannin, (C) LY294002,
or (D) PD98059 on ECGS-stimulated [*H]thymidine incorporation into HUVEC DNA
during 30 b of ECGS stimulation. MSeA (3 uMm) or inhibitor treatment was either
simultaneous with ECGS (agent exposure lag time = 0) or after ECGS stimulation had
commenced for 6, 12, or 24 h, respectively (agent exposure lag time = 6, 12, or 24 h).
Unstimulated basal activity was set as unity. Results for MSeA (A) were average of three
independent experiments, each with duplicate flasks, with SD shown. Results for the
kinase inhibitors were the average of two flasks.
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dependent manner, ECGS-stimulated HUVEC cell cycle progression
into S phase (measured as [*H]thymidine incorporation into DNA and
by flow cytometry) with an IC, of 1 uM and a complete blockage at
3 um (Figs. 4B and 5). Such an excellent inhibitory potency was
remarkable, considering that, in a recent cancer prevention trial (35),
the average plasma selenium level of United States adults was ~1.5
1M, and selenium supplementation that was associated with a >50%
reduction of prostate, lung, and colon cancer risks brought that level
to ~2.4 pm. .

Furthermore, the data show that when the exposure level exceeded
the selenium level normally present in human serum, MSeA decreased
HUVEC survival by the induction of apoptosis that involved caspase
activation, PARP cleavage, and DNA fragmentation (Figs. 2 and 4C).
The proapoptotic activity of MSeA reported here and elsewhere in a
capillary histogenic context when cultured on Matrigel (5) may be
pharmacologically achievable and relevant for potential therapeutic
applications of methylselenium for cancer treatment. The G,-specific
antimitogenic activity and the caspase-mediated proapoptotic activity
of methylselenium, along with its potent inhibitory action on endo-
thelial matrix metalloproteinase-2 expression (4, 5) and cancer cell
expression of VEGF (5), provide plausible and relevant metabolite-
specific mechanisms to account for the antiangiogenic action of
selenium that we have described recently (4).

An objective of the present work was to explore the role of the
protein kinase signaling pathways in the antimitogenic and proapo-
ptotic actions of methylselenium in vascular endothelial cells using
HUVECs as a model. To this end, we have shown that MSeA
exposure for 30 h dose-dependently modulated all four major mito-
genic and survival pathways examined: ie, AKT, ERK1/2, p38
MAPK, and INK1/2 (Fig. 3). Specifically, G, arrest induced by the
exposure to subapoptotic doses of MSeA (less or equal to 5 um) for
30 h was associated with dose-dependent reductions of the levels of
phospho-AKT, phospho-ERK1/2, and phospho-JNK1/2 in the ab-
sence of a change in p38 MAPK phosphorylation. It is noteworthy that
JNK1/2 phosphorylation (i.e., activation) was not increased, but rather
was decreased, in MSeA-induced HUVEC apoptosis. This finding is
in contrast with other well-established apoptosis models in which JNK
activation has been shown to be crucial for apoptosis signaling (14).
In this regard, we have shown that MSeA-induced apoptosis of
DU-145 prostate carcinoma cells did not involve JNK activation (31),
whereas selenite-induced apoptosis was associated with an increased
phosphorylation of both JNK and P38 MAPK (31). Furthermore,
HUVEC apoptosis induced by higher levels of MSeA exposure (e.g.,
10 pM or greater) was accompanied by an increased phosphorylation
of p38 MAPK. These resuits suggest that the inhibition of PI3K,

"MEK-ERK1/2, and/or JNK pathways might be involved in the

HUVEC G, arrest activity of MSeA, whereas p38 MAPK induction in
addition to the above kinase modulations might either be responsible
for or a consequence of HUVEC apoptosis induced by MSeA.
Prompted by these observations, we analyzed the effects of MSeA
in an ECGS-depletion/stimulation model of HUVEC cell cycle pro-
gression to more precisely delineate possible cause-effect relation-
ships among inhibition of PI3K and/or MEK1-ERK pathways and G,
arrest activity. After establishing the approximate cell cycle parame-
ters of this model (Fig. 5) and the phosphorylation (activation) and

expression profiles of PI3K targets AKT and S6K as well as those for -

MEK1 and ERK1/2 (Fig. 6), we showed with pharmacological inhib-
itors of PI3K and MEK1 that these two pathways could independently
contribute to ECGS-stimulated HUVEC mitogenesis (Fig. 7A). Fur-
thermore, we showed that two PI3K inhibitors, despite their structural
differences and distinct mechanisms of action (32, 34), recapitulated
the mid- to late-G, stage-specific arresting action of MSeA on ECGS-
stimulated HUVEC cell cycle progression to S phase (Fig. 8).

To .our knowledge, the current work provided several lines of
evidence describing for the first time an antimitogenic action of a
methylselenol precursor through a common mechanism(s) or target(s)
shared with inhibitors of PI3K. First, MSeA exposure that was com-
menced after the cell cycle had progressed for 12 h was nearly as
inhibitory as MSeA exposure that was initiated at the time of ECGS
stimulation (Fig. 84). The 12-h time point corresponded to late-G,
phase before S entry (Fig. 5). However, after 24 h of ECGS-stimula-
tion, when the S phase was at peak occurrence (Fig. 5), MSeA
exposure was totally ineffective at decreasing [*H}thymidine incor-
poration, indicating that MSeA did not inhibit DNA synthesis per se
once cells had entered S phase (Fig. 84). Second, the mid- to late-
G,-specific action of MSeA was shared by PI3K inhibitors, Wort-
mannin (Fig. 8B8) and LY294002 (Fig. 8C), but not by an MEK1
inhibitor, PD98059 (Fig. 8D). Specifically, the closer to G,-S bound-
ary when Wortmannin was introduced, the greater its effectiveness at
blocking S entry was observed (Fig. 8B). This increasing potency was
consistent with the known instability of Wortmannin in neutral aque-
ous medium (33) and thereby a greater effective concentration of this
inhibitor to inhibit PI3K for mediating G,-S transition when intro-
duced at 12 h. The stable PI3K inhibitor 1. Y294002, which is a
competitive inhibitor of the ATP binding site (34), showed an iden-
tical pattern of inhibitory effect as MSeA (Fig. 8C). Despite a differ-
ent mechanism of inhibition on PI3K from Wortmannin, which irre-
versibly binds to the M, 110,000 catalytic subunit (32), the data based
on LY294002 provided additional support for the above assertion
based on Wortmannin data. This commonality of target pathway(s) of
action during mid- to late G, provided a plausible explanation of the
additive inhibitory action of MSeA and Wortmannin when used
together at low concentrations (Fig. 7B). Finally, the delayed onset of
AKT and S6K phosphorylation (PI3K targets) after ECGS stimulation
had proceeded for longer than 6 h but within 12 h suggested the
participation of this pathway(s) during mid- to late G, to mediate G,
progression to S phase (Fig. 64). The observation that MSeA expo-
sure at 3 uM for >12 h decreased AKT phosphorylation (Fig. 64) was
consistent with an inhibition of PI3K itself or its upstream or down-
stream components by MSeA. The precise nature of the interactions
between the monomethylated selenium pool and PI3K itself or other
components in its pathways (i.e., methyl seleninm targets) merits
additional investigation.

The inhibitory activity of MSeA on G, progression in HUVECs
observed in our study seemed to be in good agreement with the
finding of Sinha et al. in a synchronized mammary epithelial cell
model (28). They have shown that MSeA exposure for a brief period
(as short as 15 min) in the mid-G, phase (6 h after release of G, block

_in that model) inhibited subsequent [*H]thymidine incorporation in

the mammary epithelial cells. When the exposure was started at 12 h,
a time frame in that model corresponding to the start of S phase,
MSeA failed to inhibit ongoing DNA synthesis. It was not yet estab-
lished whether the PI3K pathway or other protein kinase pathways
were involved in the mid-G;-specific action of MSeA in the mam-
mary model.

Our results did not support ERK1/2 dephosphorylation as a medi-
ating event for the antimitogenic action of serum-achievable levels of
MSeA. Specifically, the time course experiment (Fig. 6A) indicated
that the potent antimitogenic effect of 3 pM MSeA was observed in
the absence of ERK1/2 phosphorylation change throughout the dura-
tion of 30 h. The antimitogenic activity of a low level (e.g., 1 uMm)
MSeA exposure was not additive with that of an MEK1 inhibitor (Fig.
7B). However, at higher levels of exposure that might be relevant
pharmacologically (e.g., 5 uM or greater), MSeA could effectively
inhibit the MEK1-ERK1/2 pathway (Fig. 64), likely with a delayed
kinetics of action after MEK1-ERK1/2 signaling had been accom-
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plished (Fig. 6B). These observations indicated either an antimito-
genic action of a low level of MSeA exposure that was totally
independent of ERK1/2 or, if this pathway were involved, that the
point of action by MSeA would have to be downstream of ERK1/2
phosphorylation mechanisms. Although nonspecific inhibitory action
of kinase inhibitors on enzyme activities other than the purported
target enzymes has been reported in other cell types (e.g., Ref. 36), the
collective body of evidence, including that generated with these
inhibitors in the present study, strongly supports a PI3K pathway-
related inhibitory mechanism for the mid- to late-G, -specific arresting
action of MSeA observed here.

In summary, the data support a potent antimitogenic action of
achievable serum levels of MSeA on human vascular endothelial cells
targeting 2 mechanism controlling G, progression in the mid- to
late-G, phase of the HUVEC cell cycle. The target(s) seemed to be
PI3K itself or other components of this pathway. In addition, the data
suggest that the inhibitory effects of MSeA on additional protein
kinase pathways such as ERK1/2 and JNK1/2 or activation effects on
P38 MAPK could also be involved in vascular endothelial apoptotic
responses in a pharmacological or therapeutic context of MSeA ex-
posure.
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Induction of Caspase-Mediated Apoptosis and
Cell-Cycle G, Arrest by Selenium Metabolite
Methylselenol
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Zaisen Wang, Cheng Jiang, and Junxuan Lu*
Center for Cancer Causation and Prevention, AMC Cancer Research Center, Denver, Colorado

Previous work based on mono-methyl selenium compounds that are putative precursors of methyiselenol has

) strongly implicated this metabolite in the induction of caspase-mediated apoptosis of human prostate carcinoma and
leukemia cells and G, arrest in human vascular endothelial and cancer epithelial cells. To test the hypothesis that
methylseleno! itself is responsible for exerting these cellular effects, we examined the apoptotic action on DU145
human prostate cancer cells and the G, arrest effect on the human umbilical vein endothelial cells (HUVECs) of
methylselenol generated with seleno-.-methionine as a substrate for .-methionine-a-deamino-y-mercaptomethane
lyase (EC4.4.1.11, also known as methioninase). Exposure of DU145 cells to methylselenol so generated in the sub-
micromolar range led to caspase-mediated cleavage of poly(ADP-ribose) polymerase, nucleosomal DNA fragmenta-
tion, and morphologic apoptosis and resulted in a profile of biochemical effects similar to that of methylseleninic acid
(MSeA) exposure, as exemplified by the inhibition of phosphorylation of protein kinase AKT and extracellularly
regulated kinases 1/2. In HUVEC, methylselenol exposure recapitulated the G, arrest action of MSeA in mitogen-
stimulated G,progression during mid-G, to late Gy. This stage specificity was mimicked by inhibitors of phos-
phatidylinositol 3-kinase. The results support methylselenol as an active selenium metabolite for inducing caspase-
mediated apoptosis and cell-cycle G; arrest. This cell-free methylselenol-generation system is expected to have
significant usefulness for studying the biochemical and molecular targeting mechanisms of this critical metabolite and

>

Ah —

may constitute the basis of a novel therapeutic approach for cancer, using seleno-.-methionine as a prodrug.

