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Abstract Human TFPI-2 is an extracellular matrix-

associated Kunitz-type serine proteinase inhibitor. We

previously demonstrated that a human fibrosarcoma cell

line, HT-1080, does not express TFPI-2, but genetic res-

toration of TFPI-2 expression in these cells markedly

inhibited their growth and metastasis in vivo. In the present

study, either full-length recombinant TFPI-2, or its mutated

first Kunitz-type domain (R24K KD1), were offered to

HT-1080 cells, and the degree of apoptosis assessed by

nuclear fragmentation, ethidium bromide and acridine

orange staining, fluorescence activated cell sorting,

immunoblotting and gene expression profiling. R24K KD1

induced apoptosis in 69% of HT-1080 cells in a 48 h

period compared to 39% for TFPI-2, while a KD1 prepa-

ration lacking a reactive site arginine/lysine residue (R24Q

KD1) produced only an 18% apoptosis rate, suggesting that

the observed apoptosis was related to proteinase inhibition.

Immunoblotting experiments indicated increased caspase 3

and 9 activation, up-regulation of pro-apoptotic Bax and

suppression of anti-apoptotic Bcl-2 protein. Finally,

microarray analyses of R24K KD1-treated cells indicated

elevated expression of several pro-apoptotic genes and

under-expression of anti-apoptotic genes. Collectively, our

results demonstrate that treatment of HT-1080 cells exog-

enously with either TFPI-2 or R24K KD1 activates

caspase-mediated, pro-apoptotic signaling pathways

resulting in apoptosis.
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Abbreviations

TFPI-2 Tissue factor pathway inhibitor-2

TFPI Tissue factor pathway inhibitor

KD1 Kunitz domain 1

EB Ethidium bromide

AO Acridine orange

FACS Fluorescence-activated cell sorting

FITC Fluorescein isothiocyanate

PI Propidium iodide

PS Phosphatidylserine

DMEM Dulbecco’s minimal essential medium

PBS Phosphate-buffered saline

TBS Tris-buffered saline

LAL Limulus amebocyte lysate

MMP Matrix metalloproteinase

TNF Tumor necrosis factor

Introduction

Human tissue factor pathway inhibitor-2 (TFPI-2) consists

of three Kunitz-type domains and inhibits a wide range

of serine proteinases in vitro. The inhibitory activity of

TFPI-2 is mediated through its reactive site arginine resi-

due (R24) in its first Kunitz-type domain (KD1), as a

purified recombinant KD1 preparation exhibited equiva-

lent, if not higher, serine proteinase inhibitory activity in

comparison to the parent molecule [1]. In addition, sub-

stitution of Arg24 with Lys in human KD1 (R24K KD1)

markedly increased its inhibitory activity towards plasmin

and trypsin, whereas substitution of Arg24 with Gln (R24Q

KD1) reduced its inhibitory activity towards these pro-

teinases approximately 90% [1].
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TFPI-2 is primarily synthesized and secreted into the

extracellular matrix (ECM) by a wide variety of cells,

including keratinocytes [2], dermal fibroblasts [2], endo-

thelial cells [3], smooth muscle cells [4] and synoviocytes

[5]. Given its pericellular location, TFPI-2 is thought to

regulate the plasmin and trypsin-mediated activation of

matrix pro-metalloproteinases and play a significant role in

the regulation of ECM degradation, which is an essential

step for cell remodeling, as well as tumor cell invasion and

metastasis [6]. Moreover, TFPI-2 has been shown to sup-

press the production of active MMP-2 in HT-1080 cells

genetically engineered to overexpress TFPI-2 [6–8]. Our

previous studies, as well as others, revealed that the highly

aggressive human fibrosarcoma tumor cell line, HT-1080,

does not express TFPI-2 [9, 10]. However, restoration of

TFPI-2 expression in these cells by stable transfection with

the human TFPI-2 cDNA markedly inhibited their growth

and metastasis in athymic mice [6]. In addition, over-

expression of TFPI-2 in several highly invasive tumor cells

has been shown to inhibit their growth, invasiveness,

angiogenic and metastatic potential [6, 11–14]. Finally,

recent studies have shown that adenovirus vector-mediated

overexpression of TFPI-2 inhibits EA.hy926 endothelial

cell migration and angiogenesis, and also increased apop-

tosis of these cells by over twofold [15].

The initial evidence that TFPI-2 played a role in tumor

cell apoptosis was provided by Tasiou and coworkers who

showed that cytochrome c, Apaf-1, PARP and caspase 3, 9

and 7 levels were all increased in a glioblastoma cell line

stably transfected with the human TFPI-2 construct [16].

We subsequently confirmed that resected primary subcu-

taneous tumors from athymic mice, derived from HT-1080

cells expressing wild-type TFPI-2, consisted of core cells

of which approximately 40% stained positive for apoptosis

by the TUNEL assay [6]. In contrast, resected solid tumors

from mock-transfected, as well as R24Q TFPI-2 expressing

HT-1080 cells, showed only a few apoptotic cells by this

technique. Recently, George et al. [17] demonstrated that

restoration of TFPI-2 expression in a highly invasive

human glioblastoma cell line (U251) activated caspase-

mediated signaling pathways resulting in apoptosis of these

cells. However, the precise mechanism whereby TFPI-2

induced apoptosis in these cells was not investigated. In the

present study, we examined the viability of cultured HT-

1080 cells following treatment with defined amounts of

either pure recombinant human TFPI-2, R24K KD1, or

R24Q KD1. The results of our in vitro studies confirm that

TFPI-2 and R24K KD1 strongly induce apoptosis in these

cells through caspase-mediated, pro-apoptotic signaling

pathways. In contrast, R24Q KD1 weakly induced apop-

tosis in these cells, providing evidence that TFPI-2 induces

apoptosis through a mechanism that most likely involves

its serine proteinase inhibitory activity.

Experimental procedures

Cell lines and reagents

The human fibrosarcoma (HT-1080), colon adenocarci-

noma (Colo-205), and bladder cell carcinoma (J-82) cell

lines were obtained from American Type Culture Collec-

tion (Manassas, VA). Human umbilical vein endothelial

cells (HUVECs) were obtained from Cambrex (Walkers-

ville, MD). A human HT-1080 cell line overexpressing

human TFPI-2 was prepared as described [6]. Dulbecco’s

minimal essential medium (DMEM), penicillin, and

streptomycin, protease inhibitor cocktail, polymyxin-B-

sulfate, propidium iodide, acridine orange, ethidium bro-

mide and murine anti-human tubulin antibody were

purchased from Sigma-Aldrich (St. Louis, MO). Fetal

bovine serum was obtained from Hyclone (Ogden, UT).

RNEasy� RNA extraction kit, DNeasy tissue kit, and

DNase I was purchased from Qiagen (Valencia, CA).

Nitrocellulose (NC) membranes, goat anti-rabbit IgG-HRP

and goat anti-mouse IgG-HRP were obtained from Bio-Rad

(Hercules, CA). Murine anti-human Bax was a product of

EMD Biosciences (San Diego, CA). Murine anti-human

Bcl2 was obtained from Upstate (Charlottesville, VA), and

rabbit antibodies recognizing cleaved caspase 3 and cas-

pase 9 were obtained from Cell Signaling (Danvers, MA).

Chemiluminescent HRP substrate was purchased from

Millipore Corporation (Billerica, MA). The Oligo GEAr-

ray� Human Apoptosis Microarray (OHS-012) was

obtained from SuperArray Biosciences (Frederick, MD).

