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Plasminogen activator inhibitor-2 (PAI-2) is well documented as an inhibitor of the extracellular serine
proteinase urokinase-type plasminogen activator (uPA) and is expressed in activated monocytes and macro-
phages, differentiating keratinocytes, and many tumors. Here we show that PAI-2 has a novel intracellular
function as a retinoblastoma protein (Rb)-binding protein. PAI-2 colocalized with Rb in the nucleus and
inhibited the turnover of Rb, which led to increases in Rb protein levels and Rb-mediated activities. Although
PAI-2 contains an LXCXE motif, Rb binding was primarily mediated by the C-D interhelical region of PAI-2,
which was found to bind to the C pocket of Rb. The C-D interhelical region of PAI-2 contained a novel
Rb-binding motif, termed the PENF homology motif, which is shared by many cellular and viral Rb-binding
proteins. PAI-2 expression also protected Rb from the accelerated degradation mediated by human papillo-
mavirus (HPV) E7, leading to recovery of Rb and inhibition of E6/E7 mRNA expression. Protection of Rb by
PAI-2 begins to explain many of the diverse, uPA-independent phenotypes conferred by PAI-2 expression.
These results indicate that PAI-2 may enhance Rb’s tumor suppressor activity and suggest a potential
therapeutic role for PAI-2 against HPV-transformed lesions.

Plasminogen activator inhibitor-2 (PAI-2) is well docu-
mented as an inhibitor of urokinase-type plasminogen activa-
tor (uPA) (31), an extracellular serine proteinase that cleaves
plasminogen to plasmin. Plasmin facilitates cell migration and
invasion by degrading fibrin and activating metalloproteinases.
PAI-2 is a major product of activated monocytes and macro-
phages, differentiating keratinocytes, and placental tropho-
blasts. PAI-2 is also expressed in many tumors and glial cells
and is inducible in endothelial cells and fibroblasts (1, 31).
PAI-2 was one of the first identified members of a unique and
growing subclass of serine proteinase inhibitors (serpins), now
called ovalbumin-like serpins (ov-serpins). Ov-serpins lack a
typical amino-terminal secretion sequence, are often found to
reside intracellularly, and generally contain a nonconserved
loop between their C and D helices, which often contribute to
activities distinct from protease inhibition (4, 45). PAI-2 con-
tains a unique C-D interhelical region, which is larger than any
identified to date in the ov-serpin family (12, 45). A growing
number of studies (2, 6, 11, 12, 26, 39, 40, 44, 45, 49, 54, 55)
have suggested that PAI-2, like other ov-serpins (45), may have
an intracellular function distinct from its extracellular role as a

uPA inhibitor, since the consequences of PAI-2 expression are
often difficult to associate with uPA inhibition. PAI-2 expres-
sion by cancer cells has been associated repeatedly with a lower
incidence of metastases and an improved prognosis (17, 34, 37,
53), whereas expression of PAI-1, also an effective inhibitor of
uPA, largely fails to correlate with an improved prognosis.
PAI-2 expression during keratinocyte differentiation is also
difficult to link with uPA inhibition, since the extracellular uPA
is normally restricted to the basal and suprabasal keratinocytes
(31), whereas PAI-2 is usually intracellular and largely re-
stricted to the differentiating squamous epithelial cells (6, 31).
Although PAI-2 is a major product of inflammatory monocytes
and macrophages, the evidence that these cells effectively pro-
duce the secreted glycosylated form of PAI-2 has been equiv-
ocal (40). PAI-2 expression has also been shown to confer
resistance to apoptosis (11, 55) and regulate transcription (2,
44), activities that often could not be mimicked by addition of
extracellular PAI-2 (2, 11, 44). Furthermore, both cells stably
expressing a PAI-2 mutant protein lacking amino acids 66 to 84
within the C-D interhelical region of PAI-2 (C-D PAI-2) and
cells expressing PAI-2 protein containing a mutation (Arg380 to
Ala380) in the P1 residue of the reactive site loop (RSL) fail to
reproduce many of the phenotypes described above (11, 12).

Here we report that PAI-2 has a novel intracellular function
as an inhibitor of retinoblastoma protein (Rb) degradation. Rb
is a ubiquitous regulator of transcription involved in many
cellular activities including cell cycle control, apoptosis, differ-
entiation, and tumor suppression (21, 33). One of the best-
described activities of hypophosphorylated Rb is the binding of

* Corresponding author. Mailing address for Andreas Suhrbier:
Queensland Institute of Medical Research, 300 Herston Rd., Herston,
Queensland 4029, Australia. Phone: 61-7-33620415. Fax: 61-7-
33620107. E-mail: andreasS@qimr.edu.au. Mailing address for Toni
M. Antalis: Department of Vascular Biology, Holland Laboratory,
American Red Cross, 15601 Crabbs Branch Way, Rockville, MD
20855. Phone: (301) 738-0658. Fax: (301) 738-0465. E-mail: antalist
@usa.redcross.org.

6520



the transcription factor E2F-1 and recruitment of histone
deacetylases, causing inhibition of E2F-1-mediated transcrip-
tion and cell cycle arrest in G1 (21, 33). Rb is also targeted by
a number of viral oncoproteins, including human papillomavi-
rus (HPV) E7, which accelerate the degradation of Rb (5, 22,
42). The elevation of Rb protein levels and Rb functions by
PAI-2 begins to explain some of the diverse and often conflict-
ing data on the biological activity of PAI-2 and illustrates a
novel activity for an intracellular serpin.

MATERIALS AND METHODS

Cell culture. The HeLa, A2/7, S1a, and S1b cell lines were maintained and/or
generated as described previously (11). Briefly, HeLa cells were transfected with
plasmid DNA and selected with 800 �g of G418 (Life Technologies, Inc.) ml�1.
Individual lines derived by limiting dilution were routinely maintained in 300 �g
of G418 ml�1. S1a and S1b expressed 132 � 8 and 28 � 1.3 ng of PAI-2 per mg�1

of total protein, respectively (11). HeLa cell lines stably expressing the C-D
interhelical mutant (with residues 65 to 87 deleted) and RSL mutant (Arg380 to
Ala) of PAI-2 were generated as described previously (11, 12), except that cells
were transfected using Genejammer (Stratagene, La Jolla, Calif.). Jurkat T-cells
(ATCC no. TIB-152) were transfected with pRcCMV-PAI-2, pRcCMV-PAI-
2�65/87, pRcCMV-PAI-2Ala380, or the control plasmid pRcCMV (11, 12) by
electroporation. All transfectants were selected in 800 �g of Geneticin (ICN
Biochemicals, Costa Mesa, Calif.) ml�1 and were cloned by limiting dilution.
Jurkat PAI-2a and PAI-2b expressed approximately 60 and 100 ng of PAI-2
mg�1, respectively (data not shown). KJD (a kind gift from P.G. Parsons,
Queensland Institute of Medical Research [QIMR]) and U937 (ATCC no. CRL-
1593.2) were maintained as previously described (44).