© 2002 Wiley-Liss, Inc.

Key words: selenium; methylselenol; .-methionine-o, y-lyase; seleno-L-methionine; apoptosis; G, arrest

INTRODUCTION

Recent human cancer prevention trials have
indicated that selenium may be an effective chemo-
preventive agent for cancer that arises at many
organ sites [1,2]. Methylselenol has been implicated
for more than a decade as a critical in vivo selenium
metabolite pool for anticancer activity {3-5]. Using
mono-methyl selenium compounds that are puta-
tive precursors 'of methylselenol, we have identified
several cellular, biochemical, and gene-expression
responses that are distinct from those induced by
selenium forms that enter the hydrogen selenide
pool [6-9]. For example, methylselenocyanate and
Se-methylselenocysteine induce apoptosis of mam-
mary tumor epithelial cells without induction of
DNA single-strand breaks [6-9]. On the other hand,
the hydrogen selenide precursors sodium selenite
and sodium selenide, for example, within an hour
of exposure induce DNA single-strand breaks (i.e.,
genotoxic) and subsequent cell death by a combina-
tion of acute lysis and apoptosis [6-9].

We have reported that methylseleninic acid
(MSeA), a novel methylselenol precursor, induces

© 2002 WILEY-LISS, INC.

DU145 human prostate carcinoma cell apoptosis
through caspase-dependent execution [10]. Specifi-
cally, apoptosis induced by MSeA involves cell
detachment, the activation of multiple caspases,
mitochondrial release of cytochrome c, cleavage
of poly(ADP-ribose) polymerase (PARP), and DNA
nucleosomal fragmentation [10]. The last three
actions require active caspases, as demonstrated
with pharmacological inhibitors of these death
proteases [10]. Independent of and complementing
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our work with MSeA, Sé-methylselenocysteine has
been shown to cause caspase-dependent apoptosis
of HL-60 human leukemia cells [11], which grow in
suspension culture and do not require cell attach-
ment for survival and mitogenesis. In contrast to
methyl selenium compounds, selenite exposure
induces apoptotic DNA fragmentation with mini-
mal involvement of caspase-mediated execution in
both prostate cancer and leukemia cell lines [10,11).

Furthermore, methyl selenium compounds have
been shown to cause G, arrest in cancer epithelial
cells [7-9] and in vascular endothelial cells [12],
whereas selenite exposure induces S-phase arrest
[7-9]. We have shown that MSeA exposure inhibits
mitogen-stimulated human umbilical vein endo-
thelial cell (HUVEC) G, progression to $ phase, and
the inhibitory activity appears to target a mechan-
ism in mid-G, to late G, phase [12]. This stage-
specific action can be mimicked by inhibitors of
phosphatidylinositol 3-kinase (PI3K), suggesting a
potential target pathway [12]. In a synchronized
mouse mammary tumor cell culture model, expo-
sure to MSeA or other methylselenol precursors
during the mid-G; to late G, stage of cell-cycle
progression was found to inhibit potently the pro-
gression to S phase [13]. These results suggest the
possibility that methylselenol targets a critical
mechanism of cell-cycle G;-to-S progression despite
the diverse nature of the mitogenic stimuli and
signaling pathways in the different cell types [12,13].

Although the results obtained with various
methyl selenium compounds have implicated
methylselenol strongly as a common metabolite
for the activities of G, arrest and apoptosis in diverse
cell types, these studies have not been able to
establish directly that methylselenol is responsible
for inducing these cellular effects. In this commu-
nication, we provide experimental evidence that
methylselenol generated in cell-culture medium by
L-methionine-a-deamino-y-mercaptomethane lyase
(EC4.4.1.11, also known as methioninase or
METase) using seleno-r-methionine (SeMet) as a
substrate (by the following well-characterized reac-
tion [14]) can recapitulate these cellular and bio-
chemical effects:

CH;35eCH,CH,CH[NH,]JCOOH + H,0
— CH;SeH + 2-ketobutyrate + NH;3

MATERIALS AND METHODS

Chemicals and Reagents

MSeA (CH3SeO,H) was synthesized as described
elsewhere [13,15] and was generously provided
by Dr. Howard Ganther (University of Wiscosin-
Madison). Intracellularly, MSeA most likely reacts
with reduced glutathione to generate methylselenol
(CH3SeH) [13). Bovine endothelial cell growth
supplement (ECGS), heparin, SeMet, and 1-methio-

nine were purchased from Sigma Chemical Co.
(St. Louis, MO). Antibodies for total or cleaved
PARP, total and phospho protein kinase AKT (AKT)
and extracellularly regulated protein kinase (ERK1/
2) were purchased from Cell Signaling Technology
(Beverly, MA). [Methyl-*H]thymidine (20 Ci/mmol)
was purchased from Du Pont-New England Nuclear
(Wilmington, DE).

Methylselenol Generation

Purified METase of Pseudomonas putida (catalog
no. 133-11933) and recombinant METase based on
the gene from Trichomonas vaginalis produced in
Escherichia coli (catalog no. 529-51731) were pur-
chased from Wako Pure Chemical Industries, Ltd.
(Richmond, VA). The enzyme preparations were
reconstituted in phosphate-buffered saline shortly
before use. For cell treatments, substrates for the
enzyme (methionine or SeMet) were added first into
the culture medium. Then the enzyme preparation
was added directly into the cell-culture medium.
Dose-response experiments were carried out with
respect to METase activity and SeMet concentration,
to establish conditions for comparing the morpho-
logic and biochemical responses of cells to methyl-
selenol versus MSeA.

Cell Lines and Culture Conditions

Cells were grown in humidified chambers at 37°C
with 5% CO,. DU145 human prostate cancer cells
were cultured in RPM 1640 medium supplemented
with 10% fetal bovine serum and 2 mM L-glutamine,
as described previously [10]. HUVECs were obtained
from American Type Culture Collection (Manassas,
VA) and were propagated in F12K medium con-
taining 10% fetal bovine serum, 2 mM 1-glutamine,
100 pg/mL heparin, and 30 pg/mL bovine ECGS, as
described previously [12,15]. All cell-culture work
was performed without antibiotics.

DU145 Apoptosis

Representative gross morphologic responses to
selenium agents or other treatments were documen-
ted with a Polaroid camera at 200x magnification
under a phase-contrast microscope [10]. DNA
nucleosomal fragmentation as a marker of apoptosis
was analyzed by gel electrophoresis as described
earlier [10}. As an indicator of caspase-mediated
apoptosis execution and for comparing biochemical
action profiles elicited by methylselenol versus
MSeA, we analyzed the cleavage status of PARP and

the phosphorylation status of AKT and ERK1/2 by -

immunoblot analyses, as described elsewhere [10].

HUVEC G;-S Progression Model

The ECGS-stimulated HUVEC cell-cycle progres-
sion model was used as we have described elsewhere
[12]. In this model, it takes approximately 16 h from

heese
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the time of ECGS initial stimulation for cells to
reach S phase, which peaks at 24 h [12]. Briefly,
HUVECs were seeded in Tps flasks in complete
growth medium to 70-80% confluence and then
were fed the described medium without ECGS for
48 h, to arrest cells in Go. To compare the effects of
methylselenol versus MSeA on ECGS-stimulated
cell-cycle progression to S phase, [*H]thymidine
(0.2 pCi/mL) and ECGS were added simultaneously
with the selenium agents for 30 h. DNA synthetic
activity was measured as cumulative [*H]thymidine
incorporation into the trichloroacetic acid-precipi-
table fraction during 30 h of ECGS stimulation.

G¢-Stage-Specific Effect of Methylselenol

In earlier work we have shown that MSeA exerts
its G, arresting activity after between 6 and 12 h of
ECGS stimulation (mid-G; to late G;), an effect that
can be recapitulated by P13K inhibitors [12). To
determine whether methylselenol exerted a similar
mid-G, to late G; action, 3 pM SeMet plus METase
(~0.02 U/mL) was introduced either simultaneously

* with ECGS stimulation (lag time =0) or 6 h (early-

G, to mid-G,), 12 h (late G;), or 24 h (peak S phase)
after ECGS stimulation had commenced (lag
time=6, 12, or 24 h). Ly294002 was dissolved in
dimethylsulfoxide and used at a concentration of
25 uM following the same dosing schedule as for the
selenium agents. The final dimethylsulfoxide con-
centration was below 0.1% by volume. The DNA
synthetic activity was measured as H]thymidine
cumulative incorporation into the trichloroacetic
acid—precipitable fraction during 30 h of ECGS
stimulation.

RESULTS

Gross Morphologic Responses induced by
Methylselenol Versus MSeA Exposure

In experiment 1, exposure of DU145 cells to 5 uM
MSeA for 20 h induced cellular retraction into an-
gular shapes (Figure 1A, panel f). A smali proportion
of the cells detached, displaying typical grapelike
apoptotic bodies under phase-contrast microscopy.
In the absence of METase, exposure to SeMet at up
t0.100 uM (which is approximately two orders of
magnitude higher than the human plasma selenium
level) did not cause cellular retraction and detach-
ment, nor did this treatment induce visible mor-
phologic features of apoptosis (Figure 1A, panel b).
Similarly, METase plus its regular substrate L-
methionine (Met) at 100 uM had no effect on these
parameters (Figure 1A, panel e).

When METase (0.08 U/mL) was added into the
medium with SeMet, as little as 1 pM SeMet induced
morphologic responses similar to those of 5 yM

MSeA exposure (Figure 1A, panel ¢ vs. panel f), anda
significant increase in morphologic features ofapop-

tosis were apparent between 1 and 10 uM SeMet
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(Figure 1A panels ¢ and d). METase plus 100 uM
SeMet led to rapid cell retraction and detachment
within a few hours of exposure, and by 20 h only
remnants of dead cells remained (not shown). These
results indicated that methylselenol, not SeMet or
the regular products of METase (i.e., methylthiol,
2-ketobutyrate, and NH;) [14], accounted for induc-
tion of morphologic features of apoptosis under the
conditions tested here.

Caspase-Mediated Apoptosis Induced by
Methylselenol Versus MSeA Exposure

Farlier we showed that in DU145 cells PARP
cleavage is a sensitive marker of caspase-mediated
apoptosis induced by MSeA exposure [10]. In ex-
periment 1, we analyzed PARP cleavage status to
compare the efficacy of methylselenol with that of
MSeA for inducing caspase-mediated apoptosis
(Figure 1A, immunoblot). In accord with the lack
of morphologic apoptosis responses, neither expo-
sure to SeMet at up to 100 uM (lane b) nor exposure
to METase with its regular substrate methionine at
100 pM (lane e) induced PARP cleavage. On the
other hand, in the presence of METase (0.08 U/mL),
methylselenol generated from 1 pM SeMet induced
an extent of PARP cleavage similar to that of 5 uM
MSeA exposure (lane ¢ vs. lane f). The extensive
PARP cleavage induced by methylselenol released
from 10 uM SeMet (lane d) corroborated the massive
morphologic apoptosis response (panel d). Com-

" pared with lane d, the decline in the extent of

cleaved PARP in cells exposed to 100 uM SeMet plus
METase suggested that other acute death execution
mechanisms, in addition to caspase-mediated clea-
vage of PARP, probably were responsible for the
rapid and massive death responses.