Two-chamber culture slides were obtained from BD Bio-

science (Bedford, MA). Annexin V-FITC was obtained

from BD Biosciences (San Jose, CA). Human TFPI-2,

R24K KD1 and R24Q KD1 were prepared as described [1].

All other reagents were of the highest quality commercially

available.

Cell culture and treatments with recombinant proteins

All cell lines were maintained in Dulbecco’s minimal essen-

tial medium (DMEM), supplemented with heat-inactivated

10% fetal bovine serum and penicillin–streptomycin. The

cells were cultured either in 6- or 12-well plates at 37�C in a

humidified atmosphere containing 6% CO2. At confluence,

the cells were treated with fresh medium containing either

wild-type TFPI-2, R24K KD1, or R24Q KD1. HT-1080 cells

were treated in duplicate for different times with purified

proteins at concentrations ranging from 0.5 to 10 lM. Sim-

ilarly, the pro-apoptotic properties of these proteins, at 1 lM

concentration, were assessed using HUVECs, Colo-205, and

J-82 cells. One set were also treated with PBS to serve as a

vehicle control. The limulus amebocyte lysate (LAL) assay

was performed on each protein preparation to determine the
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presence of any endotoxin/LPS, and only trace amounts

of endotoxin (\0.5 ng/l) were detected in each protein

preparation.

Apoptosis detection by EB/AO staining

Cells were grown to confluence either in two-chamber

culture slides or in 12-well plates. For AO/EB staining, the

cultures were treated with recombinant proteins as descri-

bed above. Following incubation, the cells were processed

for staining as described by Ribble et al. [18], using cold

PBS containing 40 lg/ml ethidium bromide (EB) and

40 lg/ml acridine orange (AO). The slides were then

washed gently with cold PBS to remove excess dye, and

subsequently covered with a drop of PBS and a cover slip.

Cells were viewed within 30 min of staining and counted

using a Zeiss axiocam epifluorescence microscope equip-

ped with a triple cube filter [DAPI/FITC/RITC]. Images

were captured using an automated Zeiss camera. Experi-

ments were performed in triplicate, and a minimum of 100

total live and apoptotic cells were counted in each

treatment.

DNA fragmentation analyses by agarose gel

electrophoresis

Cells were grown to confluence in 6-well plates and treated

with either wild-type TFPI-2 or R24K KD1 at the same

concentrations described above. After incubation for either

24 or 48 h at 37�C, the cells were harvested and washed

twice with PBS. The DNA was then extracted using the

DNeasy tissue kit accordingly to the manufacturer’s

instructions. DNA extracts were electrophoresed in 1.8%

agarose gels at 100 V for 45 min and visualized with

ethidium bromide staining under UV illumination.

Preparation of cell extracts and Western blot analyses

Cell extracts were analyzed for the pro-apoptotic Bax, the

anti-apoptotic Bcl-2, cleaved caspase-9 and cleaved cas-

pase-3 by immunoblotting techniques. Approximately,

1 9 106 HT-1080 cells were grown to confluence in 6-well

plates and treated with recombinant proteins and vehicle as

described above. Both floating and adherent cells were

harvested and washed twice with cold PBS. The cells were

lysed by sonication in 500 ll of lysis buffer containing of

125 mM Tris–HCl (pH 6.8), 2% SDS, 10% glycerol,

50 mM sodium phosphate, 1 mM PMSF and protease

inhibitor cocktail. The lysate was kept on ice for about

10 min, centrifuged for 15 min at 10,000g at 4�C, and the

supernatant recovered. The supernatants were boiled for

3 min and 50 lg of lysate protein subjected to SDS-PAGE

in 4–20% polyacrylamide gradient gels. Following

electrophoresis, the proteins were electrotransferred to

nitrocellulose membranes and subsequently blocked with

5% blotting grade non-fat dry milk in TBS/0.1% Tween-20

at room temperature for 2 h. The membranes were then

probed with specific antibodies dissolved in fresh blocking

buffer, and immunoreactive proteins were identified using

HRP-conjugated secondary antibodies and a chemilumi-

nescent reagent system essentially as described [10].

HUVECs, Colo-205 and J-82 cells were treated as descri-

bed above for HT-1080 cells and their lysates was analyzed

by immunoblottiong for activated caspase-3 levels.

Additionally, HT-1080 cells overexpressing TFPI-2

(pcDNA3.0-TFPI-2), as well as HT-1080 cells mock-

transfected with an empty vector (pcDNA3.0) [6], were

also assessed for their ability to undergo apoptosis as

measured by activated caspase-3 levels. Separate immun-

blots were generated in order to verify equal loading of

lysate proteins on the gel using murine anti-a-tubulin

antibody.

Stability of recombinant proteins

In order to determine the structural stability of the

offered proteins in cell culture, HT-1080 cells were

grown to confluence in 12-well plates and treated with

recombinant proteins for different time intervals as

described above. At the selected time point, the media

was harvested and cells rinsed once with PBS. The cells

were then treated with 1 M NaCl/PBS for 30 min with

gentle shaking to dissociate cell-bound proteins [3]. Both

the media and 1 M NaCl/PBS wash samples were diluted

1:50 in TBS/0.1% BSA/5% SDS, boiled for 3 min and

subjected to SDS-PAGE in 4–20% polyacrylamide gra-

dient gels. Following electrophoresis, the proteins were

electrotransferred to nitrocellulose (NC) membranes and

subsequently blocked with 5% calf serum/TBS/0.1%

Tween-20 at 37�C for 2 h. The NC membranes were

then probed with rabbit anti-TFPI-2 IgG [3], washed,

and incubated with diluted goat anti-rabbit IgG-HRP.

Immunoreactive proteins were identified using a chemi-

luminescent reagent system.

Fluorescence activated cell sorting analyses to assess

apoptosis using Annexin V/propidium iodide

To assess the degree of apoptosis between the various

treatments, cells were grown to confluence in 6-well plates

and treated with either proteins or vehicle as described

earlier. For Annexin V staining, approximately 1.2 9 106

cells were harvested with PBS containing 1 mM EDTA

and washed twice gently with cold PBS. The cells were

suspended in 100 ll of cold binding buffer [10 mM Hepes

(pH 7.4), 140 mM NaCl, 2.5 mM CaCl2], and subsequently
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incubated at room temperature in the dark for 25 min with

5 ll of FITC-conjugated Annexin V and 10 ll of propi-

dium iodide (50 lg/ml stock). The cells were then washed

in 500 ll of binding buffer to remove unbound reagents,

centrifuged at 900g for 5 min, and resuspended in 1 ml of

cold binding buffer. The labeled cells were then analyzed

using a FACSCalibur flow cytometer (Becton Dickinson,

San Jose, CA) and the data analyzed using CELLQuest

software.

Gene expression studies by oligonucleotide microarray

To study the gene expression profiles of proteins

involved in apoptosis, approximately 2 9 107 cells were

grown to confluence and treated with either recombinant

R24K KD1 or vehicle for 24 h and 48 h. After the

treatment, the cells were harvested and total RNA was

purified using the RNEasy� RNA extraction kit accord-

ing to the manufacturer’s instruction. The purified RNA

samples were further digested using an on-column DNase

digestion with RNase-free DNase-I to ensure complete

removal of any contaminating genomic or mitochondrial

DNA. The pathway-specific microarray was carried out

using 3 lg of total RNA to generate biotin-labeled cRNA

using True labeling AmpTM from SuperArray Biosci-

ences. TrueLabeling-AMPTM 2.0 from SuperArray

Bioscience was used to rapidly amplify and label anti-

sense RNA for hybridization. Three micrograms of

labeled cRNA was used for hybridization with an Oligo

GEArray� Human Apoptosis Microarray consisting of

112 genes. Following incubation with CDP-Star�, the

chemiluminescent array image was captured by a cooled

CCD camera (Alpha-Innotech). All images were saved as

electronic files in a grayscale, 8 or 16 bit TIFF file

format and analyzed using a GEArray Expression Anal-

ysis Suite. Data were normalized using minimum value

background subtraction and interquartile normalization.