Western blot analysis. Western blot analysis used antibodies against HPV 18
E7 (N-19) (Santa Cruz Biotechnology, Santa Cruz, Calif.), PAI-2 (polyclonal
antibodies from American Diagnostica, Greenwich, Conn., and Biotech Austra-
lia Pty. Ltd, North Ryde, Australia), Rb (G3-245) (BD PharMingen, Heidelberg,
Germany), p53 (D0-1) (Santa Cruz), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Santa Cruz), actin (C-11) (Santa Cruz), horseradish peroxidase-
conjugated secondary antibodies (Silenus, Melbourne, Australia), and an ECL
chemiluminescent detection system (Amersham Pharmacia Biotech, Little Chal-
font, United Kingdom). Total-cell, nuclear, and cytoplasmic extracts were gen-
erated as described previously (25, 27). Protein concentrations were determined
by a BCA-200 protein assay kit (Pierce, Rockford, Ill.), and 15 �g was separated
by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis (SDS–10%
PAGE) and transferred to Hybond-C nitrocellulose membranes (Amersham).
For E7 detection, 50 �g of cell protein was separated on 4 to 20% gradient gels
(Gradipore, North Ryde, Australia) run at 150 V for 1 h.

Quantitative real-time reverse transcription-PCR (RT-PCR). cDNA was pre-
pared from 106 cells as described La Linn et al. (32). PCR analysis used the
following nucleotide primers (from Genset, La Jolla, Calif.): for Rb, 5�-GCTA
GCCTATCTCCGGCTAAA-3� and 5�-CTGGAAAAGGGTCCAGATGA-3�;
for E7, 5�-GCTGAACCACAACGTCACAC-3� and 5�-GGTCGTCTGCTGGA
GCTTTCT-3�; for cyclin A, 5�-CCCGATGCTTGTCAGATACT-3� and 5�-AT
TTGCAGTTAGCAGCCCTA-3�; for dihydrofolate reductase (DHFR), 5�-AG
ACCTGGTTCTCCATTCC-3�and 5�-TGTGGAGGTTCCTTGAGTTC-3�; for
GAPDH, 5�-GGTCGGTGTGAACGGATTT-3� and 5�-GTCGTTGATGGCA
ACAATCT-3�. The amplification reaction mixture of 20 �l contained 0.1 �g of
randomly primed cDNA, 0.5 �M each primer pair, 2� Platinum Quantitation
PCR Supermix-UDG (Gibco BRL), and 10� SYBR green (Molecular Probes,
Eugene, Oreg.). Cycling conditions were as follows: one cycle of 96°C for 2 min,
followed by 35 cycles of 96°C for 15 s, 56°C for 15 s, and 72°C for 15 s. Real-time
PCR was performed using a Rotogene PCR machine (Corbett Research, Mort-
lake, Australia). PCR products were visualized with SYBR green dye and ana-
lyzed with Rotogene Real-Time Analysis software (Corbett Research). Quanti-
tation was based on a standard curve established using dilutions of parental cell
line GAPDH cDNA.

siRNA inhibition of Rb transcription. S1a cells were grown to 50% confluency,
and 200 �M double-stranded small inhibitory RNA (siRNA) (Proligo, La Jolla,
Calif.) was transfected by using the Oligofectamine transfection reagent accord-
ing to the manufacturer’s instructions (Invitrogen, Carlsbad, Calif.). The se-
quences of the Rb siRNA were 5�-ACAGAAGAACCUGAUUUUAUU-3�
(sense) and 5�-UAAAAUCAGGUUCUUCUGUUU-3� (antisense). The con-
trol siRNA sequence was 5�-UAUCGAAUUUCAUUGAAAGCA-3�) (sense)
and 5�-UGCUUUCAAUGAAAUUCGAUA-3� (antisense). Whole-cell lysates

were analyzed for Rb, E7, and actin protein levels at 72 h posttransfection by
Western blotting as described above.

Confocal immunofluorescence microscopy. Cells were seeded onto 13-mm
coverslips and grown overnight to 80% confluency. U937 cells were treated for
16 h with 25 ng of phorbol myristate acetate (PMA; Sigma) ml�1. All cell lines
were washed twice with phosphate-buffered saline (PBS) and fixed in �20°C
methanol for 2 min. Antibodies diluted in RPMI 1640–1% fetal bovine serum
(FBS) were added in the following sequence and incubated for 30 min at room
temperature, followed by five PBS washes and a 30-min block in RPMI 1640–
10% FBS: (i) goat anti-PAI-2 (1/500), (ii) rhodamine-conjugated rabbit anti-goat
antibody (1/500) (Chemicon, Temecula, Calif.), (iii) mouse anti-Rb (1/500) (G3-
245), and (iv) fluorescein isothiocyanate (FITC)-conjugated sheep anti-mouse
immunoglobulin G (IgG) absorbed against human and rabbit IgG (1/500) (Sile-
nus). Images were viewed using the Zeiss Axiovert 135 microscope and CAS
(confocal assistant imaging software). Dual lasers with excitation at FITC (488
nm) and rhodamine (568 nm) were used, and any cross-detection of the fluoro-
phores was removed by filters and adjustment of gain levels.

Coimmunoprecipitation of Rb with anti-PAI-2 antibody. Immunoprecipita-
tions were performed using a Seize Primary Immunoprecipitation kit (Pierce).
An anti-PAI-2 polyclonal antibody (200 �g) (American Diagnostica) was immo-
bilized on beads and incubated at 4°C overnight with 2 mg of nuclear or cyto-
plasmic cell fractions generated as described previously (25, 27), except that
nuclear pellets were lysed in 500 �l of LICHT buffer (27). Bound proteins were
washed three times in LICHT buffer (27), eluted as described in the kit protocol,
and detected by Western blotting as described above. U937 cells were treated
with lipopolysaccharide (25 ng ml�1) for 48 h.

