MOLECULAR AND CELLULAR BIOLOGY, Dec. 2004, p. 10593-10610
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.24.10593-10610.2004

Vol. 24, No. 24

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

PIAS-1 Is a Checkpoint Regulator Which Affects Exit from G, and G,
by Sumoylation of p73

Eliana Munarriz,' Daniela Barcaroli,' Anastasis Stephanou,” Paul A. Townsend,” Carine Maisse,’
Alessandro Terrinoni,® Michael H. Neale,! Seamus J. Martin,* David S. Latchman,?
Richard A. Knight,” Gerry Melino,'* and Vincenzo De Laurenzi'~*

Biochemistry Laboratory, IDI-IRCCS, c/o Department of Experimental Medicine and Biochemical Sciences, University of Rome
“Tor Vergata,” Rome, Italy®; Toxicology Unit, Medical Research Council, Leicester University, Leicester," and Medical
Molecular Biology Unit, Institute of Child Health, University College London,* and Department of Cystic Fibrosis,
National Heart and Lung Institute,® London, United Kingdom; and Molecular Cell Biology Laboratory,
Department of Genetics, The Smurfit Institute, Trinity College, Dublin, Ireland*

Received 26 March 2004/Returned for modification 14 May 2004/Accepted 23 September 2004

p73 is a recently described member of the p53 family, and, like p53, it undergoes a number of posttransla-
tional modifications. Here we show, by yeast two-hybrid screening, pull-down assays, and coimmunoprecipita-
tion, that p73«e, -3, and -y bind to the protein inhibitor of activated STAT-1 (PIAS-1) and that this binding
stabilizes p73. PIAS-1 also sumoylates p73c, although not the C-terminally truncated isoforms p73f and -v,
and this requires the RING finger domain of PIAS-1. The ANp73« isoform can also bind, and be sumoylated
by, PIAS-1. PIAS-1-mediated sumoylation decreases p73 transcriptional activity on several target promoters,
such as Bax. p73 is colocalized in the nucleus with PIAS-1, and sumoylated p73 is located exclusively in the
nuclear matrix. PIAS-1 is expressed predominantly during S phase, and PIAS-1 overexpression reduces p73-
mediated transcription of p21, with a reduction of cells in G, and cell cycle reentry. Inhibition of endogenous
PIAS-1 by RNA interference reduces the proportion of cells in S phase and induces G, arrest. These data sug-
gest that PIAS-1, acting partly through binding and sumoylation of p73, is an important component of the cell

cycle machinery.

Signal transducer and activator of transcription (STAT) pro-
teins are cytoplasmic transcription factors which, after phos-
phorylation, translocate to the nucleus, where they regulate
expression of STAT-responsive genes (reviewed in references
4 and 14). STAT activity is partly regulated by a family of at
least six related proteins, the protein inhibitors of activated
STATSs (PIAS). Thus, PIAS-1 inhibits DNA binding and gene
activation by activated, tyrosine-phosphorylated STAT-1 (24).
Another protein, PIASy, also inhibits the transcriptional activ-
ity of activated STAT-1, without, however, affecting STAT-1
DNA binding (25). A region located at the carboxy terminus of
PIAS-1 directly interacts with STAT-1 dimers, though its in-
teraction with phosphorylated and nonphosphorylated mono-
mers is inhibited by the N-terminal domain (23). Recently, it
has become clear that PIAS proteins can also regulate the ac-
tivity of other transcription factors such as Smads (25), the min-
eralocorticoid and glucocorticoid receptors (40), and p53 (38).

At least part of the mechanism of transcriptional regulation
by PIAS proteins depends on their E3 SUMO ligase activity,
and PIAS-1 and SUMO-1 colocalize in nuclear granules (19).
Thus, PIAS proteins sumoylate activated STAT-1, resulting in
reduced STAT-1-mediated transcription (42). Moreover, the
RING finger domain of PIAS-1 binds to the C terminus of the
tumor suppressor p53 (33) and catalyzes its sumoylation (17),
a modification which represses p53 activity on a reporter plas-
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mid containing consensus p53 DNA binding sites (38). How-
ever, other studies using the p21 promoter have shown en-
hanced p53 transcriptional activity after interaction with
PIAS-1, although this is independent of the RING finger do-
main and therefore of p53 sumoylation (26). Two homologues
of p53, p63 and p73, have been described. The three proteins
share a significant degree of sequence homology, particularly
in the central sequence-specific DNA binding domain (DBD),
the amino-terminal transactivation domain (TA), and the car-
boxyl-terminal oligomerization domain (OD) (for reviews, see
references 15, 21, 22, 27, and 43). These structural similarities
are paralleled by a certain degree of functional overlap; all
three family members can regulate expression of the same
genes through direct binding to pS53 binding sites, although
they also have other specific transcriptional targets. Transcrip-
tional activation of the shared target genes leads to the induc-
tion of cell cycle arrest and apoptosis, cell growth-inhibitory
responses that are thought to be critical for the tumor suppres-
sor activities of p53. p73 is more complex than p53, since it is
expressed as a number of alternatively spliced C-terminal iso-
forms whose expression can be initiated from two alternative
promoters. Most of the splicing occurs at the 3’ end, in a part
of the sequence that is not present in p53, and creates at least
six proteins (« to m) that have different C termini (16, 5, 6, 41).
In addition to these C-terminal variants, p73 is also expressed
as N-terminally truncated ANp73 isoforms that lack the TA
domain and which are derived from the use of an alternative
promoter (P2) located in intron 3 (13). These ANp73 isoforms
perform an important regulatory role, since they exert a dom-
inant negative effect on p53 and TAp73 (12). Since PIAS-1 has
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been shown to sumoylate p53 and affect its transcriptional
activity, we have studied here whether PIAS-1, similarly, binds
to and sumoylates p73 and affects its stability, localization, and
function.

