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Abstract

We asked whether the antiangiogenic action of 16khdn PRL (hPRL), in addition to blocking mitogen-
induced vascular endothelial cell proliferationydtved activation of programmed cell death. Treatmeith
recombinant 16K hPRL increased DNA fragmentatiooutiured bovine brain capillary endothelial (BB&)d
human umbilical vein endothelial (HUVE) cells inime- and dose-dependent fashion, independeneasgrum
concentration. The activation of apoptosis by 1&Rh was specific for endothelial cells, and thevétgtof the
peptide could be inhibited by heat denaturatiogpdin digestion, and immunoneutralization, but gt
treatment with the endotoxin blocker, polymyxind®K hPRL-in-duced apoptosis was correlated withréped
activation of caspases 1 and 3 and was blockedhaynmcological inhibition of caspase activity. Casp
activation was followed by inactivation of two casp substrates, poly (ADP-ribose) polymerase (P AdRid)
the inhibitor of caspase-activated de-oxyribonusteéDNase) (ICAD). Furthermore, 16K hPRL increatesl
conversion of Bcl-X to its pro-apoptotic form, segging that the Bcl-2 protein family may also beadiwed in
16K hPRL-induced apoptosis. These findings supierhypothesis that the antiangiogenic action ¢f hBRL
includes the activation of programmed cell deattvadcular endothelial cells. (Molecular Endocrirmgyldl4:
1536-1549, 2000)

INTRODUCTION

Angiogenesis, the formation of new blood vessalsa necessary component of physiological procgd49ess
well as pathological conditions such as tumor glowhd metastasis (2, 3). During angiogenesis, laapil
endothelial cells proliferate, migrate into tissuasd organize into vessels. Migration and orgditinaof
endothelial cells into vessels requires concomitanitvation of proteases necessary for tissue retimagd This
cascade of events is under the control of a balah@mgiogenic and antiangiogenic factors. Fackmiswvn to
stimulate the formation of new capillaries vivo (1) include members of the fibroblast growth fastamily
(FGF)e.g basic FGF (4) and vascular endothelial growthdia¢/EGF) (5), angiogenin (6), and angiopoietin-1
(7). Factors with antiangiogenic activity includatelet factor 4 (8), thrombospondin (9), the 16aki-terminal
fragment of PRL (16K PRL) (10, 11), angiostatin }12nd en-dostatin (13). More recently, Struneaal. (14)
demonstrated that recombinant 16-kDa N-terminajrfrants of related PRL family members including homa
GH, GH variant, and placental lactogen also haveagiogenic activity (14).

The antiangiogenic action of 16K PRL appears tecifthe abilities of capillary endothelial cellsgmliferate,
migrate, and organize into vessels. A high-affinigturable, 16K PRL binding site that was indepahdrom
the PRL receptor was characterized on capillarytradial cells (15). We showed that 16K PRL intekitthe
proliferative effects of both basic FGF (bFGF) aviliGF on bovine brain capillary endothelial (BBE)lIse
(10,11). Considerable evidence supports the hypitthbat VEGF stimulates endothelial cell prolifera via
activation of the mitogen-acti-vated protein kingsBAPK) signaling cascade. Binding of VEGF to ieceptor
(FIk-1/KDR) results in au-tophosphorylation of trexeptor, recruitment of the Shc/Grb2/Sos couptirmeins,
and activation of Ras and downstream kinases lgadirMAPK activation. We demonstrated that 16K homa
PRL (hPRL) inhibited VEGF-induced activation of MKR16). The blockade occurred distal to the actorat
of the FIk-1 and its association with coupling pios (17). However, VEGF-induced Ras activation was
inhibited by 16K hPRL, which is consistent with tihaibition of the downstream kinases, Raf-1 and RKA

16K hPRL was shown to block the organization of B&Hs into polarized capillaries when culturedype 1
collagen gels (11)in vivo tissue remodeling, which accompanies the formatibnew vessels, is dependent
upon the activation of urokinase (UPA) (18). Weveho that 16K hPRL inhibited uPA activity by actiicat of
plasminogen activator inhibitor-type 1 (PAI-1) eggsion (19).
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In addition to the inhibition of endothelial celtgtiferation by antiangiogenic factors, there isemt evidence
that angiostatin (20) and thrombospondin (21) astivate programmed cell death of endothelial cells
Extensive studies in past few years have led toidhatification of many genes regulating programncetl
death during various physiological and pathologpmaicesses. Cells undergoing apoptosis are cheracteny
cytoplasmic shrinkage, membrane blebbing, chromatimdensation, DNA cleavage, and finally, cell
fragmentation into membrane-bound apoptotic bodiespase-mediated proteolysis of specific protedsslts

in this irreversible commitment to cell death (28).least 13 caspases function as initiators ceatffrs of the
apoptotic signaling pathway (23). Caspases exishastive proenzymes, which are activated by clgavat
specific aspartate residues, followed by assemitly heterotetramers. Activation of a caspase canltrén
stimulation of additional caspases, e.g. autocatadictivation of caspase 1 by self-aggregatiotuin activates
caspase 3 (24). Another regulatory component ofaeptotic pathway is the Bcl-2 protein family. ke
proteins are believed to act at the level of, osttgam to, the caspases to inhibit or facilitate déipoptotic
cascade. Antiapoptotic factors include Bcl-2 andBg while proapoptotic factors include Bax, Bak, Badd
Bcl-X; (25).

In the current study, we asked whether 16K hPRUd@ctivate programmed cell death as an additional
mechanism for inhibiting angiogenesis. We show t& hPRL, but not native 23-kDa PRL, activates DNA
fragmentation, and that apoptosis requires actimatif the caspase cascade. We demonstrate thapdipeosis-
inducing action of the 16K hPRL preparations isetefent on the activity of the peptide and not otosoxin
contamination. Unlike the inhibition of mitogen-inckd cell proliferation by 16K hPRL, treatment witBK
hPRL directly activates apoptosis. These findingevigle the first detailed and specific analysis thé
mechanisms regulating the activation of apoptogiarbantiangiogenic factor.