GST-binding assays. Glutathione S-transferase (GST) fusion proteins,
Rb379-928, Rb379-928-706F, Rb379-928-del (exon 21), p107385-1068, and p130414-1135

were expressed in Escherichia coli XL-10 Blue (Stratagene). C-pocket Rb con-
structs (50) were kindly supplied by J. Y. Wang, University of California, and the
inserts were cloned into the GST fusion vector p9EX-2TK (Amersham). pRcCMV-
PAI-2, pRcCMV-CD PAI-2 (11), and pCDNA3-HDAC-3 (52) were in vitro tran-
scribed (IVT) using the TnT Quick coupled transcription-translation system (Pro-
mega, Madison, Wis.) in the presence of [35S]methionine (Amersham). Equal
amounts of IVT proteins were determined by exposure to film and densitometry of
the correct molecular weight bands for PAI-2 and C-D PAI-2. Equal amounts of the
following proteins were determined by Coomassie gel staining: GST-Rb, GST-p130,
and GST-p107; GST-Rb, GST-(706F), and GST-Rb(del exon 21); GST-Rb, Rb-SE,
Rb-SE�, and Rb-13S. Binding assays were performed as described previously(27).

Peptide inhibition of HDAC-3–Rb binding. Each peptide (150 �M) (Mimo-
topes Pty. Ltd., Clayton, Victoria, Australia) was incubated with GST-Rb379-928

in 200 �l of LICHT buffer (27) for 1 h at 4°C prior to the addition of 35S-labeled
IVT histone deacetylase 3 (HDAC-3). After 1 h of incubation at 4°C, the beads
were washed and analyzed (27). The control peptide had the sequence NAVT
PMTFAAKTSCGFMQQ.

Analysis of Rb turnover. Exponentially growing cells were pulsed for 1 h at
37°C under 5% CO2 in cysteine- and methionine-free RPMI 1640 (Gibco BRL)
containing 10% FBS supplemented with 200 �Ci of Promix-35S (Amersham
Pharmacia Biotech) ml�1. At the indicated times, whole-cell lysates were ex-
tracted and incubated with 250 ng of an anti-Rb antibody (G3-245) for 16 h at
4°C. The anti-Rb antibody was precipitated by adding 10 �l of 50% protein
G-Sepharose beads (Sigma) and incubating for 2 h at 4°C. The beads were
washed in NP-40 lysis buffer (27), and released proteins were resolved by SDS-
PAGE, visualized by autoradiography, and quantified by scanning densitometry.

Cell cycle analysis. Cells were stained with propidium iodide (Sigma) and
analyzed with a fluorescence-activated cell sorter (FACScalibur; Becton Dickin-
son) and ModFitLT V2 software (Verity Software House Inc.).

RESULTS

PAI-2 expression in HeLa cells results in posttranscrip-
tional recovery of Rb protein levels. HeLa cells express the
HPV-18 oncoproteins E6 and E7, which normally target p53
and Rb, respectively, for accelerated proteolytic degradation,
resulting in low to undetectable levels of these proteins (19).
Thus, as expected, Western blot analysis of parental HeLa cells
and the antisense PAI-2 transfection control (A2/7) showed no
expression of Rb and p53 protein (Fig. 1A). In contrast, HeLa
cells stably expressing PAI-2 (11) showed substantial levels of
both Rb and p53 protein (Fig. 1A, S1a and S1b). HeLa cell
lines stably expressing the C-D interhelical mutant of PAI-2
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(C-D PAI-2a and C-D PAI-2b) or the RSL mutant of PAI-2
(PAI-2 Ala380a and PAI-2 Ala380b) failed to show significant
Rb or p53 protein levels (Fig. 1A), demonstrating that the RSL
and C-D interhelical loop of PAI-2 are both required for res-
toration of Rb and p53 protein levels in HeLa cells.

The restored Rb and p53 protein levels in S1a and S1b cells

suggested that E6 and E7 were no longer active in these PAI-
2-expressing cells. Immunoblotting revealed that E7 protein
expression was significantly reduced in S1a and S1b cells (Fig.
1B). Furthermore, real-time RT-PCR showed that levels of
mRNA encoding E7 were also substantially reduced in these
cells (Fig. 1C, E7). E6 and E7 are cotranscribed (19); thus,
these experiments indicate that PAI-2 expression in HeLa cells
resulted in loss of mRNAs encoding both E6 and E7. In con-
trast, quantitative real-time RT-PCR analysis showed that Rb
mRNA levels were not significantly affected by PAI-2 expres-
sion in HeLa cells (Fig. 1C, Rb), demonstrating that the PAI-
2-mediated increase in Rb protein levels was a consequence of
posttranscriptional events.

Salcedo et al. (41) reported that Rb expression could inhibit
E6 and E7 transcription. To determine whether the PAI-2-
mediated suppression of E6 and E7 mRNAs was due to the
recovery of Rb expression, S1a cells were treated with siRNA
specific for Rb. As expected, this treatment significantly re-
duced Rb protein expression in these cells (Fig. 1D, first lane,
top panel). Importantly, this reduction in Rb protein levels was
associated with recovery of E7 protein expression (Fig. 1D,
first lane, middle panel) in these PAI-2-expressing HeLa cells.
Thus, the PAI-2-mediated recovery of Rb, and not PAI-2 ex-
pression, appeared to be responsible for suppression of E6 and
E7 transcription.

Rb and PAI-2 colocalize in the nucleus. Given that PAI-2 is
a serpin and that restoration of Rb was dependent on the RSL
of PAI-2 (Fig. 1A), we postulated that PAI-2 might inhibit the
proteolytic degradation of Rb. However, for PAI-2 to inhibit
Rb degradation, PAI-2 would need to be localized in the nu-
cleus, where Rb generally resides, and PAI-2 has traditionally
been reported as a cytoplasmically localized protein (31). By
use of confocal immunofluorescence, three cell lines were ex-
amined for the subcellular localization of PAI-2 and Rb: (i)
S1a cells, which express PAI-2 via a stably integrated plasmid,
(ii) KJD keratinocytes (simian virus 40 large T antigen-trans-
formed keratinocytes), which constitutively express endoge-
nous PAI-2, and (iii) phorbol ester-activated U937 cells (a
leukemia line from the monocyte lineage), which express
PAI-2 after activation. The latter two cell lines were chosen to
represent two major physiological producers of PAI-2 in vivo:
keratinocytes and monocytes/macrophages. As expected,
PAI-2 could be clearly detected in the cytoplasm of all the cells
(Fig. 2A). Importantly, PAI-2 was also found in the nuclei of
all cells and was found to colocalize with Rb in dappled or
punctate staining patterns, suggesting association of PAI-2
with Rb (Fig. 2A, overlay). Isotype-matched control antibodies
used with rhodamine- or FITC-conjugated secondary antibod-
ies showed no significant staining (data not shown).