MATERIALS AND METHODS

Cell cultures and transfections. Human small lung adenocarcinoma cells
(H1299) and human osteosarcoma cells (Saos-2) were grown in RPMI medium
(GibcoBRL, Gaithersburg, Md.), and Hek293 cells were grown in Dulbecco’s
modified Eagle’s medium (GibcoBRL). All media were supplemented with 10%
(vol/vol) fetal bovine serum (GibcoBRL), and cells were cultured at 37°C in a
humidified atmosphere of 5% (vol/vol) CO, in air.

Transient transfections were performed with Lipofectamine 2000 reagents
according to the protocol of the manufacturer (GibcoBRL). For protein expres-
sion, H1299 cells were transfected with the indicated amounts of plasmids and
were harvested after 36 h. For luciferase assays, H1299 cells were transfected
with the indicated amounts of the different plasmids and harvested after 24 h.

Plasmids. Hemagglutinin (HA)-tagged versions of p73a, -B, -y, and -AN have
been previously described (5). To generate a p73-glutathione S-transferase
(GST) fusion protein, p73 was amplified and subcloned into the BamHI site of
the pGEX-6P1 expression vector (Amersham Pharmacia Biotech) in frame with
the GST element. The p73 K627R mutant was generated by site-directed mu-
tagenesis with the Quickchange Multi-Site Direct Mutagenesis kit (Stratagene)
according to the manufacturer’s protocol. The primers used for the mutagenesis
were 5'-GCAAGCAGCCCATCAGGGAGGAGTTTCA-3' and 5'-TCCTGCA
AGTCCTTCGTCATGGGCTGCTTG-3'. p73 deletion mutants were generated
by PCR and cloned into pcDNA-HA by using Nhel and NotI sites. The primers
used for amplification were as follows: for p73(1-319), 5'-ATGGCCCAGTCCA
CC-3" sense primer and 5'-TCAGGAGCTCTCGTT-3" antisense primer; for
p73(318-363), 5'-ATGAGCTCCGCCAAGAAC-3’ sense primer and 5'-TCAG
TGGATCTCG-3' antisense primer; and for p73(318-444), 5'-ATGAGCTCCG
CCAAGAAC-3’ sense primer and TCAGTTGGGTGTAGCTGCCG-3' anti-
sense primer.

The C350S PIAS-1 mutant, containing an inactive RING finger domain, was
generated from the Flag-tagged PIAS-1 plasmid (pCMV5-Flag) by using the
same kit described above. The primers used were 5'-CTGTCGGGCACTTAC
CAGTCCCCACCTTCA-3' and 5'-ACTGAAGGTGGGAGTGGTAAGTGCC
CGAC-3'. The truncated PIAS-1 forms PIAS-1/401-651 and PIAS-1/300-401
were cloned by PCR by using the following primers derived from the published
PIAS-1 cDNA sequence (sequence data are available from EMBL/GenBank/
DDBJ under accession no. NM 019663, Genelnfo identifier [GI] 9790154):
5'-GACTGTGATGAAATACAA-3' for PIAS-1/401-651, 5'-GCACTGCAGAA
ATTGGA-3' for PIAS-1/300-401, and a common antisense primer, 5'-TCAGT
CCAATGA-3' The isolated PCR fragments were then cloned in frame with a
Flag tag into pcDNA-Flag by using the Nhel and Notl unique restriction sites.

SUMO-1 was amplified by using the following primers derived from the pub-
lished SUMO-1 cDNA sequence (sequence data are available from EMBL/
GenBank/DDBJ under accession no. U67122, GI 1762972): 5'-GAACACCAC
ATTACA-3' for reverse transcription (RT), 5'-ATGTCTGACCAGGA 3’, and
5'-CTAAACTGTTGAATGACC-3'. The fragments were cloned into pcDNA-
Flag by using the Nhel and NotI unique restriction sites and (RT)-PCR.

Yeast two-hybrid screening. Yeast two-hybrid screening of the Jurkat library in
the Y190 yeast strain (Clontech, Palo Alto, Calif.) was performed with the
Matchmaker Two-Hybrid System 2 (Clontech) according to the manufacturer’s
protocol. The complexity of the library was 3 X 10° and we screened the
complexity of the library once. The lithium acetate method, described by Gietz
and coworkers (8) was used to introduce DNA into yeast cells. The construct
used for the screening contains a p73« fragment from amino acid (aa) 345 to 636
fused to the DNA binding domain of GAL4. The construct was generated by
amplifying the cDNA of the above-mentioned plasmid by using the primers
5-"CGGATTTCAAGAAGCGCGG-3' and 5-"AGCGGATCCTCAGTCGATC
TCG-3" and cloning into the EcoRI and BamHI sites of the pAS2-1 vector
(Clontech).

