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Abstract

Prolactin (PRL), originally associated with milkcsetion, is now known to possess a wide varietiological
actions and diverse sites of production beyondthatary. Proteolytic cleavage is a common poat$-lational
modification that can either activate precursortg@ires or confer upon the peptide fragment uniqudolical
actions not exerted by the parent molecule. Restudies have demonstrated that the 16-kDa N-tetmina
proteolytic cleavage product of PRL (16K-PRL) aatssa potent inhibitor of angiogenesis. Despite ipres/
demonstrations of 16K-PRL productiam vivo, biological functions beyond its antiangiogenic aot remain
unknown. Here we show that 16K-PRL, but not fulidéh PRL, acts to promote the expression of thaditde
isoform of nitric oxide synthase (iNOS) and nitoikide ("NO) production by pulmonary fibroblasts and aheol
type Il cells with potency comparable with the pfammatory cytokines interleukiml interferony, and tumor
necrosis factos. The differential effect of 16K-PRkersusPRL occurs through a receptor distinct from known
PRL receptors. Additionally, pulmonary fibroblastgress the PRL gene and endog-enously producePHaK-
suggesting that this pathway may serve both auteand paracrine roles in the regulation of "NGdpuotion.
These results reveal that proteolytic cleavageRif Ponfers upon this classical hormone potent iN@ficing
activity, suggesting its role in inflammatory/immauprocesses.

Abbreviations used: PRL, prolactin; 16K-PRL, 16 kDa N-terminal protetitycleavage product of PRL; INOS,
inducible nitric oxide synthase; "NO, nitric oxidi:-14, interieukin ; IFN-y, interferony; TNF-a, tumor
necrosis factors, L-NAME, L-N®-arginine methyl ester; D-NAME, Di®-arginine methyl ester; RT-PCR,
reverse tran-scription-polymerase chain reaction.

Although PRL was originally identified as a lactighic hormone secreted by the pituitary gland, exdating
evidence has implicated PRL in a strikingly diveaseay of physiological functions, including osmguéation,
reproduction, and behavioral modifications (1, RRL synthesis has been demonstrated in numerous- ext
pituitary tissues, including endothelial (3), neneih and immune cells.€. lymphocytes, mononuclear cells, and
thymocytes) (1). Moreover, the emerging role of PRLmmunoregulation has led to the concept of aldu
function for PRL as both a circulating hormone andytokine (1). The tenet of PRL as a cytokineuigher
established by studies demonstrating its structimailarity to members of the cytokine/hematopaigtamily
(4) and that PRL receptors belong to the cytokieevétopoietin receptor superfamily (5). PerturbatibiPRL
physiology appears to have significant immunolagfiects in humans, where hyperprolactinemia is cased
with autoimmune diseases, including systemic lugnyshematosus, rheumatoid arthritis, multiple sides, and
uveitis (6). All these conditions are also assedatvith elevated tissue iINOS expression and "NQiywtion
(7). Consistent with these observations, hyperptimlamia has been associated with elevated "NOdéve rat
model of acute inflammation (8).

PRL can be post-translationally processed by phgieacleavage, giving rise to 16K-PRL, a fragmémat has
unique antiangiogenic actions not shared with thieléngth molecule (9-11). 16K-PRL has been det@dh the
pituitary and serum of humans, rats, and mice {B2,and acts as a potent inhibitor of angiogeniasisvo and
in vitro, inhibiting endothelial cell proliferation (9-11) drstimulating type 1 plasminogen activator inhibito
expression (11). Finally, 16K-PRL has been showim¢cease endothelial cell cCAMP levels (14), anuscence
that has been shown to induce INOS expression (B-PRL adds to a growing list of proteins thatj@ice
specific functions or become activated as the tesulhe proteolytic cleavage of large precursdisis is the
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case of other potent antiangiogenic factors, likgi@statin (16) and endostatin (17), some cytokitiks TNFu
(18) and IL-B (19), and matrix metalloproteinases (20).

Although PRL manifests cytokine-like signaling peofies and can be elevated in conditions where iINOS
expression is increased, the influence of the pigtie processing to 16K-PRL on 'NO production aN®DS
expression remains unknown. Here we report thatBBK, but not full-length PRL, promotes the expi@sof
iINOS and "NO production by rat pulmonary fibrob&anhd alveolar type Il cells. The stimulatory effet16K-
PRL appears to occur through a receptor distimminfknown PRL receptors, since a specific, highnéffj
saturable binding site for 16K-PRL was found, whilassical PRL receptors were not expressed attdéle
levels in resting pulmonary fibroblasts. Additioigal pulmonary fibroblasts express the PRL gene and
endogenously produce 16K-PRL, suggesting a locattion of this fragment in the regulation of "NO
production in the lung.