Minimum value is the lowest density spot on the array

and the average across the spot was used as the back-

ground correction value and is subtracted from the

intensity value for each spot on the array. Interquartile

uses only genes between the 25 and 75% quartile and the

average intensity value of these spots is used for nor-

malization of all the genes (intensity value of each gene

is divided by this mean intensity value). The pUC 19

plasmid was used as the negative control in the array.

Statistical analyses

A t-test was used to determine the significance between

treatments, and SD values were calculated for all quanti-

tative data. P values of \0.05 was considered statistically

significant.

Results

Recombinant human TFPI-2 and R24K KD1 induce

apoptosis in HT-1080 cells

Our initial studies revealed that incubation of HT-1080

cells with either 1 lM recombinant human TFPI-2 or 1 lM

R24K KD1 for 48 h resulted in a large percentage of cells

detaching from the 12-well culture plates in comparison to

vehicle-treated cells. By trypan blue staining, the floating

cells were metabolically inactive suggesting that these cells

were either late apoptotic or necrotic. To rule out the

possibility that the human TFPI-2 and R24K KD1 prepa-

rations contained endotoxin that may affect cell viability,

we next incubated HT-1080 cells with each protein prep-

aration in the presence of polymyxin B-sulfate (10 lg/ml)

and obtained essentially the same results as observed in the

initial studies. These results provided strong evidence that

TFPI-2 was responsible for the cell death, and led to further

experiments to quantify the time and dose-dependency of

TFPI-2-induced HT-1080 apoptosis. In order to quantify

the degree of apoptosis in HT-1080 cells, we used a

modified ethidium bromide and acridine orange (EB/AO)

morphological staining method developed by Ribble et al.

[18] that distinguishes live and apoptotic cells by nuclear

staining color. In this regard, the nuclei of live cells appear

green, while the nuclei of apoptotic cells containing con-

densed or fragmented chromatin appear orange. In our

procedure, HT-1080 cells were grown to confluence in

two-chamber culture slides or 12-well plates and subse-

quently treated with either vehicle, TFPI-2 or R24K KD1

for 48 h. In a parallel experiment, one set of HT-1080 cells

was treated with either vehicle or proteins and processed

immediately for EB/AO to evaluate the initial status of the

cells at zero time point. By this method, we failed to

observe any apoptotic cells at the zero time point (Fig. 1a,

c, e and g). After 48 h of incubation, approximately 5% of

the vehicle-treated HT-1080 cells appeared to be apoptotic

(Fig. 1b, i). In vehicle-treated cells, it should be noted that

apoptosis is a natural phenomenon, whereby a small per-

centage of cells undergo apoptosis or cell death during

routine cultures. In contrast to vehicle-treated cells, 39% of

TFPI-2-treated cells appeared apoptotic (Fig. 1f, i),

whereas approximately 70% of the cells treated with R24K

KD1 were judged to be apoptotic (Fig. 1h, i). Inasmuch as

R24K KD1 exhibits a significantly higher proteinase

inhibitory activity relative to TFPI-2 [1], these results

provided suggestive evidence that the degree of apoptosis

observed in these studies was related to serine proteinase

inhibition. To test this hypothesis, we next incubated

HT-1080 cells with R24Q KD1, a KD1 variant previously

shown to possess *10% of the serine proteinase inhibitory

activity of KD1 [1]. As shown in Fig. 1d, i, incubation with
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R24Q KD1 resulted in an 18% apoptotic rate, consistent

with its lower inhibitory activity. While significant differ-

ences in apoptosis were observed following treatment of

the cells with each protein for 48 h, it is perhaps note-

worthy to mention that no significant differences in

apoptosis rates were observed between each system fol-

lowing incubation at 24 h (data not shown).

We then examined DNA fragmentation in vehicle- and

protein-treated cells following incubation at 24 and 48 h.

Consistent with our initial studies, DNA fragmentation was

not readily apparent at 24 h (Fig. 2a). However, DNA

fragments were clearly visible at 48 h by agarose gel elec-

trophoresis (Fig. 2b) and reflected a distinctive ladder

pattern with multimers of an 180 bp subunit, which is an

indicator of cells undergoing apoptosis [19]. By both EB/AO

staining and DNA fragmentation analyses, we clearly

observed apoptosis induction in 48 h at an offered protein

concentration of 1 lM. These data strongly indicate that

TFPI-2 and R24K KD1 induce apoptosis in HT-1080 cells,

and this effect appears to be mediated by its serine proteinase

inhibitory activity located in its first Kunitz-type domain.

Effect of TFPI-2 on intracellular activated caspases,

Bax and Bcl-2 levels

Pro-caspase 9 and pro-caspase 3 are intracellular zymogens

that are proteolytically processed to cysteinyl proteinases

essential for initiating and executing programmed cell

death. In addition, the pro-apoptotic protein Bax and the

anti-apoptotic protein Bcl-2 are key downstream players

that ultimately decide whether or not the cell undergoes

apoptosis. In order to investigate the proteolytic activation

of initiator pro-caspase-9 and effector pro-caspase-3 fol-

lowing treatment of HT-1080 cells with TFPI-2 and R24K

KD1, we performed immunoblotting of HT-1080 cell

lysate after 48 h of incubation with each protein prepara-

tion. The results of the immunoblotting studies shown in

Fig. 3a clearly indicate activation of caspase-9 and cas-

pase-3 in cells treated with either TFPI-2 or R24K KD1 in

comparison to vehicle-treated cells. Consistent with earlier

results, cells treated with R24Q KD1 also generated acti-

vated caspases 9 and 3, but the levels were significantly

lower than that observed with TFPI-2 or R24K KD1

(Fig. 3a). In addition to increased levels of activated

caspases 9 and 3, we observed increased expression of the

pro-apoptotic protein, Bax, and decreased expression of

the anti-apoptotic protein, Bcl-2 following treatment of the

cells with either TFPI-2 or R24K KD1 (Fig. 3a). As was

observed for caspase activation, up-regulation of Bax and

down-regulation of Bcl-2 appeared to be related to the

offered protein’s inhibitory activity with R24K KD1

demonstrating the greatest effect (Fig. 3a).

Fig. 1 Analyses of apoptosis induced in HT-1080 cells by TFPI-2,

R24K KD1 and R24Q KD1 following EB/AO staining. Cells were

treated with either vehicle, 1 lM TFPI-2, R24K KD1 or R24Q KD1

for zero and 48 h under standard growth conditions. Cells were then

stained with a solution mix containing ethidium bromide and acridine

orange (EB/AO) and examined in a fluorescence microscope

equipped with a triple filter set. (a) Cells treated with vehicle (PBS)

at zero time; (b) cells treated with vehicle (PBS) for 48 h; (c) cells

treated with R24Q KD1 at zero time; (d) cells treated with R24Q KD1

for 48 h; (e) cells treated with TFPI-2 at zero time; (f) cells treated

with TFPI-2 for 48 h; (g) cells treated with R24K KD1 at zero time;

(h) cells treated with R24K KD1 for 48 h; (i) a bar diagram that

depicts the percentage of live and apoptotic cells derived from a total

count of 100 cells in each field following 48 h of treatment (error bars

represent standard deviation). Data are representative of three

independent experiments. P \ 0.001
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Using activated caspase-3 levels as a measure of apop-

tosis induction in HT-1080 cells, we next assessed whether

the degree of apoptosis induction correlated with the

concentration of the offered proteins. In these studies,

HT-1080 cells were treated with 0.5–10 lM concentrations

of either TFPI-2 or R24K KD1 for 48 h, and the cells

washed and processed for immunoblotting. We observed

minimal apoptosis induction in 48 h by TFPI-2 or R24K

KD1 at a concentration of 0.5 lM (Fig. 3b). However,

when the protein concentrations were increased to 1 lM, a

measurable increase in apoptosis induction occurred.

