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ABSTRACT

While several studies have documented the presence of plas-
minogen activator (PA) activity in hen ovarian follicle granulosa
and theca tissues, to date it has not been possible to conclusively
distinguish between the urokinase (u) and the tissue-type (t)
form of the enzyme; this inability is due, in part, to lack of the
cloned or characterized chicken tPA gene or gene product.
Thus, the present studies were conducted to identify a partial
cDNA for chicken tPA and subsequently to evaluate expression
of uPA and tPA mRNA in granulosa and theca tissues in vivo and
in vitro. Urokinase PA mRNA levels were highest in prehier-
archical-follicle granulosa (3- to 5- and 6- to 8-mm follicles) and
theca (6- to 8-mm follicles) tissue compared to hierarchical (9-
12 mm through largest preovulatory) follicles. In vitro treatment
with a phorbol ester (phorbol 12-myristate, 13-acetate), but not
a cAMP analogue (8-bromo-cAMP), significantly increased uPA
mRNA levels in both granulosa and theca tissue from the largest
and second-largest preovulatory follicles. Of special interest was
the finding that levels of uPA mRNA were 10.9-fold higher in
atretic compared to morphologically normal 3- to 5-mm folli-
cles. Moreover, 4- to 8-mm-follicle granulosa cells, which spon-
taneously undergo apoptosis in vitro, demonstrated a rapid in-
crease in uPA mRNA levels after 1 h of incubation (prior to the
detection of oligonucleosome formation) while levels in pre-
ovulatory-follicle granulosa cells, which do not undergo spon-
taneous apoptosis, were not altered after 18 h of incubation. By
contrast, while tPA mRNA can be identified in granulosa and
theca tissues from prehierarchical and preovulatory follicles fol-
lowing polymerase chain reaction amplification, constitutively
expressed levels of the transcript were too low to reliably mea-
sure by Northern blot analysis. These data indicate that while
the chicken expresses a tPA gene that is homologous to the
mammalian tPA, uPA is the predominant PA expressed in the
hen ovary. In addition, the higher levels of uPA mRNA found in
granulosa cells actively undergoing apoptosis and in follicles
most susceptible to atresia (4-8 mm) suggest a role for this pro-
tease in mediating processes both during the early stages of pro-
grammed cell death and in the later stages of follicle atresia and
resorption.

INTRODUCTION

Plasminogen activators are serine proteases that convert
the inactive zymogen, plasminogen, to the endopeptidase,
plasmin. It is proposed that the mammalian urokinase (u)
plasminogen activator (PA) system plays a role in angio-
genesis, mammary gland involution, and embryo implan-
tation while tissue-type (t) PA is critical to the process of
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fibrinolysis and is associated with a number of ovarian pro-
cesses requiring extracellular proteolysis, such as cumulus
cell expansion, germinal vesicle breakdown, meiotic mat-
uration, and ovulation [1-8]. Moreover, there are consid-
erable data to indicate that PAs play an important role in
tumor cell invasion and metastasis [9, 10].

Mammalian uPA and tPA enzymes are the products of
separate genes and represent immunologically distinct pro-
teins (e.g., tPA, [11, 12]; uPA, [13, 14]). The chicken uPA
gene has previously been cloned [15], and activity of this
enzyme has been implicated in processes such as cell mi-
gration and tissue remodeling during embryonic develop-
ment and in the bursa of fabricius [16, 17]. PA activity in
the hen ovary has previously been studied by several
groups of investigators (e.g., [18-22]). In general, granulosa
cell PA activity is increased by pharmacologic activators of
protein kinase C (e.g., phorbol esters), growth factors (e.g.,
epidermal growth factor, transforming growth factors a and
0), or prostaglandin (PGE2), and it is suppressed by acti-
vators of protein kinase A or calcium mobilization (e.g.,
LH, vasoactive intestinal peptide, forskolin, cAMP ana-
logues, calcium ionophore) [18, 20, 21, 23, 24]. However,
while uPA immunoreactive protein has been identified
within the granulosa cell layer [22], direct evidence for a
tPA-like protease in any chicken tissue has been absent,
due, in large part, to the lack of the cloned chicken tPA
gene and/or characterized protein. Only on the basis of in-
direct enzymatic assays has it has been concluded that tPA
activity is expressed within hen ovarian tissues [25].

Moreover, in light of results from nonovarian tissues in-
dicating a relationship between programmed cell death and
activation of proteolytic enzymes [26, 27], it was of signif-
icance to establish the relationship between the expression
of PA mRNA and follicle atresia, which is mediated via
the process of apoptosis [28]. With regard to the latter, we
have recently characterized a population of apoptosis-sen-
sitive granulosa cells that are derived from prehierarchical
follicles (< 8 mm in diameter) as well as apoptosis-resistant
granulosa derived from preovulatory follicles [29]. There-
fore, the objectives of the present studies were to determine
whether there exists a tPA-like gene expressed within the
hen ovary and to evaluate the relative expression of uPA
and tPA during follicle development and atresia as well as
with the progression of programmed cell death in granulosa
cells.