RESULTS
Stimulation of DNA Fragmentation by 16K hPRL in Vascular Endothelial Cells

The level of DNA fragmentation associated with apsjs was estimated by measuring the levels ofsojio
mono- and oligonucleosomes with an enzyme-linkechimosorbent assay (ELISA) (25). Experiments were
performed in BBE cells deprived of serum [0.5% aafum (CS)] for 2 days, a treatment that causdadd
increase in nucleosome formation compared witlsalltured in 10% CS (Fig. 1A). Treatment with 216rmv
16K hPRL for the second day of serum deprivatiaaréased DNA fragmentation 2.3- and 4.4-fold comghare
with cells cultured in 0.5% CS, respectively. lestingly, bFGF (0.5m) partially reversed the effect of 1®1n
16K hPRL by 50%. To a lesser degree, treatment WHGF also reduced the effect of 18 46K hPRL by
32%.

The effect of 16K hPRL was similar in other bovimascular endothelial cells including aortic endb#tie
(BAE) and the adrenal capillary endothelial (BAGJIs (Fig. 1B and data not shown). Serum deprivatd
BAE cells increased DNA fragmentation 2-fold, whizerm 16K hPRL caused a further 5-fold increase.
Treatment with 0.5 "M bFGF had no effect on the serum deprivation-indueféeict; however, it reduced the
increase by 16K hPRL by 25% (Fig. 1B).

The action of 16K hPRL on DNA fragmentation wasaldgpendent. Increasing concentrations of 16K hPRL
from 0.1 to 25 ™ caused an exponential increase in DNA fragmentatioBRBE cells (Fig. 1C). The highest
concentration of 16K hPRL caused a 14-fold incraaseNA fragmentation as compared with 0.5% CS. The
first significant increase in DNA fragmentation f(#ld) after treatment with 2n 16K hPRL was detectable at 1

h in floating cells and at 2 h in attached cellgy(AD). 16K hPRL-induced DNA fragmentation conuto
increase for up to 24 h. The time course of theaese in floating and attached cells was paradieBfh, but
was then divergent, as it increased linearly iachied cells and plateaued in floating cells.

To distinguish the effect of 16K hPRL on apoptdgisn that of serum deprivation, we studied the eftef 16K
hPRL on DNA fragmentation in different concentragoof serum in BBE cells. Increasing serum conegioin
decreased the amplitude of 16K hPRL-induced DNAfrantation (Fig. 1E). As previously observed in BBE
cells cultured in 0.5% CS, 2 and 181 16K hPRL caused a 2- and 4-fold increase in DNAyrantation,
respectively. In 1% and 5% CS, treatment with 016K hPRL induced a 4- and 10-fold increase in DNA
fragmentation compared with the untreated contedpectively. Finally, in 10% CS, 2 and 1Q 66K hPRL
caused a 3- and 8-fold increase in DNA fragmentati@spectively (Fig. 1E). These results show that
stimulation of DNA fragmentation by 16K hPRL is ragpendent on serum concentration. In human urabilic
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vein endothelial (HUVE) cells, similar results weatained. In 10% FCS, 1 and 1Q #6K hPRL caused a 3.2-
and 6.5-fold increase in DNA fragmentation, respety (Fig. 1F). Interestingly, tumor necrosis fact
(TNFea) (5 ng/ml) had no significant effect on nucleosofoemation in 10% FCS, while it caused a 7.1-fold
increase under serum-starved conditions. Finaflgiptoxin standards-1 [E-Toxate kit, Sigma, St. spO; 10
endotoxin units (EU)/ml] and -2 (Re 595, Sigma,gdmm) induced a 3.5 + 0.2 and 4.4 + 0.3 fold inse®NA
fragmentation, respectively, which were signifidariess than the 6.5 + 0.3 fold increase due ton016K
hPRL (n=5P <0.05).

Specificity of 16K hPRL Preparation

Since the 16K hPRL was producedBscherichia colit was important to demonstrate that the activityhe
preparation used was not caused by a contamieaptendotoxin. A well defined property of endotoxin [or
lipopolysaccharide (LPS)] in many cultured cellshe induction of programmed cell death (26, 2iA)BBE
cells, while 0.5 EU/ml endotoxin-1 had no effecitg(FLA), the first detectable increase in DNA fragmtation
was observed at a concentration of 1 EU/mI of emxiptl, which caused a significant 2-fold increase0.5%
CS control P < 0.05) (data not shown). Treatment with M 16K hPRL increased DNA fragmentation 5.7-
fold, while treatment with 10 EU/ml endotoxin-1 sad a similar 6.1-fold increase compared with caltin
0.5% CS (Fig. 2). This is 1300 times the amourgrafotoxin present in 320 ng of 16K hPRL preparatised
throughout the study (amount present in 2 ml of an solution).

Heat denaturation of 16K hPRL by boiling the sanfpte2 min before adding it to the cells completiglibited
the 16K hPRL stimulation of DNA fragmentation. Sianiy, the complete digestion of 16K hPRL by treatm
with trypsin abolished its activity (Fig. 2). Neéthtreatment had any effect on the action of endoth.
Furthermore, pretreatment with 1@g/ml (final concentration) of the endotoxin blockgyoly-myxin-B,
completely abolished the endotoxin effect, but hagkffect on the action of 16K hPRL.

