Published in: Molecular Endocrinology (2004), vo8, iss. 10, pp. 2522-2542 1
Status: Postprint (Author’s version)

Cathepsin D Processes Human Prolactin into Multiple 16K -Like N-
Terminal Fragments: Study of Their Antiangiogenic Properties and
Physiological Relevance

DAVID PIWNICA, PHILIPPE TOURAINE, INGRID STRUMAN, &EBASTIEN TABRUYN, GERARD
BOLBACH, CARMEN CLAPP, JOSEPH A. MARTIAL, PAUL A. ELLY, and VINCENT GOFFIN

Institut National de la Santé et de la Recherchéivie (INSERM) Unit 584 (D.P., P.T., P.AK., V,Gibrmone Targets, Faculté de
Médecine Necker, 75730, Paris Cedex 15, Franceotatbry of Molecular Biology and Genetic Enginegrifh.S., S.T., J.A.M.), University
of Liege, B-4000, Sart Tilman, Belgium; Laboratailee Chimie Structurale Organique et Biologique (G.Bniversité Pierre et Marie
Curie, 75252, Paris Cedex 05, France; and Neuralgglinstitute (C.C.), National Autonomous Universit Mexico, Queretaro, Mexico
76230

Abstract: 16K prolactin (PRL) is the name given to the 16akiW-terminal fragment obtained by proteolysis of
rat PRL by tissue extracts or cell lysates, in Wwhdathepsin D was identified as the candidate psateBased on
its antiangiogenic activity, 16K PRL is potentiallyphysiological inhibitor of tumor growth. Fulldgth human
PRL (hPRL) was reported to be resistant to cathmefsi suggesting that antiangiogenic 16K PRL may be
physiologically irrelevant in humans. In this studye show that hPRL can be cleaved by cathepsirr D o
mammary cell extracts under the same conditionslescribed earlier for rat PRL, although with lower
efficiency. In contrast to the rat hormone, hPRbteolysis generates three 16K-like fragments, whighe
identified by N-terminal sequencing and mass spewttry as corresponding to amino acids 1-132 (1&)kD-
147 (16.5 kDa), and 1-150 (17 kDa). Biochemical amotagenetic studies showed that the species-gpecif
digestion pattern is due to subtle differencesrimary and tertiary structures of rat and humamiwres. The
antiangiogenic activity of N-terminal hPRL fragmentas assessed by the inhibition of growth faatduced
thymidine uptake and MAPK activation in bovine uiidal endothelial cells. Finally, an N-terminal hPR
fragment comigrating with the proteolytic 17-kDaadment was identified in human pituitary adenomas,
suggesting that the physiological relevance of amgfiogenic N-terminal hPRL fragments needs to be
reevaluated in humans.

Abbreviations: bFGF, Basic fibroblast growth factor; BUVEC, bowimmbilical vein endothelial cells; FCS,
fetal calf serum; GRO, growth-related oncogene; lhRffRman PRL; mAb, monoclonal antibody; MALDI-TOF,
matrix-assisted laser desorption/ionization timdlight; MCP, monocyte chemotactic protein; PRLolactin;
16K PRL, 16-kDa fragment of PRL; rPRL, rat PRL; TP\tissue inhibitor of metalloproteinase; VEGF,
vascular endothelial growth factor; WT, wild-type.

INTRODUCTION

THE NAME 16 K PROLACTIN (PRL) was given 15 yr ago the 16-kDa fragment resulting from timevitro
proteolysis of full-length rat PRL (rPRL) (23 kDly cell lysates or tissue extracts (e.g. 25,0@0pellet of rat
mammary gland) under acidic conditions (1, 2). fadi 16K rPRL was subsequently demonstrated totexer
antiangiogenic properties in variomsvitro andin vivo models (3), which confers potential antitumor poteto

this polypeptide. These findings have considerafityeased the interest of the scientific commuifidty 16K
PRL, and several investigations have been perfosimezt its discovery to elucidate the molecular ma&isms
underlying its interesting biological properties.

The generation of rat 16K PRh vitro requires two steps (2). First, efficient proteady@quires acidic pH (<4),

in agreement with the fact that the candidate psmeinvolved, cathepsin D (4), is an acidic praedsvo
cleavage sites were identified in rPRL, followingsidues 145 and 148 (4, 5). Because all PRLs cowatai
internal disulfide bond between cysteines 56 aritl (it sequence numbering) (6), the proteolysis gémerates
so-called cleaved PRL, a PRL isoform in which Nwtgral 16-kDa (residues 1-145) and C-terminal 7-kDa
(residues 149-197) fragments remain covalentlydihkThe release of the 16-kDa fragment thus regure
second stef,e. the reduction of cleaved PRL (Fig. 1). To circumvine difficulties linked to the purification of
16K PRL from PRL proteolysed by tissue extractsK IRL was subsequently produced by recombinant
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technology using the human PRL (hPRL) sequenceer@kwersions of recombinant 16K-like hPRL were
generated depending on the position of the enghgestop codon inserted within the hPRL cDNA seqeadg.
Recombinant hPRL fragments encompassing sequert24 8) and 1-139 and 1-142 (9) were engineened, a
all of these were shown to display antiangiogemnapprties similar to those reported for rat 16K FARNarious
bioassays. Using the 1-139 hPRL fragment, somé&eftolecular mechanisms underlying the antiangicgen
activity of N-terminal PRL fragments were deterntind-or example, 16K PRL was shown to inhibit the
mitogenic activity of vascular endothelial growtiicfor (VEGF) or basic fibroblast growth factor (HHGon
endothelial cells, an effect involving the inhibiti of signaling pathways triggered by these angimgactors
(10, 11). In addition to this inhibitory action gfowth factors, 16K PRL intrinsically induces apmgis by
activating the caspase pathway via nuclear fag®r(12,13) and the expression of plasminogen activator
inhibitor-1, a specific inhibitor of urokinase thattivates proteases involved in endothelial cégration and
tissue remodeling (14). All these effects are pmeesly mediated by a membrane receptor that differs the
classical PRL receptor, but remains to be idermtifikb).

Based on its antiangiogenic properties, 16K PRLeapp to be a new candidate in the wide spectrum of
antitumor drugs. But maybe more importantly, beedudi-length (23K) and 16K PRLs were recently preed

to have opposing actions on angiogenesis in exgetiath models (the former stimulates, the latterhits$) (9),

the possibility exists that their respective ratiay participate in the physiological regulationasfgiogenesifm
vivo, especially in the context of PRL-secreting tumot$§)( In addition, because full-length PRL exerts
proliferative actions in various models of breashors (17), the existence of antiangiogenic N-taehil6K-

like fragments of hPRL that may balance the eftddPRL on tumor growtlin vivois a question that deserves
further investigation. Several years ago, one ofep®rted that very little specific cleavage pradumuld be
obtained after incubation of hPRL with mammary sllotar fractions (2). In good agreement, the gradip
Ben-Jonathan (18) reported in 1999 that hPRL wagstent to cleavage by cathepsin D or mammary cell
extracts at acidic pH. In contrast, these authbosved that thrombin can process hPRL at physioédgitl into

a 16-kDa fragment, but the latter was identifiedhesC-terminal end of the hormone (sequence 53-488 was
shown to be devoid of any angiostatic propertie8).(Based on that study, any human homolog to the
antiangiogenic 16-kDa fragment obtained with rPRiuMd be irrelevant.

Closer analysis of the data provided by Ben-Joma#imal colleagues prompted us to reevaluate thegysis of
hPRL into N-terminal 16K-like fragments. The presstudy is the first report showing the abilityld®®RL to be
cleaved by normal and tumor mammary cell extrauis & pattern of multiple fragments, specific te thuman
species and distinct from the pattern observed thighrat hormone. At least four cleavage sitesheydcidic
protease cathepsin D were identified within hPRussce, three of which generate N-terminal 16K-like
fragments that all display antiangiogenic activithese observations clearly renew the interesstiodying the
potential relevance of antiangiogenic 16K-like PiRlhuman species.

RESULTS
The Pattern of PRL Fragments Generated by Human Breast Cells s Species Specific

Many tissue extracts, including mammary gland,rlive prostate, were previously shown to procesd.ridito
16K PRL in acidic conditions (19); therefore we disgammary epithelial cells to study the proteolggitPRL
Electrophoresis under reducing conditions revdws acidified T-47Dco cell lysates cleave hPRL intoltiple
fragments the apparent molecular masses of which a&timated to be approximately 17, 15, and 11 lké&xed
on their electrophoretic mobility, the two largdearly differing in size from the formerly describ&6K rPRL
(Fig. 1A, right panel).Smaller fragments of approximately 8 and 5 kDa dalbo be seen, although their size
made detection more difficult (data not shown).cElgphoresis under non-reducing conditions (Fig, b4t
panel)indicates that rat and human PRL fragments reniaied by intramolecular disulfide bonds because onl
intact oxidized PRL (23 kDa) and slower migratingawed form(s) of PRL were detected, the lattereappg as

a single band (rat) or as a doublet (human). Tloeservations confirm pioneering experiments ingeging
hPRL proteolysis by subcellular fractions of mamyngland (2).