Anti-PAI-2-antibody coimmunoprecipitates Rb. To ascer-
tain whether PAI-2 associates with Rb in vivo, PAI-2 was
immunoprecipitated from nuclear and cytoplasmic lysates of
HeLa S1a, KJD, and activated U937 cells. The immunopre-
cipitates were then analyzed by Western blotting using anti-Rb
and anti-PAI-2 antibodies. For all cell lines tested, the anti-
PAI-2 antibody coimmunoprecipitated Rb from the nuclear
fractions (Fig. 2B, top panel in each set, lane 2) but not from
the cytoplasmic fractions (Fig. 2B, top panel in each set, lane
3). As expected, the anti-PAI-2 antibody immunoprecipitated
PAI-2 from both nuclear and cytoplasmic fractions of all the

FIG. 1. PAI-2 expression in HeLa cells results in posttranscrip-
tional recovery of Rb protein. (A) Western blot analysis of lysates from
the parental HeLa line cells (HeLa), HeLa cells transfected with an-
tisense-PAI-2 (A2/7), HeLa cells lines stably expressing PAI-2 (S1a
and S1b), HeLa cells stably expressing the PAI-2 C-D interhelical
mutant (C-D PAI-2a and C-D PAI-2b), and HeLa cells stably express-
ing the RSL mutant of PAI-2 (PAI-2 Ala380a and PAI-2 Ala380b).
Protein lysates were probed using antibodies specific for PAI-2, Rb,
p53, and GAPDH. (B) Western blot analysis of protein lysates from
the parental HeLa line cells (HeLa), HeLa cells transfected with an-
tisense-PAI-2 (A2/7), and HeLa cells lines stably expressing PAI-2
(S1a and S1b) by using antibodies specific for the E7 protein from
HPV-18. (C) Quantitative real-time RT-PCR expression analysis of E7
(top) and Rb (bottom) mRNA levels. Rb and E7 cDNAs from HeLa
cells and A2/7, S1a, and S1b cells were quantified by PCR based on a
standard curve established by using dilutions of GAPDH cDNA pre-
pared from the parental HeLa line. Data from three experiments are
expressed as the mean fold change � the standard deviation compared
with parental HeLa cells. *, expression levels were undetectable.
(D) Treatment of S1a cells with siRNA specific for Rb and a scrambled
control (Cont.) siRNA. S1a cells were treated with siRNA, and whole-
cell extracts were immunoblotted for Rb, E7, and actin. Control un-
treated S1a and HeLa cells were run in parallel.
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cell lines (Fig. 2B, bottom panel in each set, lanes 2 and 3).
These data demonstrated that nuclear PAI-2 associates with
Rb in cells expressing PAI-2 from a transgene and in cells that
are physiological producers of PAI-2.

The cytoplasmic expression of Rb in activated U937 cells
(Fig. 2A, U937 � PMA) may reflect the diffusion of Rb into
the cytoplasm during metaphase and anaphase (46). The fail-
ure of PAI-2 to coimmunoprecipitate Rb from the cytoplasm

FIG. 2. PAI-2 colocalizes with, and binds to, Rb in vivo. (A) Colocalization of Rb and PAI-2 shown by indirect immunofluorescent confocal
laser microscopy. S1a, KJD, and phorbol ester-activated U937 cells were dually labeled with antibodies against PAI-2 (rhodamine TRITC, red)
and Rb (FITC, green). Overlay of the two images shows yellow staining where colocalization has occurred; arrows indicate colocalization in the
nucleus Bar, 50 �m. (B) Immunoprecipitation of PAI-2 from nuclear (I.P. PAI-2 nuclear) and cytoplasmic (I.P. PAI-2 cytoplasmic) fractions from
S1a, KJD, and activated U937 cells by using an anti-PAI-2 antibody, followed by electrophoresis and Western blotting of the immunoprecipitates
with anti-Rb and anti-PAI-2 antibodies (top and bottom panels in each set, respectively). Control (lane 1) represents Western blotting of nuclear
immunoprecipitates where the anti-PAI-2 antibody was omitted. Lysate (lanes 4) shows Western blotting of nuclear lysates.
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of these U937 cells (Fig. 2B, U937 � PMA, top panel, lane 3)
indicates that PAI-2 does not bind cytoplasmic Rb.

PAI-2 binds Rb. Colocalization and immunoprecipation ex-
periments indicated that PAI-2 and Rb could interact in vivo.
To determine if Rb and the related pocket proteins p130 and
p107 bind to PAI-2, in vitro GST pulldown experiments were
undertaken. p130 and p107 are members of the Rb pocket
family of proteins that have distinct but overlapping functions
with Rb (21). Equal amounts of the pocket proteins, expressed
as GST fusion proteins, were employed in in vitro pulldown
binding assays in the presence of equal amounts of IVT PAI-2.
IVT PAI-2 was able to bind GST-Rb; however, PAI-2 bound
much less efficiently to GST-p130, and binding to GST-p107
was not detected (Fig. 3B, lane 2). No nonspecific binding of
IVT PAI-2 to the GST control was observed (Fig. 3B, lane 1).
These data demonstrated that PAI-2 binds Rb but failed to
bind p107 (summarized in Fig. 3A).

Disruption of the LXCXE binding pocket of Rb does not
affect PAI-2 binding. Many cellular and viral Rb-binding pro-
teins contain an LXCXE motif that is used by these proteins to
bind to the A/B pocket of Rb (21, 33). PAI-2 also contains a
conserved LXCXE motif (159LECAE163) located on a small
exposed peptide loop. To analyze the role of this LXCXE
motif in the binding of PAI-2 to Rb, two Rb mutants with
disrupted LXCXE-binding pockets were used. These mutants,
Rb(706F) (3) and Rb(del exon 21), fail to bind proteins that
are reliant on their LXCXE motifs for binding to Rb but retain
binding to some proteins that bind Rb independently of LX-
CXE (10).