EXPERIMENTAL PROCEDURES

Reagents-Rat pituitary PRL was from the National Hormone d&ituitary Program (NHPP). Rat 16K-PRL was
generated after enzymatic proteolysis of PRL bysnact from rat mammary gland (10). Human recomabin
PRL and 16K-PRL were generated as described prelyi¢@0). Endotoxins were determined by thieulus
amebocyte lysate assay (E-Toxate, Sigma). Recomibmarine interleukin-g (IL-1p), interferony (IFN-y),
and tumor necrosis factar (TNF-) were from R&D Systems (Minneapolis, MN). L- andNS-Arginine
methyl esteri(- and D-NAME) were from Sigma.

Cell Culture—Rat lung fibroblasts and type Il alveolar epithelells were isolated from Sprague-Dawley rat
fetuses of 19-20 days of gestational age (21). &mtic smooth muscle cells were isolated as desdrib
previously (22). All cells were cultured in Ham'sLlE medium with 10% heat-inactivated fetal bovieeusn.
Cells grown to confluence were treated with huméK-PRL (0.1-10 ™), rat 16K-PRL (1-100 m), or full-
length PRL (100 nM, human or rat). For comparisaditional cells were treated with a combinatiorilofLg

(5 ng/ml), IFN% (100 units/ml), and TN (500 units/ml).

Nitrite and Nitrate Assay-The oxidation products of 'NO, nitrite (N and nitrate (N@) were determined in
cell culture medium as described previously (23).

Reverse Transcriptase Polymerase Chain ReactionSandhern Blet-For rat iINOS detection, complementary
primers (forward: 5-GTGTTCCACCAGGAGATGTTG-3'; rage: 5-CTCCTGCCCACT-GAGTTCGTC-3"),
30 cycles, and an annealing temperature of 60 °@ wsed. For rat PRL detection, RT-PCR and Southietn
were performed as described previously (24). Fer tht PRL receptors a common forward primer (5'-
ATCCTGGGACAGATGGAGGAC-3') and a common reverse minb'-ATCCACACGGTTGTGTCCTTC-3')
were used to detect the short, intermediate, angl ieoforms. Reverse primers were used to speltyfidatect
the short (5-TGGCTGAGGCT-GACAAAAGAG-3) or long '{BGACAGTGGGGCTTTTCTCCT-3')
isoforms. Forty cycles and an annealing temperatfifg6 °C were used. Amplification @Factin mRNA was
used as control for efficiency as described preslip(4).

Western Blet-Fibroblasts were homogenized in lysis buffer ambjected to reducing SDS-polyacrylamide gel
electrophoresis as described previously (24). Reterere electroblotted onto nitrocellulose, prolvath 2.5
pg/ml anti-iINOS polyclonal IgG (Upstate Biotechnojoinc., Lake Placid, NY) or 1:500 16K-PRL rabbit
antiserum (13) and developed as described preyi¢4).

PRL Cleavage-The activity of the enzymes that cleave PRL to #8RL was assayed in fibroblast
homogenates as described previously (24).

PRL Binding AssaysBinding of 16K-PRL to isolated fibroblasts membeanwas performed as described
previously (25). Binding parametets (and B,,,) were derived from the competition studies ushmgtiIGAND
program (26).
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RESULTS AND DISCUSSION

To evaluate the influence of PRL and 16K-PRL on "pi@duction and iNOS expression, primary culturés o
fetal rat lung fibroblasts, fetal rat alveolar tyjpeells, and rat aortic smooth muscle cells watikzed to model
the response to proinflammatory stimuli. Quantitatof 'NO production was determined by measureroeiis
metabolites nitrite (N@ and nitrate (N@) accumulated in culture media. While human (Fig). dnd rat PRL
(not shown) had no stimulatory effect, 16K-PRL mtie stimulated "NO production by rat fibroblastedatype