MATERIALS AND METHODS

Animals and Reagents

Single-comb white Leghorn hens (H&H Poultry, Port-
land, IN), 25-40 wk of age and laying regular sequences
of at least 5-6 eggs, were used in all studies described.
Birds were housed individually in laying batteries, provided
free access to feed (Purina Layena Mash; Purina Mills, St.
Louis, MO) and water, and exposed to a photoperiod of
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15L:9D with lights-on at 0000 h. Individual laying cycles
were monitored by the daily timing of oviposition. Hens
were killed by cervical dislocation approximately 16-18 h
prior to a midsequence ovulation. All procedures described
herein were reviewed and approved by the University of
Notre Dame Institutional Animal Care and Use Committee
and were performed in accordance with the Guiding Prin-
ciples for the Care and Use of Laboratory Animals.

Oligonucleotide primers (for polymerase chain reaction
[PCR] amplification and sequencing) were synthesized by
Integrated DNA Technologies, Inc. (Coralville, IA) or the
University of Notre Dame Biotechnology Core Facility.
Additional reagents were acquired from Sigma Chemical
Co. (St. Louis, MO) unless otherwise stated.

RNA Isolation and Northern Blot Analysis

Total cellular RNA was isolated from granulosa and the-
ca tissue from the largest (F1), second-largest (F2), and
third-largest (F3) preovulatory follicles, from follicles re-
cently selected into the follicle hierarchy (9- to 12-mm fol-
licles), from prehierarchical (6-8 mm and 3-5 mm) folli-
cles, and from stromal tissue as previously described [30,
31]. In addition, morphologically normal and atretic folli-
cles (3- to 5-mm diameter) were collected and processed
without separation of granulosa and theca layers. Atretic
follicles were identified on the basis of the presence of fol-
licle haemorrhagia, collapsed morphology, and opaque ap-
pearance [29]. Total cellular RNA from tissue at each stage
of development was isolated using Trizol Reagent (Gibco-
BRL, Gaithersburg, MD), and purity and quantity were as-
sessed by measuring the optical density of each sample at
260 nm vs. 280 nm. Total cellular RNA (15 jig) was elec-
trophoresed on 1% agarose gels in the presence of form-
aldehyde [32] and then transferred to nitrocellulose Nitro
ME membranes (MSI, Westboro, MA) by capillary action
overnight. Poly(A)+-enriched RNA was obtained using the
Micro-FastTrack mRNA isolation system (Invitrogen, San
Diego, CA) according to manufacturer recommendations.

Northern blot analysis using riboprobes was conducted
as previously described [32]. Antisense uPA RNA probe
was synthesized by in vitro transcription from a linearized
(Xho I digested) 1.3-kilobase (kb) uPA plasmid template
using T3 RNA polymerase (Promega, Madison, WI) also
T7 RNA below), [o32p]CTP (3000 Ci/mmol; Amersham,
Arlington Heights, IL), and the Gemini II Riboprobe Core
System (Promega). The tPA cRNA probe was synthesized
from a Xho I-linearized template (prepared in pBluescript
vector as described below) using T7 RNA polymerase (Pro-
mega). All blots were prehybridized for 4 h; hybridizations
were conducted overnight with the cRNA probes (specific
activity approximately 109 cpm/jig; 2 x 106 cpm/ml hy-
bridization buffer) and subsequently washed under highly
stringent conditions at 65C. Membranes were exposed to
autoradiographic film at -70°C for 2-5 days or to phos-
phorimaging plates for analysis by a PhosphorImager 445
SI system (Molecular Dynamics, Sunnyvale, CA) for 1-7
days.

Granulosa Cell and Theca Tissue Incubations

Granulosa cells and theca tissue were collected from
preovulatory (F1 and F2) follicles and dispersed in 0.3%
collagenase (type 2; Worthington, Freehold, NJ) as previ-
ously described [30]. It should be noted that while the gran-
ulosa cell preparation is a pure population of cells, the theca
layer consists of a variety of cell types, including fibroblasts

and some red and white blood cells (but not granulosa
cells). Cells were incubated as suspension cultures in the
absence or presence of treatments in 1 ml (2.5 X 106 cells)
medium 199 supplemented with Hanks' salts (Gibco-BRL)
without serum (Ml99/Hepes) for 18 h at 37°C in a shaking
water bath. Treatments for both tissue types included me-
dium alone (incubated control), 1 mM 8-bromo-cAMP
(8-br-cAMP), or 167 nM phorbol 12-myristate, 13-acetate
(PMA). These treatments and doses were selected for use
on the basis of their ability to induce (PMA) or inhibit
(8-br-cAMP) hen granulosa cell PA activity [18]. After in-
cubation, cells were gently pelleted by centrifugation (200
x g; 20°C; 5 min), media were discarded, and cells were
frozen (-70°C) until RNA was collected.