The various bands detected in Coomassie blue stpimiere clearly identified as hPRL fragments by
immunoblotting with the anti-hPRL monoclonal antityo(mAb) (6E4) directed against recombinant 16K hPR
(Fig. 1B). In certain experiments, the larger bémderred to as 17K PRL) detected by Coomassie tiaieing
appeared to contain two immunoreactive bands qooreing to molecular masses of approximately 16.5/1
kDa (Fig. 1B). Because of almost identical elechametic mobilities, these two fragments frequefitigused as

a single band. A similar pattern of hPRL fragmeniish 17- and 15-kDa fragments predominantly detéctvas
obtained when hPRL was digested using conditionedlium obtained from T47Dco cultures (Fig. 1C),
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indicating that the protease involved is secretgdhe cells. Proteolysis occurred only in acidiaditions,
suggesting the involvement of an acidic proteadee @&bsence of cleavage when using heated condltione
medium (Fig. 1C) or cell lysates (data not showajndnstrates that hPRL does not undergo spontaneous
degradation during the assay. Finally, 17-kDa aody much lesser extent, 15-kDa fragments comiggatith
those generated using T47Dco lysates (data notrgheere also obtained when digestion was perforosag
acidified tissue homogenates from human breastsispobtained from either normal or tumor tisdtig.(1D).
Although the cleavage efficiency differed from direast biopsy to another, the number of sampleitablafor
these preliminary studies was insufficient to stdtet the proteolytic efficiency is related to the
pathophysiological status of the tissue (turvsr normal). However, this experiment indicates thaRhP
proteolysis is not limited to the T47Dco cell line.

Taken together, our data are in good agreementavi¢hof our previous reports (2) and indicate tjaPRL
can be processed into several fragments by arcgumidiease expressed in mammary cells and se-

creted into the extracellular space, and 2) theepigtic pattern is specific to the human hormond distinct
from the well-known 16K rPRL.

Fig. 1: Cleavage of hPRL by Human Mammary Cell Lysatesamd@tioned Medium

Rat and human PRL were digested in various comdit{as indicated) by T47Dco cell lysates (A andB)7Dco conditioned medium (C),
or cell extracts of tumor and normal human breB3t All SDS-PAGE gels were run under reducing ctinds, except ideft panel Aand
immunoblots were performed using monoclonal ani®hBE4. cl-PRLs, Cleaved PRLs
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The Candidate Protease Involved in hPRL Cleavage |s Cathepsin D

We then tried to identify the protease involvedstfby using various protease inhibitors. CleavaigePRL by
T-47Dco conditioned medium was inhibited in thesgrce of pepstatin or EDTA, but not of the othéibitors
tested (Fig. 2A). Because pepstatin in known tdbibltathepsin D, the involvement of this proteasénPRL
cleavage was further examined, although it wasnm@di that hPRL is resistant to cathepsin D (18)stFir
incubation of acidified T-47Dco conditioned mediunith a neutralizing anticathepsin D antibody before
addition of hPRL prevents any proteolysis, strorglipporting the pivotal role of this protease ia theavage
(Fig. 2B). Second, the pattern of hPRL fragmentsegated by purified human cathepsin D appears to be
virtually identical to that obtained using T47Dcelldysates (Fig. 2C)i.e. characteristic of human species (see
Fig. 1). The proteolytic profile of pituitary-puigfd hPRL was found to be identical to that obtaimegth
recombinant PRL, demonstrating that the presedirfgs are not due to the fact that we use badigpabduced
hPRL for the proteolysis studies (Fig. 2D). FinalhPRL proteolysis performed using thrombin (Fif),2a
protease that was shown to process hPRL into aiirtal 16-kDa fragment (18), unequivocally demoatstd
that none of the 15- to 17-kDa fragments generayechthepsin D match the C-terminal 16K hPRL

Taken together, these results indicate that 1) madidic conditions, the aspartyl protease catimepsis able to
cleave hPRL into several fragments distinct from tell-characterized 16K rPRL, and 2) this proteiasthe



Published in: Molecular Endocrinology (2004), vo8, iss. 10, pp. 2522-2542 5
Status: Postprint (Author’s version)

candidate protease responsible for hPRL processimgammary cell extracts or conditioned media.
Composition of hPRL Fragments

The composition of hPRL fragments was determinethgushree complementary approaches: proteolysis
experiments using N-terminal-deleted hPRL mutaNtderminal sequencing, and mass spectrometry. When
hPRL analogs lacking the nine or 14 N-terminaldess (20) were used for cathepsin D-mediated plyctiso

the electrophoretic mobility of the four larger ban(17, 16.5, 15, and 11 kDa) was accelerated estigg they
are indeed N-terminal fragments (data not showma kecond experiment, hPRL was digested using ¢d7D
cell lysates or purified cathepsin D, and immunoti®a bands were recovered from anti-hPRL immunisbior
N-terminal sequencing analysis. The 17K/16.5K (separated) and 15K peptides share the same N-tdrmin
sequence as undigested recombinant hPRL (withddii@nal initiation methionine) (21), confirmingat they
correspond to N-terminal fragments (Fig. 3A). ldeadt N-terminal sequences were obtained for coghBRteL
fragments resulting from digestion by mammary degdlates or by purified cathepsin D, strengthening t
likelihood that the latter is the cellular proteaseolved. The 8-kDa and 5-kDa fragments starteatdues llgs;

and Sefs;, respectively, suggesting they may be complement@mrl5K and 16.5K/17K hPRL The 11-kDa
fragment appeared to contain more than a singléideebecause signals starting at residue 1 arg Were
detected. A minor signal starting at Rheas also detected within the 8-kDa band.

To determine the exact composition of these hPR&grfrents, we performed matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOFmass spectrometry analysis using a solution of hPRL
digested by cathepsin D. All analyses were perfdringarallel using two hPRL analogs the molecufass of
which differs from that of WT hPRL, namel1-9-hPRL (lacking residues 1-9) (20) and G129R-hRRig
substituted for Glyg (22). To unambiguously distinguish peaks corresiitg to hPRL fragments from
background, we compared digested hPRL (WT and gaplbefore and after reduction, because release of
proteolytic fragment only occurs under reducingdittons (sedntroduction). The experimental data of PRL-
related ion peaks and the theoretical moleculaghisicorresponding to the candidate sequencegpogted in
Table 1. Based on their molecular masses, the geaks detected in the 15- to 17-kDa range aftateplysis of
WT hPRL (Fig. 3B) were assigned to sequences 1-132/7, and 1-150, in perfect agreement with tlot theat
corresponding peaks were all shifted toward smatlasses (by800 Da) when proteolysis involved thd-9-
hPRL analog, and toward higher masses~b§0 Da) when proteolysis involved G129R-hPRL (TableTwo
other peaks (5.7 and 7.9 kDa) remained unchangedheh proteolysis was performed using WT hPRL;9-
hPRL, or G129R-hPRL, indicating they correspon&tterminal sequences that could be assigned tonkats
133-199 and 151-199, respectively. Finally, twostdus of peaks assigned to sequences 1-80, 1-84,-85 for

the first, and 85-199, 88-199, and 90-199 for theosd were also detected in the 9- and 13-kDa megib the
spectra, respectively (data not shown). In agreéméh the sequences assigned, the first cluster shifted to
smaller masses fak1-9-hPRL but remained unchanged for G129R-hPRL redw®it was the opposite for the
second cluster. These fragments presumably resutt fnitial cleavage around residue 85 and subsgque
aminopeptidase and carboxypeptidase activities.

Fig. 22 The Mammary Protease Involved in hPRL Cleavageath&psin D

Proteolysis of hPRL was performed by conditionedliom® or cell lysates of T-47Dco, or purified pratea as indicated iMaterials and
Methods.A, Among the various protease inhibitors testedy dDTA and pepstatin inhibit proteolysis by comadited medium. B,
Immunodepletion of conditioned medium by anticatiieD antibody (8 pg/ml) prevents hPRL cleavagePeteolysis of hPRL by T-
47Dco lysates or purified human cathepsin D gemsrat similar pattern of hPRL fragments. D, The golytic pattern obtained with
cathepsin D is identical whether recombinant arifaty-purified hPRL is used. E, The proteolytidtpens of hPRL resulting from digestion
by cathepsin D and thrombin are different.
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Taken together, these results obtainedhbyitro proteolysis of hPRL analogs, N-terminal sequencamgli mass
spectrometry analyses indicate that hPRL contditesast four cleavage sites for cathepsin D (FjgC &nd D).