Equal amounts of GST-Rb, GST-Rb(706F), and GST-Rb-
(del exon 21) were used in in vitro pulldown binding assays in
the presence of equal amounts of IVT PAI-2. PAI-2 bound
GST-Rb (Fig. 3C, lane 1, top panel) and also bound with
similar efficiency to GST-Rb(706F) and GST-Rb(del exon 21)
(Fig. 3C, lanes 2 and 3, top panel). (No binding of PAI-2 to
GST was seen [Fig. 3C, lane 4].) This finding (summarized in
Fig. 3 A) demonstrated that the LXCXE binding pocket of Rb
was not crucial for the binding of PAI-2 to Rb.

The C-D interhelical loop of PAI-2 is important for Rb
binding. It has been reported previously that the C-D inter-
helical region of PAI-2 is important for the intracellular activ-
ity of PAI-2 (12), and it has been shown that HeLa cells stably
expressing C-D PAI-2 failed to exhibit recovery of Rb protein
levels (Fig. 1). To test the role of the C-D interhelical region in
Rb binding, the experiments above were performed in parallel
by using IVT C-D PAI-2 instead of IVT PAI-2. Identical
amounts of GST-Rb, GST Rb(706F), and Rb(del exon 21),
and similar amounts of IVT C-D PAI-2 and IVT PAI-2, were
used. C-D PAI-2 bound GST-Rb much less efficiently than
wild-type PAI-2 (Fig. 3C, lane 1) and, in contrast to wild-type
PAI-2, failed to show any significant binding to GST-Rb(706F)
or GST-Rb(del exon 21) (Fig. 3C, bottom panel, lanes 2 and
3). Some binding of C-D PAI-2 to Rb could be detected (Fig.
3C, bottom panel, lane 1), and this binding was lost for the Rb
pocket mutants (Fig. 3C, bottom panel, lanes 2 and 3), indi-
cating that LXCXE-dependent binding might make a small
contribution to the PAI-2 Rb interaction. C-D PAI-2 showed
no detectable binding to p130 and p107 (data not shown).

In summary (Fig. 3A), removal of the C-D interhelical re-
gion, rather than disruption of the LXCXE binding pocket on

Rb, had the greatest impact on Rb-PAI-2 binding, illustrating
that binding of PAI-2 to Rb was primarily dependent on the
PAI-2 C-D interhelical region. This largely LXCXE-indepen-
dent binding of PAI-2 to Rb suggested that the C-D interheli-
cal region is involved in binding Rb outside the A/B pocket
LXCXE binding domain.

The RSL mutant of PAI-2 retains binding to Rb. Figure 1
illustrated that the RSL mutant of PAI-2 (PAI-2 Ala380) failed
to elevate the expression level of Rb in HeLa cells. To deter-
mine whether binding to Rb was affected by this mutation,
equal amounts of GST and GST-Rb were mixed with similar
amounts of IVT PAI-2, IVT C-D PAI-2, and IVT PAI-2 Ala380

(as determined by densitometry of the correct molecular
weight band [Fig. 3D, lane 3]). IVT C-D PAI-2 again bound
less efficiently to GST-Rb than IVT PAI-2, but IVT PAI-2
Ala380 binding to GST-Rb was similar to that seen for IVT
PAI-2 (Fig. 3D, lane 2). These data demonstrate that the
Ala380 mutation does not affect the binding of PAI-2 to Rb
(Fig. 3A) and suggest that PAI-2 binding to Rb is not sufficient
for protection of Rb. p130 and p107 binding to PAI-2 Ala380

was also similar to that seen for wild-type PAI-2 (data not shown).
PAI-2 binds the C-pocket of Rb. Like PAI-2, the nuclear

c-Abl tyrosine kinase has been shown to bind Rb, but not p107,
through a predominantly LXCXE-independent mechanism
(50). c-Abl was reported to bind the C-pocket of Rb (Rb768-

928), and the binding site within Rb768-928 was mapped by using
a series of mutants. Wild-type Rb768-928 (referred to as Rb-SE)
and Rb768-928 with a deletion in region 785-806 (referred to as
Rb-SE�) retained c-Abl binding, whereas Rb-13S (Rb768-928

incorporating a series of mutations) completely lost the ability
to bind c-Abl (50). When PAI-2 was tested for binding to these
Rb C-pocket mutants, PAI-2 showed the same pattern of bind-
ing to Rb-SE, Rb-SE�, and Rb-13S as was reported for c-Abl
(Fig. 3E, top panel) (50). PAI-2 was able to bind the C-pocket
Rb (GST-Rb SE) as efficiently as Rb (GST-Rb) (Fig. 3E, lanes
2 and 3). PAI-2 was also able to bind the C-pocket mutant
Rb-SE�, but not Rb-13S (Fig. 3E, lanes 4 and 5). C-D PAI-2
failed to bind the C-pocket of Rb (Fig. 3E, bottom panel, lanes
3, 4, and 5) but retained some LXCXE-dependent binding to
Rb (as seen in Fig. 3C) (Fig. 3E, bottom panel, lane 2). These
data (summarized in Fig. 3 A) demonstrate that the C-D in-
terhelical region of PAI-2 binds the C-pocket of Rb at the
same site as c-Abl, a binding region distinct from the A/B
pocket, which contains the LXCXE binding site.