An additional set of studies was conducted to establish
the temporal relationship between the onset of apoptotic
cell death in granulosa cells and expression of uPA mRNA.
Granulosa cells from a pool of 20-24 follicles, 4 to 8 mm,
were collected [30], dispersed, and frozen immediately (TO
control) or were incubated as suspension cultures in M199/
Hepes as described above for 0.5, 1, 2, 3, or 6 h, or for 2
or 3 h in M199/Hepes containing 1 mM 8-br-cAMP. In a
parallel study, dispersed granulosa cells from F1 and F2
follicles were incubated in M199/Hepes alone for 1, 3, 6,
or 18 h or treated with the ceramide analogue, N-octanoyl-
sphingosine (C8-ceramide; Biomol, Plymouth Meeting,
PA), for 3 or 6 h. C8-ceramide has recently been shown to
induce apoptosis in hierarchical-follicle granulosa cells
within a 6-h treatment interval [33]. After incubation, cells
were pelleted and frozen at -700 C until processed for the
collection of DNA or RNA.

DNA Analysis for Oligonucleosomes

Genomic DNA was extracted and analyzed for internu-
cleosomal cleavage, indicative of apoptosis, as previously
described [29]. Briefly, DNA samples (1 jig/sample) were
3' end-labeled with [32P]dideoxy-ATP (3000 Ci/mmol;
New England Nuclear; NEN, Boston, MA) using terminal
transferase (Boehringer Mannheim, Indianapolis, IN). La-
beled DNA was resolved by electrophoresis through 2%
agarose gels; then gels were dried and exposed to x-ray
film overnight. Quantification of oligonucleosomes was
performed by excision and 13-scintillation counting of low
molecular weight (< 20 kb) DNA.

Isolation and Characterization of a Partial
Chicken tPA cDNA

Total cellular RNA was isolated from Fl theca tissue
and reverse transcribed into first-strand cDNA using oli-
go(deoxythymidine) primer and recombinant M-MLV (Mo-
loney murine leukemia virus) reverse transcriptase in the
presence of deoxynucleotides (Perkin-Elmer, Norwalk,
CT). Sequences for oligonucleotide primer pairs were based
on the published sequence for the human tPA cDNA [11]:
forward primer, TACTGCAGAAACCCAGA (base pairs
[bp] 615-631); reverse primer, GTATGTTCTGCCCAAGA
(bp 1212-1196).

First-strand cDNA was subjected to 35 cycles of PCR
amplification using GeneAmp core reagents (Perkin-Elmer;
2-min denaturation at 940C on the first cycle and 1 min per
cycle thereafter; 1 min annealing at 55°C; and 1 min ex-
tension at 72°C for the first 34 cycles, 7 min extension on
the final cycle). Amplified 607-bp PCR products (572 bp
chicken tPA plus primer sequence) were resolved through
a 1.2% agarose gel, isolated, purified (GeneClean; Bio 101,
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La Jolla, CA), and subcloned into the pBluescript vector
(Stratagene, La Jolla, CA) for large-scale plasmid prepa-
ration. Nucleic acid sequence analysis was conducted in
both the forward and reverse directions from two different
clones by the dideoxychain termination method using
[35S]dATP (Amersham) and the Sequenase version 2.0 se-
quencing kit (U.S. Biochemicals, Cleveland, OH). Se-
quence data were assembled and analyzed using the
MacVector and AssemblyLIGN programs (IBI, New Ha-
ven, CT).

Analysis of tPA Expression by Southern Blot

Southern blot analysis was conducted to evaluate ex-
pression of tPA following reverse transcription (RT) and
PCR of total cellular RNA collected from F and 6- to
8-mm-follicle granulosa and theca tissue as well as stromal
tissue. Primers and conditions for RT-PCR were as de-
scribed above; amplified samples included the tPA forward
and reverse primers plus polymerase without cDNA, and
cDNA plus polymerase without primers as negative con-
trols. One half of the resulting PCR reaction was subjected
to a restriction digest with BamHI (20 U; Promega). On the
basis of the newly established chicken tPA cDNA sequence,
it was determined that such a digest of the amplified 607-bp
product would produce a 510-bp fragment that would aid
in the subsequent verification of amplified tPA.

Both undigested and digested DNA were run on a 1.2%
agarose gel and then transferred to a Zetabind membrane
(CUNO, Inc., Meriden, CT) by capillary action overnight.
Southern blots were probed using the verified chicken tPA
cDNA labeled with [3 2 P]dCTP (Amersham) by means of
the Megaprime DNA labeling system (Amersham). Briefly,
blots were denatured (0.5 N NaOH, 1 M NaCl) and neu-
tralized (0.5 M Tris, 1.5 M NaCl, pH 7.5) for 30 min each;
they were then prehybridized in 5-strength sodium chloride-
sodium citrate solution (SSC; single-strength SSC = 150
mM sodium chloride and 15 mM sodium citrate, pH 7.0),
10-strength Denhardt's solution, 50 mM NaPO4 (pH 6.7),
5% dextran sulfate, and 50% deionized formamide contain-
ing 0.5 mg/ml denatured herring sperm (Promega) in a Hot-
shaker (Bellco, Inc., Vineland, NJ) at 42°C for 18 h. Hy-
bridization was accomplished at 42°C for 20 h in 5-strength
SSC, single-strength Denhardt's, 20 mM NaPO4 (pH 6.7),
10% dextran sulfate, and 50% formamide containing 0.1
mg/ml denatured herring sperm. Blots were stringently
washed with double-strength SSC containing 0.1% SDS for
15 min at 20°C and with 0.1-strength SSC plus 0.1% SDS
for 15 min at 20°C; they were then washed twice for 30
min each time with 0.1-strength SSC plus 0.1% SDS at
60°C before exposure to x-ray film.