Higher protein concentrations (2–10 lM) failed to show

any measurable increase in the degree of apoptosis relative

to the effects observed with 1 lM concentrations in both

cases (Fig. 3b). Collectively, these results strongly suggest

that 1 lM exogenous TFPI-2 and its more active deriva-

tive, R24K KD1, activate a caspase-mediated pathway

leading to apoptosis of HT-1080 cells in 48 h.

Structural stability of recombinant proteins

in cell culture

To examine the stability and persistence of the recombinant

proteins offered to the cells, HT-1080 cells were incubated

with 1 lM concentrations of either TFPI-2, R24K KD1 or

R24Q KD1 under standard growth conditions (Fig. 4a). The

culture media and 1 M NaCl/PBS washes were collected

after 0, 12, 24, 36, 48, and 72 h of incubation. The presence

of the applied proteins in the culture media, as well as cell-

bound proteins in the 1 M NaCl wash, were analyzed by

immunoblotting using anti-TFPI-2 antibody [3]. The results

indicate that the recombinant proteins in the media

remained structurally intact throughout the 72 h period

(Fig. 4b). Both TFPI-2 and R24K KD1 were observed in the

1 M NaCl washes following 12 h of incubation. Maximum

cell-bound levels of these proteins occurred at 48 h and

appeared to diminish at the 72 h time point (Fig. 4b).

Interestingly, no degradation of either the solution-phase or

cell-bound proteins was observed by immunoblotting

(Fig. 4b). The above observations indicate that the offered

recombinant proteins remain structurally intact for at least

48 h in the culture media and have similar binding affinities

for the cell surface.

Pro-apoptotic effect of TFPI-2 on other cells

While others have demonstrated apoptosis induction in

EA.hy926 endothelial cells, as well as glioblastoma,

malignant meningioma and prostate tumor cell lines

through overexpression of TFPI-2 [11, 14–17], it is unclear

whether these cells undergo apoptosis following exogenous

application of either TFPI-2 or R24K KD1. To this end, we

incubated human umbilical vein endothelial cells, a human

colon carcinoma cell line (Colo-205) and a human bladder

carcinoma cell line (J-82) with either vehicle, 1 lM TFPI-2,

1 lM R24K KD1 or 1 lM R24Q KD1 for 48 h. Following

incubation, the cells were processed for EB/AO staining and

immunoblotting of the cell lysate to quantify the level of

activated caspase-3, since the activation of caspase-3 serves

as a sensitive marker of apoptosis [20]. The results of the

EB/AO staining (Fig. 5a–f) and immunoblotting studies

(Fig. 5g–i) clearly indicate apoptosis induction in those

Fig. 2 Cellular DNA

fragmentation in HT-1080 cells

treated with TFPI-2 and R24K

KD1. Cells were incubated with

either 1lM TFPI-2 or R24K

KD1 for 24 h (a) or 48 h (b)

under standard growth

conditions. Genomic DNA was

then isolated and subjected to

electrophoresis in a 1.8%

agarose gel. (a) Genomic DNA

from the 24 h time point; (b)

genomic DNA from the 48 h

time point. Induction of DNA

fragmentation is clearly visible

after 48 h of protein treatment

as shown by a ladder pattern

typically associated in cells

undergoing apoptosis (indicated

with arrows in b). Lane 1, 1 kb

DNA molecular marker; lane 2,

DNA from vehicle-treated cells;

lane 3, DNA from TFPI-2-

treated cells; and lane 4, DNA

from R24K KD1-treated cells
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cells treated with either TFPI-2 or R24K KD1 in compari-

son to vehicle-treated cells. Consistent with earlier results

with HT-1080 cells, the above cells treated with R24Q KD1

also generated activated caspase-3, but the levels were

significantly lower than that observed with TFPI-2 or R24K

KD1 (Fig. 5g–i). Collectively, these, and earlier results

further strengthen the notion that TFPI-2 and R24K KD1

have pro-apoptotic effects on a variety of cells.

Pro-apoptotic effect of TFPI-2 in overexpressing cells

In a previous study, we produced HT-1080 cell lines that

were either mock-transfected, or transfected with an

expression vector (pcDNA3.0) containing a cDNA con-

struct for wild-type TFPI-2 [6]. To assess whether these

cells undergo apoptosis, each cell line was cultured in

selection medium containing G418 (600 lg/ml) and their

pro-apoptotic tendencies examined by EB/AO staining and

activated caspase-3 levels. The results from EB/AO stain-

ing demonstrate that TFPI-2 overexpressing cells undergo

apoptosis after 2 d of culture (Fig. 6a, b). Immunoblot

analyses also indicate that after 2 days of culture, the

TFPI-2 overexpressing cells had measurable amounts of

activated caspase-3, which increased further after 4 d. In

contrast, neither control cells nor cells containing the

empty vector exhibited any signs of apoptosis (Fig. 6c).

Fig. 3 Immunoblot analyses of

HT-1080 cells treated with

TFPI-2 and its KD1 mutants. (a)

Cells were treated with either

vehicle, 1 lM TFPI-2, R24K

KD1 or R24Q KD1 for 48 h

under standard growth

conditions. The total cell lysates

from either vehicle- or protein-

treated cultures were prepared

as described in Methods. Total

lysate protein (50 lg) was

subjected to SDS-

polyacrylamide gel

electrophoresis in 4–20%

gradient gels followed by

transfer to nitrocellulose

membranes. The blots were

probed with specific antibodies

to either Bax, Bcl-2, active

caspase-9 or active caspase-3.

(b) Cells were treated with

different concentrations of

TFPI-2 (upper panel) and R24K

KD1 (lower panel) for 48 h

under standard growth

conditions. The total cell lysate

from both vehicle and protein-

treated cultures were subjected

to immunoblotting using anti-

actived caspase-3 antibody.

Alpha-tubulin levels were also

assessed on the same cell lysate

samples to establish equivalent

loading amounts
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However, the degree of apoptosis induction between the

TFPI-2-treated and those endogenous expressing TFPI-2

was markedly different. In this regard, TFPI-2 over-

expressing cells grown for 2 days exhibited a considerably

lower apoptotic rate in comparison to the cells treated with

TFPI-2 for same period of time. However, when over-

expressing cells were grown for 4 days the apoptosis rate

Fig. 4 Analyses of the structural stability of recombinant proteins

during cell incubation. To determine the structural stability of the

applied proteins in cell culture, HT-1080 cells were grown to confluence

in 12-well plates and treated with either vehicle, 1 lM TFPI-2, R24K

KD1 or R24Q KD1 for 0–72 h under standard growth conditions. (a)

Coomassie staining of proteins used in the study. (b) At pre-selected

time intervals, offered proteins in the culture media, as well as cell

bound proteins in the 1 M NaCl/PBS wash, were assessed by

immunoblotting as described in Methods using rabbit anti-TFPI-2 IgG

Fig. 5 Microscopic and immunoblotting analyses of HUVECs, Colo-

205 and J-82 cells treated with either TFPI-2, R24K KD1 or R24Q KD1.