To further dissociate the action of 16K hPRL fromdetoxin, we showed that 16K hPRL caused a 4.8-fold
increase in DNA fragmentation over serum deprivaiio HUVE cells, a response similar to that seeBBE
cells. In comparison 5 ng/ml of TNFeaused a similar 4.8-fold increase in DNA fragnaéioh, while 10 EU/mI

of endotoxin-1 caused a 3.2-fold increase. Howeweprimary endometrial stromal cells and in endtiak
epithelial (Ishikawa) cells, while 10M61K hPRL had no effect on DNA fragmentation, 5 nigdfhTNFa and

10 EU/ml of endotoxin-1 stimulated DNA fragmentatio both cell types (Fig. 3, B and C).

Immunoneutralization of 16K hPRL was able to bldkability to induce DNA fragmentation in BBE czll
(Fig. 4A). Both a 1:500 and 1:1000 dilution of melumal antibodies 4G7 (16K hPRL specific) or 6E4
(recognizes both 16K hPRL and intact 23-kDa hPRbjkited 16K hPRL activity. However, preincubatioh
16K hPRL with a 1:500 dilution of an unrelated molomal antibody (Ctrl) had no effect on the stintida of
DNA fragmentation. Monoclonal antibodies 6E4 and74®:500 dilution) also abolished 16K hPRL activity
HUVE cells, but had no effect on TMFand endotoxin-2 activity (Fig. 4B). Finally, a realizing antibody
against human TNEFwas able to block the TNfeffect, but neither the 16K hPRL nor the endoteXieffects.
Preincubation with the unrelated antibody had rfiectfon any response.
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Fig. 1. 16K hPRL Induces DNA Fragmentation in Bovine Ehdlil Cells.

A, BBE cells were cultured in 0.5% CS or 10% CSZdh. For a second 24 h cells were cultured in 005%0% CS, or were treated with
0.5 nM bFGF, 2 m VEGF, 2 or 10 nM 16K hPRL, or 16K hPRL in combiatiwith the mitogens in 0.5% CS. If not mentionedhe
figure legend, this design was used throughousthdies. Endotoxin-1 (0.5 EU/ml) was added as arebfor endotoxin contamination in
the 16KhPRL preparation. DNA fragmentation was mesad using an ELISA assay and is expressed asrament factor (ratio of the
absorbance of the sample to that measured for 18Y6E2ach bar represents the meabin = 6. B, Similar experiments were performed in
bovine aortic endothelial (BAE) cells. The caspasgbitor, z-VAD-fmk (20 pM), was added to determiwhether the ability of 16K hPRL
to stimulate DNA fragmentation in BAE cells depeddm caspase activation. Each bar represents tae #r&b, n = 4. C, Dose-dependent
stimulation of DNA fragmentation by increasing centrations of 16K hPRL in BBE cells. Each bar représ the mean &b, n = 3.
The asteriskdenotes & value of < 0.05 vs. 0.5% CS control. D, Kineti¢sl6K hPRL-induced BBE cell DNA fragmentation. Geltere
cultured in 0.5% CS for 24 h and subsequently écbat not ¢pen squareandcircle) with 2 nM 16K hPRL for the indicated timélled
square and circle). DNA fragmentation was measinmetklls attached to the plastic dissggarg or in cells floating in the conditioned
medium (circle). Each point represents the mean,fi = 3. (E and F) To test whether the stimulatioDbfA fragmentation by 16K hPRL
was dependent on serum concentration, BBE cells waltured in 0.5, 1, 5, or 10% CS for 48 h, wiilgVE cells were cultured in 0% or
10% serum. E, Cells were treated with nothing cor210 nM 16K hPRL for the last 24 h. F, Cells waeated with nothing, 1 or 10 nM
16K hPRL, 5 ng/ml TN&, 10 EU/ml endotoxin-1, or 5 ng/ml endotoxin-2. E&ar represents the meanssg, n = 5. Theasteriskdenotes a
P value of < 0.05/s.the nonstimulated control.
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Fig. 2. Stimulation of DNA Fragmentation by 16K hPRL Ist [Dependent on Endotoxin Contaminati@BE
cells were cultured in 0.5% or 10% CS and treated2# h with 10 nt 16K hPRL or 10 EU/mI endotoxin-1. 16K hPRL and ewosin
samples were also pretreated with Poly-myxin-Blifgifor 2 min, and trypsin digestion before beadged to the cells. Each bar represents
the mean 8D, n = 3. Theasteriskdenotes & value of < 0.05 vs. the corresponding 0.5% CSrobnt
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Fig. 3. 16K hPRL Induces DNA Fragmentation Specificall\fEmdothelial CellSHUVE (A), human primary stromal
endometrial (B), and human epithelial endomet@I¢ells were cultures in 10% serum or serum stharel treated for 24 h with either 10
nM 16K hPRL, 5 ng/ml TN&, or 10 EU/ml endotoxin-1. Eadyar represents the meanss, n = 4. The asterisk denotes a P value of < 0.05
vs. the serum-starved control.
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These results demonstrate that the ability of Bk hPRL preparations to stimulate DNA fragmentatioas
dependent on the activity of the peptide, and mogimdotoxin or contaminating proteins in the prafian. The
results also show that the action of 16K hPRL iscfit for vascular endothelial cells. Furthermotiee
experiments in HUVE cells show that the action 8KIhPRL is not mediated by the stimulation of teéease
of TNFa.
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Fig. 4. Immunoneutralization of 16K hPRL Effect.