Data Analysis

Northern blot analyses were repeated a minimum of
three times. The relative extent of hybridization was eval-
uated either by densitometry (UltraScan XL laser densitom-
eter; Pharmacia LKB, Piscataway, NJ) or by the Image-
Quant data reduction system (Molecular Dynamics). Equal
loading of RNA onto gels was verified after the evaluation
of ethidium bromide-stained 28S and 18S bands of ribo-
somal RNA. The rationale for this analysis is that 3-actin
mRNA, a common housekeeping gene, is not expressed at
consistent levels during hen follicle development (unpub-
lished results). Moreover, it is reasoned that potential bias
due to uneven loading, incomplete transfer, and/or unequal
hybridization efficiency within a blot is virtually eliminated

FIG. 1. Representative Northern blots of uPA mRNA from granulosa and
theca tissue during follicle development (upper panels), ethidium bro-
mide-stained gels (center panels), and summary of densitometric scanning
data (lower panels; mean densitometric units expressed as fold-difference
compared to F1 [n = 4 replicate experiments]). Autoradiographs of gran-
ulosa and theca tissue were exposed for equal lengths of time. Str, stromal
tissue. A,B; a,b: mean + SEM, p < 0.05.

by combining data from several independent, replicate anal-
yses. Messenger RNA levels (fold-difference in relation to
the appropriate control) are presented as the mean ± SEM
of scanning data from replicate experiments. Data were an-
alyzed by a one-way analysis of variance, and significant
interactions were determined using Student's t-test or the
Fisher least-significant difference multiple range test.

RESULTS

Urokinase PA mRNA Levels during Follicle
Development and after Treatments In Vitro

Highest levels of uPA mRNA in granulosa cells were
found in 3- to 5-mm and 6- to 8-mm prehierarchical folli-
cles, while levels were significantly lower in granulosa
from 9- to 12-mm through F1 follicles (p < 0.05; Fig. 1,
left panels). A similar trend for a decrease in uPA mRNA
was observed in theca tissue during development, except
that levels of uPA mRNA in only the 6- to 8-mm follicles
were significantly higher than those from 9- to 12-mm
through F1 follicles (p < 0.05; Fig. 1, right panels). A
comparison of constitutive uPA mRNA expression in the
two follicle tissue types indicates approximately 5-fold (in
preovulatory follicles) to 10-fold (prehierarchical follicles)
higher levels in the granulosa vs. the theca layer. Urokinase
PA mRNA levels were increased in both preovulatory (Fl
and F2)-follicle granulosa cells and theca tissue after an
18-h incubation with PMA (p < 0.05), but not cAMP, as
compared to levels in incubated controls (Fig. 2).

Urokinase PA mRNA with Relation to Follicle
Atresia and Granulosa Cell Apoptosis

Urokinase PA mRNA levels were significantly higher in
atretic compared to morphologically normal 3- to 5-mm
follicles (mean increase, 10.9 + 3.4-fold, p < 0.05; Fig. 3).
In view of these markedly higher levels detected during
follicle atresia, short-term incubations of granulosa cells
were conducted to test the hypothesis that elevated expres-
sion of uPA mRNA is related to the onset of apoptotic cell
death in granulosa cells. Granulosa cells from 4- to 8-mm
follicles incubated in M199/Hepes were found to express
elevated levels of uPA mRNA associated with increasing
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FIG. 2. Summary of densitometric scanning data from 18-h incubations
of preovulatory-follicle granulosa cells and theca tissue in the absence
and presence of 8-br-cAMP (cAMP; 1 mM) or PMA (167 nM). Data rep-
resent the fold-change in uPA mRNA levels vs. level in the appropriate
18-h control (Con) from three replicate experiments. A,B; a,b: mean 
SEM, p < 0.05.

length of incubation (p < 0.05 at T1 vs. TO; Fig. 4A); this
increase was not inhibited by incubation of cells in the pres-
ence of 1 mM 8-br-cAMP (p > 0.05 at T2 and T3). The
spontaneous increase in uPA mRNA levels in 4- to 8-mm-
follicle granulosa cells occurred before detection of signif-
icant oligonucleosome formation was possible (Fig. 5). By
comparison, no time-dependent increase in uPA mRNA
was detected in preovulatory-follicle granulosa cells incu-
bated in M199/Hepes after 18 h of incubation, and treat-
ment with C8-ceramide failed to increase uPA mRNA lev-
els (p > 0.05 at T3 and T6; Fig. 4B). Additional aliquots
of cells concomitantly treated with C8-ceramide and pro-
cessed for DNA verified the presence of oligonucleosome
formation by 6 h of incubation (data not shown), as pre-
viously determined [33].