For EB/AO staining, cells were treated with either vehicle (PBS) or 1

lM R24K KD1 for 48 h under standard growth conditions. Cells were

then stained with EB/AO solution mix as described for HT-1080 cells in

earlier sections. (a) HUVECs treated with vehicle (PBS); (b) HUVECs

treated with R24K KD1; (c) Colo-205 cells treated with vehicle (PBS);

(d) Colo-205 cells treated with R24K KD1; (e) J-82 cells treated with

vehicle (PBS); (f) J-82 cells treated with R24K KD1. For immunoblot

analyses, cells were treated with either vehicle, 1 lM TFPI-2, R24K

KD1 or R24Q KD1 for 48 h under standard growth conditions. Total

cell lysates were prepared and subjected to immunoblotting using anti-

activated-caspase-3 antibody as described for HT-1080 cells. (g)

HUVECs lysates (Note: only p17 and p12 activated fragments were

detected); (h) Colo-205 tumor cell lysates (Note: only p19 and p17

activated fragments were detected); (i) J-82 tumor cell lysates. Alpha-

tubulin levels (lower panels) were also assessed on the same cell lysate

samples from all cell lines to establish equivalent loading amounts

c
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was comparable to the HT-1080 cells treated for 48 h.

These results appear to be consistent with the fact that the

HT-1080 overexpressing cells secrete far lower concen-

trations of TFPI-2 than that applied exogenously. Taken

together, these data further confirms the pro-apoptotic

nature of TFPI-2.

Assessment of TFPI-2-induced apoptosis of HT-1080

cells by flow cytometric analyses

We next assessed the degree of apoptosis in HT-1080 cells

by flow cytometry following incubation of these cells for

48 h with either 1 lM TFPI-2, R24K KD1 or R24Q KD1.

Flow cytometry is an excellent method to differentiate live,

early apoptotic and late apoptotic cells. Early apoptotic

cells are characterized by loss of plasma membrane

asymmetry reflected by the exposure of phosphatidylserine

(PS) from the inner leaflet to the outer leaflet [21].

Accordingly, the high-affinity phosphatidylserine binding

protein Annexin V, in combination with propidium iodide

(PI), has been widely used to detect early stage apoptotic

cells [22]. Early apoptotic cells with exposed PS, but

intact cell membrane, bind Annexin V and exclude PI.

Conversely, when cells are in either a late apoptotic or

necrotic stage, PI can cross the cell membrane and stain

DNA. Thus, the co-administration of PI and Annexin V to

the cells allows one to distinguish early apoptotic (Annexin

V positive/PI negative) from terminal stages of apoptosis

(Annexin V positive/PI positive). Quadrant gating of the

dot plot was performed after sorting the cells to separate

the live, unstained cells from FITC-Annexin V positive/PI

negative, and FITC-Annexin V and PI doubly positive cells

(Fig. 7a). As shown in Fig. 7, apoptotic cell populations

increased following treatment of the cells with protein. The

quantitative data obtained using quantiscan revealed that

roughly 4, 15, 43 and 58% of the cells were in a late

apoptotic stage following treatment with vehicle, R24Q

KD1, TFPI-2 and R24K KD1, respectively. In addition,

FITC-Annexin V positive, or early apoptotic cells, were

observed and represented 16% of the cell population for

vehicle-treated, 55% for R24Q KD1-treated, 55% for

TFPI-2-treated and 41% for R24K KD1-treated cells

Fig. 6 Analyses of apoptosis induction in HT-1080 cells stably

transfected with hTFPI-2 cDNA. HT-1080 cells transfected with

either an empty vector pcDNA 3.0 or pcDNA 3.0 vector containing

hTFPI-2 (cDNA) were grown in a selection medium containing G418

sulfate (600 lg/ml) for 2 or 4 days after reaching 60–70% conflu-

ency. The cells were further analyzed by EB/AO staining, as well as

by immunoblotting with anti-actived-caspase-3 antibody as described

above. (a) EB/AO staining of HT-1080 cells transfected with an

empty vector pcDNA 3.0 grown for 2 days; (b) EB/AO staining of

HT-1080 cells expressing hTFPI-2 grown for 2 days. (c) Total cell

lysate from control HT-1080 cells, cells transfected with an empty

vector pcDNA 3.0 and cells over-expressing TFPI-2, grown for 2 or

4 days probed with anti-actived-caspase-3 antibody. Alpha-tubulin

levels (lower panel) were also assessed on the same cell lysate

samples to establish equivalent loading amounts
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(Fig. 7b). Thus, these studies clearly show that treatment of

HT-1080 cells with either TFPI-2 or R24K KD1 results in

virtually all cells undergoing some degree of apoptosis.

Moreover, the degree of apoptosis was closely related to

the serine proteinase inhibitory activity of the protein

offered to the cells.

Up-regulation of pro-apoptotic and down-regulation

of anti-apoptotic mRNA expression

Gene expression analyses of vehicle and R24K KD1 trea-

ted cells was performed on a pathway focused ‘Oligo

GEArray� Human Apoptosis Microarray’. We decided to

use R24K KD1 for gene expression profiling experiments

due to its high efficiency in inducing apoptosis as shown in

the above studies. All gene probe sets were used from the

oligo array containing 112 genes involved in apoptosis.

Most positive controls represented by housekeeping genes

(GAPDH, Beta-2-microglobulin, HSP90, b-Actin and

Ribosomal protein S27A), showed high degrees of

expression in all samples, suggesting a good efficiency of

array experiments (data not shown). Additionally, a dif-

ferential gene expression of over 1.5-fold was considered

significant. Table 1 summarizes the results indicating the

fold variation in genes expression. Analysis of the

hybridization patterns between vehicle-treated and R24K

KD1-treated cell mRNA led to the identification of 24

genes that were differentially expressed (Table 1).

Furthermore, it is noteworthy that BCL2, BAG3, BFAR and

BCL2-associated transcription factor 1 (BCLAF1), are

under-expressed in both time points of 24 and 48 h in

protein-treated cells compare to vehicle-treated cells.

In summary, several pro-apoptotic genes were over-

expressed, while several anti-apoptotic genes were down-

regulated following treatment of cells with R24K KD1.

Discussion

Human TFPI-2 is an ECM-associated Kunitz-type serine

proteinase inhibitor that is thought to play a significant role

in the regulation of plasmin-mediated ECM degradation

[6, 23]. As the proteolytic degradation of the ECM is one of

the key steps in the process of tumor invasion and metas-

tasis, several tumor cells have been shown to increase

expression of matrix-degrading proteinases while decreas-

ing synthesis of their inhibitors, such as TFPI-2, in order to

facilitate tumor progression in vivo. In this regard, our

earlier studies revealed that restoration of TFPI-2 expres-

sion in a highly aggressive fibrosarcoma cell line,

HT-1080, dramatically reduced its growth and metastasis

in athymic mice [6]. Moreover, over-expression of a

low-activity TFPI-2 mutant (R24Q TFPI-2) by these cells

had little effect over mock-transfected cells in terms of

tumor growth and metastasis, suggesting that the ability of

TFPI-2 to reduce tumor growth in vivo was dependent on

its serine proteinase inhibitory activity [6]. In the present

study, we initially investigated the effect of recombinant

TFPI-2 on HT-1080 cell viability following a 48 h incu-

bation at 37�C. These initial studies provided strong

Fig. 7 Flow cytometry analyses of live and apoptotic HT-1080 cells

by Annexin V (FL1-H) and propidium iodide (FL2-H) labeling. Cells

were treated with either vehicle, 1lM TFPI-2, R24 K KD1, or R24Q

KD1 for 48 h under standard growth conditions. Cells were then

stained with FITC-Annexin V and PI as per the supplier’s protocol.