In subsequent experiments, we examined the
dose responses of DU145 cells to SeMet initial con-
centrations and METase activity levels, to establish
conditions that permitted a fair comparison of bio-
chemical responses elicited by methylselenol versus
MSeA. The K, values of METase for Met (1.33 mM)
and SeMet (0.51 mM) [14] are much higher than the
concentrations of substrates in our experiments
(i.e., 100 uM Met present in the cell-culture medium
and up to 100 pM added SeMet). The velocity of
methylselenol generation thereby is predicted to

be an approximate linear function of the SeMet |

substrate concentration or the absolute amount of
enzyme added, according to the Michaelis-Menten
equation: v= Viax*[substrate]/(Km + [substrate]) =
Vipax*[substrate]/Km,, when Ky, > {substrate].

As shown in Figure 1B, with 0.02 U/mL METase
(experiment 2), methylselenol generated from § yM
SeMet produced an extent of PARP cleavage similar
to that of exposure to 5 uM MSeA, whereas with
0.1 U/mL METase (experiment 3), methylselenol
produced from 1 pM SeMet was as effective as 5 pM
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- SeMet Met MSeA
- 10 0 1 2 510 105 10 (uM)
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Cleaved PARP
PhosphoAKT

Total AKT

PhosphoERK1/2 §
Total ERK1/2
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DNA

Figure 2. Immunoblot analyses of the effects of methylselenol versus MSeA on AKT and ERK1/2 phosphorylation
status in DU145 cells after 20 h exposure and their relationship to apoptosis parameters. Apoptosis was assessed by
detection of cleaved PARP (89 kd) and by DNA nucleosomal fragmentation. The level of total AKT or ERK1/2
remained unaffected by methyl selenium exposure. B-Actin was immunoblotted for gel-loading correction.

MSeA for inducing apoptosis. Because the enzyme
preparations are expensive, it would be more econo-
mical to use a moderate yet physiologically relevant
SeMet concentration with low METase levels to
produce the desirable methylselenol generation
velocity. In accord with this rationale, we deter-
mined that at an initial SeMet concentration of
10 uM, >0.01 U/mL METase produced a robust
apoptosis response, as detected by DNA nucleoso-
mal fragmentation, whereas 0.001 U/mL was not
sufficient and 0.005 U/mL was marginal (Figure 1C,
experiments 4 and 5).

Effects of Methylselenol Versus MSeA Exposure on
AKT and ERK1/2 Phosphorylation

Next we compared the phosphorylation status of
these protein kinases to determine whether direct

methylselenol exposure produced biochemical
action profiles similar to those of MSeA (Figure 2).
We previously showed that MSeA-induced apopto-
sis in DU145 cells is associated with a decreased level
of phosphorylation of AKT [10], an important sur-
vival kinase in many cell types [16]. As with MSeA
exposure, methylselenol exposure decreased the
phosphorylation level of AKT in a dose-dependent
manner for the SeMet substrate and, to a lesser
extent, that of ERK1/2, which have been known to
mediate mitogenesis and/or survival in many cell
types [17]. These inhibitory effects of methylselenol
and MSeA appeared to be inversely proportional
to the extent of PARP cleavage and DNA nucleo-
somal fragmentation that they induced (Figure 2).
Neither methylselenol exposure nor MSeA exposure
affected the total protein level of AKT or ERK1/2,

Figure 1. (A) Representative phase-contrast photomicrographs
(200x) of DU145 human prostate cancer cells after 20 h of exposure
to (a) phosphate-buffered saline as vehicle control, {b) 100 uM SeMet
alone, (c and d) 0.08 U/mL METase plus increasing levels of SeMet (c,
1 uM; d, 10 uM), (e and f) METase plus its regulate substrate Met at
(e) 100 uM or () 5 uM MSeA. As a marker of caspase-mediated
apoptosis, the PARP cleavage status of treated cells at 20 h of
exposure was assessed by immunoblotting, using a primary antibody
that recognized both the full-length and cleavage products. The solid

arrow points to intact PARP (115 kDa), and the dashed arrow points
to cleavage product (89 kDa). Lanes corresponding to the picture
panels are marked. (B) Apoptosis response (PARP cleavage) as a
function of SeMet substrate concentration. Five times more METase
was used in experiment 3 (0.1 U/mL) compared with experiment 2
(0.02 U/mL). (C) Apoptosis response (DNA fragmentation) as a fun-
ction of METase activity level (experiment 4, range 0.02-0.2 U/mL;
experiment 5, range 0.001-0.01 U/mL) while the initial SeMet
concentration was held at 10 uM.
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indicating that the inhibitory effect of methylsele-
nol on these protein kinases probably takes place
through mechanisms that regulate phosphorylation
(kinases, phosphatases) and their enzyme activities
without changing the total number of molecules of
the respective enzyme. These results show that
methylselenol gnerated in the cell-culture medium
induced caspase-mediated apoptosis markers and
biochemical end points similar those of MSeA
exposure.

Effects of Methylselenol Versus MSeA on ECGS-
Stimulated HUVEC G-to-S Progression

In an ECGS-stimulated Go/G, entry and G,/S
progression model, our earlier work has shown that
MSeA potently inhibits mitogen-driven progression
from G, to S phase [12]. In this model, exposure for
30 h to methylselenol inhibited ECGS-stimulated
[*H]thymidine incorporation into DNA, with an
ICso of ~ 1 uM for the SeMet substrate (Figure 3A).

A
B 420 oo
s
E ........................
g ________________________
3 ........................
2 N
S
I
T L} I_
0 1uM 3uM S5uM 5uM
SeMet
B

% of ECGS stimulated

MSeA (uM)

Figure 3. Dose-dependent inhibitory effects of enzymatically
generated methyiselenol (A) and MSeA (B) on ECGS-stimulated
[PH]thymidine _incorporation into HUVEC DNA. METase was
~0.02 WmL. PHlthymidine was added at time of ECGS stimulation
for 30 h. The selenium treatments were commenced at the time of
ECGS stimulation. ECGS-stimulated activity was set as 100%. The
unstimulated basal incorporation value averaged ~10% of ECGS
stimulation. (A) Each column represents the average of duplicate
flasks with variation less than 10% of respective mean value. (B)Each
column represents the mean of three independent experiments with
duplicate flasks. The error bars indicate standard deviations of the
respective mean values.

The dose-response pattern was identical to that of
MSeA exposure (Figure 3B). As a negative control,
SeMet without METase did not inhibit ECGS-
stimulated DNA synthesis during 30 h of exposure
(Figure 3A).

G4-Stage-Specific Action of Methylselenol
Versus MSeA Exposure '

We tested whether methylselenol also exerted th
mid-G; to late G, stage-specific inhibitory action of
MSeA, an effect that is mimicked by P13K inhibitors
[12]. Methylselenol generated by METase plus 3 uM
SeMet inhibited ECGS-stimulated progression to
S phase by ~94% when the exposure was simulta-
neous with ECGS stimulation (lag time=0) and
inhibited by ~93% when the exposure was delayed
for 6 h (early -G, to mid-G,) (Figure 4, open bars).
Even when exposure was started at 12 h of ECGS
stimulation (late G,), methylselenol inhibited
S-phase entry by ~60%. When the cells had entered
peak S phase at 24 h, however, direct methylselenol
exposure produced a minimal (~20%) inhibitory
effect. The overall inhibitory pattern was nearly
identical to that of MSeA exposure (Figure 4, filled
bars) or a P13K inhibitor, LY294002 (Figure 4, striped
bars). These results and data presented elsewhere
[12] suggest that the antimitogenic action of methyl-
selenol is exerted specifically at mid-G; to late G
phase (between 6 and 12 h), probably through a
target pathway shared with P13K inhibitors.

DISCUSSION

The data presented here showed that direct
exposure to enzymatically generated methylselenol
recapitulated the apoptotic action of a methylsele-
nol precursor compound, MSeA, in DU145 cells and
its Gj-arresting action in HUVECs. Specifically,
direct methylselenol exposure of DU145 cells not
only induced the same morphologic changes, PARP
cleavage, and DNA nucleosomal fragmentation
(Figure 1) but also exerted the same biochemical
action profiles as did MSeA exposure, in terms of
the phosphorylation status of AKT and ERK1/2
(Figure 2). Regarding the cell-cycle effect, methylse-
lenol exposure, like MSeA exposure, appeared to
target a control mechanism(s) in mid-G,; to late G,
(Figure 4). Because a P13K inhibitor, LY294002,
could mimic the stage-specific effect of both methyl
selenjum agents, PI3K itself, or its downstream
effector molecules, could be targeted specifically
by methylselenol. Future efforts will be directed at
identifying the molecular targets of methylselenol
for regulating Gj-to-S progression. The direct
methylselenol generation system reported here is
expected to have significant utility for studying
such biochemical and molecular targeting mechan-
isms in cell-free assays and in cell-culture models.

The excellent efficacy of methylselenol for indu-
cing DU145 cancer cell apoptosis and inhibiting
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Figure 4. Cell cycle-stage effects of methyiselenol generated by
METase (~0.02 U/mL) with 3 pM SeMet as substrate (open bars),
3 uM MSeA (filled bars), 25 uM PI3K inhibitor LY294002 (striped
bars) on ECGS-stimulated [°H]thymidine incorporation into HUVEC
DNA during 30 h of ECGS stimulation. Methyl selenium or LY294002
treatment was either simultaneous with ECGS (lag time = 0 h) or

ECGS-stimulated G;-S progression is noteworthy in
terms of its relevance to cancer chemoprevention
and therapy. Whereas SeMet exposure as high as
100 pM did not affect DU145 cell survival during
the time frame of our experiments, methylselenol
released from as little as 1 uM SeMet in the presence
of sufficient METase significantly induced caspase-
mediated apoptosis of prostate cancer cells (Figure 1)
and inhibited mitogen-stimulated HUVEC cell-
cycle progression to S phase (Figure 3). These results

_'suggest that a submicromolar amount of methyl-

selenol should be sufficient to exert these actions.
Although people who do not take selenium supple-
ments usually have very little protein-free selenjum
in their serum {18}, the level of nonprotein selenium
metabolites is expected to increase sharply with
chemopreventive or therapeutic use [19]. Under
such conditions, the extra selenium that is not
needed for selenoproteins is expected to enrich the
methylselenol pool by the methylation pathway
[20]. As a reference value, the mean plasma
selenium ‘concentration of subjects without sele-
nium supplementation in recent human trials is
~1:5 uM [1]. Supplementation (200 pg/day as
selenized yeast) that is associated with a greater
than 50% reduction in the risk of prostate, colon,
and lung cancers brings the mean selenium level to
~2.4 uM [1]. It remains to be determined whether in
vivo methylselenol can reach the submicromolar

after ECGS stimulation had commenced for 6, 12, or 24 h, re-
spectively (exposure lag time = 6, 12, or 24 h). ECGS-stimulated
activity was set as 100%. Each column represents the average of
du|plicate flasks with variation less than 10% of the respective mean
value.

levels, especially in the tumor local environment,
that have the adverse impact on vascular endothe-
lial cell proliferation and angiogenesis and cancer
cell survival reported here.