The three sites generating 16K-like N-terminal fregts are unambiguously located between residu24.33,
147-148, and 150-151. The location of the fourtl & less clear and is presumably located neatue85.

Fig. 3: Composition of hPRL Fragments Generated by Humaa®rCells

A, hPRL fragments generated by T-47Dco lysatesuafipd cathepsin D (see Fig. 2C) were sequencéuedat N-terminal end (the initiation
methionine of recombinant hPRL is omitted for digti Corresponding fragments in both digestion haentical N termini. Minor
sequences were obtained for the 11- and 8-kDa b@edsResultsB, Mass spectrometry analysis of hPRL was perforivefdre (pper
panels)and after lpwer panelsyeduction. Only the data corresponding to the tiNgerminal 15- to 17K fragments are shown. Thekpea
appearing in reduced samples correspond to hPRimfats released from cleaved hPRL. C indicatespt#ak of the calibrant. C,
Schematic representation of the four cleavage fitesathepsin D in hPRL, as deduced from N-terfrseguencing and mass spectrometry.
D, As recently confirmed by NMR (41), hPRL adopte ffour-helix bundle folding (helices are numbefed). The four cathepsin D
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cleavage sites that we identified in this studylacated in the same region of the folded protduttéd circle).For each site, the main chain
atoms of the amino acids before and after the afgaare represented (red, oxydeght blue,carbon;dark blue nitrogen).

(Figure continues on next page.)

A N-terminal sequencing

Major signal

Minor signal

a hPRL 1LPICPGGAAR
| 16.5M17 K 1LPICPGGAAR
—_ 15K  LPICPGGAAR
- 11K 'LPICPGGAAR 87ILRSWNEPLY
8K 13|IVSQVHPETKEN SFSEFDKRYTHG
- 5K 151SGLPSLQMADEE
B mass spectrometry
g
i c
[ 2 §
cl-hPRL — I g
hPRL—> ‘ 3 o i
| 3 g i =
x b
| 8
I .j | |
'} 1
_ W Ay My “Illl | i
P LI Wi v Bt
g . g cis 8
I = 7K 165K 15K
Ay e |
1| L g
hPRL 23K— 1 4 ‘i ,
iy L | P
16.5/17 K —>| w— \ ud | 11'{) I g
\ N Al s |
15K —5| s PR )‘.1 f o un'li?f' I B
| . 'y | ryi | ryi i |<’.‘“
+p <+ 7/ 77/ '
miz 23,000 17,500 17,000 15,00
C Composition of proteolytic hPRL fragments
A LG
ﬁ‘ﬁ’ \'5'1:\\‘;\":;?:‘
¥ rn
15 42 77 102 111 135 181 189
17K 1 150
+ 151 - 199
16.5 K 1 —— - — 147

Lo ]
[ ]

1 —IIm——a 132 + 133 —— 199

1 —{II0—1 80-85 + 85-90 O——— 199

ENelEo



Published in: Molecular Endocrinology (2004), vo8, iss. 10, pp. 2522-2542 8
Status: Postprint (Author’s version)

Figure 3: Continued

D Cathepsin D cleavage sites are located on the same face on folded hPRL
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Table 1: Theoretical and Experimental Molecular Weights (nmef) hPRL Fragments Identified by Mass
Spectrometry

Sequence WT hPRL A1-9 hPRL G129R-hPRL

d Theoretical mv Exp. MH"®  Theoretical mw Exp MH" Theoretical mw Exp MH"
Full length 23,029.3 23,028 +3 22,2334 22,2385 23,128.5 23,127 =3
1-132 15,136.3 15,138 +3 14,340.3 14,342 £ 4 15,235.4 15,235+3
1-147 16,904.3 16,907 +3 16,108.3 Not observed 17,003.4 Not observed
1-150 17,286.7 17,280+3 16,490.7 16,510+ 4 17,385.9 Not observed
133-199 7,911.0 7,914 +£3 7,911.0 7,913+3 7,911.0 7,914 £2
151-199 5,760.6 5,766 £ 3 5,760.6 5,763 +3 5,760.6 5,764 £ 3

The experimental value refers to the average miabe @rotonated molecules of protein and fragmestp, Experiment.

Species Specificity of PRL Proteolytic Pattern

We next addressed the question whether the spebidiacteristics of hPRL proteolysis (cleavagecifficy and
fragment pattern) could be correlated to any istdrfeatures of its primary structure. Interestyngllignment
between rat and human sequences shows that thel¢éaeage sites identified in the rat hormone (4af)
topologically equivalent to those generating 16.&8Kd 17K hPRL (Fig. 4A), with release of a tripeptid
corresponding to residues 146-148 in the rat a®d1B0 in the human hormone. This indicates thaaK&IPRL
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is homologous to 16K rPRL, whereas 15K hPRL hasequivalent in the rat hormone. Two cathepsin D
recognition sites within hPRL show major differescgith the rat sequence, namely Lygrat)/Leuss (human)
substitution in the first one, and Lew (rat)/Prqss (human) substitution in the second (Fig. 4A). FEWRL
mutants containing single amino acid substitutiarhese positions were produced and analyzed (HEREK,
hPRL P148L, hPRL P148A and rPRL P146L). All analagaintained full bioactivity in a hPRL receptor-
mediated bioassay (23), suggesting that the mutatdid not significantly affect protein folding ¢danot
shown). Substitution of Leu (Fig. 4Beft pane) or Ala (data not shown) for Prg in hPRL dramatically
increases proteolysis efficiency, because almo%t 90 full-length hormone disappeared after 3 hirokitro
enzymatic reaction [there was no spontaneous datjoadin the absence of enzyme (data not shown)]. |
contrast, substitution of Pro for Lgwin rPRL had the opposite effect, because a s@anfi amount of full-
length hormone remained undigested after 3 h @Bgright pane). This clearly indicates that a proline residue
at position 148 (naturally occurring in hPRL) idriteental to high cleavage efficiency, whereas a [aturally
occurring in rPRL) is not mandatory. In additiohetPro-Leu substitution also modifies the proteolgattern.

In rPRL, only the 16.5K fragment resulting from a¥ege at the 148-149 site is detected (Fig. ddht),
indicating that the other cleavage site (145-14@endered nonfunctional by the proline substitutis would

be expected, because removal of,RBrom hPRL renders the 147-148 site highly functiorials leads to the
preferential formation of 16.5K hPRL and the commdmtary 5K fragment (Fig. 4B). With respect to ft82-
133 recognition site, substitution of a Lys for Lgun hPRL abolishes the cleavage, as deduced fr@n th
absence of the 15K fragment (Fig. 4B), which sutméisat a lysine residue at this position (as rdipr
occurring in rPRL) is detrimental to cathepsin Paslage.

These data indicate that the specific featuresP®Lhproteolysis are directly linked to the preseatéwo key
residues in its sequence: Pgoprevents high cleavage efficiency at 147-148 ab@-151 sites, and Ley, in
contrast, is responsible for the additional cleavapsite 132-133.

Fig. 4: Site-Directed Mutagenesis in Cathepsin D CleavatgsS

A, Comparison of primary structures of rat and horR&L around the three cleavage sites generatiKgiké N-terminal fragments. The
two major differences arkoxed.B, In vitro proteolysis of human and rat PRL analogs mutatetinvcleavage sites. Point mutations at
positions corresponding to Rggand Leus, markedly modify the proteolytic pattern of bothlRR
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Efficiency of hPRL Proteolysisby Cathepsin D

We next investigated whether the modeiatgitro cleavage efficiency of hPRL was somehow linked dalp
inappropriate experimental conditions of protedygilthough increasing the duration or the tempeeabf the
enzymatic reaction led to the rapid disappeararicilblength hPRL (Fig. 5A left), this failed to result in
concomitant accumulation of proteolytic fragmengsiggesting that these experimental conditions favor
degradation rather than specific proteolysis. isnomenon was not observed using rPRL (data motrgh
suggesting it is hPRL specific. As would be expectgptimal proteolysis was observed between pH®B
4.5, and pH above 5.5 failed to generate any fragifiég. 5B).

To investigate whether some features of hPRL camftion could also participate in the moderate kfficy of
cathepsin D cleavage, the proteolysis was perforimegedium containing low concentrations of Trit&00,
with the goal of slightly relaxing the hormone sture (Fig. 5C). Interestingly, very low concenivas (0.01%)
of detergent strongly increased cleavage efficiefopm temperature), and 0.05% Triton was sulfficien
obtain near-complete proteolysis of hPRL with canitant accumulation of proteolytic fragments. Besmau
0.05% Triton X-100 was detrimental to the cleavajerPRL (data not shown), this suggests that a thi
concentration, the detergent modifies the foldifgtlee hormone rather than increasing enzyme agtivit
Detergent concentrations above 0.1% were detrirhémtaPRL proteolysis, presumably by affecting fotgl of
the protease itself. In contrast to proteolysisqrared at 37 C, which favors hPRL degradation (B®y), Triton
X-100 led to the accumulation of 15K and 8K fragtseiMVhen the same experiment was performed using-
hPRL analog, a slightly smaller fragment (~14 kiday obtained in place of the 15-kDa fragment olesbafter
WT hPRL proteolysis (Fig. 5C), strongly suggestthgt the detergent favors proteolysis at the 132-4ig,
resulting in the generation of the N-terminal 15&gment.