Western blotting. Samples were separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membranes by means of a semidry blotter. The membranes
were blocked with 5% nonfat dry milk powder in Tris-buffered saline-0.05%
Tween 20 for 1 h. Immunodetection was performed by incubating the mem-
branes with the different primary antibodies diluted in blocking buffer for 2 h at
room temperature or overnight at 4°C. After four washes with Tris-buffered
saline-0.05% Tween 20, the membranes were incubated with secondary antibody
conjugated with horseradish peroxidase for 1 h. After four washes, blots were
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developed with a ECL Plus detection kit (Amersham), and membranes were
exposed to Kodak MS film.

The following antibodies were used: anti-HA polyclonal (Y-11; Santa Cruz),
anti-Flag monoclonal (M2; Sigma), anti-PIAS-1 (C-20; Santa Cruz), antiactin
(C-11; Santa Cruz), anti-B-tubulin (H-235; Santa Cruz), anti-lamin B (M-20;
Santa Cruz), anti-p21 (H167; Santa Cruz), and anti-Sumo-1 (FL-101; Santa
Cruz).

GST fusion proteins and pull-down assays. GST and GST-p73 were trans-
formed into Escherichia coli strain BL21(DE3). Cultures were grown overnight
and used to inoculate fresh medium (1/100, vol/vol); the new cultures were
subsequently grown for 2.5 h, induced with 1 mM isopropyl-1-thio-B-p-galacto-
pyranoside (IPTG), and grown for an additional 2 h. Cells were collected by
centrifugation and resuspended in 2% of the original volume with 50 mM
Tris-HCI (pH 8 at 4°C)-1 mM EDTA-5 mM 2-mercaptoethanol. The lysates
were clarified by centrifugation, and GST fusion proteins were purified on glu-
tathione-Sepharose beads (Amersham Biosciences, Inc.).

For pull-down assays, H1299 cells transiently transfected (as described above)
with Flag-PIAS-1 or empty vector were lysed in lysis buffer (50 mM Tris HCI [pH
8], 150 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 10% glycerol, 100 mM NaF, and
1% Triton X-100) containing a protease and phosphatase inhibitor cocktail
(Sigma) and centrifuged to precipitate cellular debris. A 1.5-mg quantity of total
cellular proteins was first precleared with glutathione-Sepharose beads and then
incubated for 2 h at 4°C with immobilized GST fusion proteins (25 p.g). Unbound
proteins were removed by washing four times with 0.1% Tween 20 in phosphate-
buffered saline (PBS), and the precipitates were resolved by SDS-PAGE (8%
polyacrylamide). The immunoblots were probed with antibodies as described
above.

Immunoprecipitation. H1299 cells were transiently transfected with 20 pg of
total DNA of the indicated mammalian expression plasmids and harvested 48 h
after transfection (11). The cells were then lysed in lysis buffer as described
above. After preclearing for 1 h at 4°C, immunoprecipitation was performed by
incubating 1.5 mg of whole-cell protein extracts with an anti-HA (Y-11) poly-
clonal antibody (Santa Cruz) or an anti-Flag (M2) monoclonal antibody (Sigma)
with rocking at 4°C for 1 h. The immune complexes were collected by incubation
with protein G-agarose (KPL, Guilford, Calif.) for 1 h and washed with Net-gel
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.25% gelatin, 0.1%
NP-40). The beads were then resuspended in 5X SDS Laemmli sample buffer,
subjected to SDS-PAGE (8% polyacrylamide) analysis, and electrotransferred
onto PVDF membranes. The membranes were probed with primary antibodies
as described above.

For endogenous immunoprecipitation experiments, Hek293 cells were lysed as
described above and 5 mg of total protein was immunoprecipitated with PIAS-1
antibody (C20; Santa Cruz). As a control, the same amount of protein was
immunoprecipitated with an antiactin antibody (C11; Santa Cruz).

Sumoylation assay. H1299 cells were transiently transfected with 5 ug of total
DNA of the indicated mammalian expression plasmids and harvested at 36 h
after transfection. The cells were then lysed in 400 wl of 5X SDS Laemmli buffer
and sonicated for 10 s, and the lysates were clarified by centrifugation and either
used immediately or stored frozen at —80°C. Portions (25 wl) of the lysates were
separated by SDS-PAGE (8% polyacrylamide) and electrotransferred onto
PVDF membranes. The membranes were probed with primary antibodies as
described above.

Measurement of p73 half-life. (i) Cycloheximide block. Cycloheximide (20
pg/ml) was added to H1299 cells at 24 h after transfection with a total of 3 g of
the indicated plasmids at a p73/PIAS ratio of 1:2. p73 or tubulin protein levels
were determined by collecting cells at the indicated time points and performing
immunoblotting as described above. The relative amount of p73 protein was
evaluated by densitometry and normalized to tubulin.