Pertinent to the apoptotic action of methylselenol
on cancer cells, it has been reported that in METase
gene-transduced tumor cells, the cytocidal activity
of SeMet is increased 1000-fold compared with
nontransduced cells in vitro [21]. Furthermore,
SeMet treatment of nude mice bearing tumor cells
expressing the METase transgene significantly inhi-
bits ascites tumor growth and prolongs host survival
[21], demonstrating a potential for METase gene
therapy using SeMet as a prodrug substrate. The
clinical utility of the methylselenol generation
system described in this communication as a novel
therapy, through intratumoral or tumor-targeted
delivery of METase and either systemic or localized
delivery of SeMet substrate, merits investigation.
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In recent studies, we have shown that silymarin, a
naturally occurring flavonoid antioxidant, exhibits
anti-cancer effects against several epithelial cancers.
Here, we assessed its potential.as an anti-angiogenic
agent employing human umbilical vein endothelial
cells (HUVEC) and human prostate and breast cancer
epithelial cells. When sub-confluent HUVEC were
treated for 48 h, adherent cell number decreased by 50
and 90% at 50 and 100 pg/ml doses, respectively.
Apoptotic cell death principally accounted for cell
loss at >50 pg/ml doses. In biochemical analysis,
silymarin treatment of HUVEC for 6 h resulted in a
concentration-dependent decrease in the secretion
and cellular content of matrix metalloproteinase
(MMP)-2/gelatinase A. Silymarin also inhibited
HUVEC tube formation (in viiro capillary differentia-
tion) on a reconstituted extracellular matrix, Matrigel.
In other studies, 5 to 6 h exposure of DU145 prostate,
and MCF-7 and MDA-MB-468 breast cancer cells to
silymarin resulted in a dose-dependent decrease in the
secreted vascular endothelial growth factor (VEGF)
level in conditioned media without any visible change
in cell morphology. The inhibitory effect of silymarin
on VEGF secretion occurred as early as 1 h. These
observations indicate a rapid inhibitory action of sily-
marin on the secretion of this primary angiogenic cy-
tokine by cancer epithelial cells. Taken together, the
results of this study support the hypothesis that sily-
marin possesses an anti-angiogenic potential that may
critically contribute to its cancer chemopreventive
efficacy. ©2000 Academic Press _

Key Words: silymarin; HUVEC; MMP-2/gelatinase A;
in vitro capillary differentiation; vascular endothelial
growth factor; angiogenesis switch.
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It is now well established that angiogenesis, that is,
the growth of capillary vessels from existing blood ves-
sels, is obligatory for the growth and progression of
solid cancers (1-3). During solid cancer genesis, initi-
ated cells undergo clonal expansion in an avascular

'state when the expanding lesions are small enough to

take in nutrients and to expel metabolic wastes by
diffusion. However diffusion is not sufficient to support
continued growth of the lesion beyond a certain phys-
ical size (estimated ~2 mm diameter) because the ex-

. panding lesions consume nutrients at a rate propor-
_tional to their volume whereas the supply of nutrients

is delivered at a rate proportional to their surface area
(4, 5). In order for avascular lesions to progress beyond

- the size limit imposed by simple diffusion, they must .

turn on their angiogenic switch to form a neo-
vasculature. Angiogenesis critically depends on several

-conditions such as the endothelial cells must prolifer-

ate to provide the necessary number of cells for the
growing vessels, the activated endothelial cells must "
secrete matrix metalloproteinases (MMP) required to
break down surrounding tissue matrix and the endo-
thelial cells must be capable of movement/migration.
In addition, the angiogenic stimuli (for example, hyp-
oxia and production of angiogenic cytokines such as
vascular endothelial growth factor [VEGF]) must be
sustained. Because of the critical dependence of tumor
growth and metastasis on angiogenesis, therapeutic
strategies have been developed targeting various as-
pects of the angiogenic processes, many with promising
results. Cancer chemoprevention aims to block or re-
duce the occurrence or progression of human malig-
nancies by the chronic administration of naturally
occurring or synthetic chemical agents. Chemopreven-
tion can be most effective on early lesions, the fate and
growth of which are likely to be more critically depen-
dent on angiogenesis. Since the vascular endothelial
cells constitute the first line of exposure to blood-borne
agents, it is plausible that cancer chemopreventive
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activity of many agents may be attributable, at least in
part, to anti-angiogenic properties through an inhibi-
tion of one or more of the angiogenic responses of the
endothelial cells. ' .

Fruits, vegetables, tea as well as many medicinal
herbs and plants have been shown to be rich sources of
phytochemicals with chemoprevention potential for
some kinds of human cancer (6-9). Naturally occurring
polyphenolic antioxidants are among these phyto-
chemicals that have received increasing attention in
recent years (6-9). Silymarin is a polyphenolic fla-
vonoid antioxidant isolated from milk thistle (Silybum
marianum (L.) Gaertr) and is used clinically as a liver
detoxicant for almost three decades (10, 11). Several
studies in recent past have shown anti-carcinogenic
effects of silymarin in short-term bioassays (12-14).
More recently, we have shown the cancer preventive
efficacy of silymarin in several mouse skin tumorigen-
esis models (15-19), and its anti-cancer potential for
human breast, prostate and cervical cancers (20—24).

Whereas all the mechanistic studies done with sily-
marin in recent years have focused on the cancer epi-
thelial cells as the targets, the present study was con-
ducted to explore potential inhibitory effects of
silymarin on key parameters critical for tumor angio-
genesis. In this paper, we report that silymarin treat-
ment of human umbilical vein endothelial cells
(HUVEC) inhibits their growth and survival, the secre-
tion and expression of matrix metalloproteinases
(MMPs) and capillary tube formation (in vitro angio-
genesis). In addition, we report a rapid inhibitory ac-
tion of silymarin on the secretion of a primary angio-
genic cytokine VEGF by human prostate and breast
cancer epithelial cells. Together, these results support
an anti-angiogenic activity of silymarin that may con-
tribute critically to its cancer chemopreventive poten-
ﬁal- .

MATERIALS AND METHODS

Chemicals and reagents. Silymarin, bovine endothelial cell
growth supplement (ECGS) and heparin were purchased from Sigma
Chemical Co. (St. Louis, MO). Matrigel was purchased from Becton-
Dickinson Labware (Bedford, MA). VEGF ELISA kit was purchased
from R&D Systems (Minneapolis, MN).

Cell lines and cell culture. HUVEC cells, DU145 prostate cancer
cells, and MCF-7 and MDA-MB-468 breast cancer cells were ob-
tained from American Type Culture Collection (Manassas, VA).
HUVEC were propagated in F12K medium containing 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 pg/ml of heparin
(Sigma Chemical Co., St. Louis, MO) and 30 ug/ml of bovine endo-
thelial cell growth supplement (ECGS) (Sigma Chemical Co.) as
described previously (25). DU145 cells were cultured in RPMI1640
medium supplemented with 10% FBS. MCF-7 and MDA-MB-468
breast cancer cells were cultured in DMEM medium supplemented
with 10% FBS and 2 mM L-glutamine.

HUVEC growth/survival. Cells were seeded into 6-well plates for
24-48 h to reach ~50% confluence. Fresh medium was replaced and
silymarin was added from 100X stock solutions prepared in DMSO/
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ethanol (20:80). In all the studies, the selection of silymarin doses
was based on our earlier studies showing anti-proliferative and
differentiation-inducing effects in several human epithelial carei-
noma cells (20-24). Morphological responses were monitored over
time under a phase contrast microscope. Adherent cells after 48 h of
treatment were fixed in 1% glutaraldehyde and stained. The cell
number was counted under 100X magnification for 5 random fields
for each condition. The experiment was repeated at least once.

Zymogram analysis for MMP-2. HUVEC were grown in 6-well
plates in complete medium for 24—48 h to near confluence. The cells
were washed two times with PBS to remove spent medium and fed
serum-free medium supplemented with 100 g ECGS/m] and treated
with silymarin for 6 h (a time frame that did not result in any visible
morphological changes). Conditioned medium and cell lysate (pre-
pared in 1% Triton X-100, 0.5 M Tris-HCl, pH 7.6, 200 mM NaCl)
were analyzed for gelatinolytic activities on substrate gels as we
previously described (25). The gels were digitized with a transmis-
sion scanner and band intensity (on inverted images) was quantified
using the UN-SCAN-IT gel scanner software (Silk Scientific, Inc.
Orem, UT). As a comparison for the efficacy of silymarin to inhibit
HUVEC MMP-2, curcumin, a polyphenolic component of the food
flavor turmeric, was included in some experiments. Curcumin has
been reported to potently inhibit MMP-2 expression and tube forma-
tion in this model (26).

Capillary tube formation on Matrigel (in vitro angiogenesis). The
method of Kubota et al. was used (27). When seeded on Matrigel, a
reconstituted extracellular matrix preparation of EHS mouse sar-
coma; vascular endothelial cells undergo rapid in vitro differentia-
tion into capillary like structures (27), providing a simple assay for

. assessing impact of agents on endothelial differentiation process

which requires cell-matrix interaction, intercellular communication
as well as cell motility. To examine the effect of silymarin on this
process, HUVEC were treated in two ways in relationship to the time
frame of cell seeding onto the Matrigel. (A) Silymarin simultaneous
with cell seeding: Twenty-four-well cell culture plates were coated
with 0.3 ml of Matrigel and allowed to solidify at 37°C for 1 h. Then
0.5 m! medium was added to each well and silymarin was added at
2 times of the desired concentrations. HUVEC were trypsinized and
20,000 or 40,000 cells were added per well in 0.5 ml medium. Tube
formation was observed periodically over time under a phase con-
trast microscope. Representative Polaroid pictures were taken at 6 or
17 b. (B) Treatment of preformed tubes: HUVEC were seeded onto
Matrigel for 6 h to form rudimentary tubes, then the medium was
replaced and silymarin was added. Tube morphology was observed
over time and representative Polaroid pictures were taken at 20 h
after the initiation of silymarin treatment. Curcumin was included
in some experiments as a comparison for the efficacy of silymarin to
inhibit tube formation. The experiments were repeated twice.

VEGF secretion and expression in cancer epithelial cells. In dose-
response experiments, DU145 prostate cancer cells and MCF-7.(es-
trogen dependent) and MDA-MB-468 (estrogen independent) breast
cancer cells were grown in T25 flasks in complete medium until
confluence (~48 h). The spent medium was removed, and cells were
washed 38X with PBS. Cells were treated in serum-free medium with
increasing concentrations of silymarin. Conditioned media and cell
lysates were analyzedforVEGFpmteinoantentbyanELISAkit as
per manufacturer’s instructions (R&D Systems, Minneapolis, MN).
In time course experiments, confluent DU145 or MDA-MB-468 cells
were treated in serum-free media with solvent vehicle (DMSO/
ethanol), 50 or 100 ug/ml silymarin. Serial 1-ml aliquots were taken
of the culture media for VEGF ELISA. Each sample was measured in
triplicate. Experiments were repeated at least once.