Il cells, but not by aortic smooth muscle cellsg(Ha). Increasing concentrations of 16K-PRL stimulats®
production by fibroblasts in a dose-dependent manmith highest effects observed with 10 and 100 oM
human and rat 16K-PRL, respectively (Fi¢p).1The higher potency of human compared with rdf-P&RL is
consistent with previous observations in regarth&r antiangiogenic effect (10). The maximal effet 16K-
PRL was comparable with that exerted by a mixtdrproinflammatory cytokines (TNk; IFN-y, and IL-)5).
Stimulation of 'NO production by 16K-PRL or cytokis was completely suppressed IbMAME (1 mM), a
competitive inhibitor of INOS, but was not affectied the inactive isomer D-NAME (Figc)l. The possibility of

a nonspecific action of 16K-PRL due to endotoximtamination was excluded, because native PRL had no
positive effect on iINOS expression even though dabecentration used had higher or equivalent endlotox
content (0.15-0.5 ng of lipopolysaccharide/ml ofdinen) than 16K-PRL (0.03-0.5 ng of lipopolysacchdariml

of medium) as determined by thenulusamebocyte lysate assay.

To determine whether "NO production induced by FaRE was mediated through iINOS expression, total RNA
of fibroblasts treated with 16K-PRL, PRL, or cyto&s was subjected to RT-PCR. Inducible NOS cDNA was
detected following exposure of fibroblasts to 16REPand cytokines, with no detectable INOS expressio
control or PRL-treated cells (Fi@a). Similar amounts of amplified products f@ractin were observed in all
cases. Inducible NOS protein synthesis was confirbyeWestern blot of fibroblast lysates probed veithanti-
iINOS polyclonal antibody (Fig. 26). Human and r8K1PRL dramatically increased iNOS protein expressi
while iINOS was not detectable in lysates from aontr PRL-treated cells. Expression of iINOS wasadie
evident as early as 8 h following stimulation witsK-PRL (not shown).

The expression of PRL receptors by lung fibroblastd type Il cells was studied to further charaztethese
novel actions of 16K-PRL. The presently identifleBL receptors arise from the same transcript Brradtive
splicing and differ in the length and compositidrite cytoplasmic domain (2). Expression of thegldRig. 3a)
and short (not shown) PRL receptors was demondtiatéype Il cells, while no PRL receptor variamisre
observable in fibroblasts. Although type Il celispeess PRL receptors, the influence of 16K-PRL N®"
production seems to be independently mediatedesiPRL, the natural ligand, has no stimulatory effec
Moreover, 16K-PRL stimulated fibroblast INOS exmies and 'NO production in the absence of deteetabl
PRL receptors, motivating investigation of a pokesgpecific binding site for 16K-PRL on these ceBéinding

of ¥ -labeled rat 16K-PRL by fibroblast membrane prapians was high affinity Ky = 7.3 + 3.9 nM),
saturable B, = 7200 + 1730 receptors/cell) and potently dispthby rat 16K-PRL but not by full-length PRL
(Fig. 36). This is consistent with a previously eh&d specific binding site for 16K-PRL in vascular
endothelium (25) and suggests that lung fibroblestsess a specific receptor for 16K-PRL.

Although 16K-PRL has been detected in serum (I8, droportion of the fragment present in patienith w
elevated PRL levels is unknown, since the methagolased to detect PRL in serum (radioimmunoassay or
enzyme-linked immunosorbent assay) does not disshgbetween molecular variants. Moreover, locdl ce
production of PRL and its cleavage to 16K-PRL maybe reflected in circulating PRL levels and ttusild be

a source of 16K-PRL in the lung. To reveal the fnkty of pulmonary PRL production, total RNA from
fibroblasts and type Il cells was subjected to RORRusing primers derived from rat pituitary PRL cBNPRL
gene expression was detected in fibroblasts, bunrtgpe 11 cells (Fig. 4), and both PRL and 16K-PRL protein
was demonstrated by Western blot analysis of gshlites from fibroblasts (Figb% Moreover, incubation of
exogenous PRL with fibroblast lysate resulted ie fbrmation of 16K-PRL (Fig. ), demonstrating that
fibroblasts can locally process PRL to the fragm&hese results suggest that paracrine and autoefiaects of
16K-PRL can occur in the lung.

This study shows that 16K-PRL acts as a potenhflashmatory cytokine that stimulates INOS expressod
"NO production by pulmonary fibroblasts and typedlls, a biological effect not shared by full-lém@RL. The
differential effect of 16K-PRLversusPRL appears to occur through a specific receptod 6K-PRL, since a
specific, high affinity, saturable binding site fd6K-PRL was apparent, and no PRL receptor expnessas
detectable in pulmonary fibroblasts under the calonditions. Moreover, pulmonary fibroblasts esenpetent
to both express the PRL gene and produce 16K-PiRjgesting that this PRL fragment can exert autecaind
paracrine roles in the regulation of pulmonaryanimatory "NO production. The absence of a stimopjatéfect
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of PRL contradicts recent studies where the fuigth molecule stimulated "NO production by the giiwma
cell line C6 (27), suggesting that PRL effects O production are cell-type specific or that prdy&o
processing of PRL to 16K-PRL was ocurring.