FIG. 4. A) Levels of uPA mRNA levels from prehierarchical (4-8 mm)-
follicle granulosa cells incubated for various lengths of time in the ab-
sence or presence of 8-bromo-cAMP (cAMP), expressed as a fold-increase
compared to levels in unincubated (TO) cells (n = 3-4 replicate experi-
ments). B) uPA mRNA from preovulatory-follicle granulosa cells incubat-
ed for up to 18 h in the absence or presence of the ceramide analogue,
C8-ceramide (C8), expressed as a fold-difference compared to value at
TO (n = 4-6 replicate experiments). A,B: mean + SEM, p < 0.05.

Identification and Characterization of a
Chicken tPA cDNA

The nucleic acid and deduced amino acid sequences for
the chicken tPA partial cDNA are presented in Figure 6A.
The amplified product corresponds to part of the first krin-
gle region, the entire second kringle region, and a portion
of the catalytic domain as compared to mammalian tPA
(Fig. 6B). A comparison of sequences determined 76.9%
and 80.2% nucleic acid homology and 75.2% and 76.7%
amino acid identity vs. the comparable region of the human
[11] and rat [12] tPA sequences, respectively (Table 1, Fig.
7). By contrast, the chicken tPA nucleic acid and amino
acid identity to chicken uPA [15] is calculated to be 54.9%
and 35.1%, respectively.

FIG. 3. Levels of uPA mRNA from atretic follicles expressed as a fold-
increase compared to morphologically normal 3- to 5-mm follicles (n =
4 replicate blots). *: Mean _ SEM, p < 0.05.

FIG. 5. Oligonucleosome formation during the early stages of sponta-
neous apoptotic cell death in 4- to 8-mm-follicle granulosa cells incu-
bated in serum-free M199/Hepes. Top panel, representative autoradio-
graph; bottom panel, fold-increase in [32P]dideoxy-ATP-labeled low mo-
lecular weight (LMW) DNA compared to value in TO control cells (n =
4 replicate experiments). A,B: mean + SEM, p < 0.05.
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A
1 <C CAA GAC TCA AAG CCC TGG TGC TAC GTC TTC AAG GCA GGG AAA TAC 46
1 Gin AsD Ser Ls Pro TrD Cvs Tvr Val Phe Lvs Ala Glv Lvs Tvr 15

<- XK K2 ->

47 ATC TCT GAG TTC TGC AGC ACT CCA GCC TGC ACT AAG GTT GCA GAA GAA 94
16 Ile Ser Glu Phe Cvs Ser Thr Pro Ala Cvs Thr Lvs Val Ala Glu Glu 31

GAT GGG GAC TGC TAC ACT GGA AAC GGG CTG GCA TAC CGC GGC ACC CGC 142
Asp Glv A C Tyr Thr Glv Asn Gly Leu Ala Tyr Arg Gly Thr Arg 47

AGC CGC ACC AAG TCT GGG TTC TCC TGC CTC CCG TGG AAT CCC GTG TTC 190

Ser Arg Thr Lys Ser Gly Phe Ser Cys Leu Pro Trp Asn Pro Val Phe 63

c tPA QDSKPWCYVF KAGKYISEFC STPACTKVAE EDGDCYTGNG LAYRGTRSRT KSGFSCLPWN 60

h tPA R S ---S GNS F S H L E A I

r tPA R V TT P GPT -- V K VT H F T KA

C E D
c uPA CLNGGTCITY RFFSQ KRL PGYG -EI-D TNSI S ED -MA-E DP -- Y H

c tPA PVFLTSKIYT ALEEQRRALG LGKHNHCRNP DGDAQPWCHV WKDRQLTWEY CDVPQCVTCG 120

h tPA SMI IG V QTPSAQ Y K L N R S S

r tPA SMI IG T WRANSQ R Y K M K MSP S

c uPA SVIRWGD H DLKNALQ
S E

Y N RSR YT KRRYSIQETP TIEK R

191 CTA ACG AGC AAG ATT TAC ACC GCC CTG GAA GAG CAA CGA CGG GCC CTG 238
64 Leu Thr Ser Ls Ile Tyr Thr Ala Leu Glu Glu Gln Arg Arg Ala Leu 79

239 GGC CTC GGG AAG CAC AAT CAC TGC AGG AAT CCC GAT GGG GAT GCC CAG 286
80 Gly Leu Gly Lys His Asn His Cys Arg Asn Pro Asp Gly Asp Ala Gin 95

287 CCT TGG TGC CAC GTG TGG AAG GAC CGT CAG CTT ACC TGG GAG TAC TGT 334
96 Pro Trp Cys His Val Trp Lys Asp Arg Gln Leu Thr Trp Glu Tyr Cys 111

335 GAT GTG CCC CAG TGC GTC ACC TGT GGC CTG AGA CAG TAC AAG CGG CCC 382

112 Asp Val Pro Gln Cys Val Thr Cys Gly Leu Arg Gin Tyr Lys Arg Pro 127

Catalytic Domain ->
383 CAG TTC CGC ATC AAA GGA GGC CTC TTC GCC GAC ATC ACC TCC CAC CCC 430