(i) 3°S pulse-chase. H1299 cells were transfected as described above. At 48 h
posttransfection, cells were starved for 30 min in Dulbecco’s modified Eagle’s
medium with dialyzed serum and then labeled with 250p.Ci of Redivue PRO-
MIX (L-**S in vitro cell labeling mix) per ml for 60 min. Unlabeled methionine
and cysteine (1 mg/ml) were added, and cells were collected in radioimmuno-
precipitation assay buffer (200 mM Tris [pH 8], 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% NP-40, and 0.2 mM EDTA) at the indicated times.
Immunoprecipitation were performed with 150 pg of total protein lysate and 4
wl of anti-HA (Y-11) polyclonal antibody (Santa Cruz). Immunoprecipitates
were washed six times in radioimmunoprecipitation assay buffer and six times in
NET-gel, run in an 8% polyacrylamide gel, and detected by autoradiography.

Indirect immunofluorescence. Saos-2 cells, grown on glass coverslips, were
transiently transfected as described above with 1 pg of expression plasmid en-
coding Flag-tagged PIAS-1 and 1 pg of a plasmid encoding HA-p73a. The cells
were washed twice with cold PBS, fixed in 4% (wt/vol) paraformaldehyde in PBS,
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FIG. 1. p73 colocalizes with PIAS-1. (A) Schematic representation of the p73 constructs used in this study. Boxes indicate the different functional domains:
transactivation domain (TA) in red, DNA binding domain (DBD) in yellow, oligomerization domain (OD) in green, and sterile alpha motif (SAM) in pink. The
fragment of p73 used as bait in the yeast two-hybrid screening is also shown. The asterisk indicates the position of lysine 627, where sumoylation occurs.
(B) Schematic representation of the PIAS-1 constructs used in this study. Boxes indicate the different functional domains: SAF-AB Acinus and Pias domain in
orange, PINIT domain (essential for nuclear retention) (7) in blue, zinc finger-like RING domain in green, and serine/threonine rich region (34) in
purple. The asterisk indicates the position of the catalytic cysteine at position 350. (C) p73 and PIAS-1 colocalize in the nucleus when overexpressed
in Saos-2 cells. An HA-TAp73a expression vector and a Flag-PIAS-1 expression vector were transiently transfected in Saos-2 cells alone or in
combination. At 24 h after transfection, cells were fixed and stained with HA polyclonal (Y-11) and anti-Flag monoclonal (M2) antibodies.
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and permeabilized with 0.1% Triton X-100 in PBS for 2 min. After permeabili-
zation, cells were incubated for 30 min in 5% goat serum-PBS, incubated for 1 h
with anti-HA (Y-11) polyclonal antibody (1:100 dilution), washed, and then
incubated with the secondary antibody (goat anti-rabbit-Alexa 488; Molecular
Probes) for 30 min. The cells were then incubated with anti-Flag (M2) mono-
clonal antibody, followed by the secondary antibody (goat anti-mouse—Alexa 568;
Molecular Probes).

Confocal imaging was performed by using a 480-nm ion argon laser and a
542-nm helium-neon laser connected to a Nikon C1 microscope with a 60X
numerical aperture 1.4 lens and analyzed with EZC1 software from Nikon.

Luciferase assay. H1299 cells were transiently transfected in 96-well plates
with the indicated combinations of plasmids (20 ng/well) together with a Bax-
luciferase and p21-luciferase reporter plasmid (60 ng/well) and Renilla luciferase
reporter (1.2 ng/well). The total amount of transfected DNA in each dish was
kept constant by the addition of different amounts of empty vector. Thirty-six
hours later, the luciferase activity was quantified by using a commercially avail-
able kit (dual-luciferase reporter assay system; Promega) with a Perkin-Elmer
Victor2 luminometer.

Cell cycle detection. The cell cycle was analyzed by flow cytometric evaluation
of DNA content by the method of Nicoletti et al. (31). Cells were collected by
trypsinization, pelleted at 800 X g for 10 min, and fixed in 70% ethanol. DNA
content was evaluated by flow cytometry with propidium iodide (PI) staining.
Twenty thousand events were evaluated by using the Cell Quest program (Bec-
ton Dickinson, San Jose, Calif.). Electronic gating (forward scatter area versus
forward scatter height) was used, when appropriate, to eliminate cell aggregates
and to identify the transfected population. The same method was used to eval-
uate the cell cycle by using ModFit LT software (Verity Software).

ChIP. Saos-2 cells (1.5 X 10°) were transfected with pcDNA 3.1 HA-p73TA
vector alone or in association with Flag—PIAS-1 or with both Flag-PIAS-1 and
Flag-SUMO-1. Cells were cross-linked, using 1% formaldehyde-5 mM HEPES-
KOH (pH 8)-0.1 mM EDTA-10 mM NaCl, for 40 min at 24 h after transfection.
The cross-linking reaction was stopped by incubating the cells with 0.125 M
glycine for 5 min at room temperature. After being washed with ice-cold PBS, the
cells were harvested in lysis buffer (50 mM HEPES-KOH [pH 8], 1 mM EDTA,
140 mM NaCl, 25% glycerol, 0.5% NP-40, 0.25% Triton X-100) containing
protease inhibitors. Nuclei were collected by centrifugation and were resus-
pended in wash buffer (10 mM Tris-HCI [pH 8], 1 mM EDTA, 200 mM NaCl)
containing protease inhibitors. After centrifugation, the nuclei were resuspended
in 1.8 ml of chromatin immunoprecipitation (ChIP) dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 0.0167 M Tris-HCI, 0.167 M NaCl) with 200
wl of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI [pH 8.1]).