The PAI-2 C-D interhelical region reveals a novel consensus
motif shared by many Rb-binding proteins. The largely LX-
CXE-independent Rb binding of both PAI-2 (Fig. 3B and C)
and c-Abl (50) is analogous to the situation found for a number
of other Rb-binding proteins where Rb binding has also been
reported to be LXCXE independent (see the legend to Fig.
4A). When the amino acid sequences of these Rb-binding
proteins were searched for regions with homology to the PAI-2
C-D interhelical region, a conserved motif centered around the
73PENF76 sequence of PAI-2 emerged. Additional conserved
residues at positions E62, V68, Q84, I94, and L95 within the
PAI-2 interhelical region were also seen (Fig. 4A). This align-
ment demonstrated the existence of a new Rb-binding motif,
termed the PENF homology motif, which is shared by many
cellular and viral Rb-binding proteins. A group of Rb-binding
proteins for which LXCXE-independent binding has not been
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FIG. 3. Involvement of the PAI-2 C-D interhelical region and the C-pocket of Rb in Rb-PAI-2 binding. (A) Summary of data presented in
panels B to E. ���, strong binding; �, weak binding; NT, not tested. (B) PAI-2 binds Rb and p130 but not p107. An in vitro GST binding assay
used IVT, 35S-radiolabeled PAI-2 and the GST fusion proteins Rb379-928, p107385-1068, and p130414-1135. Input IVT PAI-2 (lane 3) was incubated
with glutathione-agarose beads bound to either GST alone (lane 1), GST-Rb379-928 (Rb), GST-p107385-1068 (p107), or GST-p130414-1135 (p130).
After washing, bead-bound, 35S labeled PAI-2 was resolved by SDS-PAGE and exposed to X-ray film (lane 2). (C) Binding of PAI-2 and the C-D
interhelical deletion mutant of PAI-2 to Rb and Rb LXCXE mutants. Input IVT PAI-2 (lane 5), in the form of either 35S-labeled IVT PAI-2 (top
panel) or a 35S-labeled IVT C-D interhelical deletion mutant of PAI-2 (C-D PAI-2) (bottom panel), was incubated with glutathione-agarose beads
bound to either GST-Rb379-928 (lane 1), GST-Rb(706F) (Rb379-928 with a mutation in position 706, which disrupts LXCXE binding) (lane 2), or
GST-Rb(del exon 21) (Rb379-928 with a deletion in exon 21, which also disrupts the LXCXE binding site) (lane 3), or GST alone (GST) (lane 4).
After washing, bead-bound, 35S-labeled PAI-2 or C-D PAI-2 was resolved by SDS PAGE and exposed to X-ray film. (D) The RSL mutant of PAI-2
retains binding to Rb. Input IVT PAI-2 (lane 3, top panel), a C-D interhelical deletion mutant of PAI-2 (C-D PAI-2) (middle panel), or the RSL
mutant of PAI-2 (PAI-2Ala380) was incubated with GST-Rb379-928. After washing, the bead-bound, 35S-labeled PAI-2 proteins were resolved by
SDS-PAGE and exposed to X-ray film (lane 2). (E) PAI-2 binds to the C-pocket of Rb. Input 35S-labeled IVT PAI-2 (top panel, lane 6) or
35S-labeled C-D PAI-2 (bottom panel, lane 6) was incubated with glutathione-agarose beads bound to either GST (lane 1), GST-Rb379-928 (lane
2), GST-SE (lane 3), GST-SE� (lane 4), or GST-13S (lane 5). SE and GST-SE� bind c-Abl, but 13S does not. After washing, bead-bound,
35S-labeled PAI-2 or C-D PAI-2 deletion mutant PAI-2 was resolved by SDS-PAGE and exposed to X-ray film.
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reported was also found to share the new motif; these were
HBRM, cyclins D2 and D3, HDAC-2 (10), Elf-1 (48), and
RBP1 and -2 (15).

To further investigate the role of the PENF homology motif
in Rb binding, a series of overlapping peptides spanning the
PAI-2 C-D interhelical region were tested for their ability to
inhibit the binding of HDAC-3 to GST-Rb in pulldown exper-
iments. HDAC-3 does not contain a LXCXE motif and binds
Rb through an LXCXE-independent mechanism (9). Based on
the alignment above (Fig. 4A), we postulated that HDAC-3
utilizes its PENF homology motif for Rb binding. Of the pep-
tides tested, the PAI-266-95 peptide (Fig. 4B, lane 4) substan-
tially inhibited HDAC-3 binding to Rb, showing an �80%
reduction in the amount of HDAC-3 pulled down by GST-Rb
relative to the control peptide (Fig. 4B, lane 2). Neither of the
shorter PAI-2 C-D interhelical peptides (PAI-266-84 and PAI-
253-79) was able to inhibit HDAC-3 binding (Fig. 4B, lanes 3
and 5). A peptide representing the proposed Rb-binding site of
the AL1 protein of tomato golden mosaic virus (TGMV) (29)
(AL1132-157), which contained part of the PENF homology
motif, partially inhibited the binding of HDAC-3 to Rb (Fig.
4B, lane 6). These experiments demonstrated that the binding
of HDAC-3 to Rb could be inhibited by a PAI-2-derived pep-
tide spanning the PENF homology region, further supporting
the role of the PENF homology region in Rb binding by viral
and mammalian proteins.

PAI-2-expressing Jurkat cells also show posttranscriptional
elevation of Rb protein levels. The striking PAI-2-mediated
recovery of Rb may be exaggerated in HeLa cells by the pres-
ence of E7, which normally targets Rb for accelerated proteo-
lytic degradation (19). To investigate PAI-2-mediated effects
on Rb expression in cells devoid of confounding viral Rb-
binding oncoproteins, Jurkat T cells stably expressing wild-type
PAI-2 (J.PAI-2a and J.PAI-2b), the C-D interhelical mutant of
PAI-2 (J.C-D PAI-2a/b), and the RSL mutant of PAI-2 (J.PAI-
2Ala380a/b) were generated. Western blot analysis of nuclear
and cytoplasmic extracts from the Jurkat lines again showed (i)
that PAI-2 was present in the nucleus, (ii) that PAI-2 expres-
sion resulted in substantial elevation of nuclear Rb protein
levels compared with the control lines (the parental Jurkat and
a vector control line), and (iii) that transfection with C-D
PAI-2 or PAI-2 Ala380 did not result in the elevation of Rb
levels (Fig. 5A). Furthermore, as was observed for PAI-2-
expressing S1a and S1b cell lines, quantitative real-time RT-

PCR of the Jurkat lines again showed that Rb mRNA levels
were not significantly affected by wild-type PAI-2 expression
(Fig. 5B). In addition, anti-PAI-2 antibody was again able to
immunoprecipate Rb from nuclear, but not cytoplasmic, frac-
tions of cells expressing wild-type PAI-2 (Fig. 5C). These data
demonstrated that in the absence of HPV oncoproteins, PAI-2
again associated with nuclear Rb, and PAI-2 expression again
led to substantial posttranscriptional increases in Rb protein
levels. Furthermore, this increase in Rb levels required that
PAI-2 have an intact C-D interhelical loop and RSL.

PAI-2 inhibits Rb degradation. The PAI-2-mediated post-
transcriptional increase in Rb protein levels in HeLa and Ju-
rkat cells, and the requirement for an intact PAI-2 RSL for
elevation of Rb levels (see Fig. 1A and 5A), suggested that
PAI-2 might protect Rb from proteolytic degradation. To in-
vestigate whether PAI-2 expression inhibits Rb degradation,
pulse-chase experiments were performed in control and PAI-
2-expressing Jurkat cells. (HeLa cell lines could not be ana-
lyzed, because Rb was undetectable in HeLa and A2/7 cells.)
The half-life of Rb in control Jurkat cell lines was found to be
approximately 12 h, whereas the half-life of Rb in PAI-2-
expressing Jurkat lines was increased to 	24 h (Fig. 5D). This
finding suggested that PAI-2 expression inhibits Rb protein
degradation or turnover, with the degradation presumably me-
diated by cellular proteases.