128 Gln Phe Arg lie Lys Gly Gly Leu Phe Ala Asp Ile Thr Ser His Pro 143

431 TGG CAG GCC GCC ATC TTC GTC AAG AAC AGG CGT GCC CCG GGA CAG CGG 478
144 Trp Gln Ala Ala Ile Phe Val Lys Asn Arg Arg Ala Pro Gly Gln Arg 159

479 TTT CTG TGT GGG GGG ATC CTG ATC AGC TCC TGC TGG GTG CTG TCA GCC 526

160 Phe Leu Cys Gly Gly Ile Leu Ile Ser Ser Cys Trp Val Leu Ser Ala 175

527 GCC CAC TGC TTC CAG GAG AGG TAC CCG CCT CAC CAT CTC ACG GTG A> 572
176 Ala His Cys Phe Gln Glu Arg Tyr Pro Pro His His Leu Thr Val 190

c tPA LRQYKRPQPR IKGGLPADIT SHPWQAAIFV KNRRAPGQRF LCGGILISSC WVLSAAHCFQ 180

h tPA SQ A A H S E I

r tPA Q T K S E V V

c uPA Q SFSK-Y K V SQ EVE TQ I G - Q IMGTD - S DP T Y

c tPA ERYPPHHLTV 190

h tPA F

r tPA F K

c uPA NPTKKQPNKS

FIG. 7. Comparison of the deduced chicken tPA amino acid sequence
with the human and rat tPA and chicken uPA sequences. Blank spaces
within aligned sequences represent residues similar to those in the chick-
en tPA sequence; -, corresponding residues deleted from respective se-
quence; single residues depicted above the chicken uPA sequence exist
between amino acids 18-19, 21-22, 59-60, 111-112, and 1 16-117 from
the chicken tPA sequence.

B
pre-pro-
peptide

5, - --_

Rat tPA

I KI I K2 I
bp - 1 87 357 621 882

bp- 1 572

Chicken tPA partial cDP

FIG. 6. A) Nucleic acid and deduced amino acid sequences for the
partial chicken tPA cDNA. The first amino acid listed corresponds to res-
idue 152 from the published rat tPA sequence (12). Single underlined
region represents a portion of kringle domain 1 (K1), while double-un-
derlined region corresponds to kringle domain 2 (K2). A indicates the
peptide bond cleaved to form two-chained tPA. B) Schematic diagram of
the chicken tPA PCR products aligned to the rat tPA cDNA.

Tissue-Type PA mRNA in Ovarian Follicles

Northern blot analysis using poly(A)+-enriched RNA
(0.5-2.0 jpg) failed to detect a readily identifiable tPA tran-
script in either granulosa or theca tissue but did not cross-
hybridize to the 2.5-kb uPA transcript (data not shown). In
view of the apparent low levels of tPA mRNA transcript

expressed in ovarian tissues, RT-PCR followed by Southern
blot analysis was conducted using total cellular RNA col-

c I AAA 3' lected from selected ovarian tissues and stages of follicle
1677 development. Duplicate experiments detected the presence

of an amplified product, from each tissue examined, that
hybridized to the chicken tPA cDNA probe (Fig. 8). Iden-
tification of this amplified cDNA as chicken tPA is further
indicated by the fact that restriction digest with BamHI re-
sulted in the formation of an appropriate 510-bp digestion
product.

DISCUSSION

The size of the uPA RNA transcript in ovarian tissues is
estimated to be 2.5 kb, similar to that isolated from chicken
embryonic fibroblasts [34]. The identification of uPA
mRNA in granulosa cells is consistent with the previous
identification of uPA mRNA and immunoreactive uPA in
F1 follicle granulosa tissue [22, 35]. Moreover, the differ-
ential pattern of uPA mRNA expression within the granu-
losa layer during follicle development is in general agree-
ment with cell-associated PA activity in that higher levels
of activity are detected in prehierarchical follicles (6-8 mm,
[36]; 4-7 mm, [21]) compared to preovulatory follicles.

While the likelihood that PA activity is related to follic-

TABLE 1. Homology of nucleic acid and deduced amino acid sequences of chicken tPA
compared to the rat and human tPA and chicken uPA sequences.

% versus chicken tPA a

Nucleic Amino acidb

Sequence acid Overall KR 1 KR 2 CatD

Rat tPA 76.9 75.2 (89.1) 81.5 (88.9) 61.8 (79.8) 86.4 (97.0)
Human tPA 80.2 76.7 (88.6) 84.8 (90.9) 65.2 (80.9) 89.3 (98.5)
Chicken uPA 54.9 35.1 (58.4) NA 32.6 (58.4) 43.3 (68.7)

' Numbers outside parentheses represent the percentage of identical amino acid matches,
whereas numbers within parentheses consider conservative amino acid substitutions.
b KR 1, partial sequence of kringle region 1; KR 2, kringle region 2; CatD, partial sequence
of catalytic domain; NA, not applicable, as chicken uPA has only a single kringle region.
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48

585

I



JOHNSON ET AL.