ABBE cells were cultured in 0.5% or 10% CS andteddor 24 h. Samples containing 10 nM 16K hPRLengreincu-bated with either a
monoclonal antibody that recognizes both nativé&kR@8 hPRL and 16K hPRL (6E4), a monoclonal antibtidt is specific for 16K hPRL
(4G7), or a control monoclonal antibody that isalated to 16K hPRL (Ctrl). B, HUVE cells were cuéd in 10% serum or serum starved
and treated for 24 h with 10 nM 16K hPRL, 5 ng/mNIFG, or 5 ng/ml endotoxin-2. Indicated samples wereirmubated with the
monoclonal antibodies 6E4 or 4G7, or an immuno-iaéiging antibody specific for human TNFor the control monoclonal antibody
(control mAb). Each bar represents the measbin = 3. The asterisk denotes a P value of < 0.08hescorresponding serum-starved
control.
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Action of 16K hPRL IsNot Mediated via PRL or GH Receptors

To demonstrate that 16K hPRL is not interactinghwilite GH or PRL receptor family to transduce itgal, we
tested the effect of hGH and hPRL alone or in cotion with 16K hPRL (Fig. 5). Addition of 10 an@ 8w of
either recombinant hGH or hPRL alone after serupridation of BBE cells had no significant effects DNA
fragmentation. Once again these results argue stgdia possibility that the action of 16K hPRL igedto
endotoxin contamination, since both recombinant hRRd hGH had no effect on DNA fragmentation even
though the concentration used had equivalent oheniggndotoxin content than the 16K hPRL preparation
Furthermore, addition of 25 times more hGH or hRBQ nM) had no antagonistic effect on the ability of® n
16K hPRL to stimulate DNA fragmentation (Fig. 5helresults suggested that, as for inhibition ofogen-
induced cell proliferation (11) or activation of PA expression (19), the 16K hPRL effects are netlisted by
the PRL or GH receptors, but rather by a yet unknboype of receptor.
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Effect of 16K hPRL on DNA Cell Content

To directly investigate the effect of 16K hPRL dretnumber of cells entering programmed cell death,
analyzed the DNA content of 16K hPRL-treated BBHscesing flow cytometry of propidium iodide-staghe
cells. After 2 days of serum deprivation, BBE celisre relatively well synchronized in/&; phase (Fig. 6A,
top pane), with 17% of the cells having reduced DNA contentdergoing programmed cell death). After 24 h
of 16K hPRL treatment (2m), more than 50% of the cells were undergoing apoptdgieatment with 16K
hPRL drastically diminished the population of ceélisG,/M phase, as well as the population of cells yGg
phase (Fig. 6Abottom panél Kinetically, we observed the same pattern of changeddNA content after 16K
hPRL treatment as had been observed for DNA fragatien (Fig. 6B). The dying cell population doubleiter
1 h of treatment and was still increasing at 24 ese results indicate that 16K hPRL not only iasesl the
DNA fragmentation in cells already undergoing apsf# after serum deprivation, but also recruited cells
into this pathway.

Similar effects on DNA content were observed whepeeiments were performed in 10% CS. Cells cultuned
10% CS showed three distinct populations, 52% efdéll being in @G, phase, 38% being in S or./Gl
phases, and only 10% of the cells undergoing progred cell death (Fig. 6@op pane). After 24 h treatment
with 2 nv 16K hPRL, the population of cells undergoing misosias dramatically diminished, to 7%, as was the
population of cells in @G, phase (24%). A similar percentage of cells (68%j)enundergoing apoptosis in 10%
CS as seen with 0.5% CS (50%) (Fig. ®0ttom pangl Kinetically, we observed the same dynamics of the
changes in DNA content after 16K hPRL treatmenseasn for cells cultured in 0.5% CS. The apoptotit ¢
population doubled after 1 h and was still growlregween 8 and 24 h (Fig. 6D).

Fig. 5. Effect of 16K hPRL Is Not Mediated by the GH BLHReceptors

BBE cells were cultured in normal 10% CS conditjosrsd then serum deprived or not for 24 h, andlfina
treated for another 24 h with increasing concentmas of hGH or hPRL alone, with 2 nM 16K hPRL alooe
in combination with 50 nM hGH or hPRL to test thgoristic or antagonistic effects of 16K hPRL to hRRd
hGH. Each bar represents the measntn = 3. The asterisk denotes a P value of < 0.09% CS control.
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16K hPRL Activatesthe Caspase Cascade

We then asked whether the stimulation of apoptogi$6 K hPRL was associated with activation of ¢hspase
cascade. By Western blotting the 32-kDa proforntadpase 3 was expressed in BBE cells before aed aft
serum deprivation (Fig. 7A). The 17-kDa active suibof caspase 3 was not present in cells cultimeti0%
CS, while after culture in 0.5% CS for 24 h a fdiiitkDa band corresponding to the active subuniiaspase 3
began to appear. Treatment with 16K hPRL alone@oimbination with bFGF induced a large increasthén
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formation of the active 17-kDa form, while the ambwf the 32-kDa proform was decreased (treatmetit w
16K hPRL in combination with bFGF) or unchangeédtment with 16K hPRL alone).

To confirm that the increase in the 17-kDa band wassociated with an increase in caspase 3 actiwity,
analyzed one of the known substrates of caspatiee3oly(ADP-ribose) polymerase (PARP). This 116kD
DNA repair enzyme is cleaved to an inactive 85-kfbagment by caspase 3 (Fig. 7Bpper panél

By densitometric analysis, treatment with 16K hPRisulted in the conversion of 65% of PARP into the
inactive 85-kDa fragment (Fig. 7Bywer pane). Serum deprivation only resulted in the conversibi 5% of
the PARP, while at the basal level, in 10% CS cheversion level was 5%. Treatment with bFGF wasahte

to significantly reverse the effect of 16K hPRL. Wen asked whether treatment with 16K hPRL actiyat
caspase 1, a potential upstream step in the caspasade. Caspase 1 has been shown to activatesea®n
response to TNk (28), as well as during photooxidative stress.(Bg)Western blotting, caspase 1 was present
in BBE cells as the inactive 45-kDa proenzyme (Fig). Treatment with 16K hPRL, at two different dss
(2 and 10 m), or in combination with bFGF, stimulated the formatiof the 20-kDa fragment of caspase 1,
known to be part of the active protease complexs Band was absent before serum deprivation antbist of
the experiments after serum deprivation, or afesttment with bFGF or native hPRL. The effect ofd016K
hPRL on caspase lactivation was independent ofrseomcentration, since it was observed in 1, 5,10% CS
(Fig. 7D). Treatment with 1z 16K hPRL was capable of inducing the formation ted 20-kDa fragment in
10% CS, while serum deprivation resulted in theeapance of only a faint band (Fig. 7D). Endotoxin-1
(1 EU/ml) was not able to induce the processingaspase 1 to its active form (Fig. 7C). The eff#ci6K
hPRL was inhibited by treatment with the generapese inhibitor, z-VAD (30). A similar effect of\?ZAD
treatment was observed in BAE cells. The increadeNA fragmentation induced by 26K hPRL in 0.5%
CS was abolished by pretreatment of the cells 2@thM z-VAD (Fig. 1B). These results were consistenthwi
the idea that 16K hPRL specifically activated an-gjotic cascade involving the activation of cagphs