Cell lysates were sonicated to obtain chromatin fragments of ~700 bp, and,
following centrifugation at 12,000 X g for 20 min to remove cell debris, 100 pg
of total protein was precleared with 100 pl of protein A-agarose-salmon sperm
DNA (Upstate; catalog no. 16-157) and 2 pg of mouse immunoglobulin G1 k

MoL. CELL. BIOL.

(BD) for 2 h at 4°C. The precleared extracts were incubated with 2 pg of mouse
anti-HA antibody (Babco). The control was incubated with 2 pg of mouse
anti-K5 antibody (Santa Cruz) overnight at 4°C, followed by incubation with
protein A-agarose-salmon sperm DNA (60 pl) for 1 h 30 min at 4°C. The
immunocomplexes were washed twice with low-salt wash buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, 0.15 M NaCl), five times with
high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI, 0.5 M NaCl), once with LiCl salt wash buffer (1 mM EDTA, 10 mM
Tris-HCI, 0.25 M LiCl, 1% NP-40, 1% deoxycholate), and twice with Tris-EDTA
buffer. The precipitates were extracted twice with 250 wl of immunoprecipitation
elution buffer (1% SDS, 0.1 M NaHCO,). The total eluates (500 pl) were pooled
by adding 20 pl of 5 M NaCl and incubated at 65°C for at least 6 h to reverse the
formaldehyde cross-linking. DNA fragments were purified by phenol-chloroform
extraction. In order to compare the levels of expression of the transfected cDNA,
parallel green fluorescent protein (GFP) transfections were performed and ex-
pression was normalized by Western blotting. DNA samples were then analyzed
with 38 cycles of PCR to amplify p21 promoter sequences. The primers used
were 5'-CCTCTTCGGCCGGTGGAC-3' (forward) and 5'-CCGTTTTCGACC
CTGAGAG-3' (reverse).

Colony suppression assays. H1299 cells were plated in 60-mm-diameter plates
and cotransfected with the indicated pcDNA-HA- and pcDNA-Flag-derived
vectors together with a pBabe-Pure vector by using the calcium phosphate
method (calcium phosphate transfection kit; Invitrogen) according to the man-
ufacturer’s protocol. The ratio between the pcDNA-HA p73 expression plasmid
(1 pg of DNA/transfection) and pcDNA-Flag PIAS-1 and pcDNA-Flag
SUMO-1 (2 ug of DNA/transfection) was 1:2:2. Equal amounts of pBabe-Puro
(0.5 pg/transfection) were added to each transfection mixture. At 48 h after
transfection, cells were placed in selection medium containing 2 g of puromycin
(Sigma) per ml. Two weeks later, colonies were fixed in methanol, stained with
crystal violet, washed with water, counted, and photographed.

Cell cycle synchronization. To generate synchronized populations, Hek293
cells were arrested at the G,/S boundary by a double thymidine block. The first
thymidine block was imposed by treatment with fresh medium containing 2 mM
thymidine (Sigma) for 16 h. Cells were washed in PBS, and fresh medium con-
taining 24 uM deoxycytidine (Sigma) was added and left for 9 h. Following the
9-h release period, a second thymidine block was imposed by addition of thymi-
dine to a final concentration of 2 mM. After 16 h, cells were released from the
second thymidine block by removal of the thymidine-containing medium. Cells
were collected at the indicated time points after the second thymidine block.

To generate a population synchronized in G,, nocodazole (Sigma) was added
to a final concentration of 0.2 pg/ml in Hek293 cell cultures and left for 16 h. The
cells were then washed, grown in normal medium, and harvested and analyzed at
the times indicated.