FIG. 8. Southern blot depicting tPA mRNA expression in F1 and 6-8
mm-follicle granulosa (Gr) and theca (Th) tissue, and in ovarian stromal
(Str) tissue following RT-PCR amplification. The undigested (u), amplified
chicken tPA product plus primers is 607 bp in length, while the BamHl-
digested fragment (c) is predicted to be 510 bp. Control amplifications
(tPA forward and reverse primers plus polymerase without cDNA, and
cDNA plus polymerase without primers) failed to hybridize with the tPA
cDNA probe (data not shown). This experiment was repeated once with
similar results.

ular growth and development has previously been proposed
[5, 7, 36, 37], it is also recognized that the prehierarchical
stage of hen follicle development is highly susceptible to
undergoing atresia [38, 39]. In support of an active role for
PA in mediating the process of follicle atresia is the finding
that uPA mRNA levels are markedly increased in morpho-
logically atretic compared to normal follicles (Fig. 3).
While these results might seem somewhat surprising given
recently published data showing that levels of other gene
transcripts are significantly decreased during the progres-
sion of hen follicle atresia (e.g., bcl-x [29], LH receptor
[32], FSH receptor [40]), they are similar to the finding of
increased expression of interleukin-converting enzyme
(ICE)-related proteases, ich-1 and CPP32, that occurs with
atresia induced in vitro in rat antral follicles [41]. The fact
that levels of the uPA transcript remain elevated during
advanced stages of atresia (Fig. 3) indicates a role for this
proteolytic enzyme in follicle resorption.

Several recent studies have demonstrated that hen folli-
cle atresia is mediated via apoptosis, which is initiated pre-
dominantly within, and subsequently occurs throughout, the
granulosa layer [28, 29]. If uPA activity plays a role in the
progression of follicle atresia and apoptotic cell death in
granulosa cells, it was hypothesized that uPA mRNA levels
would increase with spontaneous programmed cell death
induced by the incubation of prehierarchical-follicle gran-
ulosa cells in serum-free medium. Results of these experi-
ments demonstrate that uPA mRNA levels are rapidly in-
creased following the initiation of programmed cell death
in apoptosis-sensitive 4- to 8-mm-follicle granulosa cells
([29]; Fig. 4A). These data suggest that an increase in uPA
transcription occurs immediately upon removal from cell
survival factors and provide evidence for an active role for
uPA during the early stages of apoptosis prior to a signif-
icant increase in oligonucleosome formation (Fig. 5). Pro-
posed activities might include the dissolution of extracel-
lular matrix or the alteration of granulosa-theca interactions,
as has been suggested for mammary tissues actively un-
dergoing apoptosis [27].

By comparison, preovulatory follicles do not normally
become atretic, and this is related to the fact that granulosa
cells derived from such follicles are resistant to undergoing
apoptosis in vitro. Thus, it was not unexpected to find that

uPA mRNA levels were not altered after an 18-h incubation
period. On the other hand, it has recently been demonstrat-
ed that programmed cell death in such granulosa cells can
be induced within 6 h following treatment with the syn-
thetic ceramide, C8-ceramide [33], presumably via activa-
tion of stress-activated protein kinases (mammalian cells,
[42]; hen granulosa cells, J.A. Flaws and A.L. Johnson,
unpublished results). The finding that C8-induced apoptotic
cell death was not associated with increased uPA mRNA
levels indicates that uPA expression is not mediated directly
via ceramide or the stress-activated protein kinase pathway.
More importantly, however, these data indicate that an im-
mediate increase in uPA transcription appears not to be pre-
requisite for the progression of apoptotic cell death.

The ability of PMA treatment to increase uPA mRNA
levels in preovulatory-follicle granulosa and theca tissue
incubated in vitro is consistent with data reported from
chick embryonic fibroblasts by Bell et al. [34]. It is of in-
terest to note that by using nuclear run-on transcription
analysis, these investigators concluded that elevated uPA
mRNA levels were the result of increased gene expression
and not a decreased rate of RNA degradation. Additionally,
previous studies have demonstrated that PMA treatment in-
creases PA activity in granulosa cells [18, 21] and in theca
tissue [19]. It has been proposed that among the physiolog-
ical factors that may serve to induce protein kinase C ac-
tivation, and thus increase uPA mRNA transcription and
PA activity in vivo, are prostaglandins E1l and E2 and the
growth factors, transforming growth factor a, epidermal
growth factor, insulin-like growth factor, and fibroblast
growth factor [19, 20, 43-45]. Moreover, it is apparent from
the present data that an increase in uPA mRNA alone is
not sufficient to induce apoptosis, as PMA treatment of
preovulatory-follicle granulosa cells, which increases levels
of uPA mRNA (Fig. 2), does not directly induce pro-
grammed cell death in F1 follicle granulosa cells [33]. Ac-
cordingly, uPA may have functions unrelated to cell death
within preovulatory follicles, including cellular remodeling
associated with the final stages of differentiation or prepa-
ration for ovulation.