RESULTS

HUVEC growth and survival. As shown in Fig. 1

(A-D), treatment with silymarin for 48 h led to a
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A Solvent vehicle _

C Silymarin 75 pg/ml

E 120.
100
80
60
0

" 20

Adherent cell number, %

75 100 128

0 28 5.0
Silymarin conc, ug/ml

FIG. 1. Effect of silymarin treatment on HUVEC growth and
survival. (A~D) Representative phase-contrast photomicrographs of

HUVEC at 48 h after treatment was initiated with DMSO/ethanol
vehicle (4), 50 (B), 75 (C), and 100 (D) pgfml of silymarin. Most
floaters showed typical apoptotic morphology such as cell retraction,
condensation, and fragmentation into apoptotic bodies. (E) Adherent
cell number as a function of initial silymarin treatment concentra-
tion. Each data point represented the mean + SEM of the adherent
cells in 5 randomly chosen fields.

concentration-dependent decrease of cells remaining
adherent to the culture vessel and an increase of de-
tached floaters. The adherent cell number was inhib-
ited by 50 and 90% at 50 and 100 pg/ml doses of
silymarin, respectively (Fig. 1E). The floaters dis-
played typical apoptotic morphology as indicated by
cell condensation and fragmentation into apoptotic
bodies. Such floaters did not re-attach or grow upon
reseeding into sﬂymann—ﬁ'ee fresh medium (data not
shown).

HUVEC MMP-2 expression. Treatment with sily-
marin for 6 h, an exposure time that did not result in
any visible morphological changes, led to a
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concentration-dependent decrease of MMP-2 (72 kD
gelatinase A) in the conditioned media (i.e., secreted
MMP) as detected by gelatin zymogram analyses (Fig.
2A): The extent of inhibition of the secreted MMP-2 by

" 100 pg/ml of silymarin was comparable to that induced
by 25 uM curcumin, which has been shown to inhibit

HUVEC MMP-2 and in vitro angiogenesis (26). In the
cell lysate (Fig. 2B), 100 pug/ml silymarin inhibited

- MMP-2 by 67% and this effect was greater than that

exerted by 25 uM curcumin, even though the secreted
MMP-2 was decreased to the same extent by both com-
pounds at the respective concentrations. At 50 ug/ml
dose, silymarin did not decrease MMP-2 in the cell
lysate even though it decreased the secreted MMP-2 by
as much as 63%, indicating that at this level, silymarin
might only inhibit the secretion of MMP-2 from the
cells but not the cellular level. Incubation of the control
medium (MMP-2 containing) with silymarin directly in

- the test tube did not inhibit its zymographic activity

(data not shown), indicating a cellular dependent pro-
cess for the inhibitory action on MMP-2 secretion and
expressmn by silymarin.

" In vitro angwgeneszs on Matngel by HUVEC. In
experiments assessing the inhibitory effects on capil-

lary tube formation, silymarin exposure, commenced
at. the time of seeding HUVEC onto Matrigel,

A Con.diﬁoned mediuni

B Celllysate
Silymarin. Care ~ Silymarin Cure
0 50 100 0 50 100

100 33 66

19 - 100

100 37 20

% MMP-2

FIG. 2. Effect of silymarin or curcumin on secreted (A) and
cell-associated (B) matrix metalloproteinase-2 detected by gelatin
substrate gel zymography. HUVEC were treated in serum-free me-
dium supplemented with 100 pg/ml of ECGS with silymarin or
curcumin ‘for 6 h. The conditioned media (A, lanes 2-5) and cell
lysates (B) were analyzed on gelatin I impregnated substrate gels.
Silymarin concentrations were 50 and 100 pg/ml. Curcumin treat-
ment concentration was 25 uM. Inverted images of the zymograms
(lower panels) were used for densitometric quantitation. The relative
pixel density for the 72 kD gelatinase A/MMP-2 was shown below
each lane. Arrowheads on the left mark position of molecular weight
standards corresponding to (from top) 97, 66, and 47 kD. Lane 1 was
serum-free medium as a blank control.
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FIG. 3. Effect of silymarin on HUVEC capillary tube formation
(in vitro differentiation) on Matrigel. HUVEC (20,000 cells/per well)
in medium containing 10% serum was seeded into Matrigel pre-
coated 24-well plate and treated with DMSO/ethanol solvent vehicle
(A, E) or increasing concentrations of silymarin (B-D, F—H). Repre-
sentative phase contrast photomicrographs (100X magnification)
were taken at 6 h (A-D) and 17 h (E-H) after seeding. Each exper-
iment condition was performed in duplicate wells and the experi-
ments were repeated twice.

concentration-dependently inhibited tube formation at
both 6 (Figs. 3A-D) and 17 h (Figs. 3E-H), achieving
almost a complete block at the 100 pg/ml dose. Silyma-
rin exposure of pre-formed tubes led to the retraction of
cells and capillary disintegration (Fig. 4B versus 4A).
The efficacy of silymarin at 100 pg/ml was comparable
to that of 25 uM curcumin (Fig. 4C).

VEGF secretion by cancer epithelial cells. Silyma-
rin treatment of DU145 human prostate carcinoma

-iBIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

cells for 6 h decreased the secreted (in condiﬁohe&
medium) VEGF content in a concentration dependent

 manner, resulting in a complete block by the 100 pg/m] .
.-dose (Table 1). Such inhibitory effect was observed in
the absence of a reduction of the cell lysate VEGF
- content (Table 1). In human breast cancer cells, sily-
' marin exposure reduced VEGF level in conditioned

media in both MDA-MB 468 and MCF-7 cell lines (Ta-
ble 1). The impact of silymarin on the cellular VEGF
content was similar to that on DU145 cells, ie., in
MCF-7 cells as well as MDA-MB 468 cells at low to:

. intermediate exposure levels, a reduction of secreted °
* VEGF level was not associated with decreased cellular

A Solvent vebicle

C Curcumin 25 uM

FIG. 4. Effect of silymarin or curcumin treatment on preformed
HUVEC tubes. HUVEC (40,000 per well) were seeded into Matrigel
pre-coated 24-well plate for 6 h for tube formation. The unattached
cells and conditioned medium were removed and the tubes washed in
fresh medium. The preformed tubes were treated with DMSO/
ethanol vehicle (A), silymarin (B, 100 pg/ml) or curcumin (C, 25 uM).
The cells were fixed in 1% glutaldehyde at 20 h after seeding and
representative phase-contrast photomicrographs (100X magnifica-
tion). Each experiment condition was performed in duplicate wells
and the experiment was repeated twice.
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TABLE 1

: Eﬁ'ects of Sﬂymann Treatment on Vascular Endothelial
Growth Factor (VEGF) Content in Conditioned Media (Se-
creted) and in Prostate and Breast Cancer Cell Lysates

} 'VEGF in VEGF in
. Silymarin Exposure medium lysate
Cell line pg/ml time, h pgfflask pg/flask
DU145 0 6 4272 + 516°%% 640 * 54°
25 6 4128 *+ 480° 760 + 16°
50 6 2658 + 264° 894 * 10°
100 - 6 2+1° 758 = 22°
MDA-MB-468 0 5 7815 * 480° 1112 = 24°
25 5 6150 * 165° 1222 + 42°
50 5 5300 = 105° 1140 * 26°
100 5 . 2590 = 65¢ 742 + 14°
MCF-7 . 0 6 3420 * 120° 455 + 24
50 6 3156 * 246° 4479
100 6 2178 * 102° 501 = 22

1Mean =* sd; n = 3 replicates.
2 Data were analyzed by one-way ANOVA. Dissimilar superscripts
indicate significant difference between means (P < 0.05).

VEGF content (Table 1). The exception was MDA-MB
cells treated with 100 pg/ml silymarin where cellular
VEGF content was decreased. In time course experi-

ments, the secretion of VEGF was significantly de-

creased at 1 h of exposure to silymarin in both DU145
and MDA-MB 468 cells (Fig. 5). The inhibitory effects.

in all three cell lines were observed in the absence of 3

morphological changes such as cell retraction, round-

-ing, detachment or cytoplasmic vapcuo_lation.

DISCUSSION

A number of recent studies by Agarwal and "associ-

ates (15—24) have shown that silymarin possesses sig-
nificant chemopreventive and anti-cancer activity. Al-
though cell culture studies have revealed many
insights concerning the potential direct effects of sily-
marin exposure on cancer epithelial cells with respect
to growth and survival signaling and cell cycle regula-
tion, there has been no published work to address the
potential mpacts of sﬂyma.nn on vascular endothelial
cells and angiogenesis. The resiilts of the present study
support a potential anti-angiogenic act1v1ty of silyma-
rin. Because tumor epithelial cells in vivo depend on

a.ng10genes1s to provide nutrients for their growth and
. survival, it is plausﬂale that an anti-angiogenic effect

may play a primary role in mediating the cancer cheo
mopreventive activity of silymarin.

In the present study, first, silymarin inhibited endo-
thelial cell growth and survival through induction of
apoptosis in a concentration dependent manner (Fig.
1). Because angiogenic factor-stimulated proliferation
of endothelial cells is crucial for capillary sprouting,
growth inhibition and apoptosis induction can be one
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mechanism for silymarin to .inhibit angiogénic re-
sponse. Second, silymarin inhibited endothelial
MMP-2 secretion and expression (Fig. 2) and such an
effect occurred rapidly prior to the onset of any mor-
phological changes. Because matrilytic activity of
angiogenically-stimulated endothelial cells via MMP-2
is another important requirement for capillary sprout-
ing (28-31), the inhibition of MMP-2 secretion and
expression by silymarin may provide an inhibitory
mechanism on angiogenesis independent of and/or in
addition to endothelial growth arrest and apoptosis.’
Furthermore, silymarin inhibited in vitro capillary for-
mation on Matrigel, a process requiring cell-matrix
interaction, inter-cellular communications as well as
cell motility, to name a few. It was noteworthy that the
inhibitory effect on tube formation manifested whether
the treatment was initiated simultaneous with seeding
cells on the Matrigel (Fig. 3) or when the tubes had .
preformed  (Fig. 4). These results support an anti-

A DU145 prostate cancer cells
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FIG.5. Representative time course of silymarin effects on VEGF
secretion by DU145 prostate cancer cells (A) and MDA-MB-468 ,
breast cancer cells (B) in serum-free media. Confluent cells in T25
flasks were treated with solvent vehicle (DMSO/ethanol) or silyma-
rin in 6 ml serum-free medium. At designated time points, 1-ml
aliquots of conditioned media were taken for VEGF assay by ELISA.
Each data point represents the mean of triplicate measurements.
SD < 5% of respective means.
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angiogenic potential for silymarin through multifac-
eted effects on endothelial proliferation and survival
and matrix degradation activity and the capillary dif-
ferentiation process. Work is in progress to further
substantiate an anti-angiogenic effect of silymarin in
other human endothelial cells in culture and in in vivo
models. _ _