Growth arrest was obtained in Saos-2 cells by serum starvation for 48 h, after

FIG. 2. p73 binds PIAS-1. (A) GST pull-down assays showing p73 and PIAS-1 interaction. H1299 cells were transiently transfected with 5 g
of Flag-PIAS-1 or empty vector (pcDNA-Flag), and 1.5 mg of cell lysates was incubated with GST alone or with a GST fusion protein containing
full-length p73 (GST-p73a). The retained proteins were immunoblotted (IB) with anti-Flag (M2) monoclonal antibody (upper panel). Lanes 1 and
4 contain aliquots of unprocessed lysates. A Coomassie brilliant blue-stained replica gel is also shown (lower panel). (B) Coimmunoprecipitation
of endogenous p73 with endogenous PIAS-1. Hek293 cell extracts were precleared with protein G-agarose and immunoprecipitated (IP) with
anti-PIAS-1 antibody (C20; Santa Cruz). The immune complexes were subjected to Western blot analysis with anti-rabbit polyclonal anti-p73
antibody (upper panel). The same blot was reprobed with anti-PIAS-1 antibody (C20; Santa Cruz) (lower panel). (C) Coimmunoprecipitation of
PIAS-1 and p73. HA-p73a, HA-ANp73a, and HA-TAp73y mammalian expression vectors were transiently transfected in H1299 cells together with
the Flag—PIAS-1 expression vector. Cell extracts were immunoprecipitated with anti-Flag antibody and subjected to Western blot analysis (lanes
9 to 16) with anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag antibody (lower panel). Aliquots of total cell extracts
from unprocessed cells were also loaded on the gel (lanes 1 to 8). (D) Coimmunoprecipitation of p73 and PIAS-1. HA-p73«, HA-ANp73«, and HA-
TAp73y expression vectors were transiently transfected in H1299 cells together with the Flag-PIAS-1 expression vector. Cell extracts were
immunoprecipitated with anti-HA antibody and subjected to Western blot analysis (lanes 9 to 16) with anti-Flag antibody (upper panel). The same
blot was reprobed with anti-HA antibody (lower panel). Aliquots of total cell extracts from unprocessed cells were also loaded on the gel (lanes
1 to 8). (E) The p73(318-636) fragment is still capable of binding p73. HA-p73(1-319), HA-p73(318-444), and HA-p73(318-636) expression vectors
were transiently transfected in H1299 cells together with the Flag—PIAS-1 expression vector. Cell extracts were immunoprecipitated with anti-Flag
antibody and subjected to Western blot analysis with anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag antibody (lower
panel). Aliquots of total cell extracts from unprocessed cells were also loaded on the gel (lanes 1 to 7). (F) The PIAS-1(401-651) fragment is still
capable of binding p73. Full-length Flag-PIAS-1 and Flag-PIAS-1(401-651) expression vectors were transfected in H1299 cells together with the
HA-p73a expression vector. Cell extracts were immunoprecipitated with anti-Flag antibody and subjected to Western blot analysis with anti-HA antibody
(upper panel). The same blot was reprobed with anti-Flag antibody (lower panel). Aliquots of total cell extracts from unprocessed cells (100 pg/lane) were
also loaded on the gel (lanes 1 to 6). (G) The PIAS-1(300-651) fragment is still capable of binding p73. Full-length Flag—PIAS-1 and Flag—PIAS-1(300-
651) expression vectors were transfected in H1299 cells together with the HA-p73« expression vector. Cell extracts were immunoprecipitated with
anti-Flag antibody and subjected to Western blot analysis with anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag
antibody (lower panel). Aliquots of total cell extracts from unprocessed cells (100 pg/lane) were also loaded on the gel (lanes 1 to 6).
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FIG. 3. PIAS-1 sumoylates TAp73. (A) HA-TAp73a, HA-TAp73B, and HA-p73y expression vectors were transiently transfected in H1299 cells
together with Flag-SUMO-1 and full-length Flag—PIAS-1 or Flag-PIAS-1(401-651) expression vectors. Cells were subjected to Western blot analysis with
anti-HA antibody (upper panel). The same blot was reprobed with anti-PIAS-1 antibody (second panel) and with an antiactin antibody (lower
panel). The third panel shows a Western blot performed on proteins run on 15% polyacrylamide to detect the much shorter PIAS-1(401-651)
mutant. Western blotting was performed with anti-PIAS-1 antibody as described above. Supershifted sumoylation bands (asterisks)
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which the medium was replaced with serum-containing medium and cells were
harvested at 0, 3, 6, and 24 h.

RT-PCR. Cell pellets were collected and RNA was extracted by using Trizol.
First-strand cDNA was synthesized by using poly(dT) primers. PCR was per-
formed with the PIAS-1 primers 5'-CCACGCCTTCCTGCTGTAGA-3’ (sense
primer) and 5'-TATCACACAGGCAGTCTTAGAT-3' (antisense primer) or
the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) primers 5'-GGCTG
AGAACGGGAAGCTTGTCTAT-3’ (sense primer) and 5'-CAGCCTTCTCC
ATGGTGGTGAAGA-3' (antisense primer), using SYBR green fluorescence
for real-time PCR analysis on an Opticon (MJ Research) thermocycler. The
program used was 40 cycles of 95°C for 5 min, 95°C for 30 s, 55°C for 30 s, and
72°C for 45 s. An aliquot of each mixture was also run on a 1.5% agarose gel.

PIAS-1 small interfering RNA (siRNA). Saos-2 cells were electroporated with
20 wl of a 20 uM solution of 21-nucleotide RNA, synthesized by Qiagen, using
a Bio-Rad electroporation apparatus. The PIAS-1 target sequence was AAGG
TCATTCTAGAGCTTTA, and the scrambled sequence was AATTCTCCGAA
CGTGTCACGT. Cells were collected after 48 h, fixed, stained with PI, and
analyzed for DNA content by flow cytometry as described above. An aliquot of
the cells was lysed and subjected to Western blotting for PIAS-1 detection as
described above.

RESULTS

PIAS-1 binds to p73. In order to identify proteins that are
able to bind p73 and regulate p73 function, we performed a
yeast two-hybrid screening with a C-terminal fragment of p73a
as bait (Fig. 1A). The fragment from aa 345 to 636 contained
the OD and the sterile alpha motif (SAM) domain (Fig. 1A).
Seven independent partially overlapping clones contained the
3’ end sequence of PIAS-1 (Fig. 1B).

The interaction between p73 and PIAS-1 was initially con-
firmed by yeast two-hybrid screening with PIAS-1 both as bait
and as prey (data not shown). In addition, when overexpressed
in Saos-2 cells, TAp73a and PIAS-1 colocalized in the nucleus
(Fig. 1C). Moreover, addition of PIAS-1 changed the TAp73a
distribution within the nucleus from diffuse to more punctate
(Fig. 1C).