By comparison, activation of protein kinase A by treat-
ment with 8-bromo-cAMP fails to alter levels of uPA
mRNA in preovulatory-follicle granulosa cells following an
18-h incubation (Fig. 2) and does not prevent the sponta-
neous increase in uPA mRNA following incubation of pre-
hierarchical-follicle granulosa cells in M199/Hepes. In con-
trast, activators of protein kinase A have previously been
shown to significantly decrease PA activity from chick em-
bryonic fibroblasts [46] and incubated granulosa cells [18,
23]. Therefore, the modulation of ovarian PA activity dur-
ing follicle development in vivo may be mediated by FSH,
LH, or vasoactive intestinal peptide, presumably via their
ability to increase cellular levels of cAMP [22, 23, 47]. As
this suppression of PA activity [18, 23] is not reflected by
changes in levels of uPA mRNA (present study), the mode
of inhibition is likely accomplished via post-transcriptional
process such as altered rate of uPA translation and pro-
cessing to the active enzyme or via increased activity of
PA inhibitor(s) [25, 48]. It is interesting to note that after
the preovulatory LH surge, uPA mRNA and immunoreac-
tive protein as well as PA activity are all dramatically de-
creased, presumably in preparation for ovulation [35].

The mammalian tPA enzyme contains two kringle do-
mains, homologous to regions of plasminogen and pro-
thrombin [11], and a catalytic domain with three amino
acids (His 326 , Asp3 75, Ser 48 1) that are completely conserved
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within members of the serine protease family [12]. The hu-
man and rat tPAs are cleaved at an Arg-Ile-Lys processing
site to produce a disulfide-linked, two-chain form of active
protease [12, 49]. The chicken tPA cDNA reported herein
includes a portion of the first kringle domain (27 of the 87
amino acids found in the first kringle region of the rat tPA)
and the entire second kringle domain (89 amino acids) cor-
responding to both the rat and human tPA (Table 1); by
comparison, the chicken uPA protein contains only a single
kringle domain [15]. Moreover, the Arg13 0 -Ile 13 1-Lys13 2

cleavage site is completely conserved in the deduced chick-
en tPA sequence, indicating identical processing of this pro-
tease as compared to the rat and human tPA [12, 49]. All
13 cysteine residues, as well as a His1 77 residue correspond-
ing to His3 26 within the rat catalytic domain, are conserved
within the partial chicken tPA amino acid sequence as com-
pared to rat tPA [12].

In the mammalian ovary, tPA is constitutively expressed
at comparatively low levels; and tPA, but not uPA, mRNA
and tPA activity are up-regulated by gonadotropins [7, 50].
By comparison, the hen ovary was found to contain tPA
mRNA levels that were not reliably detected by Northern
blot analysis. However, the tPA transcript was identifiable
by Southern hybridization analysis following RT-PCR am-
plification, and the specificity of the Southern blot for
chicken tPA is indicated by 1) the lack of nonspecific hy-
bridization in negative controls (tPA forward and reverse
primers plus polymerase without cDNA, and cDNA plus
polymerase without primers) and 2) the digestion of the
amplified product from chicken follicle tissues to an appro-
priate-length product (510 bp). With regard to the latter,
neither the corresponding rat or human tPA sequence nor
the chicken uPA sequences encode for a BamHI restriction
site. While such results cannot be interpreted with regard
to translation to an active protease or even to quantitative
differences among the tissues evaluated, they nevertheless
establish low-level expression of the gene in the chicken
ovary. In accord with these findings, zymographic studies
have detected low levels of an approximately 70-kDa ami-
loride-insensitive enzyme, and it has been concluded that
this represents tPA [25, 44].

In summary, while uPA appears to represent the major
form of PA in the hen ovary, tPA mRNA (and activity) is
constitutively expressed, albeit at low levels. While addi-
tional work is required to establish the relative importance
of these two enzymes during follicle growth and at ovula-
tion, it has recently been reported that expression of uPA
in tPA-deficient mice is fully effective in general fibrin
clearance [51]. Such results suggest that the two forms of
PA exhibit considerable functional overlap and thus that
their expression is not necessarily required in all tissues at
equal levels. Levels of uPA mRNA during hen follicle de-
velopment are related to enzymatic activity, and these data
are consistent with a role for uPA in follicular maturation.
Additionally, the marked increase in uPA mRNA during
follicle atresia and the early stages of apoptosis in prehier-
archical-follicle granulosa cells suggests a role related to
the spontaneously induced progression of programmed cell
death. On the other hand, apoptosis induced in otherwise
resistant preovulatory-follicle granulosa cells by a ceramide
analogue proceeds in the absence of elevated uPA mRNA,
and an elevation of uPA mRNA induced by a pharmaco-
logic agent (PMA) is not appropriate or sufficient to induce
apoptosis. Therefore, it is concluded that the role of uPA
in follicle development and cell death is dependent upon
stage of maturation. Finally, a potentially broader implica-

tion related to elevated uPA mRNA levels during the early
stages of programmed cell death is that specific genes may
be targeted for inactivation (e.g., gonadotropin receptors,
cell survival factors), while additional genes are apparently
required to be activated--or at least the transcripts are sta-
bilized to prevent degradation-to facilitate the progression
of apoptotic cell death. Whether such activation/stabiliza-
tion in hen granulosa cells is the result of increased gene
transcription, or, alternatively, reduced mRNA degradation,
remains to be determined.
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