These experiments show that relaxing hPRL confdomatising very low concentrations of Triton X-100
dramatically increases hormone processing at tBe1B3 site.

Fig. 5: Efficiency of hPRL Proteolysis by Cathepsin D

A, Time course proteolysis of hPRL by cathepsint Bbam temperature and 37 C. B, Efficiency of hRRRateolysis over a 3-7 range of pH.
C, Effect of various concentrations of Triton X-160 proteolysis. Low concentration of the deterd@r5%) enhances proteolysis without
changing cleavage specificity, as demonstratechbyptofile obtained foA1-9-hPRL. All SDS-PAGE were run under reducing dbods
and gels were revealed using Coomassie blue stainin
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Fig. 6: Expression of 15-17K hPRL Fragments in COS-7 Cells

A, COS-7 cells were transfected with the indicag&gression vectors, and conditioned media wereelsted 24 h after transfection. The
electrophoretic mobility of the various fragmentslar reducing conditions is correlated to theigtén Thearrow indicates the presence of
a 16K-like fragment in conditioned medium from selitansfected with the expression plasmid of feigth hPRL. B, All fragments are
expressed as three bar{dsrows),two of which correspond to glycosylated isoformsédese a single band is obtained after treatmeht wit
glycosidase F. C, COS-7 cells secrete angiogenelsited factors, some of which were identified gsin angiogenesis antibody array (each
antibody isspotted in duplicate). Left paneépresents the negative control, obtained aftenbation of the membrane array with
DMEM/0.1% BSA. Spots Al, A2, and D8 are positiventtols of the enhanced chemiluminescence reacliamm angiogenesis-related
factors were detected in fresh DMEM/0.1% BSA: II(B31), and TGB (C3), which probably result from small growth factontamination

in BSA (98% purity).Right panekhows a membrane that was incubated in DMEM/0.194 Bonditioned for 24 h with COS-7 cells. Five
additional spots were detected, which correspord-®F (A8), GRO (B1), MCP-1 (B7), TIMP-2 (C5), aW&GF (C7) (see text).
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Production of Recombinant N-Ter minal Fragments of hPRL

The next step of our investigations was to chareethe biological properties of the hPRL fragnsent
identified. Due to both the moderate efficiencyh®fRL cleavage in the absence of detergent and hisi-p
cochemical similarity of the three N-terminal hPRagments (size, charge), they could not be separby
standard chromatography. In addition, because c@gnaphy steps are known to represent a potestiakce

of endotoxin contamination (12), working with pigdd hormone can paradoxically be detrimental to the
reliability of the results obtained in angiogenesssays if the endotoxin issue is not under caritiedrefore, we
decided to produce recombinant hPRL fragments daystently transfecting COS-7 cells, and then tostate
endothelial cells directly with COS-7 cell-condited media, without any purification, to eliminake trisks of
endotoxin contamination. This strategy has beerressfully used in the past by us and others foilaim
purposes (24, 25).

To produce 15K, 16.5K, and 17K hPRL with a sequestdetly identical to that of the fragments genedaby
cathepsin D proteolysis and identified by mass spewtry (Fig. 3B), a stop codon was inserted theshPRL
cDNA sequence at position 133, 148, or 151. Totlicavalent oligomerization, we also produced thmesa
fragments in which a Ser was substituted for frges§:which normally forms an intramolecular disulfidend

with Cys 74 in full-length hPRL. As the positive control foroassays, we produced in the same cell system the
hPRL fragment encompassing residues 1-139 becaisaeecombinant 16K hPRL construct was previously
shown to exert antiangiogenic activity in variomsvitro andin vivo bioassays (9,13, 25). As the negative
controls, we transfected COS-7 cells with pareptaDNA3.1 vector (mock transfection) or full-lengtiPRL
vector, because hPRL is not expected to exertragitigenic activity.

hPRL fragments are expressed and secreted intmélkum of transiently transfected COS-7 cells (/6ig),

and the absence of any immunoreactive band in tondd medium of mock transfected cells (data hots)

confirmed that the bands detected are PRL rela&sdpreviously reported (26), N-terminal fragmenterev
expressed in this system as two or three bandsffefeht mobility. We demonstrated that the sloveands
correspond to glycosylated iso-forms because desipgnd was obtained after analytical deglycosytaf(iFig.
6B). Interestingly, the fragments containing theBS5vere more glycoslytated than those containiegnttural
Cyss, as previously observed (26).

The expression level of N-terminal fragments wasallg lower (>1 order of magnitude) compared witi-f
length hPRL (Fig. 7C). This was not concomitantwéh accumulation of hPRL fragments inside the (cklta
not shown), suggesting that retention within thdagtasmic reticulum due to protein misfolding (2i0es not
explain the lower expression level. We also obskmhat the difference between expression of fulgté and
hPRL fragment was less pronounced when using frgsieipared plasmids, but this remains unexplaifed-
length hPRL secreted into the conditioned mediuns waantified using a commercial ELISA specifically
recognizing WT hPRL (28), and its concentration vimghe range of 1-2 pg/ml. None of the N-terminal
fragments could be detected in this ELISA, becdbsecoated antibody (mAb 5601) was shown in thislsto
map a C-terminal hPRL epitope, absent in the fragmésee Fig. 9 below). The latter were thus gfiedtby
densitometric analysis of autoradiographies takiSgkDa hPRL as the reference. To take into accthmt
relative production yields of full-length hormons. fragments, we routinely diluted the conditioned med
containing 23-kDa hPRL for functional assays (sghds to figures).
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Fig. 7: Antiangiogenic Activity of N-Terminal FragmentsBUVEC

A, Dose-response activity of bFGF and COS-7 coma@d medium (transfected with parental pcDNA3.1jlymidine uptake by BUVEC.
This experiment indicates that growth factors gecdrdy COS-7 cells are able to induce thymidinakiptby BUVEC. B, Antiangiogenic
activity of N-terminal hPRL fragments containingtural Cyss or mutated Ses. The figure represents the effect of [1l0of conditioned
medium in final volume of 20QlL. C, Dose-response activity of the three N-terim@RL fragments 15K, 16.5K, and 17K, containing
Cysss. The amounts of PRL hormones contained in theitiondd media used for this experiment are showtherblot. As indicated in the
text, conditioned medium containing hPRL was ifiitidiluted 10- or 100-fold (panels B and C) tottesnilar amounts of protein for full-
length and PRL fragments. Each panel is from alsiegperiment performed in triplicate and is repreative of at least three similar
experiments, performed with conditioned media otedi after different transfections. D, 16.5K hPRhlginent was removed from
conditioned medium by immunoprecipitation usingadyplonal a-hPRL antibody rfght laneon the blot, Ab+). Control sample was treated
the same way except that the antibody was omittetthé immunoprecipitationdft laneon the blot, Ap. Immunodepleted conditioned
medium (A, 6 pl) failed to inhibit thymidine incorporation by BUSC (100% corresponds to the stimulation obtainetth &ipl mock-
transfected conditioned mediunBarsrepresent averaged values from one experimentrpeetbin triplicate.
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Figure7: Continued

D Conditioned medium immunodepleted of 16.5K hPRL
does not inhibit thymidine uptake by BUVEC
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Antiangiogenic Effect of N-Ter minal hPRL Fragments on Endothelial Cells

The antiangiogenic activity of hPRL fragments sttefrom COS-7 cells was determined using immartali
bovine umbilical vein endothelial cells (BUVEC) tgeowth factor-induced proliferation of which wascently
shown to be affected by the addition of 16K rPRR)(ZPreliminary studies were performed to ensueedibse-
dependent responsiveness of BUVEC to bFGF (Fig.léfApane). Because hPRL fragments to be tested were
obtained from COS-7 conditioned medium, controlezikpents were performed to detect any intrinsieafbf
culture medium conditioned for 24 h in parentahwrck transfected COS-7 cells. As shown on Fig. figh{
pane), conditioned media stimulated the proliferation df\BEEC in a dose-dependent manner, suggesting that
COS-7 cells secrete angiogenic factors. Identificabf some of these factors was performed usimgiman
angio-genesis antibody array, on which antibodiescted against 20 factors well known to play aeroi
angiogenic process, are spotted. Membrane incubesteBMEM-0.1% BSA that was used to generate
conditioned media served as the negative contrel.shown in Fig. 6C, COS-7 cells secrete at leagt fi
angiogenesis-related factors that could be spatlifidistinguished from background in this type afsay:
bFGF, VEGF, monocyte chemotactic protein (MCP)-@ growth-related oncogene (GRO), which are inducers
of angiogenesis (30-33), and tissue inhibitor oftatheproteinase (TIMP)-2, which is an inhibitor of
angiogenesis (34). The pattern of factors secrbie@OS-7 cells was not affected by expression dRlhP
fragments (data not shown). To the best of our kedge, this is the first report identifying angiogsis-related
factors secreted by this cell line. With the exmaptof VEGF and bFGF, which were shown to stimulate
BUVEC proliferation (29), we are not aware of atydy that has investigated whether MCP-1, GRO, IbtP-

2 affects BUVEC proliferationn vitro, or whether these cells express the cognate recepfahese factors.
Such analyses fall beyond the scope of this stmdlyd®d not question the final effect of COS-7 celhditioned
medium, which is clearly stimulatory, on BUVEC (FigA).