In addition to these inhibitory effects on endothelial
responses and in vitro angiogenesis, silymarin also
exerted a rapid inhibitory action on the secretion of
VEGF by cancer epithelial cells (Table 1 and Fig. 5).
VEGF, also known as vascular permeability factor
(VPF) (32, 33), plays several critical roles in vasculo-
genesis as well as angiogenesis. Its expression is so

crucial that germ-line knockout of even one VEGF al--

lele leads to embryonic lethality and homozygous
knockout embryonic stem cells are incapable of form-
ing tumors (34, 35). Whereas overexpression of VEGF
is linked to increased angiogenesis and more aggres-
sive tumor behavior (36, 37), anti-angiogenic interven-
tions based on VEGF antibodies or interference of sig-
nal transduction through its receptors (38—42) have
been shown to result in the inhibition of tumor growth
and induction of endothelial apoptosis. Transformed
epithelial cells have been shown to be the major source
of VEGF expression in many types of solid cancers
(43-46), however, recent data suggest that stromal
cells and even vascular endothelial cells may also ex-
press VEGF in the hypoxic angiogenic microenviron-
ment of tumors (47). These findings are supported by
the observations that certain oncogenic mutations con-
stitutively upregulate VEGF expression (48-51), and
that cancer epithelial hypoxia, as a result of dysregu-
lated cellular proliferation (5), is a potent in vivo in-
ducer of VEGF expression (52, 53). The inhibitory ef-
fect of silymarin on secretion of VEGF in eancer
epithelial cells, therefore, may be an important mech-
anism to negatively regulate the angiogenic switch of

- avascular lesions, further contributing to the overall

control of lesion growth and progression. '

The manners by which epithelial VEGF and endo-
thelial MMP-2 were inhibited by silymarin are note-
worthy and suggestive of a commonality with regard to
the mechanisms of action by silymarin on these secre-
tory proteins. In DU145 and MCF-7 cancer cell lines,
silymarin exposure decreased secreted VEGF in the
conditioned media without a reduction of cellular
VEGF protein level (Table 1). In the MDA-MB468 cell

line, exposure at low to intermediate levels of silyma- .

rin (25 or 50 pug/ml) decreased secreted VEGF level
without lowering the cellular VEGF content, and only
at the higher exposure level (100 pg/ml) a reduction of
cellular VEGF level was observed (Table 1). This pat-
tern was similarly to that observed for HUVEC MMP-2
expression in that an intermediate level of silymarin
exposure (50 ug/ml) significantly decreased secreted
MMP-2 level without a change in cellular MMP-2 (Fig.
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2). These results from both epithelial and endothelial
cells suggest that a primary action of silymarin may
involve preferential targeting of the secretion and/or
export (exocytosis) of these proteins critical for angio-
genic switch regulation. We are currently investigating
such mechanisms.

When the results of the present study showing cell
death effect of silymarin on HUVEC were compared to
those published by us showing anti-proliferative, but
not cytotoxic and apoptotic effects, in several different
human carcinoma and normal epithelial cells (20 —24),
it is important to emphasize here that apoptotic effect
of silymarin is possibly specific to vascular endothelial
cells. Based on these results, there is a possibility that
on one hand silymarin is an anti-proliferative and a
differentiation-inducing agent for cancer epithelial
cells and on the other hand is both an anti-proliferative
and an apoptogenic agent for vascular endothelial cells
that are involved in neo-vascularization. These dual
effects of silymarin possibly make it a useful agent for
the prevention and therapy of epithelial cancers in
humans.

In summary, this study, for the first time, documents
the inhibitory actions of silymarin on several angio-
genic responses, including growth and survival,
MMP-2 expression and in vitro angiogenesis, of vascu-
lar endothelial cells as well as an inhibitory effect on
the secretion of a primary angiogenic cytokine VEGF
by cancer epithelial cells. The anti-angiogenic activity
reported in this paper combined with the previously
published multi-faceted broad spectrum anti-cancer ef-
fects of silymarin support the merit of further investi-
gations to assess and define its cancer chemopreven-
tive and/or therapeutic potential for humans.
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Antiangiogenic Activity of Selenium in Cancer
Chemoprevention: Metabolite-Specific Effects

Junxuan Lu and Cheng Jiang

Abstract: We review recent data that support a potential
antiangiogenic effect of selenium (Se) in the chemoprevention
of cancer and data that contrast two pools of Se metabolites,
namely, methylselenol vs. hydrogen selenide, that differen-
tially affect proteins and cellular processes crucial to tumor
angiogenesis regulation. With regard to tumor angiogenesis,
the chemopreventive effect of increased Se intake on chemi-
cally induced mammary carcinogenesis has been associated
with reduced intratumoral microvessel density and an inhibi-
tion of the expression of vascular endothelial growth factor.
The in vitro data show that monomethyl Se potently inhibits
cell cycle progression of vascular endothelial cells to the S
Phase, endothelial expression of matrix metalloproteinase-2,
and cancer epithelial expression of vascular endothelial
growth factor with concentrations giving half-maximal inhi-
bition that are within the plasma range of Se in US adults.
The methyl Se-specific activities may therefore be physio-
logically pertinent for angiogenic switch regulation in early
lesions in vivo in the context of cancer chemoprevention,
which aims at retarding and blocking the growth and pro-
gression of early lesions. We argue for the antiangiogenic
action of Se, especially the methyl Se pool of metabolites, as
a primary mechanism for preventing avascular lesion
growth. Contrary to the currently held paradigm, we specu-
late that there is a potential role for selenoproteins in regu-
lating the growth and fate of transformed epithelial cells.

Introduction

The micronutrient selenium (Se) has long been impli-
cated to have an anticancer potential by epidemiological and
laboratory studies. The landmark cancer prevention trial by
Larry Clark, Gerald Combs, Jr., and co-workers demon-
strated for the first time that an Se supplement (200 pg/day)
provided as selenized yeast (Se-yeast) to a skin cancer pa-
tient population otherwise adequate in Se nutrition might be
a safe and effective preventive agent for several major hu-
man epithelial cancers, including those of the prostate, lung,
and colon, while lacking protective activity against second
primary skin cancer (Ref. 1 and updates in this issue). A
community-scale intervention study and a small-scale clini-

cal trial in China also indicated preventive efficacy of Se
against liver cancer (2). Encouraged by these results, two
new clinical trials sponsored by the National Cancer Insti-
tute have begun recruiting patients to verify the preventive
efficacy of Se-yeast or its major constituent selenomethi-
onine for prostate cancer (Southwest Oncology Group,
SWOG Protocol S0000) and lung cancer (Eastern Coopera-
tive Oncology Group, ECOG Protocol E5597). A better un-
derstanding of the mechanisms through which Se exerts
anticancer activity will be important for helping to interpret
the outcomes of these new “definitive” trials and to develop
safer and more effective Se agents for cancer prevention, es-
pecially in organ site-specific manners. At this crucial junc-
ture of Se translation research, this special issue as a fitting
tribute to Larry Clark for his pioneering work provides a
timely review and synthesis of the status of the field and a
forum to discuss and define future directions.

On a personal note, one of us (“Johnny” Lu) became ac-
quainted with Larry Clark in 1984 at Cormnell University as a
fresh graduate student of Jerry Combs. Johnny even helped
translate some materials from Chinese scientific literature
when data were being gathered to support the landmark Se
trial (1) as we know it today. While working on zinc toxicity -
for his Ph.D. degree, Johnny -witnessed a lot of human
plasma samples being analyzed for Se in Jerry’s laboratory
for that trial although, at the time, without much apprecia-
tion of the significance of the undertaking. That changed sig-
nificantly after he embarked on a cancer research career. He
holds great réspect and admiration for the leadership and
perseverance of Larry and his collaborators for bringing that
trial to fruition and for the determination and courage dis-
played by Larry for continuing to push for additional Se tri-
als even when he was dying of prostate cancer. In honor of
Larry’s memory, we review our recent work on Se and
angiogenesis regulation as a potential novel mechanism of
cancer prevention by Se.

Known “Mechanisms” of Se Anticancer Activity

Even though, for convenience reasons, the anticancer po-
tential of Se is often described in terms of the element, a vast
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literature base indicates that it is expressed as a function of
. the dose and chemical form in which the element resides, not
elemental Se per se (3,4). With respect to “mechanisms,” a
number of them have been investigated: antioxidant protec-
tion (via SeCys-glutathione peroxidases), altéred carcinogen
metabolism, enhanced immune surveillance, cell cycle ef-
fects, enhanced apoptosis (3,4), and, more recently, inhibi-
tion of neoangiogenesis (5,6). The mechanisms that are
actually involved in cancer prevention by Se will likely de-
pend on the dose and form of Se compounds, the Se status of
the individual, perhaps the type and etiology of malignancy,
and even the organ sites. It is probable that Se supple-
mentation of individuals with relatively low or frankly defi-
cient Se intakes can be expected to support enhanced
antioxidant protéction as a result of increased expression of
the SeCys enzymes or enhanced immune surveillance (4).
On the other hand, in the trial of Clark et al. (1) and in ani-
mal models (3,4), cancer-preventive effects have been ob-
served at Se intakes that are more than sufficient to correct
nutritional deficiency. That is, Se appears to be antitumor-
igenic at intake levels that are substantially higher than those
associated with maximal expression of the known SeCys-
containing- glutathione peroxidase enzymes (3,4). In this
context of cancer chemoprevention, methylselenol or related
monomethyl Se species have been implicated as a candidate
in vivo active metabolite pool (3,7,8). We and others have
used cell culture models to seek a better understanding of
how the different pools of Se inhibit survival of tumor cells
through apoptosis induction (9-12). This aspect of the work

has been reviewed recently (13). [For additional information

related to apoptosis induction, see pertinent articles in this
issue and our recent work documenting caspase-dependént
apoptosis execution pathways induced by the methyl Se pool
(14).]

We focus on the regulation of angiogenesis by Se espe-
cially by specific Se metabolite pools in cancer prevention.
We limit the scope of discussion to those forms of Se that
feed into the genotoxic hydrogen selenide poo!l or the non-

genotoxic methylselenol pool of Se metabolites (Fig. 1)

(6,13). There is no literature documentation on the anti-
angiogenic attributes of other Se forms, such as synthetic ar-
omatic organo-Se compounds. We review pertinent data that
support methylseleriol-specific inhibitory activities on an-
giogenic switch mechanisms in vascular endothelial cells
[endothelial mitogenesis and matrix metalloproteinase
(MMP) expression] and in the tumor epithelial cells (an-
giogenic cytokine expression) (Fig. 1). We discuss a model
of cancer prevention by Se based on the interaction of epi-
thelial lesions and the vasculature that supports such lesions.

Angiogenesis Is Obligatory for Carcinogenesis

Carcinogenesis is a multistep process of tumor initiation,
promotion, progression, and metastasis. Human cancers
likely involve a gradual accumulation of genetic and
epigenetic changes over a period of decades. Because cancer
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Figure 1. Schematic relationship of Se precursors feeding into genotoxic
hydrogen selenide pool or nongenotoxic methylselenol pool of metabolites
that exert distinct biochemical and cellular effects. Inhibitory activities by
methylselenol pool on protein molecules and cellular processes relevant to
angiogenesis support Se metabolite-specific mechanisms for angiogenic
switch control (6). Genotoxicity (or lack of) effect of the-2 ‘Se pools was
based on studies with mammary cancer epithelial cells and leukemia cells
(13). CH;3SeO,H, methylseleninic acid; CH;SeCN, methylselenocyanate;
MMP-2, matrix metalloproteinase-2; VEGF, vascular endothelial growth
factor. (Modlﬁed from Refs. 6 and 13.)

initiation is arguably inevitable, the major thrust of preven-
tion research in animal tumor models and in clinical cancer

_ trials has been on targeting promotion and progression

stages. Angiogenesis, i.e., the process of formation of new

. microvessels from existing vessels, is a critical and obliga-

tory component of promotion, progression, and metastasis
of solid cancers, most of which are of epithelial origin
(15-18). At the onset of solid tumor genesis, initiated cells
undergo clonal expansion in an avascular state, because the
expanding lesions are small enough to take in nutrients and
to expel metabolic wastes by diffusion. However, diffusion
is not sufficient to support any continued growth of the le-
sion beyond a certain physical size (estimated to be a few
mm?), because the expanding lesions consume nutrients at a
rate proportional to their volume; whereas the supply of nu-
trients is delivered at a rate proportional to their surface area.
It has been estimated that such “dormant” avascular lesions
exist in high prevalence in organs of asymptomic adults. In
order for lesions to grow beyond this size limit imposed by
simple diffusion, they must turn on their angiogenic switch
(15-17) to form neovasculature to provide the necessary nu-
trients and factors and remove metabolite wastes. Therefore,
tumor angiogenic switch control can provide a logical and
attractive target for the chemoprevention of cancer.