The kinetics of caspases 1 and 3 processing werdasiunder 0.5 and 10% CS culture conditions (Hig,

0.5% CS and 10% CS). The active forms of the pestgavere observed as early as 15 min after treatmigm?2

nM 16K hPRL. By 30 min, activation of caspase 3 resliin the cleavage of PARP (116 kDa), resultinthi
appearance of the inactive 85-kDa form. The 85-k@aved form was observed throughout the 24-hrtreat,

while the intact PARP could no longer be observiéer 8 h in 10% CS and was almost undetectable 5660
CS. The inhibitor of the caspase-activated DNaSAQ) (31, 32), another potential substrate of casf® was
cleaved to its inactive 34-kDa form in a similaittpen by treatment with 16K hPRL. This suggests #&K

hPRL specifically activated an apoptotic cascadeliring the activation of caspases, like caspase 3, and
subsequently the inactivation of downstream sutestritke PARP or ICAD.

Effects of 16K hPRL on Expression of the Bcl-2 Family

Among the large Bcl-2 protein family, we analyzéeé £xpression of one antiapoptotic protein, Bl two
proapoptotic proteins, Bax and Bak, by Westerntinlgt(33). After serum deprivation, the amount @l-B was
markedly increased (Fig. 8A). Treatment of the B&#ls with 2 or 10 m 16K hPRL did not significantly
modify this increased expression. The levels of Bax Bak were unchanged after culture in 0.5% CS or
treatment with 2 or 10m 16K hPRL. Densitometric analysis and expressiothefresults as the Bcl-2/Bax ratio
also showed no changes (Fig. 8B).

Similarly, in kinetic studies, treatment with 2 6K hPRL had little effect on the level of Bcl-2a® or Bak
over a 24-h period (Fig. 8C, 0.5% CS and 10% CS)wéVer, treatment with 16K hPRL stimulated the
conversion of Bcl-X from its antiapoptotic 29-kDariin (Bcl-X,) to its proapoptotic 21-kDa form (BclgX(34).
Clear increases in Bcly{vere observed 1 h after treatment with 16K hPRid at 3 h, 50 and 20% of Bcl-X
was converted to Bcl-Xin 0.5% CS and 10% CS, respectively. These resuligest that 16K hPRL had no
major effect on Bcl-2, Bax, and Bak levels. Howetimulation of the conversion of Bcl:Xo inactive Bcl-X

by 16K hPRL is consistent with the activation ofopmsis. This observation may help to explain whg t
increase in Bcl-2 expression observed after cultu@®5% CS was not sufficient to prevent the aptipteffect

of 16K hPRL
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Fig. 6. Stimulation of Apoptosis by 16K hPRL as Determimg®NA Content Analysis by Flow Cytometry.

BBE cells were cultured in 0.5% CS (A) or 10% C$ & 24 h and then treated with nothing (Contml2 nM 16K hPRLfor 24 h. Events
falling under the 100 (0 to 100) FL2 channel seakeconsidered as apoptotic events resulting frodA Fagmentation. Percents represent
the proportion of gated cells undergoing apoptd3sition of the @G,, S, G/M, and apoptosis phase is indicated on top ofitite panel
(A). B and D, Percentage of cells undergoing apsiptafter treatment with 2 nM 16K hPRL with timedh point represents the mean value
of two separate experiments.
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Fig. 7. Activation of Caspases 1 and 3 by 16K hPRL

A, Western blot analysis of caspase 3 in lysatéBBH cells treated for 24 h with 0.5 nM bFGF, 2 16K hPRL, or both in 0.5% CS. The
molecular masses of the inactive proform (32 kpajtially processed inactive form (28 kDa), andvacsubunit (17 kDa) of caspase 3 are
indicated on the left side. B, upper panel: Westdat analysis using an anti-PARP antibody (PARIPe active 116 kDa form of PARP
was converted to the inactive 85 kDa form afteivation of caspase 3. B, bottom panel: The mea®£r&= 4) relative intensity of the 116
and 85 kDa bands determined by ImageQuant Soft@éoéecular Dynamics, Inc.). The asterisk denotd®aalue of < 0.05 vs. 0.5% CS
control. C, Western blot analysis of the inactive kDa proform, partially processed inactive 30 kidan, and 20 kDa active form of
caspase 1, after treatment with 2 or 10 nM 16K hFRlRh. nM bFGF, and zVAD, alone or in combinatioheTeffects of treatment with 23K
hPRL or endotoxin-1 were also tested. D, EffedE8fconcentration (1%, 5%, 10%, or 0.5%) on thevatitin of caspase 1 by 16K hPRL.
E, Time course of the activation of caspases 13ammd inactivation of caspase 3 substrates, PARRGHD, after treatment with 216K
hPRL in 0.5% or 10% CS. Sizes of the expected protre indicated in between the two panels.
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Fig. 8. Effect of Treatment with 16K hPRL on Levels of BBax, Bak, and Bcl-X

