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Abstract

Survival in lymph or blood is an essential prerequisite for
metastasis of carcinoma cells to distant organs. Recently, we
reported isolation and initial biological characterization of
circulating metastatic cells in a fluorescent, orthotopic,
metastatic nude-mouse model of human prostate cancer.
Here we show that the metastatic human prostate carcinoma
cells selected for survival in the circulation have increased
resistance to anoikis, which is apoptosis induced by cell
detachment. Using gene silencing and gene transfer techni-
ques, we show that increased expression of the apoptosis-
inhibitory protein XIAP contributes to anoikis resistance of
the circulating metastatic human prostate carcinoma cells. We
also provide initial preclinical data on the antimetastatic
efficacy of recently discovered small-molecule antagonists of
XIAP. (Cancer Res 2005; 65(6): 2378-86)

Introduction

Epithelial cancer cells have very low survival rates in the
circulation (1–4). Even in the presence of high numbers of
circulating cancer cells, there may be no clinical or pathohistologic
evidence of metastatic colonization of target organs (5–12). The
fate of cancer cells in the circulation includes a rapid phase of
intravascular cancer cell death, which is completed in <5 minutes,
and which accounts for 85% of the circulating cancer cells. For
example, the number of tumor cells in the lungs declined very
rapidly after i.v. injection such that after 3 days generally less than
1% remained (13–18). This decline is due to a rapid degeneration of
cancer cells (14, 19).

The term ‘‘anoikis’’ is proposed to indicate apoptosis induced
by disruption of cell attachment and cell-matrix interactions (20–32).
Matrix-independent survival of metastatic cancer cells during
passage through the blood and/or lymph compartment is an
essential component of the metastatic cascade. Thus, anoikis
resistance can contribute to metastasis, allowing epithelial cells to
survive in a suspended state, thereby promoting their hematog-
enous or lymphatic dissemination (28, 32). Many cancer cell types
selected for increased metastatic potential in vivo are resistant to
apoptosis compared with the parental cells or less metastatic
counterparts (23–26). Apoptosis-resistant tumor cells have also

recently been shown to survive and possibly grow intravascularly,
when adherent to endothelial cells, in distal capillary beds (33).

Failure to activate caspases or excess suppression of the
caspases causes resistance to apoptosis. The inhibitors of
apoptosis proteins (IAP) represent the only known family of
endogenous caspase inhibitors (34). There are eight known IAP-
encoding genes in the human genome, several of which are
overexpressed in cancers (35–37). Markedly increased expression
of several IAPs was recently shown as a frequent and early event
associated with human prostate cancer and in a transgenic mouse
model of prostate cancer (38). However, little is known about the
biological role of altered IAP expression in resistance to anoikis.

We have previously identified and isolated circulating tumor
cells from mice bearing orthotopic human prostate cancer
xenografts (1). Tumor cells isolated from the circulation of this
model have enhanced metastatic capability. We show here that
the circulating metastatic cells possess increased resistance to
anoikis and also show increased expression of several IAPs. Using
gene silencing and gene transfer techniques, we show that
increased expression of the apoptosis inhibitory protein XIAP
contributes to the anoikis resistance of circulating carcinoma
cells. We also provide preclinical data on the efficacy of recently
discovered small-molecule antagonists of the apoptosis suppres-
sor XIAP (39).

Materials and Methods

Cell Lines and Culture. The human prostate carcinoma cell line PC-3,

expressing green fluorescent protein (GFP), and sublines established

from circulating tumor cells of mice with PC-3-derived tumors (1)

including PC-3-32 and PC-3-33 were grown in DMEM supplemented with

10% fetal bovine serum (both from Irvine Scientific, Santa Ana, CA),

penicillin (100 units/mL), streptomycin (100 Ag/mL), and amphotericin

B (0.25 Ag/mL; Invitrogen, Grand Island, NY). Cells were routinely

maintained in 75-cm2 vented tissue culture flasks at 37j C in a humidified

atmosphere of 5% CO2. Cell viability was monitored by trypan blue dye and

propidium iodide exclusion.