A FACS analyses was then performed to quantify the percentage of

live, early apoptotic and late apoptotic cells following each

treatment. (a) Quadrant gating of the dot plot was performed to

separate live (FITC-Annexin V negative and PI-negative), early

apoptotic (FITC-Annexin V positive and PI negative), and late

apoptotic (both FITC-Annexin V and PI positive) cells. Cells binding

only PI were considered as necrotic. (b) A bar diagrams that depicts

the percentage of live, early apoptotic and late apoptotic cells

following each treatment. Data are representative of three indepen-

dent measurements. P \ 0.001
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suggestive evidence that culturing these cells in the pres-

ence of TFPI-2 resulted in a large percentage of the cells

undergoing apoptosis and detaching from the plate. This

observation provided the impetus for the present studies to

quantify this process with respect to TFPI-2 concentration

required, the time-dependency, and whether the protein’s

inhibitory activity was involved. Our results, using a

variety of methods to quantify HT-1080 cell apoptosis,

provided unequivocal evidence that TFPI-2 induces HT-

1080 cell apoptosis. Moreover, using a variety of TFPI-2

preparations with increased (R24K KD1) or decreased

(R24Q KD1) inhibitory activity, our results suggest that

TFPI-2’s serine proteinase inhibitory activity may play a

role in this process.

There are a number of methods recently developed to

study apoptosis in cell populations. We initially focused

on the cleavage of DNA into discreet fragments, which is

one of the hallmarks of apoptosis and occurs before

changes in plasma membrane permeability [19, 24].

We were able to demonstrate fragmentation of genomic

DNA by agarose gel electrophoresis following treatment

of the cells with either TFPI-2 or R24K KD1. In addition,

the cell membrane disintegration was also assessed by a

one-step, highly specific and simple staining method using

acridine orange and ethidium bromide to differentiate live

from apoptotic cells [18]. By this method, approximately

70% of the HT-1080 cells treated with R24K KD1 were

apoptotic, in comparison to 39 and 18% for TFPI-2 and

R24Q KD1-treated cells, respectively. These results pro-

vided the initial demonstration that induction of apoptosis

in HT-1080 cells appears to correlate with the protein’s

serine proteinase inhibitory activity. Similar results were

obtained by EB/AO staining of HUVECs, Colo-205 and

J-82 tumor cell lines following treatment with R24K KD1

(Fig. 5). In addition, consistent with earlier studies using

other tumor cell lines, HT-1080 cells overexpressing

TFPI-2, but not mock-transfected HT-1080 cells, undergo

apoptosis (Fig. 6).

Table 1 Gene expression analyses of HT-1080 cells treated with R24K KD1

Symbol GenBank accession no. Genes over-expressed Fold changea

Group 2/Group 1 Group 3/Group 1

BAK1 NM_007523 BCL2-antagonist/killer 1 1.78 1.74

BAX NM_007527 BCL2-associated X protein 3.09 3.97

BCL2L13 NM_153516 BCL2-like 13 (apoptosis facilitator) 0.85 1.61

BCL2A1 NM_004049 BCL2-related protein A1 2.02 2.09

BNIP3 NM_009760 BCL2/adenovirus E1B 19kDa interacting protein 3 1.71 1.69

CARD6 NM_032587 Caspase recruitment domain family, member 6 2.31 3.62

CARD11 NM_175362 Caspase recruitment domain family, member 11 1.54 4.36

CASP4 NM_007609 Caspase 4, apoptosis-related cysteine peptidase 1.18 2.28

CASP9 NM_015733 Caspase 9, apoptosis-related cysteine peptidase 1.50 3.22

CD40 NM_011611 CD40 molecule, TNF receptor superfamily member 5 4.74 63.39

CIDEB NM_009894 Cell death-inducing DFFA-like effector b 2.25 1.77

GADD45A NM_001924 Growth arrest and DNA-damage-inducible, alpha 1.88 5.56

LTA NM_000595 Lymphotoxin alpha (TNF superfamily, member 1) 75.31 15.94

LTBR NM_010736 Lymphotoxin beta receptor (TNFR superfamily, member 3) 1.38 1.88

MCL1 NM_008562 Myeloid cell leukemia sequence 1 (BCL2-related) 1.46 2.20

TNFRSF10B NM_020275 Tumor necrosis factor receptor superfamily, member

10b, decoy without an intracellular domain

1.68 1.71

TNFRSF1B NM_001066 Tumor necrosis factor receptor superfamily, member 1B 1.59 2.10

TNFRSF25 NM_148965 Tumor necrosis factor receptor superfamily, member 25 1.27 2.08

TRADD NM_153425 TNFRSF1A-associated via death domain 1.92 2.07

TRAF4 NM_009423 TNF receptor-associated factor 4 3.79 4.05

Genes under-expressed

BAG3 NM_004281 BCL2-associated athanogene 3 0.60 0.44

BCL2 NM_009741 B-cell CLL/lymphoma 2 0.65 0.12

BCLAF1 NM_014739 BCL2-associated transcription factor 1 0.74 0.41

BFAR NM_016561 Bifunctional apoptosis regulator 0.34 0.25

a The numbers indicate the fold change in mRNA abundance in R24K KD1-treated cells over vehicle-treated cells determined by microarray

data analyses. Group 1, vehicle-treated cells; group 2, R24K KD1 treated cells (24 h); group 3, R24K KD1 treated cells (48 h)
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In order to determine the percentage of early and late

apoptotic cell populations following treatment of HT-1080

cells with these proteins, we used flow cytometry following

treatment of the apoptotic cell populations with FITC-

labeled Annexin V and propidium iodide. In this regard,

Annexin V exhibits a high affinity for phosphatidylserine, a

membrane phospholipid exposed on the surface of early

apoptotic cells. In contrast, the fluorescent dye, propidium

iodide, become highly fluorescent upon binding to DNA

when cells are in a late apoptotic stage. Our FACS data

clearly shows induction of apoptosis in protein-treated

HT-1080 cells, as well as differentiation of live, early

apoptotic and late apoptotic cell populations among the

samples assayed. Consistent with the AO/EB staining

method, we observed a higher percentage of doubly stained

cells (PI and FITC-Annexin V positive) using R24K KD1

and decreasing percentages of apoptotic cells treated with

TFPI-2 and R24Q KD1 (Fig. 7b).

Intracellular caspase activation is another prominent

feature of cells undergoing apoptosis. In this regard, the

activation of caspases occurs through the intrinsic and/or

extrinsic pathways in two steps. In the first step, the initi-

ator caspase 9 is activated upon adapter-mediated

oligomerization. Activated caspase 9, in turn, activates pro-

caspase 3 by limited proteolysis. Activated caspase 3

subsequently cleaves other apoptotic executioner mole-

cules resulting in cellular disassembly and DNA

fragmentation. Using immunoblotting, we clearly demon-

strate that HT-1080 cells treated with R24K KD1, TFPI-2

and R24Q KD1 exhibited caspase 9 and caspase 3 activa-

tion, the degree of which was related to the inhibitory

activity of the offered protein. Likewise, we also observed

increased expression of the pro-apoptotic protein Bax and

reduced expression of the anti-apoptotic protein, Bcl-2,

following treatment of the HT-1080 cells with these pro-

teins. As was observed in the caspase activation studies, the

degree of up-regulation and down-regulation of these

intracellular proteins appeared to correlate with the offered

protein’s serine proteinase inhibitory activity. Similarly,

HUVECs, Colo-205 and J-82 cells treated with TFPI-2,

R24K KD1 and R24Q KD1 also exhibited caspase-3 acti-

vation. In addition, HT-1080 cells overexpressing TFPI-2

cells also had significant levels of activated caspase-3 in

comparison to either untransfected HT-1080 cells or

HT-1080 cells transfected with an empty expression vector.