A, Western blot analysis of Bcl-2, Bax, and Baleatreatment with 2 or 10 nM 16K hPRL in 0.5% CSeampared with culture in 0.5 or
10% CS. Size of the corresponding proteins wasatdd on the right side. B, The relative intensft26 and 23 kDa bands, corresponding
to Bcl-2 and Bax, respectively, and the mean (n)=B&l-2/Bax ratio calculated from the intensity tfe bands determined by the
ImageQuant Software (Molecular Dynamics, Inc.)Tine course of the effect of treatment witha 16K hPRL on the level of Bcl-2, Bcl-
X, Bax, and Bak as analyzed by Western blot ina®& 10% CS. The 29 kDa antiapoptotic form of BdBXI-X,) was converted to the 21
kDa proapoptotic form (Bcl-¥ by treatment with 16K hPRL Sizes of the expegteateins are indicated in between the two panels.
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DISCUSSION

These findings demonstrate that 16K hPRL speclfictimulates programmed cell death of vasculaogmlial
cells by multiple criteria: DNA fragmentation; fltescence-activated cell sorting (FACS) analysiBBE cell
DNA content; activation of the caspase cascade; regdlation of the Bcl-2 family members. In additio
treatment with 16K hPRL inhibited entry of BBE eeihto the cell cycle at they&,, transition. After 24 h of
16K hPRL treatment, more than 50% of the cells wardergoing apoptosis, while the reminder of ce#se
mainly in the G/G; state. These data support the earlier observatti@s 6K hPRL inhibits FGF-induced BBE
cell proliferation, which was followed by roundingp of the cells (11); they show in addition thaK16PRL
stimulates apoptosis. This induction of programroeiti death was dependent on the caspase cascadsiant

as well as the inacti-vation of Bcl-X.

Bacterial endotoxin (LPS) has been shown to inerd@&l-1 expression, stimulate apoptosis, and inkubll
proliferation of endothelial cells (35, 36). Thesebvation regarding the similarity of the signalipgthways
activated by LPS and 16K hPRL made it imperativedémnonstrate that the antiangiogenic actions of the
recombinant 16K hPRL preparations was not due ttarnination with endotoxin. First the endotoxindeof

the 16K hPRL preparation used in this study wasenmban a 1,000-fold less than necessary to obserye
biological effect. The ability of the 16K hPRL paeptions to stimulate DNA fragmentation could benptetely
blocked by digestion of the protein with trypsim,d@naturation of the protein by boiling. The actaf LPS was
unaffected by boiling but was blocked by the additdf polymyxin-B. However, polymyxin-B treatmerdadno
effect on the action of 16K hPRL. That the activifythe 16K hPRL could depend on complexing witrSLiR
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the preparations appears unlikely, since for exB6000 16K hPRL molecules, there is approximatelyPS
molecule. Human endothelial cells, especially HUsHs, have been described as 1,000 times lesgigens
endotoxin than bovine endothelial cells (37). Hoarewe found that HUVE cells responded to 16K PRQ (
nM) and TNFx (5 ng/ml) in a similar manner, and to a lesserreéego endotoxin-1 (10 EU/ml). We also
demonstrated that the response to 16K hPRL wasfigpéar endothelial cells, while endotoxin and T&F
activated DNA fragmentation in endothelial cellsvesll as stromal and epithelial cells. Most impathg, the
ability of 16K hPRL to activate DNA fragmentation both bovine and human endothelial cells was abet
by immunoneutralization using specific monoclonafizodies. The unlikely possibility that the actyiof the
recombinant preparations is due to some unknowit-dewitive contaminant that co-precipitates wigK1
hPRL cannot be ruled out.

Within 15 min 16K hPRL treatment resulted in corsien of the inactive proforms of caspase 1 and Bea
active fragments. Activation of caspase 3 was tireconfirmed by the cleavage and inactivation bé t
substrates, PARP and ICAD. Cleavage of both PARS 48d ICAD (31, 39) by caspase 3 have been shown t
be important steps in the apoptotic pathway. Inatitn of ICAD allows caspase-activated DNase (CA®)
enter the nucleus and degrade genomic DNA, whéetimation of PARP inhibits its DNA repair activitfhe
combination of these two events facilitates cetldsassembly and ensures the completion and conanttof
the cell to the apoptotic pathway. Activation of tteaspase cascade was essential for the apopmttitio af 16K
hPRL. The processing of caspase 1 and the stironlaif DNA fragmentation by 16K hPRL were totally
blocked by treatment with the caspase inhibitov AD.

Although the levels of Bcl-2, Bax, and Bak were fimeted by treatment with 16K hPRL, the conversiémcl-

X was stimulated from its antiapoptotic form, Bcl;Xo its proapoptotic form, Bcl-XIncreased expression of
Bcl-X | appears to play an important role in the abilityhaclear factor (NF)eB to inhibit apoptosis (40). The
inhibition of the antiapoptotic action of BclpXby 16K hPRL treatment is consistent with its stimtion of
apoptosis.

The signaling mechanisms mediating the multipleaagiogenic actions of 16K hPRL on vascular endahe
cells are still poorly understood. Although a sfiechigh-affinity, saturable binding site for 16d°RL has been
described on capillary endothelial cells (15), ithentity of the receptor molecule is unknown. Tlifeas of
16K hPRL are not mediated via an action on the RRREptor as an agonist or antagonist. As with ffexts of
16K hPRL on cell proliferation (11) and stimulatiohPAI-1 expression (19), intact 23-kDa hPRL haseffect
on stimulating apoptosis or inhibiting the abilitf 16K hPRL to stimulate apoptosis. The questiorhoWw
binding of 16K hPRL to its receptor activates tlasgase cascade and apoptosis, inhibits activati®a® and
presumably cell proliferation, and increases thpression of PAI-1 remains unclear. However, adtivabf
multiple signaling pathways appears to be the rather than the exception with ligands acting ododinelial
cells. For example, another antiangiogenic factmorh-bospondin inhibits endothelial cell prolifeca and
stimulates apoptosis (21, 41, 42). Several otlygzkines have also been shown to affect multiptmaling
pathways in endothelial cells, e.g. Til&nd transforming growth fact@{TGFB) (43-45).