Although exogenous bFGF and conditioned mediumamaedditive effect (data not shown), we omittediagld
bFGF in all further bioassays, because angiogemitofs present in COS-7 cell-conditioned mediumewer
sufficient to induce a significant response of BUWE2-fold increase in thymidine uptake over basalhether

a serine was substituted for the free gys not, 10ul of conditioned medium (in 20@ final volume)
containing any N-terminal hPRL fragment were sidfit to inhibit thymidine uptake induced by mock
conditioned medium (Fig. 7B). In some experimeftg.(7B), but not all (Fig. 7C), hPRL exhibited enal
inhibitory effect that never exceeded 25%, andwas not correlated to the dilution factor. Simidnservations
have been reported previously (25). We next perdormdose-response analyses to better charactemgze th
inhibitory effect of hPRL fragments. Due to therinsic angiogenic activity of conditioned media,sde
response bioassays analyses were systematicalbyrped using equivalent volumes of conditioned raadin
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each well {;e. hormone-containing conditioned media were normdlizéth mock transfection conditioned
medium). As shown in Fig. 7C, the inhibitory effeftl6K-like fragments was dose dependent, wit W@lues

in the range of 0.5-1 nMbased on fragment quantification from immunobldiaie to the lack of real
guantitative assay (ELISA) for the fragments, itwiebbe misleading to attempt to predict a more ipeetGs
value, or to evaluate whether one fragment is #{ighore potent than another. Finally, to defintebnfirm the
specificity of the effect induced by hPRL fragmemt& removed 16.5K hPRL from conditioned mediumaby
immunodepletion experiment. As shown in Fig. 7Derehwas no more inhibitory effect on BUVEC in the
absence of hPRL fragment. In addition, becauselahel of thymidine uptake induced by immunodepleted
conditioned mediumright bar) is similar to that induced by control mock-transéet medium (100% on y-
axis), this confirms that the inhibition induced b§.5K hPRL left bar) is actually fragment dependent and does
not result from any loss of activity of the angiagefactors after the immunoprecipitation procedure

Thus, hPRL fragments encompassing sequences 16113250, but not full-length PRL, are able to sfipaintly
inhibit growth factor-induced thymidine incorporatiby BUVEC.

N-Terminal hPRL Fragments Inhibit Growth Factor-Induced Activation of MAPK

It was previously shown that 16K hPRL inhibition gfowth factor-activated cell proliferation invokghe
inhibition of signaling cascades upstream of MARK®). As shown in Fig. 8, growth factors secretgdCi®S-7
cells (mock transfection-conditioned medium) indicapid phosphorylation of MAPKs (30 min). Full-gh
hPRL did not markedly affect the level of MAPK ppbsrylation. In contrast, it was inhibited by thetd&tminal
hPRL fragment (16.5K hPRL), and this occurred idose-dependent manner. Densitometric analysis wf fo
separate experiments showed that at a 1:20 dilutisfragment inhibits MAPK activation by moreath75%.

N-Terminal hPRL Fragments Are Detected in hPRL -Secr eting Pituitary Adenomas

The next and final question addressed in this stathtes to the potential physiological relevantehe N-
terminal hPRL fragments identified vitro. Before analyzing human samples, we performed epitogpping of
several anti-hPRL monoclonal antibodies availableur laboratory, purchased commercially or obi@ifrem
collaborators. We used the following antigenic sawes: full-length hPRLA1-9-hPRL (lacking the nine N-
terminal residues), the 15 and 16.5/ 17K N-termhfaRL fragments generated by cathep-sin D proteplgad
the 16K C-terminal hPRL fragment obtained afteothbin digestion (18). As shown in Fig. 9A, the thre
monoclonal antibodies distinguished different regiavithin hPRL. The mAb 6E4 recognized all the geis
tested, indicating its epitope lies within an ogpping sequence, identified as residues 54-132 @By. In
contrast, mAb 5602 maps the N-terminal residuedt dails to detectA1-9-hPRL and the C-terminal 16K
fragment generated by thrombin, whereas it deMXshPRL and its N-terminal fragments. Finally, mB601
maps a sequence between residues 151 and 199sbdtdetects hPRIA1-9-hPRL, and the C-terminal 16K
fragment, but none of the N-terminal fragments.UReof the epitope mapping are summarized in $8y.

These antibodies were used to analyze hPRL-relpteducts present in human pituitary. PRL-secreting
adenomas were used to increase the chances ofidgtb®RL fragments. Nonsecreting pituitary adensma
were taken as negative controls. Pituitary lysatee immunoprecipitated using mAb 6E4 (which redcogm all

the antigens of interest), and then immunoblotagigiach of the three mAbs were performed in pargfig.
9A). As would be expected, 23-kDa hPRL was the natsindant protein detected in the three PRL-segreti
adenomas that could be analyzed, whatever the ns&8 for immunoblotting (Fig. 9niddle panels The band
comigrating with hPRL (~25 kDa) in the nonsecretadgnoma was identified as the light chain of m/Ads 6
used for immunoprecipitation, because it disapmkavenen polyclonal A549 antibody was used for
immunoblotting (data not shown). In PRL-secretiragnples, but not in nonsecreting adenoma, one faster
migrating band was detected using mAb 5602 and @&, but not mAb 5601. This immunoreactive band is
clearly a hPRL-related product, because 1) it iected using two different anti-hPRL mAbs mappirigfidct
epitopes, 2) it is not detected when mAb 6E4 istaiin the immunoprecipitation (sample no. 3/-Admd 3) it

is also absent in non-PRL-secreting adenoma. Muopmitantly, the fact that this band is detecteshgisnAb
5602 but not mAb 5601 clearly indicates that itresponds to an N-terminal, and not a C-terminalgfrent of
hPRL. To evaluate whether this N-terminal hPRL agt corresponds to any of those identifieditro, one of
the samples (no. 3) was compared with the fragnganeratedn vitro by cathepsin DRight panelsn Fig. 9A
show that the N-terminal hPRL fragment identified pituitary adenomas comigrates with the 17K hPRL,
encompassing residues 1-150.
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Fig. 8: Activity of N-Terminal Fragments on MAPK Signalirgthway in BUVEC

A, Dose-dependent inhibition of growth factor-inddcactivation of MAPKSs by increasing amounts ofditoned medium containing 16.5
KhPRL. The assay (final volume of 200 ul) was perfed by stimulating (20 min) BUVEC with COS-7 catmafied medium as indicated
(mock, hPRL, or dilutions of 16.5K hPRL). Full-lehchPRL containing conditioned medium was dilut@efdld, as described in the legend
to Fig. 7.B,Barsrepresent the level of MAPK phosphorylation avedag®m four experiments performed as described @nep A.
Densitometric analysis was performed using Kodak21?2 software, and the level of activation indudy mock transfection medium
(lane 2 in panel A) was arbitrarily fixed to 100%.
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Fig. 9: N-Terminal hPRL Fragments Are Detected in HumaniRities

A, Immunoblot analysis of various hPRL-related pro using mAb5602 (foplots), 5601 (iddle blots),or 6E4 pottom blots). Left,
Epitope mapping of the three anti-hPRL monoclomaibadies was performed using the following hPRbwsncesA1-9-hPRL (lane 1),
full-length hPRL digested by cathepsin D (laned®)thrombin (lane 3). See the text and panel Birfterpretation of the resultdiddle,
Three PRL-secreting (nos. 1, 2, and 3) and oneawnetng (NS) pituitary samples were analyzed aftenunoprecipitation with (+Ab) or
without (-Ab) mAb 6E4. *, The N-terminal fragmemtentified in the three PRL-secreting sampRght, The electrophoretic mobility of
this N-terminal hPRL fragment is similar to that bIK hPRL obtained after proteolysis of extracthRL by cathepsin D. B, Epitope
mapping of the three mAbs as deduced friefih portions of panel A. Sequences of full-length hP&id N-terminal and C-terminal
fragments are schematically represented bgrazontal linewith first and last amino acid indicated. Monoclbb&02 is directed against the
N terminus of hPRL (residues 1-9), whereas mAb 58@ps a C-terminal epitope, located between resid&6 and 199. Monoclonal 6E4
maps an overlapping epitope between all antigecatéd within residues 54 and 133.
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DISCUSSION