Finally, gene expression profiling using a pathway-

focused human apoptosis array was performed on RNA

obtained from R24K KD1-treated HT-1080 cells. The

results indicate increased expression of several genes

involved in regulating apoptosis. Interestingly, this study

provides further evidence of TFPI-2’s involvement in

altering expression of major apoptosis-related genes. Of

these affected genes, the superfamily of tumor-necrosis

factors (see below) play a critical role in the inflammatory

response and apoptosis through the activation of the tran-

scription factors NF-kappa B and c-Jun N-terminal kinase

[25]. It has been shown that TNF is one of the prime sig-

nals that specifically induce apoptosis in cultured cerebral

endothelial cells through a caspase-3 mediated pathway

[26]. A total of 112 gene sets that are involved directly or

indirectly in the apoptosis pathway were included in the

oligo array analyses, along with five housekeeping genes as

a positive control set. We found 24 differentially expressed

genes. Among the over-expressed genes, BAX, BCL2A1,

CARD6, CARD 11, CASP4, CASP 9, CD40, CIDEB,

GADD45A, LTA, TNFRSF1B, TNFRSF25, TRADD

and TRAF4 were significantly up-regulated ([2.0-fold).

In contrast, BAG3, BCL2, BCLAF1 and BFAR genes

were down-regulated (\0.5-fold), in protein-treated cells

compared to a vehicle-treated set. The differentially

expressed genes obtained from our study can be further

sub-grouped under ten functional gene groupings: TNF

ligand family—LTA (TNF-a), CD40 (TNSF5); TNF

receptor family—LTBR, TNFRSF1B (TNFR2), CD40

(TNSF5), TNFRSF10B (DR5), TNFRSF25; Bcl-2 family—

BAG3, BAK1, BAX, BCL2, BCL2A1 (bfl-1), BCL2L13,

BCLAF1, MCL1; Caspase family—CASP4, CASP9; TRAF

family—TRAF4; CARD family—CARD6, CARD11,

CASP4, CASP9; death domain family—TNFRSF10B,

TNFRSF25, TRADD; CIDE domain family—CIDEB; p53

and DNA damage response—BAX, BCL2, GADD45A and

anti-apoptosis group—BAG3, BCL2, BFAR. In addition to

the apoptosis-related genes, TFPI-2 appears to regulate

many genes that are implicated in signal transduction,

growth and proliferation, as well as the synthesis of some

transcription factors, which in turn regulates other cellular

processes [6]. Collectively, the above microarray results

confirm apoptosis-related events are occurring in cells

treated with either TFPI-2 or R24K KD1.

TFPI-2 is the second Kunitz-type proteinase inhibitor

shown to induce apoptosis in cells. Earlier studies by

Hamuro and colleagues over a decade ago demonstrated by

Giemsa staining and DNA fragmentation that recombinant

human tissue factor pathway inhibitor-1, at 1 lM concen-

tration, induced apoptosis in growth-arrested cultured

HUVECs [27]. While the mechanism whereby TFPI-1

induced apoptosis in HUVECs was not investigated, a

TFPI-1 variant lacking the highly basic C-terminal tail was

also effective in inducing apoptosis in these cells [27]. In

contrast, more recent studies by Lin et al. [28] comparing

intact TFPI-1 with a TFPI-1 variant containing only KD1

and KD2 demonstrated that the third Kunitz-type domain

and C-terminal tail in TFPI-1 are essential for the induction

of apoptosis in cultured rat mesangial cells. The reason(s)

for these discordant findings are not clear, but may involve

either structural or species differences in TFPI-1 binding to
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these two different cell types. Whether TFPI-1’s ability to

induce apoptosis in these cells correlates with its serine

proteinase inhibitory activity remains to be shown.

Our results confirm and extend that reported recently by

George and coworkers in which restoration of TFPI-2

expression in a highly invasive human glioblastoma cell

line (U-251) activated caspase-mediated signaling path-

ways and induced apoptosis in these cells [17]. Our data

also sheds light on a possible mechanism whereby

TFPI-2’s serine proteinase inhibitory activity is involved in

HT-1080 cell apoptosis. In this connection, our working

hypothesis is that TFPI-2 regulates pericellular proteolytic

events essential for tumor cell homeostasis. One possible

scenario involves inhibition of plasmin and subsequent

downstream events such as plasmin-mediated matrix

metalloproteinase (MMP) activation. Interestingly, others

have shown that activated MMP-3 and MMP-7 cleave and

release cell-surface Fas-ligand, and ectodomain shedding

of Fas-ligand may confer cellular resistance to apoptosis

[29]. Thus, by regulating upstream proteolytic events,

TFPI-2 may indirectly influence Fas-ligand shedding and

thereby induce apoptosis. Alternatively, TFPI-2 may

become internalized into the tumor cell and exert its

inhibitory activity intracellularly. In support of this

hypothesis, the results of preliminary studies conducted in

our laboratory indicate that after 48 h of incubation, the

HT-1080 cell lysate contains significant amounts of

immunoreactive TFPI-2. This was observed whether or not

the cells were washed with PBS/1 M NaCl to dissociate

cell-bound TFPI-2 [3]. Thus, these tantalizing new data

suggests that TFPI-2 may be operative both pericellularly

as well as intracellularly. In the latter case, new questions

naturally arise regarding the mechanism of TFPI-2 inter-

nalization by the tumor cell, and in particular, the identity

of the cell-surface receptor involved in this process.

Taken together, our data clearly demonstrate that treat-

ment of HT-1080 cells with either TFPI-2 or R24K KD1

activates caspase-mediated, pro-apoptotic signaling path-

ways resulting in tumor cell apoptosis. The results

presented here suggest that R24K KD1 may be useful as a

therapeutic to inhibit tumor growth and metastasis in vivo.

While it is unknown whether TFPI-2 can induce apoptosis

in all tumors, our present data, together with that reported

earlier [16, 17], strongly suggests that TFPI-2 can induce

apoptosis in several tumor types. Ultimately, we hope to

demonstrate the tumor-killing effectiveness of R24K KD1

in an athymic mouse model by peri-tumor release of this

protein from an osmotic pump implanted in the vicinity of

a growing HT-1080 tumor explant in relation to a vehicle

control.

Acknowledgements This work was supported by a NIH Research

Grant HL64119 (to W.K.). The costs of publication of this article

were defrayed in part by the payment of page charges. This article

must therefore be hereby marked ‘‘advertisement’’ in accordance with

18 U.S.C. Section 1734 solely to indicate this fact. The authors

gratefully acknowledge the assistance of Dr. Tione Buranda in the

FACS analyses. FACS data was generated in the Flow Cytometry

Shared Resource Center, supported by the University of New Mexico

Health Sciences Center and Cancer Center. Microscopy images were

generated in the Cancer Center Fluorescence Microscopy facility.