Tumor growth and progression have been shown tdelpendent on development of a new microvascu-lature
(2). Inhibition of the action of the angiogenic tacVEGF has been shown to result in tumor enda@heell
apoptosis and tumor necrosis (46). As previousgnsevithdrawal of bFGF and/or serum induces endiathe
cell apoptosisn vitro (47). These observations support the importan¢beofegulation of apoptosis as a control
mechanism for tumor angio-genesis. The ability 6K1hPRL to inhibit the stimulation of endothelia¢lic
proliferation by the angiogenic factors VEGF and3Fand to directly stimulate apoptosis stronglypsugs the
potential of 16K hPRL as an antitumor drug.

In conclusion, we have clearly demonstrated thak TRL protein in our recombinant preparation is
responsible for promoting programmed cell deatbudfured endothelial cells. Furthermore, we hawsented
detailed functional evidence that the caspase dassgfundamental for 16K hPRL-induced apoptosia dose-
and time-dependent manner. These findings revealal and important mechanism for 16K hPRL to ratpl
angiogenesis and emphasize its potential antityraperties.
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MATERIALSAND METHODS
Production of Recombinant Proteins

For the production of recombinant 16K hPRL the cDéi#coding hPRL minus the corresponding signal depti
was inserted into the pT7L expression vector (#48) ATG was genetically engineered 5' to the firstien of

the cDNA. The codon for Cys 58 (TGC) was mutated ®er codon (TCC) to prevent the formation of inect
disulfide bounds during refolding of the 16K hPRL1). To get high levels of expression of the recimat
protein inE. colithe full-length hPRL molecule was expressed, pedifiand then cleaved (14). To accomplish
this the nucleotide sequence coding for amino a&ig®-144 (Pro-Glu-Thr-Lys-Glu-Asn: CCT-GAA-ACC-
AAA-GAA-AAT) in hPRL was replaced with the nucledé sequence coding for the cleavage site of IgA
protease (Pro-Arg-Pro-Pro-Thr-Pro: CCT-AGA-CCC-CBEA-CCT). Cleavage occurred between Pro 142
and Thr 143.

In brief, intact protein expression was inducedincoli BL21 DE3 with isopropy|s-D-thiogalactopyranoside
and the inclusion bodies were isolated. After waghithe inclusion bodies were solubilized in derattan
buffer (8 M urea, 20 mM ethanolamine-HCI, pH 10, 1% 2-mercapto®l, 0.5 mM PMSF) for 10 min at 55 C
and overnight at room temperature. After renatamably dialysis against 20 nmethanolamine-HCI, pH 9, the
proteins were purified as previously described (48)e mutated hPRL was enzymatically cleaved wgh |
protease (0.05%, 25 C, overnight; Roche MoleculaerGicals, Indianapolis, IN). The 16K hPRL was padf
by ion-exchange chromatography (HiTrap Q, PharmBm#ech, Piscataway, NJ).

The purity of each recombinant protein exceeded 85%stimated by silver staining. Thienulusamoebocyte
lysate assay (E-Toxate kit, Sigma) was used toctiared quantify endotoxin levels. The endotoxirelesf the
16K hPRL preparation used in the studies was 4@ %EL/ng protein.

Cell Culture

BBE and BAE cells were isolated as previously descr (Refs. 49 and 50), respectively. The cellsswgrown
and serially passaged in low glucose DMEM suppldegmith 10% calf serum (CS),i2m L-glutamine, and
antibiotics (100 U of penicillin/streptomycin pet end 2.5 mg of fungizone per ml). Recombinant hurasic
FGF (bFGF, Promega Corp., Madison, WI) was addedg(inl) to the cultures every other day. Experiraent
were initiated with confluent cells between passa@€2. Primary human umbilical vein endothelialUWE)
cells were obtained from Clonetics Corp. (San Djé€ga), grown according to specification, and re¢airior up

to six passages. Primary human endometrial stropil and human endometrial epithelial cell linghflkawa)
were kindly provided by Drs. R. N. Taylor and D.bowic (University of California, San Francisco).irRary
stromal cells were prepared and cultured from eradloab biopsies as described (51). Ishikawa celésew
routinely grown in DMEM/F-12 (1:1) supplemented wii0% FBS, penicillin-streptomycin, and sodium
pyruvate.

Cell Stimulation and Preparation of Cell Extracts

Confluent cell cultures were dispersed and platatieadensity of 15-20 x f@ells/cnf culture plate (one plate
per condition) in appropriate media. Thirty six mowafter plating, cells were either serum starvedeti in
medium containing 10% serum for another 24 h. Celise left untreated or treated with 2 nM recombtna
human VEGkgss (VEGF, Genentech, Inc., South San Francisco, @AM VEGF plus 2 m 16K hPRL, 0.5 M
bFGF (Promega Corp.), 0.54bFGF plus 2 nM 16K hPRL, various concentrationd @K hPRL, recombinant
human TNF (Pepro Tech, Rocky Hill, NJ), en-dotoxinlifiulus amoebocytlysate, E-Toxate kit, Sigma) or
endotoxin-2 $almonella minnesot®e 595, a minimal naturally occurring endotoxiasture of LPS, Sigma)
for 24 h.

Incubations were terminated by aspiration of thelioma, two washes with ice-cold PBS, and additio2@® pl
of lysis buffer (1% Triton X-100 lysis buffer coméng 201TiM Tris-HCI, pH 8.0, 1371iM NaCl, 10% (vol/vol)
glycerol, 2 nm EDTA, with (for detection of nuclear proteins) oitlout 3 M urea, 1 mu pefabloc, 0.14 U
aprotinin, 20uM leupeptin, and 1 m sodium orthovanadate) at 4 C as previously desti{ib6).