Solid tumor growth is highly dependent on angiogsis (35). To remain alive and to divide, cellschegygen
and nutrients, which are transported by the newhlnéd capillary networks. With the exception of cfie
physiological conditions, such as menstrual cygkcenta formation, and tissue repair (wound hgglin
angiogenesis is a quiescent phenomenon in adtlts.believed that angiogenesis is controlled byatance
between antiangiogenic and proangiogenic factbesfarmer being predominant in normal conditionkereas
the balance is shifted toward the latter in tun{88. The antiangiogenic activity of recombinanKUl&§PRL has
been widely documented in varioirs vitro assays performed on primary endothelial cell cakui8,9,12), as
well as inin vivoassays such as the classical angiogenic chickaditamtoic membrane assay (9). Although the
possibility was addressed that the antiangiogettieity of recombinant 16K PRL could be due, atsteia part,

to endotoxin contamination of bacterially produtedmones used for the experiments (12), recentat#taned



Published in: Molecular Endocrinology (2004), vo8, iss. 10, pp. 2522-2542 18
Status: Postprint (Author’s version)

in vivo definitely confirmed the intrinsic antiangiogeniotpntial of 16K PRL When human colon (25) or
prostate (26) cancer cells transfected by expressators or infected by adenoviruses encoding hERL
were xe-nografted into athymic mice, their prokfieon was markedly inhibited, and this effect coatnt be
mediated by endotoxin contamination because thmboe fragment was expressed by cancer cells theessel

Although the bioactivity of recombinant N-termir6K hPRL is very interesting in a pharmacologicahtext,
its putative physiological relevance was recenthgsiioned by the group of Ben-Jonathan (18). Indtexte
authors suggested that no antiangiogenic 16K-likeerihinal fragment could be obtained from proteislysf
hPRL by MCF-7 microsomal pellets, even at acidic fpidparticular, they reported that hPRL is resist®
cathepsin D, which is the protease that was pralyashown to cleave rPRL into the antiangiogeniteNninal
16K fragment (4). In contrast, hPRL undergoes thriormediated processing at physiological pH, atsxling
to a 16K fragment, but the latter corresponds éoGrerminal sequence of PRL and is completely ideobany
angiostatic activity (18). We herein present dd¢anty showing that hPRL can be procesgeditro into 16K-
like N-terminal fragments in experimental condiddentical to those leading to the generatiorabfl6K PRL.
Obviously, the cleavage efficiency is lower complanéth the rat hormone, which may be the reason ivivwas
missed before. We provide several experimentalrobtens arguing that cathepsin D is the proteaselved
in hPRL processing, the most important being thatgolytic fragments generated by mammary celltgsar
purified cathepsin D displayed the same N-termivad. Cathepsin D is very abundant in human mammary
epithelial cells (37), and its identification a® throtease responsible for hPRL cleavage by beefistxtracts or
conditioned medium is therefore not surprisingetestingly, this protease was also shown to beoressple for
the generation of another antiangiogenic factomely angiostatin, resulting from plasminogen preo®s (38).

rPRL was shown to contain two cleavage sites fttegzsin D (between residues 145-146 and 148-148956
both of which are homologous to cleavage sitesuaidentified in hPRL (residues 147-148 and 150)18Ve
demonstrate that the presence of Rym,the hPRL sequence is a limiting factor in thetpolysis, because its
removal dramatically increases cleavage efficieoichPRL, whereas its introduction into the rat spe has
the opposite effect. Two additional cleavage sitese identified in the human hormone. The one betwe
residues 132 and 133 is obviously due to the poesef a Leu at position 132 instead of a Lys in the
sequence. Although there is no consensus sitetezpfr cathepsin D, these finding are in good agnent with
the fact that the introduction of lysine and preliresidues within sequences normally recognizedhisy
protease is detrimental to cleavage efficiency .(#@rordingly, the proteolytic patterns obtained éwine and
human PRL are very similar, and distinct from tbhtained with rodent PRLs (2), which correlateshwitie
presence of a conserved Bgon the former and a conserved Lys.,32 in the dafmally, a fourth cleavage site
was identified in hPRL around residue 85, althoitiglprecise location could not be determined bexzausltiple
fragments ending between residues 80-85 or staiiegveen residues 85-90 were identified by mass
spectrometry. Analysis of the three-dimensionalcttire of hPRL (41) clearly showed that the fouhepsin D
sites are located in the same region of the fofttetein and are indeed located very near to edddr ¢Fig. 3D).
Sites involving residues 147-148 and 150-151 acatkd in the large loop linking helices 3 and 4jclhs
floating on the side of a four-helix bundle angissumably easily accessible to the protease. Whether sites
(132-133 and putative 85-86) are located withindaéregions, respectively: the end of helix 3 &eginning of
helix 2. Remarkably, the addition of 0.05% TritorlLBO strongly favored proteolysis between residig% 133,
indicating that hPRL intrinsically contains a stfeof amino acids that is highly sensitive to capsin D. This

is reminiscent of the previous observation thatimoioc detergents markedly enhanced rPRL proteoliggis
kallikrein, a trypsin-like serine protease (42).ddn native conditions, the 132-133 proteolytic s#teburied
inside the protein (Fig. 3D) (41), which probabkpkins the moderate cleavage; in contrast, therdent is
anticipated to slightly relax hPRL folding, leaditm increased accessibility of residues 132-133 raeat total
cleavage. Although these experiments were aimeg ahlinvestigating any relationships between hPRL
conformation and proteolytic sensitivity, one mgeaulate that if hPRL cleavage occurs within theretery
pathway (27), the pattern of fragments generatettiadepend on its folding state. The antiangiogewttvity of
the three 16K-like N-terminal fragments identifigd this study was assessed using immortalized BUVEC
which were recently shown to maintain the charastierfeatures of endothelial cells (29). All N+teinal hPRL
fragments produced by COS-7 cells were able tobihlgrowth factor-induced thymidine incorporatioy b
BUVEC. Immunodepletion experiments confirmed th inhibitory effect is totally dependent on thegence
of hPRL fragments, because their removal from dosmmitd medium fully restored the stimulatory effect
obtained with mock-transfected medium. Whetheré#ariction in thymidine uptake strictly reflects efifect on
cell proliferation, or also takes into account acréase of cell apoptosis (12,13) or other effeath as reduced
cell adhesion, is currently under study in our tabary. The 1G, of this inhibitory action was in good agreement
with former studies involving bacte-rially produc#6K hPRL (residues 1-139), which was shown tohitlthe
proliferation of bovine brain capillary endotheliglls (9) and neovascularization in the chick abadfantoic
membrane assay (25) with ans¢@f 1-2 nM.This demonstrates that eukaryotic cells expressectly folded
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hPRL fragments that are at least as potent as thia@ed from bacteria, confirming previous obaéons (25,
43). Even more interesting is the following obséibra whereas we previously noticed that some heetabf
bacterially produced 16K hPRL display weak or, abrst; no antiangiogenic activity, which remains
unexplained, we never made such an observation RRRL fragments secreted by COS-7. As bacterially
produced 16K hPRL requires a denaturation-renaturatep that is not needed when using conditionedia,
we can assume that the latter system leads todandpprocess that is more reproducible. The agtioftfull-
length hPRL on BUVEC was either nil or slightly ibhory, which is reminiscent of previous reporby.
Some cleavage may occur in COS cells, leading @ogimeration of small amounts of active 16K hPRhe T
presence of a 16K-like band under reducing comnutifFig. 6A) may argue for this hypothesis, altHotigis
remains speculative at this time. At the signalengl, the antiproliferative activity of 16K PRL wahown to
involve inhibition of cascades upstream of MAPK iaation (10, 11). Accordingly, the hPRL fragments
identified in this study were able to inhibit thBgsphorylation of MAPKs induced by growth factoasd this
was also dose dependent as shown for 16.5K hPRL

From a sequence-function point of view, the agtiwf 15K hPRL (1-132) is not surprising becausevimes
studies showed that hPRL fragments slightly shdqresidues 1-123) (8) or longer (residues 1-13%f.(R and
this study) displayed antiangiogenic activity. Sarly, the length of the two larger fragments (1#kahd 1-150)
is almost the same as that of 16K rPRL (1-145)chvis also antiangiogenic in the assay used irptheent
work (29). Although these data confirm that C-teratitruncation of hPRL by not more than one quanfets
sequence (49 amino acids) is sufficient to contlegtlactogenic hormone PRL into an antiangiogeaatdt,
they also emphasize our current ignorance of théecuotar features driving 16K PRL properties. Funaél
analysis of N-terminal hPRL fragments longer th&® Yesidues and shorter than 123 will lead to @ebet
understanding of the structure-function requiremerit16K-like PRL fragments. Finally, our functidrsaudies
were performed using highly glycosylated hPRL fregits. The antiangiogenic properties of bacterially-
produced 16K hPRL do not support any key role fgcasylation, although we cannot exclude the pafitsib
that this modification modulates the biological peaties of our recombinant fragments. Testing kiyisothesis
would involve mutation of the single glycosylatisite present in hPRL sequence, Asn 31 (44).