Angiogenesis Is Regulated Through Epithelial and
Endothelial Compartments

Angiogenesis in solid epithelial tumors is controlled
through at least two principal cell compartments: the trans-
formed epithelial cells, which serve as a main source of
angiogenic factors, and the vascular endothelial cells, which
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constitute the targets for the angiogenic signals (15-18). On
the tumor cell side, the production of angiogenic stimulatory
cytokines by cancer epithelial cells is a major means of
controlling the angiogenic switch. Most prominent among
the positive factors is vascular endothelial growth factor
(VEGF)/vascular permeability -factor (19,20). Cancer epi-
thelial cells are the main source of VEGF expression (21—
25), although recent data indicate that other cell types can
also express it in a tumorigenic environment (26). VEGF
plays a crucial role in vasculogenesis and angiogenesis,
since in germ-line knockout experiments, a loss of even one
VEGEF allele leads to the abnormal formation of intra- and
extraembryonic vessels and embryonic lethality, indicating
a tight dose-dependent regulation of embryonic vessel de-
velopment by VEGF (27,28). Furthermore, VEGF-null em-
bryonic stem cells exhibit a dramatically reduced ability to
form tumors in nude mice (28). Whereas overexpression of
VEGEF is linked to increased angiogenesis and more aggres-
sive tumor behavior (29,30), antiangiogenic interventions,
especially those based on VEGF antibodies or interference
of signal transduction through its receptors (31-35), have
been shown to result in the inhibition of tumor growth and
* induction of endothelial apoptosis. Because hypoxia is com-
mon in avascular lesions (36) and because hypoxia (37) and
certain oncogenic mutations (38-41) and autocrine or par-
acrine growth factors in the tumor (42—44) are potent induc-
ers of its expression, VEGF is a probable primary stimulator
for the angiogenic switch in early lesions, which are the
likely responsive targets of chemoprevention.

On the vascular side, the endothelial cells respond to
angiogenic stimulation through three key processes (15-17):
1) increased expression and secretion of MMPs (45) to break
down the outer sheath and extracellular matrix of existing
vessels for the endothelial cells to sprout through, 2) in-
creased cell motility for remodeling and invasion during the
sprouting process, and 3) mitogenic signaling leading to cell

cycle entry and cell division to provide the number of cells
necessary for elongating the new sprout.-The crucial role of
specific MMPs, such as MMP-2, in tumor angiogenesis has
been documented using knockout as well as other model ap-
proaches (46,47). Inhibiting one or more of these processes
can negatively impact the endothelial response(s) to a given
angiogenic signal. As discussed below, methylselenol pre-
cursors inhibit with significant potency the endothelial
expression of MMP-2, its mitogenesis stimulated by an-
giogenic factors, and its survival via caspase-mediated
apoptosis.

In Vivo Findings -

Ahﬁangiogenic Activity Was Associated With
Mammary Cancer Prevention by Se

We recently initiated work to explore the hypothesis that
Se may exert cancer-chemopreventive activity, at least in
part, through an antiangiogenic mechanism (5). In a chemo-
prevention setting, Se (3 ppm) as Se-garlic (experiment Dor
selenite (experiment 2) was fed for ~2 mo to Sprague-Daw-
ley rats that were given a single intraperitoneal injection of
methylnitrosourea to initiate mammary carcinogenesis 1 wk
earlier. The microvessels in the mammary tumors were visu-
alized with immunohistochemical staining for factor VI,
and the microvessel number (counts/0.5 mm?, 10 fields) in
“hot-spot” stromal areas was counted. Mammary carcino-
mas in the Se-fed rats was 34% (experiment 1) and 24% (ex-
periment 2) lower than in rats fed the control diet (Table 1).
When categorized by the size of the microvessels, the reduc-
tion of microvessel density in the Se-fed groups was almost
exclusively confined to the small microvessels (14 cells in
diameter). The microvessel density of the uninvolved mam-
mary glands was not decreased by Se-garlic treatment (Ta-
ble 1). Similar results were obtained when established

Table 1. Effects of a Chemopreventive Level of D{etary Se as Se-Garlic or Selenite on Microvessel Density of
NMU-Induced Rat Mammary Carcinomas and Noninvolved Mammary Glands=t :

Density, counts/0.5 mm?

n Large vessels

Medium vessels Small vessels Total vessels
_ Experiment 1 ‘
Carcinomas ‘
Control 9 5 1 10 %1 55 =6 69 £6
Se-garlic 6 3 %1 8 %2 35 6% 46 *6*
Mammary glands :
Control 6 1805 2704 42+08 87207
Se-garlic 6 1304 20+0.7 3806 72+£09
Experiment 2
Carcinomas
Control 8. 09+04 4 %2 15 =5 80 =4
Selenite 4 0303 4 =3 57 2% 61 %3+

a: Values are means + SE. Vessels are classified as follows: 59 cells in diameter (large), 5-9 cells in diameter (medium), and 1-4 cells in diameter (small).

NMU, 1-methyl-1-nitrosourea. Data are from Ref 5.

b: Statistical significance is as follows: *, significantly different from control, P < 0.05.
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mammary carcinomas were treated.acutely through bolus
doses of Se (5). These results indicated a potential anti-
angiogenic effect of chemopreventive intake of Se and'that
the effect was neoplasia specific. Because growing and
newly sprouted microvessels are likely to be smaller, the ob-
served reduction of small vessels by Se treatments indicated
that a mechanism(s) governing the genesis of new vessels
might be inhibited.

Se Decreased Eipression of VEGF in Some Carcinomas

The expression level of VEGF in mammary carcinomas
was measured by Western blot analyses (5). On the basis of
the limited number of samples analyzed, two of five carcino-
mas in the Se-garlic group and two of four carcinomas in the
selenite group showed a marked reduction in VEGF expres-
sion to almost nondetectable levels. These results indicated
that VEGF downregulation might be involved in some, but
not all, tamors. Similar to the chemoprevention setting,
acute Se treatment of established mammary carcinomas
showed a marked reduction of VEGF expression in some,
but not all, treated carcinomas (5).

In Vitro Metabolite-Specific Antiangiogenic Attributes

To define the mechanisms underlying the antiangiogenic
activity of chemopreventive levels of Se intake, we have ex-
amined the effects of direct Se exposure in'cell culture on the
expression of VEGF by cancer epithelial cells, the expres-
sion of MMP-2 in human umbilical vein endothelial cells
(HUVECs) (6), and the mitogenesis and survival of
HUVECs (48). A number of methylselenol precursors, in-
cluding methylseleninic acid (MSeA) and methylselénocya-
nate (MSeCN), were used to enrich the methylselenium
(methyl Se) pool in vitro. The results suggest a methyl-
selenol-specific inhibition of the angiogenic switch mecha-
nisms through multiple processes.

Methyl Se-Speciﬁc Inhibitory Effect on
VEGF Expression

We recently showed that brief exposure of human DU
145 prostate cancer cells to increasing concentrations of
MSeA decreased both cellular (Fig. 2A) and secreted VEGF
levels in an Se concentration-dependent manner (6), with the
concentration resulting in half-maximal inhibition (IC,) of
~2 uM, which is within range of plasma Se concentration in
most US residents (mean ~1.5 uM) (1). The inhibitory effect
of MSeA on VEGF expression was independent of serum
level in the medium and the confluence status of the cells
and was detectable within 2 h of exposure (Fig. 2B). In con-
trast, exposure to selenite in the same dose range or higher
did not decrease VEGF expression.

Longer exposure of DU 145 cells to MSeA or sodium sel-

enite above some threshold levels led to apoptosis as indi-
cated by DNA nucleosomal fragmentation (Fig. 2C). The
inhibitory effect of MSeA on VEGF expression was ob-
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Figure 2. A: concentration-dependent effects of methylseleninic: acid
(MSeA, squares) and selenite (diamonds) on VEGF protein levels in DU
145 prostate carcinoma cell lysate after 6 h of exposure in serum-rich me-
dium. Secreted VEGF in conditioned medium had similar Tesponse curves.
B: acute time course of effects of exposure to Se as MSeA (5 uM, squares)
or as sodium selenite (10 pM, diamonds) on VEGF expression in DU 145
cells. In these short-term exposure experiments, near-confluent DU 145
cells were treated with Se in 10% fetal bovine serum medium. Treatment in
serum-free medium showed identical patterns of responses. VEGF was as-
sayed with an enzyme-linked immunosorbent assay kit (R & D Systems,
Minneapolis, MN). C: DNA nucleosomal fragmentation assay as an
apoptosis marker after 24 h of exposure to MSeA or selenite (adherent and
detached cells were combined for DNA extraction). (Modified from Ref. 6.)
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served at a concentration (2 uM) that was twofold lower than
that needed to induce significant apoptosis (=4 pM). Chron-
ic exposure of DU 145 cells to low-level MSeA mimicking a
daily supplement regimen indicated a sustained inhibition of
VEGF expression (6). Although selenite and MSeA: were al-

most equipotent for inducing DNA apoptotic fragmentation.

(Fig. 2C), selenite did not inhibit VEGF expression by acute
or chronic exposure. In support of the generality of this
methyl Se-inhibitory effect on VEGF expression, two hu-
man breast cancer cell lines (MCF-7 and MDA-MB-468)
showed the same Se metabolite specificity of inhibition irre-
spective of the serum level in the treatment medium (6).
Taken together, these data support a primary and sustained
methyl Se-specific inhibitory activity of serum-achievable
Se on the expression of VEGF in cancer epithelial cells inde-
pendently of cell death induction.

Methyl Se-Specific Inhibition of Endothelial MMP-2
Expression

As documented recently (6), treatment of HUVECs for 6
h with MSeA led to a concentration-dependent reduction of
the secreted 72-kDa MMP-2 gelatinolytic activity in the
conditioned medium (Fig. 3A). The inhibitory efficacy was
remarkable, with an IC,; of ~2 M. Similarly, treatment with
MSeCN resulted in a concentration-dependent decrease of
MMP-2, and the inhibitory efficacy was comparable to that
of MSeA (Fig. 3A). In contrast, treatment with hydrogen
selenide precursors (up to 20 uM sodium selenite or 50 M
sodium selenide) did not significantly decrease MMP-2 in
the conditioned medium (Fig. 3A).