To further confirm direct interaction, we performed a GST
pull-down experiment with recombinant GST-TAp73a and
overexpressed Flag-PIAS-1. As shown in Fig. 2A, full-length
TAp73a specifically interacted in vitro with PIAS-1. Figure 2B
shows that endogenous TAp73a can also be coimmunoprecipi-
tated with endogenous PIAS-1.

To further characterize the interaction between p73 and
PIAS-1, we overexpressed different HA-tagged p73 isoforms,
including TAp73a, TAp73vy, and ANp73a (Fig. 2C and D) and
Flag-tagged PIAS-1 in H1299 cells and performed coimmuno-
precipitation experiments (Fig. 2C and D). Experiments were
performed with immunoprecipitation with anti-Flag (PIAS-1)
antibodies and staining with anti-HA antibodies (Fig. 2C) and
in the reverse combination (Fig. 2D). As shown in Fig. 2C and
D, full-length PIAS-1 interacted with all of the different p73
isoforms tested. These isoforms differ in their C and N termini
but have the DBD and OD in common (Fig. 1A), suggesting
that the binding site for PIAS-1 is contained in this region.
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Since the DBD is missing in the construct we used for the yeast
two-hybrid experiments, our results demonstrate that the re-
gion of p73 required for the binding to PIAS-1 is the fragment
from aa 345 to 450 that contains the OD (Fig. 1A). This is the
only region common to all of the constructs used so far in our
experiments. To confirm that this region is important, we per-
formed coimmunoprecipitation experiments with the following
additional deletion constructs: aa 1 to 319 (containing TA and
DBD), aa 318 to 444 (containing the oligomerization domain
alone), and aa 318 to 636 (containing the entire C terminus,
including the oligomerization domain) (Fig. 2E). Our results
show that PIAS-1 interacts only with the aa 318 to 636 con-
struct. These data together with the data on the naturally
occurring isomers (3 and y show that the interaction requires a
sequence between aa 318 and 389 that spans the oligomeriza-
tion domain. The lack of interaction of the oligomerization
domain alone (aa 318 to 444) is probably due to misfolding of
this short sequence.

In order to map the region of PIAS-1 responsible for the
binding to p73, we designed a construct expressing a region of
PIAS-1 from aa 401 to 651, corresponding to the region of
overlap of all of the clones that we obtained in the screening.
As shown in Fig. 2F, PIAS-1(401-651) was still capable of
interacting with p73 (lane 9). This interaction, however, ap-
pears to be weaker than the interaction of p73 with the full-
length PIAS-1, suggesting that other parts of the molecule can
contribute to the interaction. In particular, it has recently been
shown that PIAS-1 interaction with p53 requires the N-termi-
nal domain (33). We therefore generated a mutant of PIAS-1
lacking the first 300 aa [PIAS-1(300-651)] and performed co-
immunoprecipitation experiments. Our results (Fig. 2G) show
that PIAS-1(300-651) interacts with TAp73«, with an intensity
comparable to that of the full-length PIAS-1, suggesting that
the N-terminal region is not required for the interaction with
p73. However, additional deletion mutants need to be tested to
definitely exclude a role of the N terminus of PIAS-1 in the
interaction.

Together, the above-mentioned data clearly demonstrate,
for the first time, that p73 physically interacts with PIAS-1 and
that the binding occurs between a C-terminal region of p73,
likely containing the OD domain but not the SAM domain,
and the region of PIAS-1 between aa 401 and 651.

PIAS-1 sumoylates p73. Since it has been shown that PIAS-1
binds to pS3 and promotes its sumoylation, probably function-
ing as a sumo E3 ligase (17, 38), we tested the possibility that
p73 was also sumoylated by PIAS-1. Coexpression of TAp73«a
and SUMO-1 resulted in the sumoylation of TAp73a, as shown
by the up-shifted band in Fig. 3B (lane 4). Overexpression of
PIAS-1 under the same experimental conditions resulted in an
increase in the sumoylation of TAp73a (Fig. 3A, lane 3). While

are visible only when SUMO-1 is transfected into cells (lanes 3 and 4). The cotransfection of PIAS-1 produces a large increase of the sumoylated
band (lane 3). TAp73B (lanes 5 to 8) and TAp73y (lanes 9 to 12) are not sumoylated. The truncated form of PIAS-1, PIAS-1(401-651), is not
capable of promoting p73 sumoylation. IB, immunoblot. (B) ANp73a is also sumoylated by PIAS-1. H1299 cells were transiently transfected with
HA-TAp73a and HA-ANp73a expression vectors in combination with Flag-SUMO-1 and Flag-PIAS-1 expression vectors. Western blot analysis
was performed as described for panel A. (C) H1299 cells were transiently transfected with HA-TAp73a mammalian expression vectors in com-
bination with Flag-SUMO-1 and Flag—PIAS-1 expression vectors. Cell extracts were immunoprecipitated (IP) with anti-HA antibody. The immune
complexes (lanes 5 to 8) were subjected to Western blot analysis with anti-SUMO antibody (FL-101; Santa Cruz) (upper panel). The same blot
was reprobed with anti-HA antibody (lower panel). Aliquots of total cell extracts from unprocessed cells were also loaded on the gel (lanes 1 to 4).
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TAp73a was clearly sumoylated, TAp73p and TAp73vy (which
have completely different C termini but which also bind PIAS-
1 [Fig. 2C and D]) were not sumoylated (Fig. 3A). ANp73a,
sharing the same C terminus with TAp73a but lacking part of
the N terminus, was still sumoylated (Fig. 3B), suggesting that
the sumoylated residue resides in the carboxy-terminal part of
p73c.