The peptidyl fluoromethyl ketone (fmk) caspase hitor z-VAD-fmk (20 uM, Enzyme Systems Products,
Livermore, CA) was added at the time cells wereisetdeprived and/or treatment added.
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Endotoxin Controls

To study the effect of the addition of endotoxirP&), several approaches were used to demonstetéhth
apoptotic activity of 16K hPRL preparations was doé to endotoxin contamination. Polymyxin-B (Signan
antibiotic that binds and inactivates LPS, was mmébated with samples for 10 min at 37 C in a final
concentration of 1Qug/ml. Alternatively, 16K hPRL activity was destrayén the sample to be added to the
culture cells by boiling for 2 min, or proteolytiigestion with trypsin (Sigma) for 16 h at 37 C aling to the
manufacturer's protocol. Efficiency of the digestiavas tested by Coomassie blue staining (Bio-Rad
Laboratories, Inc.) of SDS-PAGE gels (16% acrylaghidrinally 16K hPRL activity was immunoneutraliziegl
preincubation for 45 min at 4 C in serum free medontaining either a specific monoclonal antibéaty16K
hPRL (4G7, Dr. Martial), a monoclonal antibody thetognizes both the 23 kDa native hPRL and 16KLhPR
with equal potency (6E4, Dr. Martial) and, as colstr an unrelated monoclonal antibody (pp54) or a
neutralizing monoclonal antibody antihuman TiNFUpstate Biotechnology, Inc., Lake Placid, NY; 307
dilution).

DNA Fragmentation EL|SA Assay

A hallmark of programmed cell death by apoptosithis formation of multinucleosomal sized genomic/ON
fragments. DNA fragments are multiples of 180 bpusits associated with core histones. Accumulatibn
mono- and oligonucleosomes into the cytoplasm aiptgtic cells is due to the fact that DNA fragmeiata
occurs before the breakdown of the plasma membnahieh is not the case with cell death by necroblse
levels of mono- and oligo-nucleosomal DNA releasethe cytosol of apoptotic cells were measuredgisihe
Cell Death Detection ELISA kit (Roche Molecular Bremicals, Indianapolis, IN). This is a quantitativ
sandwich-enzyme-immunoassay using antibodies agaMa and histones. Levels of DNA fragmentation &er
expressed as an enrichment factor, calculated\hging the absorbance of a given sample by therbbsce of
the corresponding 10% CS control.

DNA Content Analysis

BBE cells were cultured and treated as describedaablhe cells were harvested by trypsinizationshvea in
cold PBS, and fixed in 80% ethanol in PBS at 4 € 36 min. After centrifugation, the cell pellets nge
suspended into PBS and passed through pn7Gylon cell strainer (Falcon). The cells were retdi with 10
pug/ml propidium iodide and treated with 208/ml RNase A at 37 C for 30 min. The fluorescentmdividual
cells was measured with a FACScalibur cytoflu-orteneequipped with the CellQuest software (Becton
Dickinson and Co., Franklin Lakes, NJ).

Western Blotting

To detect processing of apoptotic proteases (casphsand 3), the cleavage of poly(ADP-ribose) pelase
(PARP), and to survey the protein expression of DCBax, Bak, Bcl2, Bcl-X, equal quantities of lysatfrom
BBE cells were resolved by SDS/PAGE (8%, 12%, ofol%and transferred to polyvinylidene fluoride
membranes (Millipore Corp., Bedford, MA). Separatéestern blots were performed using a variety of
antibodies including an antihuman caspase 1 (IGBpit polyclonal antibody (Upstate Biotechnologgg.
1:1000 dilution) that recognizes the proenzymeokBa, the partially cleaved inactive form of 30&[and the
p20 subunit of active caspase 1 ; an antihumanasasp (YAMA/Apopain/CPP32) rabbit polyclonal antilyo
(Upstate Biotechnology, Inc. 1:1000 dilution; Sa@taiz Biotechnology, Inc., 1:500 dilution) that ognizes the
caspase 3 precursor (32 kDa), the partially prazkssactive form of 28 kDa, and the p17 subunithef active
caspase 3; an antihuman PARP rabbit polyclonabadyi (Upstate Biotechnology, Inc. 1:750 dilutiohpt
recognizes both the 116 kDa form of active PARP ;@5 kDa proteolytic fragment; an antihuman DF3-
ICAD rabbit polyclonal antibody (Upstate Biotechogy, Inc. 1:1000 dilution) that recognizes the Nxytmal
part of both the full-length molecule (45 kDa) ahe caspase 3 generated form of approximately 3 kD
antihuman Bcl-2 oncoprotein mouse monoclonal adijb@Upstate Biotechnology, Inc. 1:500; Santa Cruz
Biotechnology, Inc., 1:500 dilution) that recogrdza protein of 26 kDa; an antihuman Bak rabbit glolyal
antibody (Upstate Biotechnology, Inc. 1:1000 ddudi that recognizes a protein of 29 kDa; an antiéuuBax
rabbit polyclonal antibody (Upstate Biotechnologg. 1:500 dilution) that recognizes a protein 8fkDa; and

an antichicken Bcl-¥X; rabbit polyclonal antibody (Upstate Biotechnologyc. 1:1000 dilution) that
recognizes both proteins of 21 (Bchand 29 kDa (Bcl-X). Nuclear extract of human Hela, human A431 cells
stimulated with or without EGF, and mouse 3T3 belhtes were used appropriately as positive canfial all
antibodies. Western blots were incubated with thgra@priate antibody and then washed in Tris-butfesaline
containing 0.1% Tween 20. Antigen-antibody comptexeere detected with horseradish peroxidase-coupled
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secondary antibodies and the enhanced chemilungnescsystem (Renaissance, NEN Life Science Prqducts
Boston, MA). Finally, the blots were developed efiaction NEF film (NEN Life Science Products).

Statistical Analysis

All values are expressed as measpt Comparisons between treatment conditions were sesddsy one-way
ANOVA with the post hoc analysis with the Studergviinan-Keuls test. Statistical significance wasrdfias
a value of? < 0.05.
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