The results reported herein reveal that proteolgféavage of PRL confers a potent iNOS-inducingvegton
prolactin reminiscent of proinflammatory cytokirmsch as IL#,

IFN-y, and TNFea (23, 28, 29). Locally produced 16K-PRL may conitéto the high levels of 'NO produced
by INOS activity during inflammatory and host deferprocesses of the respiratory tract (30-32)idwof the
unique properties of 16K-PRersusPRL, the protease(s) responsible for processing &&b would critically
influence local regulation of 'NO production. Thukge observation that estrogens regulate the ertayma
cleavage of PRL to 16K-PRL in the rat neurohypophysystem (24) adds additional significance tdwways
regulating PRL processing and warrants furtherstigation.

FIG. 1. The 16-kDa N-terminal proteolytic fragmeftPRL, but not full-length PRL, stimulates "NO gwotion

by rat pulmonary fibroblasts and alveolar type dlis. «, production of NO by rat fibroblasts, alveolar type Il epithelells,
and smooth muscle cells in the absence (Con) aepoe of cytokines (Cyt), 10 nM human 16K-PRL (16K)L00 nM human PRL (23K).
b, potency of human&) and rat &) 16K-PRL on'NO production by fibroblasts. For comparison, celése cultured in the absence (O) or
presence of cytokiness). ¢, 16K-PRL-inducedNO production by fibroblasts is inhibited by the SGnhibitor L-NAME, but not the
inactive isomer D-NAME. Cells were cultured in #ifgsence (Con) or presence of cytokines (Cyt), 1thaMan (hl6K) or 100 nM rat 16K-
PRL (r16K), in absence (open bars) or presenceroMLL-NAME (black bars) or D-NAME (shaded bars).di cases, cytokine treatment
(Cyt or Cytokines) consisted of a mixture of IL-1{8 ng/ml), IFNy (100 units/ml), and TNfe- (500 units/ml)."NO production was
measured by accumulation of N@ NOj; in culture medium after 72 h. Values are the me&E.
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FiG. 2. 16K-PRL induces nitric oxide synthase (iNOS) MRiINd protein expression in rat lunfforoblasts,a,
RT-PCR was performed on total RNA extracted frobrdblasts cultured for 20 h in the absence (Contblpresence of a mixture of
cytokines (Cytokines), human (1®or rat (100 nM) 16K-PRL (16K), or human or rat PRIOO nM) (23K). Amplification of3-actin is
shown as a loading control. b, Western blot detaatif INOS in fibroblasts following treatment (72ih the absence (Control) or presence
of cytokines, human or rat PRL (23K), or 16K-PRI6K). Doses were the same as in Fig. 2a. A cellt¢ysd cytokine-activated murine
macrophages is shown as a positive control (AM}oklpe treatment consisted500 of a mixture of A(8Lng/ml), IFNy (100 units/ml),

and TNFe ( 500 units/ml).
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FiG. 3. Detection of a specific 16K-PRL binding siterd lung fibroblastsa, Southern blot analysis of the long PRL
receptor mMRNA expression in rat fibroblasts anaaliar type Il epithelial cells. Total RNA was sutigd to RT-PCR and Southern blot as
described under "Experimental Procedures." PRLpteceDNA (PRLR cDNA) with or without reverse tramptase (-RT) are shown as
controls. 6, displacement &Fl-labeled rat 16K-PRL binding to fibroblast membearby increasing concentrations of unlabeled rit23

PRL (0) and 16K-PRL)).
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FIG. 4. Prolactin expression and proteolytic cleavagd®®L by rat lung fibroblasts., Southern blot analysis of PRL
mRNA expression in rat fibroblasts and alveolaretypepithelial cells. RNA from rat anterior pitaity was used as a positive control, and
omission of reverse transcriptase (-RT) served asgative control. Total RNA was subjected to RTRP&hd Southern blot analysis as
described under "Experimental Procedures." b, Wedtiot analysis of endogenous PRL immunoreactiageins in homogenates from rat
lung fibroblasts maintained in serum-free mediumZ4 h (Fibroblasts). Exogenous PRL is proteolytyceleaved following incubation
with fibroblast homogenates (Fibroblasts + PRL)LRIRd 16K-PRL standards are shown.
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