References

1. Chand HS, Schmidt AE, Bajaj SP, Kisiel W (2004) Structure-

function analysis of the reactive site in the first Kunitz-type

domain of human tissue factor pathway inhibitor-2. J Biol Chem

279:17500–17507

2. Rao CN, Peavey CL, Liu YY, Lapiere JC, Woodley DT (1995)

Partial characterization of matrix-associated serine protease

inhibitors from human skin cells. J Invest Dermatol 104:379–383

3. Iino M, Foster DC, Kisiel W (1998) Quanti§fication and char-

acterization of human endothelial cell-derived tissue factor

pathway inhibitor-2. Arterioscler Thromb Vasc Biol 18:40–46

4. Herman MP, Sukhova GK, Kisiel W et al (2001) Tissue factor

pathway inhibitor-2 is a novel inhibitor of matrix metallopro-

teinases with implications for atherosclerosis. J Clin Invest

107:1117–1126

5. Sugiyama T, Ishii S, Yamamoto J et al (2002) cDNA macroarray

analysis of gene expression in synoviocytes stimulated with

TNFa. FEBS Lett 517:121–128

6. Chand HS, Du X, Ma D et al (2004) The effect of human tissue

factor pathway inhibitor-2 on the growth and metastasis of

fibrosarcoma tumors in athymic mice. Blood 103:1069–1077

7. Rao CN, Mohanam S, Puppala A, Rao JS (1999) Regulation of

proMMP-1 and proMMP-3 activation by tissue factor pathway

inhibitor-2/matrix-associated serine protease inhibitor. Biochem

Biophys Res Commun 255:94–99

8. Izumi H, Takahashi C, Oh J, Noda M (2000) Tissue factor

pathway inhibitor-2 suppresses the production of active matrix

metalloproteinase-2 and is down-regulated in cells harboring

activated ras oncogenes. FEBS Lett 481:31–36

9. Rao CN, Cook B, Liu Y et al (1998) HT-1080 fibrosarcoma cell

matrix degradation and invasion are inhibited by the matrix-

associated serine protease inhibitor TFPI-2/33 kDa MSPI. Int J

Cancer 76:749–756

10. Kempaiah P, Chand HS, Kisiel W (2007) Identification of a

human TFPI-2 splice variant that is upregulated in human tumor

tissues. Mol Cancer 6:20

11. Konduri SD, Tasiou A, Chandrasekar N, Rao JS (2001) Over-

expression of tissue factor pathway inhibitor-2 (TFPI-2),

decreases the invasiveness of prostate cancer cells in vitro. Int J

Oncol 18:127–131

12. Jin M, Udagawa K, Miyagi E et al (2001) Expression of serine

proteinase inhibitor PP5/TFPI-2/MSPI decreases the invasive

potential of human choriocarcinoma cells in vitro and in vivo.

Gynecol Oncol 83:325–333

13. Yanamandra N, Kondraganti S, Gondi CS et al (2005) Recom-

binant adeno-associated virus (rAAV) expressing TFPI-2 inhibits

invasion, angiogenesis and tumor growth in a human glioblas-

toma cell line. Int J Oncol 29:25–32

14. Kondraganti S, Gondi CS, Gujrati M et al (2006) Restoration of

tissue factor pathway inhibitor inhibits invasion and tumor

growth in vitro and in vivo in a malignant meningioma cell line.

Int J Oncol 29:25–32

15. Ivanciu L, Gerard RD, Tang H, Lupu F, Lupu C (2007) Adeno-

virus-mediated expression of tissue factor pathway inhibitor-2

714 Apoptosis (2008) 13:702–715

123



inhibits endothelial cell migration and angiogenesis. Arterioscler

Thromb Vasc Biol 27:310–316

16. Tasiou A, Konduri SD, Yanamandra N et al (2001) A novel role

of tissue factor pathway inhibitor-2 in apoptosis of malignant

human gliomas. Int J Oncol 19:591–597

17. George J, Gondi CS, Dinh DH, Gujrati M, Rao JS (2007) Res-

toration of tissue factor pathway inhibitor-2 in a human

glioblastoma cell line triggers caspase-mediated pathway and

apoptosis. Clin Cancer Res 13:3507–3517

18. Ribble D, Goldstein NB, Norris DA, Shellman YG (2005) A

simple technique for quantifying apoptosis in 96-well plates.

BMC Biotechnol 10:5–12

19. Jarvis DW, Kolesnick RN, Fornari FA, Traylor RS, Gewirtz DA,

Grant S (1994) Induction of apoptotic DNA degradation and cell

death by activation of the sphingomyelin pathway. Proc Natl

Acad Sci USA 91:73–77

20. Baskin DS, Ngo H, Didenko VV (2003) Thimerosal induces

DNA breaks, caspase-3 activation, membrane damage, and cell

death in cultured human neurons and fibroblasts. Toxicol Sci

74:361–368

21. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL,

Henson PM (1992) Exposure of phosphatidylserine on the surface

of apoptotic lymphocytes triggers specific recognition and

removal by macrophages. J Immunol 148:2207–2216

22. Vermes IC, Haanen H, Steffens-Nakken C Reutelingsperger

(1995) A novel assay for apoptosis flow cytometric detection of

phosphatidylserine expression on early apoptotic cells using

fluorescein labelled Annexin V. J Immunol Meth 184:39–51

23. Konduri SD, Rao CN, Chandrasekar N et al (2001) A novel

function of tissue factor pathway inhibitor-2 (TFPI-2) in human

glioma invasion. Oncogene 20:6938–6945

24. Compton MM (1992) A biochemical hallmark of apoptosis:

internucleosomal degradation of the genome. Cancer Metastasis

Rev 11:105–119

25. Aggarwal BB, Shishodia S, Ashikawa K, Bharti AC (2002) The

role of TNF and its family members in inflammation and cancer:

lessons from gene deletion. Curr Drug Targets Inflamm Allergy

1:327–341

26. Kimura H, Gules I, Meguro T, Zhang JH (2003) Cytotoxicity of

cytokines in cerebral microvascular endothelial cell. Brain Res

990:148–156

27. Hamuro T, Kamikubo Y, Nakahara Y, Miyamoto S, Funatsu A

(1998) Human recombinant tissue factor pathway inhibitor

induces apoptosis in cultured human endothelial cells. FEBS Lett

421:197–202

28. Lin YF, Zhang N, Guo HS et al (2007) Recombinant tissue factor

pathway inhibitor induces apoptosis in cultured rat mesangial

cells via its Kunitz-3 domain and C-terminal through inhibiting

PI3-kinase/Akt pathway. Apoptosis 12:2163–2173

29. Wetzel M, Rosenberg GA, Cunningham LA (2003) Tissue

inhibitor of metalloproteinases-3 and matrix metalloproteinase-3

regulate neuronal sensitivity to doxorubicin-induced apoptosis.

Eur J Neurosci 18:1050–1060

Apoptosis (2008) 13:702–715 715

123

Joseph George
Rectangle


	Human tissue factor pathway inhibitor-2 induces �caspase-mediated apoptosis in a human �fibrosarcoma cell line
	Abstract
	Introduction
	Experimental procedures
	Cell lines and reagents
	Cell culture and treatments with recombinant proteins
	Apoptosis detection by EB/AO staining
	DNA fragmentation analyses by agarose gel electrophoresis
	Preparation of cell extracts and Western blot analyses
	Stability of recombinant proteins
	Fluorescence activated cell sorting analyses to assess apoptosis using Annexin V/propidium iodide
	Gene expression studies by oligonucleotide microarray
	Statistical analyses

	Results
	Recombinant human TFPI-2 and R24K KD1 induce apoptosis in HT-1080 cells
	Effect of TFPI-2 on intracellular activated caspases, Bax and Bcl-2 levels
	Structural stability of recombinant proteins �in cell culture
	Pro-apoptotic effect of TFPI-2 on other cells
	Pro-apoptotic effect of TFPI-2 in overexpressing cells
	Assessment of TFPI-2-induced apoptosis of HT-1080 cells by flow cytometric analyses
	Up-regulation of pro-apoptotic and down-regulation �of anti-apoptotic mRNA expression

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