PAI-2 expression elevates Rb-mediated activities. One of
the best-described activities of hypophosphorylated Rb is in-
hibition of E2F-1-mediated transcription and cell cycle arrest
in G1 (21, 33). To determine whether the PAI-2-mediated
increase in Rb protein levels in Jurkat and HeLa cells influ-
enced E2F-1-mediated transcription, mRNA levels for E2F-1-
dependent genes and cell cycle were analyzed. Quantitative
real-time RT-PCR analysis showed reduced levels of mRNAs
encoding the E2F-1-dependent genes, DHFR, and cyclin A in
both HeLa and Jurkat cell lines expressing PAI-2 compared
with control cell lines (Fig. 6A). The percentage of cells in the
G1 phase of the cell cycle was also higher in PAI-2-expressing
cells than in control cell lines (Fig. 6B). These experiments
showed that PAI-2-mediated increases in Rb protein levels
resulted in repression of E2F-1 transcription, as evidenced by
the reduction in mRNA levels for E2F-1-dependent genes and
the elongated G1 phase of the cell cycle.

It should be noted that the latter activities (and those shown
in Fig. 1 and 5) were not a consequence of PAI-2 overexpres-

FIG. 4. A new Rb-binding motif, the PENF homology region. (A) Alignment of Rb-binding proteins with the C-D interhelical region of PAI-2
reveals a conserved motif (boldfaced). Rb-binding proteins for which Rb binding has been reported to be LXCXE independent include HDAC-1
(16) and -3 (15), yeast RPD3 (28), DNA polymerase delta (DNA pol delta) (30), cyclin D1 (35), c-Abl (50), Ctip, BRG1 (10), BRCA-1 (14), TGMV
AL3 (43) and AL1 (29), Epstein-Barr virus nuclear protein 6 (EBNA6) (36), and human cytomegalovirus (HCMV) IE2 86 (18). LXCXE-
independent binding has not been reported for the Rb-binding proteins HBRM, cyclin D2 and -3, HDAC-2 (10), Elf-1 (48), and RBP1 and -2 (15).
The sequence representing the C-D interhelical region and the sequence deleted in the PAI-2 C-D interhelical mutant are indicated. The peptide
sequence that is able to inhibit HDAC-3 binding to Rb379-928 is underlined (PAI-266-95; see panel B). The proposed geminivirus TGMV AL1
Rb-binding site (29) is shown with a dashed underline. The alignments were facilitated by using MENE software, available at the BioNavigator
bioinformatics website (www.bionavigator.com.au). (B) Inhibition of HDAC-3 binding to Rb379-928 by using synthetic peptides based on the PAI-2
C-D interhelical region. 35S-labeled IVT HDAC-3 was incubated with the indicated peptides, and the mixture was added to glutathione-agarose
beads bound to GST or GST-Rb379-928. After washing, bead-bound, 35S-labeled HDAC-3 was resolved by SDS-PAGE and exposed to X-ray film.
This experiment was repeated three times, and scanning densitometry was used to quantify resolved HDAC-3 bands. The mean percent inhibition
from the three separate experiments is shown on the right; percent inhibition of binding refers to percent reduction in band intensity compared
with that of GST-Rb plus control peptide. The inhibitory PAI-266-95 peptide is underlined, and the TGMV AL1 peptide sequence, AL1132-157, is
shown with a dashed underline, in both the sequence and the gel.
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sion. The levels of PAI-2 expressed in the transfected HeLa
and Jurkat cell lines ranged from 28 to 132 ng mg�1 of protein
(12) (data not shown). These levels are at the lower end of the
range of PAI-2 protein levels found in primary PAI-2-express-
ing cells; for instance, synovial fibroblasts express 23 � 2 ng
mg�1 (20), keratinocytes express 4,424 � 1,592 ng mg�1 (6),
and monocytes express up to 810 � 75 ng mg�1 (40).

DISCUSSION

This paper describes a novel function for PAI-2 as an intra-
cellular Rb-binding protein, which inhibits Rb protein turn-
over, leading to increases in Rb-mediated activities (Fig. 7).
PAI-2 was found to colocalize with Rb in the cell nucleus, and
an anti-PAI-2 antibody was shown to coimmunoprecipitate Rb
from nuclear fractions of cells that physiologically produce
PAI-2. Furthermore, PAI-2 bound to the C-pocket of Rb via a
novel Rb-binding motif shared by the C-D interhelical region
of PAI-2 and many mammalian and viral Rb-binding proteins.
PAI-2 expression in HeLa and Jurkat cell reduced Rb degra-
dation, resulting in increased Rb protein levels and Rb-medi-
ated activities, such as promotion of G1 cell cycle arrest and
inhibition of E2F-1-mediated transcription. Finally, the ability
of PAI-2 to inhibit Rb degradation was shown to be dependent
on both the C-D interhelical region and the RSL of PAI-2.
This new activity for PAI-2 supports the view expressed in a
large body of literature that PAI-2 likely has an additional
intracellular function distinct from uPA inhibition (2, 4, 6, 11,
12, 40, 44, 45, 54, 55).

PAI-2 binds to the C-pocket of Rb via the PENF homology
motif. Ov-serpins show a high degree of structural homology;
however, the nonconserved C-D interhelical regions of several
ov-serpins have been shown to confer unique activities individ-
ual to particular ov-serpins (45). We propose that the C-D
interhelical region of PAI-2 contains a previously undescribed
Rb-binding motif, the PENF homology motif, which is shared
by many cellular and viral Rb-binding proteins but not by other
ov-serpins. This PENF homology motif likely represents the
LXCXE-independent Rb-binding site within the large pocket
region of Rb (comprising A, B, and C pockets) proposed by
several groups (9, 10, 14, 16, 18, 28–30, 35, 36, 43). The full
motif conforms to the consensus Z(X4-5)J(X4)PZZJ(X6-

7)Z(X8-9)JJ (where Z represents intermediate or large polar
residues, J represents large hydrophobic residues, and X rep-
resents any amino acid) with up to 4 mismatches allowed (Fig.
4A). A motif with a similar format, described as
Y(X7)E(X3)DLF, has been proposed to be involved in the
binding of E2F-1 and NF-IL-6 (C/EBP
) to Rb (8). The PENF
homology region appears to be involved in binding Rb in the
C-pocket region, in a region distinct from the E2F and LX-
CXE binding domains (Fig. 3A and D). This observation is
consistent with the literature describing the importance of the
Rb C-pocket region in growth suppression and differentiation
(35, 50).