Data currently available in the literature concegnihuman 16K PRL raise a paradox. Although several
investigators published important studies descgittime antiangiogenic activity of recombinant 16KRtPin
various models as well as certain molecular meahasiinvolved (seéntroduction),we are not aware of any
report in which the existence of similar N-termiri@lK hPRLin vivo has been clearly demonstrated. A few
reports have appeared showing that 14-18 kDa imneactive bands were detected when physiologicald]u
tissue extracts, or cell culture-conditioned mediere analyzed under reducing SDS-PAGE, followed by
Western blotting experiments using polyclonal omaonal anti-PRL antibodies (45-49)(for a reviesse Ref.

3). However, in most of these studies, immunorgadtiands were not clearly demonstrated to be PRitecs
and assuming they were, their identification aseMnrinal PRL fragments was not assessed using apat®p
methods (epitope-mapped mAb, N-terminal sequencitags spectrometry). This clearly prevents anyndefi
statement regarding the relevance of antiangioeg@6K PRL in humans, because the recent work of- Ben
Jonathan and colleagues (18) tends to suggesthbs¢ immunoreactive bands may rather correspor@t to
terminal 16K hPRL, which has no angio-static atfiviln this context, our analyses of human pityitar
adenomas provide an important information, becadhseuse of epitope-mapped mAbs clearly identified t
immunoreactive 16K-like band as an N-terminal hPiRigment. Based on the comparison with ifevitro
digestion pattern of hPRL, the fragment observeditnitaries matches with 17K hPRL. Assuming that
cathepsin D is the pituitary protease involved,olshiemains to be definitely demonstrated, this satgthat the
150-151 site would be the preferential cleavageisivivo. The fact that 15K and 16.5K fragments could not be
detected is in good agreement with the observatiweisl) the 132-133 site is buried inside hPRId 2nPrqgg

is detrimental to cleavage efficiency. Finally, hese it is likely that the presence of 17K hPRLPRL-
secreting, but not in nonsecreting, adenomas marify due to the fact that overexpression of hARLlthe
former favors the detection of proteolytic fragnseptesent in small amounts, it is probably mislegdit this
stage to link the presence of hPRL fragments withgathological characteristics of the tumor.

We showed that recombinant 17K hPRL displayed magitggenic bioactivity, even when free Gysds
maintained, which is obviously the case for the 1ff&gment detected in pituitaries. Therefore, oudsg
certainly renews the interest in the potentialvaiee of antiangiogenic N-terminal PRL fragmentiimans.
Many questions remain answered, however, which guiedefinitive interpretations. First, to faciléathe
detection of fragments assumed to be present atively low amounts, we used PRL-secreting pityitar
adenomas. Similar experiments should now be peddrosing nonpathological samples (e.g. serum, breas
biopsies, etc), to elucidate whether the preserfcénRRL N-terminal fragments is correlated with any
pathological status or not. Such investigationd b& possible once sensitive antibodies specificditected
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against hPRL fragments are available; this is agoowy project in our laboratory. Second, althoubk t
fragment detected in pituitary adenomas matches BPRL, analysis of additional samples is required t
determine whether other fragments, possibly geedrdity other proteases, can be identified. Thirdisit
noteworthy that in all the experiments reportedhis study, including pituitary analyses, N-termifragments
were detected only when electrophoreses were peefbrunder reducing conditions. As described in the
Introduction, the release of 16K PRL requires proteolytic cleavdgllowed by reduction of the cleaved
hormone. The molecular and cellular mechanisms mhay lead to reduction of cleaved PRL vivo are
currently unknown, irrespective of the species mered. Understanding this process, or demonstyatiat N-
terminal 16K-like fragments can be detected in husemples under nonreducing conditions, is cestairgoal
that must be obtained in the future.

If proteolysis and reduction occur in the mammalgnd in vivo, our findings may be important for better
understanding the role of PRL in breast carcinogsnavhich is a major goal of our group. Cathep3iis
expressed at a high level in breast cancer (37)canttl therefore play a key role in regulating thease of
cryptic antiangiogenic factors, e.g. 16K-like hPRhd angiostatin. In addition, recent observatiarggsst that
locally produced hPRL participates in the growthnedmmary tumors via an autocrine/paracrine loop.(17
Autocrine hPRL thus might be very important in turpoogression, especially in view of its putativegegenic
action described in the chorioallantoic membrarsapa$13). The present study suggests that themostaction
of hPRL in mammary tumorigenesis may be balancedhbyantiangiogenic activity of N-terminal 16K-like
hPRL fragments. Confirming the relevance of thisdelowill require demonstrating how and where the
molecular and cellular features leading to PRL pssing into 16K PRL (protease, acidic pH, reductass
occurin vivo.

MATERIALSAND METHODS
Materials
Reagentsand Culture M edia.

Salts were high-grade purified chemicals purchasedh Sigma Chemical Co. (St. Louis, MO) or Merck
(Darmstadt, Germany). Oligonucleotides were frontogentec (Liege, Belgium). Culture media, fetalfcal
serum (FCS), trypsin, and glutamine were purchaseth Life Technologies, Inc. (Gaithersburg, MD).
[*H]thymidine was purchased from Amersham (Buckingslaine, UK).

Proteins and Antibodies.

For digestion studies, we used recombinant humanranPRL produced in bacteria (pT7L-PRL vector)l an
purified as previously reported (21). Mutated hPd&ld rPRL generated in this study were producedvatg
exactly the same procedures. Extractive hPRL (RQ2-16-2) was a generous gift of Dr. Parlow (Natlona
Institute of Diabetes and Digestive and Kidney Bises; NHPP no. 506). BSA was from Sigma. Anti-hPRL
mAb (mAb clone 6E4) is directed against a recomttid-terminal fragment (residues 1-139) of hPRL)(14
6E4 mAb was found to recognize both full-length adeerminal fragments of hPRL in Western blots.
Polyclonal anti-hPRL antibody A569 was purchaseinfiDAKO Corp. (Carpinteria, CA), and mAb 5601 and
5602 are from DBC (Diagnostic Biochem Canada, lhondon, Ontario, Canada). Extractive human liver
cathepsin D, human plasma thrombin, and protedsbitors were from Sigma. Antihuman cathepsin D mAb
was a gift from Dr M. Garcia (INSERM Unit 540, Faa), and glycosidaséN{glycosidase F) was from New
England Biolabs, Inc. (Beverly, MA). Monoclonal &utive MAPK antibody (directed against
threonine202/tyrosine204-phosphorylated MAPKs 1 2ifdo. 9106), also referred to as antiactive H&§ tas
from Cell Signaling Technology (Beverly, MA) andlpdonal anti-MAPK1/2 antibody (no. 06-182) was rino
Upstate Biotechnology, Inc. (Lake Placid, NY). Qtification of 23-kDa hPRL secreted by COS-7 intdl-ce
conditioned media was performed using a hPRL-sppeBEISA (Prolactin Elisa kit, DBC). Identificationf
angiogenic factors secreted by COS-7 cells wasopegfd using human angiogenesis antibody arrays |
purchased from RayBiotech, Inc. (Norcross, GA). lfath Prolactin Elisa kit and angiogenesis arrag stvictly
followed the instructions of the manufacturers.

Céll Linesand Human Mammary Biopsies.
Tumor breast biopsies were obtained from threeepttibearing a breast cancer, as previously desc(t0).

Normal tissue adjacent to the tumor was also h#deduring surgery. T-47Dco cells, an estrogenstast
clone of the T-47D human breast adenocarcinomaliogll (51), were obtained from Dr. B. K. Vonderhaar
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(National Institutes of Health, Be-thesda, MD). ¥heere routinely cultured in RPMI 1640 supplementeth
10% FCS, L-glutamine (2 mM), insulin (0.2 IU/mld antibiotics. Immortalized BUVEC were generated b
transfecting primary cell cultures with an expressvector containing the human papillomavirus t§BeE6GE7
oncogene as previously described (29). They wewtinely cultured in F12-K, 10% FCS, glutamine, and
antibiotics. COS-7 cells were routinely cultureddMEM, 10% FCS, glutamine, and antibiotics.

Pituitary Adenomas.

Pituitary samples were collected in patients unoieig surgical adenomectomy abpital Foch (Paris, France).
Both PRL-secreting and nonsecreting adenomas wade mvailable for this study. Directly after theimoval,
pituitary samples were snap frozen until use.