Cell Culture Conditions for Anoikis Assay. For culture under

nonadherent conditions, cells (1.7 � 105) were plated in 1 mL of serum-
free medium in 24-well ultralow-attachment polystyrene plates (Corning

Inc., Corning, NY) and incubated at 37j C and 5% CO2 overnight. The initial

viability of cells before detachment culture was >95% in the trypan blue dye

exclusion test. Each measurement was carried out in quadruplicate and
repeated at least twice to ensure reproducibility.

Apoptosis Assay. Apoptotic cells were identified and quantified using the

Annexin V-FITC kit (BD Biosciences PharMingen, http://www.bdbisciences.

com) per instructions of the manufacturer. The following controls were
used: (a) unstained cells; (b) cells stained with Annexin V-FITC (no

propidium iodide); and (c) cells stained with propidium iodide (no Annexin

V-FITC). Each measurement was carried out in quadruplicate and each
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Increased Expression of Inhibitor of Apoptosis Proteins in
Circulating Metastatic Prostate Carcinoma Cells. Gene

expression microarray analysis revealed that the mRNA expres-

sion level of several IAPs is consistently elevated in several

established human PC cell lines with elevating metastatic

potential including cIAP-1, cIAP-2, XIAP, and survivin (ref. 42;

Fig. 2A). We compared the protein expression levels of four IAP

family members in the parental PC-3 cell line and circulating

metastatic cells. Western blot analysis indicated that the

expression of XIAP, survivin, and cIAP-2 is elevated in the

circulating metastatic cells (Fig. 2B). The expression of cIAP-1

seems similar in the two cell types (Fig. 2A). These results

indicate that increased IAP expression is readily detectable in

the circulating metastatic prostate carcinoma cells.
Increased XIAP Expression Renders Prostate Cancer Cells

More Resistant to Anoikis. We then analyzed whether increased

Figure 1. Increased resistance to anoikis of circulating metastatic human prostate carcinoma cells. A, increased survival of circulating metastatic cells subjected
to nonadherent conditions. B, diminished apoptosis in circulating metastatic cells subjected to nonadherent conditions. C, scattergram of PC-3 parental prostate
carcinoma cells in anoikis. D, scattergram of PC-3-32 circulating metastatic prostate cancer cells in anoikis. Parental PC-3 and two isolates of circulating metastatic
cells (PC-3-32 and PC-3-33) were cultivated under nonadherent conditions for 16 hours and monitored for survival and apoptosis as described in Materials and
Methods. Representative results of one of four independent experiments are shown.

Figure 2. A , gene expression microarray analysis reveals that mRNA abundance levels of cIAP-1 , cIAP-2 , XIAP , and survivin are higher in human prostate carcinoma
metastatic variants compared with the normal prostate epithelial cells (NPE, first column ). Note that the levels of expression of cIAP-1 , XIAP , and survivin seem
to increase more significantly in the highly metastatic prostate cancer variant PC-3MLN4 (third column ) compared with less metastatic PC-3MPro4 prostate carcinoma
cells (last column ). PC-3M , parental; PC-3NLN4 , highly metastatic; PC-3MPro4 , less metastatic (see ref. 42 for details). The data were confirmed using Western
blot analysis (Fig. 2B) and quantitative reverse transcription-PCR as described in Materials and Methods (data not shown). B, increased IAP expression in circulating
metastatic human prostate carcinoma cells. i, survivin expression in parental PC-3 cells and circulating metastatic cells. ii, cIAP-2 expression in parental PC-3 human
prostate carcinoma cells and circulating metastatic cells. iii, XIAP expression in parental PC-3 human prostate carcinoma cells and circulating metastatic cells.
iv, cIAP-1 expression in parental PC-3 human prostate carcinoma cells and circulating metastatic cells. Western blot and densitometry analyses of IAP expression
were carried out in subconfluent adherent cultures (f70% confluence) of corresponding cell variants as described in Materials and Methods. The differences in
the expression of XIAP, survivin, and cIAP-2 between PC-3 parental cells and circulating metastatic PC-3-32 and PC-3-33 cells were statistically significant (P V 0.05).
There were no significant differences in expression between two isolates of the circulating metastatic cells; for example, for survivin, P = 0.11 between PC-3-32
and PC-3-33 cells.
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