Inhibition of Rb degradation by PAI-2. The ability of PAI-2
expression to elevate Rb protein levels in HeLa cells, the
failure of the RSL mutant of PAI-2 to achieve this elevation of
Rb levels, and the increased half-life of Rb in PAI-2-expressing
Jurkat cells all suggest that PAI-2 might be inhibiting a pro-
teinase that targets Rb for degradation. Although Rb is
thought to be degraded by the proteasomal pathway (47), it is
unlikely that PAI-2 directly inhibits the proteinase activity of
the proteasome. The ability of PAI-2 Ala380 to bind Rb, but
not to protect Rb from degradation, also suggests that protec-
tion of Rb by PAI-2 is not simply due to PAI-2 blocking
ubiquitinylation or E7 binding. A number of proteinases are
known to be active in the nucleus and are known to target Rb;
these include calpain-1 (24), caspases (7), and Spase (23). We
have preliminary in vitro evidence (not shown) that PAI-2 is
able to inhibit the cleavage of a small fragment from Rb by the
cysteine proteinase calpain-1; an observation consistent with
the location of a predicted PEST sequence with a high score
(�14.93) in the N terminus of Rb (38). We are currently
exploring whether calpains and/or other proteases are the tar-
gets of PAI-2 inhibition in vivo, and we are investigating the
possibility that proteasomal degradation of Rb may be pre-
ceded by a separate cleavage event (22) that is inhibited by
nuclear PAI-2.

PAI-2-mediated recovery of Rb and transcriptional repres-
sion of HPV oncogenes E6 and E7. The ability of PAI-2 ex-
pression to repress transcription of the HPV E6 and E7 onco-
genes in HeLa cells (Fig. 1) appeared to be dependent on the
PAI-2-mediated recovery of Rb (Fig. 1D), an observation con-
sistent with the report of Salcedo et al. (41), who also showed
that Rb expression could repress E6 and E7 transcription.

FIG. 5. Increases in Rb protein levels in PAI-2-expressing Jurkat cells. (A) Western blot analysis of nuclear and cytoplasmic proteins extracted
from the parental Jurkat cell line (Parent), a vector control Jurkat line (Vector control), Jurkat lines stably expressing wild-type PAI-2 (J.PAI-2a
and J.PAI-2b), the C-D interhelical mutant of PAI-2 (J.C-D PAI-2a/b), or the RSL mutant of PAI-2 (J.PAI-2 Ala380a/b). Nuclear and cytoplasmic
cell lysates were probed using antibodies specific for PAI-2, Rb, and actin. The low level of the cytoplasmic protein actin in the nuclear extract
confirmed the low level of cytoplasmic proteins contaminating these extracts. (B) Quantitative real-time RT-PCR expression analysis of Rb mRNA
levels in Jurkat control and PAI-2-expressing lines. Rb cDNA prepared from parental Jurkat cells, Jurkat vector control cells, and PAI-2-expressing
Jurkat lines (J.PAI-2a and -b) was performed using GAPDH as a standard. Data from three experiments are expressed as the mean fold change
(� standard deviation) compared with parental Jurkat cells. (C) Immunoprecipitation of PAI-2 from nuclear (I.P. PAI-2 nuclear) and cytoplasmic
(I.P. PAI-2 cytoplasmic) fractions from PAI-2-expressing Jurkat lines by using an anti-PAI-2 antibody, followed by electrophoresis and Western
blotting of the immunoprecipitates with anti-Rb (top panel) and anti-PAI-2 (bottom panel) antibodies. Control and lysate lanes are as for Fig. 2B.
(D) Increased Rb protein stability in PAI-2-expressing Jurkat cells. Rb turnover was analyzed by a pulse-chase procedure using the control parental
Jurkat cell line (solid squares), the vector control Jurkat cell line (solid triangles), and the PAI-2-expressing Jurkat lines J.PAI-2a (open squares)
and J.PAI-2b (open triangles). Cells were metabolically labeled with [35S]methionine-cysteine and washed, and at the indicated times, cell lysates
were prepared and immunoprecipitated with an antibody specific for Rb. Immunoprecipitated Rb was resolved by SDS-PAGE and detected by
autoradiography. Scanning densitometry was used to quantify the percentage of Rb remaining. (Left) Autoradiogram from one representative
experiment. (Right) Graph showing the mean percentage of Rb remaining � standard deviation as determined from three separate experiments.
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Thus, PAI-2 protects Rb from the accelerated degradation
mediated by E7 (5, 22, 42), and the increase in Rb protein
levels leads to inhibition of E6 and E7 transcription and a
reduction in E6 and E7 protein expression. This would then
result in recovery of the other E6- and E7-targeted proteins,
such as p53 (Fig. 1) and ISGF3 (2). We are currently charac-
terizing the Rb-dependent process responsible for repression
of E6 and E7 transcription and are investigating how PAI-2
might block E7 activity. The ability of PAI-2 to reverse the
activities of the HPV oncogene products suggests a potential
therapeutic role for PAI-2 or PAI-2 derivatives in the treat-
ment of papillomavirus-transformed lesions.

There is no direct evidence to show that PAI-2 inhibits uPA

in vivo, and several studies on the physiological role of PAI-2
have inferred a uPA-independent intracellular function for
PAI-2 (13, 26, 39, 49, 51, 55). The proposed new Rb-associated
activity for PAI-2 (Fig. 7) may explain many of the diverse
phenotypes described for cells and tissues expressing PAI-2
(11, 12, 17, 31, 34, 37, 53). Both the Rb family of proteins and
PAI-2 are associated with tumor suppression (17, 21, 31, 33, 34,
37, 53), promotion of differentiation (21, 31, 33, 49, 54), inhi-
bition of apoptosis (11, 21, 33, 44), and transcriptional regula-
tion (12, 21, 33) (Fig. 1 and 6). The data also suggest the
potential for PAI-2-based therapeutics for modulation of Rb
activities or inhibition of viral Rb-binding proteins.
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