M ethods
Site-Directed M utagenesis and Expression Plasmids.

Expression vectors for N-terminal fragments of hPRére generated by introducing a stop codon withia
hPRL coding sequence subcloned into the pc-DNAZdtor (Invitro-gen, San Diego, CA). Site-directed
mutagenesis was performed using the QuikChange ddotsis kit from Stratagene (La Jolla, CA). A stop
codon was substituted for codons 133, 148, or [Eitling to hPRL fragments of approximately 15 kD& 82),
16.5 kDa (1-147), and 17 kDa (1-150), respectiv€lygnate mutants in which a serine is substituedysteine
58 were also generated and are referred to as @3&88gs. The plasmid encoding the 1-139 fragmehP&L
was generated previously (9) and is identifiechin study as 16K hPRL.

Cleavage of hPRL by Cell Extracts, Cell-Conditioned M edium, or Purified Cathepsin D.

Mammary cell homogenates were prepared from T-47Balts and pulverized breast tissues as described
elsewhere (52). Briefly, cells were placed in 70b (wt/vol) of ice-cold 0.25v sucrose/0.M Tris-HCI (pH 7.4),

and homogenized for 30 sec using a Polytron homimagenThe high-speed sediment was obtained by three
successive centrifugations (10 min each) at 6603300 xg, and 25,000 x3. The final pellet was washed twice

in the same buffer.

Fifty micrograms of the 25,000 g pellet were incubated with 2(ag hPRL for the indicated time at room
temperature, in a final volume of 26 of 50 mm citrate-phosphate/75MmNaCl (pH 3.2) (2). Heat-inactivated
pellets (85 C, 30 min) were used as negative ctmtRroteolysis was also performed using cultureliom
conditioned for 24 h with T-47Dco cells, and thexd#ied (pH 3.2) using HCI. Negative controls wesither
acidified nonconditioned medium or nonacidified dibioned medium (pH ~7). Various protease inhitstamere
used at the following concentration: pepstatin A |{i1), leupeptin (100 um), aprotinin (0.3 pM),
phenylmethylsulfonyl fluoride (0.2 k), EDTA (5 mM). Proteolysis of hPRL (20 pg) by purified cathepbi
was performed for the indicated time, at room terafee or at 37 C, in 20 mM citrate/phosphate, AisONaCl
(pH 3 or 7) (4), using an enzyme-substrate ratit:00.

Analysis of Pituitary Adenomas.

Pituitary adenoma samples were thawed on ice, wlasieeral times in ice-cold PBS to remove bloodta@silie
debris, and then homogenized using a Polytron,ysis | buffer containing various protease inhibitas
previously described (53). Tissue homogenates wentrifuged at 10,000 g for 10 min, and the pellet was
discarded. For immunoprecipitation experiments, %@ of the tissue lysate proteins were precleangd b
incubation with protein A-sepharose beads for 2 # &. Protein A-sepharose beads were removed ie§ br
centrifu-gation, and then supernatants were tramsfeo fresh tubes. Immunoprecipitations wereqrened by
incubating lysates with 5 pul of mAb 6E4, overnightd C. Immunocomplexes were collected by addimgeum
A-sepharose beads for 1 h. Immunoprecipitates werghed three times with PBS before loading on SDS-
PAGE.

SDS-PAGE and Immunoblots.

Analysis of PRL fragments was performed using 1%1SDS-PAGE, in reducing and nonreducing conditions
as indicated. Gels were either stained with Cooi@dssie or immunoblotted using the following anBfRL
antibodies: mAb 6E4 (2 pug/ml), polyclonal A569 (@dilution), mAb 5601 or mAb 5602 (1:40 dilution).
Antigen-antibody complexes were detected by enlthobemiluminescence (Amersham) using an antimouse o
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antirabbit immunoglobulin antibody conjugated tadeyadish peroxidase.
N-Terminal Sequencing of hPRL Fragments.

hPRL fragments resulting from proteolysis by manmyraall extracts or by purified cathepsin D wereaeged

by reducing SDS-PAGE and transferred onto a pojfidene difluoride membrane using 10Mm(3-
[cyclohexylamino]-1-propane-sulfonic acid) buffepf Sigma (pH 10.5). Bands were visualized by Pance
red staining and cut out of the gel, and N-termisabuences were determined by Edman degradation
(Laboratory of Biochemistry, University of Liegeielge, Belgium).

M ass Spectrometry.

hPRL (10 pg) [WT, or analogs referred toAs9-hPRL and G129R-hPRL (22, 28)] were digesteddihepsin

D (3 h) in a final volume of 2pl citrate/phosphate buffer as described above. i@addand reduced (100Mm
dithiothreitol) hormone mixtures were then analybgdmass spectrometry. Typically,d of nondi-gested or
digested protein was mixed withpd of matrix (sinapinic acid, 7.5 mg in 500 ul agatdle:H,0-0.1 % triflu-
oroacetic acid, 1:1 vol/vol) and I was deposited on the sample holder. Positive imass spectra were
acquired on a MALDI-TOF Voyager Elite (Applied Bistems, Framing-ham, MA) in the linear mode using
the delayed extraction. Internal and external catibn were performed using apo-myoglobin [singid aoubly
protonated molecules (M + Hand (M+2H¥"]. Uncertainties on the m/z values were determifrech the
analysis of different samples. Experiments on eddotted (nitrocellulose) proteins (full lengthdafragments)
were performed by dissolving approximately 1 fofithe band in the matrix solution (solvent acejpmut the
mass spectra showed broader peaks. Thus, onlyesdts concerning the MALDI-TOF of solutions are
presented.

Production of N-Terminal Fragments of hPRL in COS Célls.

COS-7 cells were transiently transfected using-fgzamine plus (Invitrogen), using the followingpeession
vectors: pcDNA3.1 vector (mock transfection), vestencoding full-length hPRL, fragments encompagsin
sequences 1-132 (15K), 1-147 (16.5K), 1-150 (1#Kyvhich the free cysteine 58 is maintained oraept with

a serine (C58S analogs), and finally the refereorsstruct 1-139 (16KhPRL-C58S).

For transfections, cells were plated in six-wedltps (200,000 cells per well) in 10% FCS mediurt){(dn d 2,
cells were transfected usingg plasmid in 4ul lipo-fectamine/6 pul plus reagent; we strictly léoled the
instructions of the manufacturer. On d 3, cellsensgrum starved in DMEM/0.1 % BSA, and conditioneztlia
were harvested on d 4. Expression of hormones tafraat was checked by Western blotting. Analytical
deglycosylation of recombinant hPRL fragments wadgrmed using F glycosidase by strictly followitize
instructions of the manufacturer.

Immunodepletion of COS-7-Conditioned M edia.

Conditioned media (10(l) containing hPRL fragment were incubated overhigh4 C with 1ul of polyclonal
anti-hPRL antibody (A569). Protein A sepharose ke@D pl) were incubated in the immunoprecipitation
mixture for one additional hour, and then immunenptexes were removed by brief centrifugation. Bith
pellet and the supernatant were analyzed in Wedikrinto assess withdrawal of hPRL fragments fréma t
conditioned medium.

Biological Properties of N-Terminal hPRL Fragments
Tritiated Thymidine Incorporation.

Antiangiogenic properties of N-terminal hPRL fragrteewere determined using immortalized BUVEC, which
were recently shown to retain a differentiated miype and all the characteristics of endothelidlscand to
maintain their responsiveness to rat 16K PRL (2@)Is were serum-starved in the flasks 24 h bettoeeassay
and were then plated in 48-well plates (8000 cp#s well; each point in triplicate) in 10@ of F-12K
containing 0.2% FCS. Stimulation by the hormoneitdrest was performed by adding 1j0l0of serum-free
DMEM containing the indicated dilution of COS-7-ditioned media, either the same day or the dayr.afte
Because COS-7-conditioned medium intrinsically stated thymidine incorporation by BUVEC, various
dilutions of conditioned media containing PRL fragms were systematically normalized to the samamel
using mock-transfected conditioned medium (Resulty. After stimulation (16-18 h), cells were pulsed fboh
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with [*H]thymidine (0.5uCi/well), and then they were treated as previodslgcribed with minor modifications
(25). Incorporated radioactivity was measured usifiquid scintillation counter (Wallaw 1409).

MAPK Activation.

BUVEC were plated in 10% FCS medium on d 1, sertarved on d 2, and stimulated on d 3 with the uaio
PRLs (in serum-free medium) for 20 min. Cells weagvested and lyzed as previously described (533lyses
of MAPK activation were performed using 2@ of total cell lysates, by SDS-PAGE (12.5%) foledvby
Western blotting using antiphosphorylated MAPK lody (dilution 1:2000). After stripping, membrangsre
reprobed using anti-MAPK antibody (dilution 1:2000)
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