Incubation of HUVEC-conditioned medium (containing
secreted MMP-2) with all four Se forms in the test tube for 6
h at 37°C did not decrease the gelatinolytic activity (Fig.
3B), indicating that MSeA or MSeCN per se did not react di-
rectly with MMP-2 protein to inactivate its activity. The in-
hibitory action of these methylselenol precursor compounds
was, therefore, dependent on cellular metabolism. Western
blot analyses for the MMP-2 protein lével in conditioned
medium of HUVECs treated with MSeA indicated that a re-
duction in the MMP-2 protein level closely paralleled the
observed loss of MMP-2 gelatinolytic activity (Fig. 3C),
whereas selenite treatment had a minimal effect on the gela-
tinolytic activity and the MMP-2 protein level (Fig.3C). The
inhibitory effect of MSeA on MMP-2 was rather rapid, in
that ~50% reduction was detected within 30 min of exposure
(Fig. 3D). Together, these results indicate that methylselenol
or its related monomethyl metabolites in the serum-achiev-
able range (IC;, ~2 M) exert a rapid inhibitory effect on
MMP-2 expression in vascular endothelial cells.

Methyl Se Potently Inhibited Angiogenic Factor-Dﬁven
Mitogenesis of Endothelial Cells Independently of
Apoptosis Induction

We recently used a synchronized HUVEC model to more
sensitively define the effect of methyl Se on angiogenic fac-
tor-stimulated mitogenesis (48). The bovine pituitary extract
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endothelial cell growth supplement (ECGS) was omitted
from the complete medium for >48 h to arrest cells in the
Gy/G, phase. Resumption of ECGS stimulation resulted in a
>10-fold incorporation of [*H]thymidine within 24 h (Fig.
4A). MSeA treatment that was initiated 3 h before or simul-
taneously with ECGS stimulation decreased the ECGS-stim-
ulated DNA synthesis dose dependently with an IC, of ~1
#M and completely blocked this parameter at 3 uM (Fig.
4A). The potent antimitogenic activity was independent of
apoptosis induction, which required >5 tM MSeA after 30 h
of exposure, as indicated by caspase-mediated cleavage of
poly(ADP-ribose) polymerase and DNA fragmentation,
both being biochemical hallmarks of apoptosis (Fig. 4B).

Summary and Discussion

The data reviewed above support a potential antiangio-
genic activity of Se in vivo (5) and, furthermore, clearly con-
trast the differential effects of methylselenol vs. hydrogen
selenide pools on multiple aspects of angiogenesis regula-
tion (6). The in vitro data show that methyl Se potently
inhibits ECGS-induced cell cycle progression of vascular
endothelial cells to the S phase (ICs, ~1 uM). In addition,
methyl Se exerts an inhibitory activity on endothelial ex-
pression of MMP-2 (IC,, ~2 M) and on epithelial expres-
sion of VEGF (IC, ~2 pM). As reference values, the mean
plasma Se concentration of subjects without Se supplemen-
tation in the trial of Clark et al. (1) was ~1.5 M, and Se
supplementation (200 pg/day as selenized yeast) brought the
mean Se level to ~2.4 M. Therefore, the methy] Se-specific
antimitogenic activity and inhibitory activities on VEGF and
MMP-2 proteins may be physiologically very pertinent for
angiogenic switch regulation in early transformed lesions in
vivo in the context of cancer chemoprevention, which aims
at retarding and blocking the growth and progression of
early lesions. Our data also show that methyl Se can induce
apoptosis of vascular endothelial cells through caspase-
mediated execution, but such a proapoptotic effect may be
relevant only in a pharmacological context of Se exposure.

Integrating Endothelial and Epithelial Mechanisms for
Cancer Prevention by Se

Before our work that was reviewed here, much mechanis-
tic research had focused on how Se affected the cancer
epithelial cells through antiproliferative and proapoptotic
pathways (3,13). Because epithelial lesions do not exist in
isolation in vivo but, instead, intimately interact with the
stroma and vasculature, cancer prevention function is likely
achieved through integrating the actions of Se on epithelial
as well as nonepithelial targets. The physiochemistry of Se
delivery to transformed epithelial cells in in vivo lesions
may be a major determinant of the actual mechanism(s) as
well as the processes that are invoked to regulate the growth
and fate of the solid lesion. To this end, we speculated earlier
(13) that Se delivery to epithelial cells in the avascular le-
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Figure 3. A: inhibitory specificity of selenium forms on human umblhcal vein endothelial cell (HUVEC) MMP-2. Representative gelatin substrate gel
zZymographic analyses of MMP-2 were carried out in conditioned media of HUVECs treated for 6 h (in separate experiments) with MSeA, methylselenocyanate
(MSeCN), sodium selenite, or.sodium selenide in serum-free medium supplemented with endothelial cell growth supplement (ECGS, 100 pg/ml). Relative
pixel density as percentage of control cells is shown below each lane. B: lack of MMP-2 inactivation by direct incubation of HUVEC-conditioned medium with
Se compounds in test tubes at 37°C for 6 h. Each Se was added to 10 uM. C: immunoblot (IB) analyses of MMP-2 protein in conditioned media. HUVECs were
treated with MSeA or selenite for 3 h. Aliquots of conditioned media were analyzed by zymography for gelatinolytic activity. Bulk of conditioned media was
concentrated ~50-fold using Centricon spin filters and analyzed by Western blot. Pro-MMP-2 protein (10 ng) was used as standard. D: time course of MSeA
(10 uM)-induced inhibition of MMP-2 expression in HUVECs. Aliquots of media taken at various time points were analyzed by zymography. Percent inhibi-
tion relative to phosphate-buffered saline (PBS)-treated control at each time point is shown below treated lanes. (Modified from Ref. 6.)
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Figure 4. A: inhibitory effect of MSeA on ECGS-stimulated P*H]thymidine-in
time of treatments with ECGS for 30 h. In experiment F, MSeA was added simul
biochemical markers of apoptosis. Detached and adherent cells were used fo
(PARP) in MSeA-exposed HUVECs by Western blot. B-Actin was reprobed

sions may follow a concentration gradient similar to oxygen
tension, which has been known to decline precipitously as
the distance to the nearby microvessel increases, resulting in
a hypoxic state in the interior of such lesions (36) (Fig. 5A).
Should such a declining gradient exist for Se, a “conditional
Se deficiency” state may be created inside, expanding mi-
croscopic avascular epithelial lesions even when the Se sup-
ply is sufficient to saturate selenoprotein activities in the
serum or normal tissues. -

This model predicts that more Se is required to enrich Se
metabolite pools within the avascular lesions in order to
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corporation into DNA of synchronized HUVECs. PHjthymidine was added at
taneously with ECGS. In experiment G, MSeA was added 3 h before ECGS. B:
DNA extraction and for detection of cleaved poly(ADP-ribose) polymerase
to indicate evenness of loading of protein extract from each treatment.

elicit antimitogenic and proapoptotic pathways in the trans-
formed epithelial cells. Furthermore, more Se is required to
support the activity of key selenoproteins such as thiore-
doxin reductases and Se-glutathione peroxidases in cells
within the epithelial lesions so as to reregulate their transfor-
mation status/physiology. This model may warrant a reeval-
uation of the current paradigm that discounts the likelihood

-of involvement of Se-glutathione peroxidases and other sel-

enoproteins for the chemopreventive activity of Se (3,4).
Consistent with this speculation, the prostate cancer-pre-
ventive effect of 200 pg of Se as Se-yeast in the trial of Clark
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Figure 5. A: a hypothetical model of Se delivery to epithelial cells within
an avascular lesion analogous to oxygen diffusion. A conditional Se defi-
ciency is speculated in cells that are also hypoxic. Increased VEGF expres-
sion due to hypoxia and oncogenic mutations may be a primary stimulatory
signal for angiogenesis switch in early lesions. B: methylselenol-specific
inhibitory effects on angiogenic switch. In vitro data support an inhibition
of cancer epithelial expression of VEGF, endothelial mitogenesis, and
MMP-2 expression, turning off the switch.

et al. appeared to be most prominent in patients with entry
plasma Se in the lowest tertile (49).

This model also highlights the need for mvestlgatlons
that incorporate hypoxia as a feature of the solid lesions in
evaluation of the efficacy of Se to induce growth arrest and
cell death responses as well as angiogenesis regulation. Hy-
poxia is known to affect cellular energy metabolism and cel-
lular redox states (36). It would be important to address
whether a hypoxic state alters the proapoptotic efficacy of
the different pools of Se metabolites. Hypoxia is a potent
stimulus for the angiogenic switch by stimulating VEGF ex-
pression (37). An inhibitory activity by methyl Se on the
ability of the epithelial lesions to produce this angiogenic
factor represents a metabolite-specific avenue through which
Se can regulate angiogenesis and carcinogenesis (Fig. 5B).

In addition to the Se delivery considerations in epithelial
lesions, strong arguments can be made in support of anti-
endothelial and antiangiogenesis actions as primary effec-
tors of cancer prevention by Se metabolites. The angiogenic
microenvironment is likely conducive for selective targeting
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of stimulated vascular endothelial cells by blood-borne Se
metabolites. Several physical and biological features of en-
dothelial cells and the newly formed vessels stand out in

" contrast to tumor cells: 1) as lining of blood vessels, endo-

thelial cells are the first line of exposure to blood Se; 2) vas-
cular endothelial cells in nonangiogenic environment are
essentially quiescent and protected by pericytes and smooth
muscle cells; and 3) angiogenic factor-stimulated endothe-
lial cells undergo mitogenic and other responses to form new
sprouts, which are leaky and not as protected as are existing
vessels (50). Sustained angiogenic stimulation provided by
the transformed cells in the expanding lesions is essential for
continued angiogenesis within a tumor, in contrast to normal
angiogenesis during menstrual cycle or wound healing, for
example, where expression of angiogenic regulators (posi-
tive and negative factors) is tightly controlled (51). This fact
is clearly articulated by the saying that “cancer is a wound
that never heals.” Such a difference may provide a plausible
biological basis for selectivity against malignancy through
suppressing tumor angiogenesis. Our data suggest that, in a
chemoprevention context, the increased circulating and tis-
sue levels of Se metabolites, especially the monomethyl Se
pool, can exert a direct antimitogenic activity on the vascu-
lar endothelial cells (Fig. 5B) and perhaps even induce apo-
ptosis. Because endothelial cells are much less susceptible to
mutagenesis than are epithelial cells, the wild-type p53 tu-
mor suppressor status of the endothelial cells can ensure
p53-dependent growth arrest and apoptosis. The methyl-
selenol specific inhibitory activity on endothelial MMP-2
expression (Fig. 5B) will further dampen the endothelial
responsiveness to angiogenic stimulation. These direct anti-
endothelial effects combined with inhibitory action on epi-
thelial expression of VEGF can serve as a powerful control
for the angiogenic switch and, hence, carcmogenesns (Fig.
5B).

The new paradigm advocated here emphasizes the
nonepithelial and epithelial targets for Se action. The angio-
genic switch regulatory activities described for the methyl
Se pool may provide a mechanism for novel biochemical
and molecular markers of cancer prevention by Se. The spe-
cific nature of the angiogenic switch control mechanisms
(52) and a difference in the ability to generate methylselenol
may underscore organ site specificity of cancer-preventive
activity of Se, as has been documented in the trial of Clark et
al. (prostate, colon, and lung vs. skin). These issues merit
further investigation.
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