To confirm that the higher-molecular-weight bands ob-
served after coexpression of p73, PIAS-1, and SUMO-1 indeed
represented sumoylated p73, we immunoprecipitated TAp73a
and probed the blots with anti-SUMO antibodies (Fig. 3C and
unpublished data). The higher-molecular-weight form ob-
served was stained with anti-SUMO.

Sumoylation of TAp73a has previously been described to
occur at lysine 627 (29). Our data are consistent with this re-
port, since p73p and p73+y lack this residue and were not sumo-
ylated by PIAS-1 (Fig. 3A). As expected, ANp73«, which dif-
fers only at the N terminus but which contains the C-terminal
sumoylation site, was also sumoylated by PIAS-1 (Fig. 3B).

To confirm that PIAS-1 is capable of selectively sumoylating
p73 only at lysine 627, we mutated this residue to arginine
[HA-TAp73a(K627R)]. As shown in Fig. 4A, the TAp73«a
(K627R) mutant was not sumoylated even when both PIAS-1
and SUMO-1 were overexpressed. Figure 4B shows that the
TAp73a(K627R) mutant was still capable of binding to PIAS-1
and therefore that the lack of sumoylation depends solely on
the absence of lysine 627, confirming that this is the only p73
residue sumoylated by PIAS-1.

PIAS-1 contains a central RING finger-like motif, called the
SP-RING domain (17), containing two conserved cysteine res-
idues, the latter of which is essential for ligase activity. Re-
moval or mutation of the RING finger domain results in the
loss of the ability of PIAS-1 to sumoylate p73. As shown in Fig.
3A (lanes 14 and 15), PIAS-1(401-651) lacking the RING
finger domain, although still capable of binding p73 (Fig. 2F),
has lost its ability to sumoylate p73. Similarly a PIAS-1 RING
finger point mutant (C350S) retains its ability to bind p73 (Fig.
4D) but has completely lost its ability to sumoylate p73 (Fig.
4C). The faint high-molecular-weight band corresponding to
sumoylated p73 observed in the presence of PIAS-1(C350S) is
due to the activity of endogenous PIAS-1 and is visible in other
blots when SUMO-1 but not PIAS-1 is overexpressed (Fig. 3B,
lane 4, and 4A, lane 5).

PIAS-1 stabilizes the p73 protein. We noticed that in all of
the experiments presented above, overexpression of PIAS-1
always resulted in increased levels of p73, suggesting that
PIAS-1 affected TAp73a stability. In order to confirm that
PIAS-1 stabilizes TAp73a, we overexpressed TAp73a with in-
creasing amounts of PIAS-1. As shown in Fig. 5A, overexpres-
sion of increasing amounts of PIAS-1 resulted in increasing
levels of TAp73a. As expected, like TAp73a, ANp73a, which is
also capable of binding PIAS-1, was stabilized by overexpres-
sion of PIAS-1 (Fig. 5B). The half-life of TAp73«, measured by
pulse-chase with **S-labeled Met and Cys (Fig. 5C and D) and
cycloheximide blockade (Fig. SE and F) experiments, showed
an increase from approximately 4 to 9 h in the presence of
PIAS-1.

To test whether p73 stabilization requires its sumoylation,
we performed cotransfection experiments similar to those de-
scribed above with PIAS-1 and p73 mutants that affect sumoy-
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lation. As shown in Fig. 6A, the PIAS-1(C350S) mutant also
stabilized TAp73a levels. Similarly, as shown in Fig. 6B, the
TAp73a(K627R) mutant, which cannot be sumoylated, was
stabilized by coexpression of PIAS-1. In addition, other natu-
rally occurring isoforms (8 and ) were also stabilized by wild-
type and mutant PIAS-1 (Fig. 6C). In order to demonstrate
that this was not a nonspecific effect of PLIAS-1 on any unre-
lated protein or on the promoter driving the expression of p73,
we cotransfected the cells with a plasmid expressing GFP un-
der the control of the same promoter and showed that over-
expression of PIAS-1 did not lead to its stabilization (Fig. SA
and 6A). This also demonstrates that the transfection efficiency
is comparable in all samples. In addition, we showed that
overexpression of PIAS-1 resulted in stabilization of endoge-
nous TAp73a (Fig. 6D), while reduction of endogenous PIAS-
1 levels by siRNA resulted in decreased stability of overex-
pressed TAp73a (unpublished data). Finally, we showed that
the effect pf PIAS-1 on p73 staining was independent of sumo-
ylation, since a dotted nuclear p73 staining was also obtained
when the TAp73a(K627R) mutant was coexpressed with PIAS-1
or when wild-type p73 was coexpressed with the PIAS-
1(C350S) mutant (unpublished data).

Together, these results demonstrate that the binding of
PIAS-1 to p73 is sufficient to stabilize p73 protein levels and
that this effect does not require p73 sumoylation.

Sumoylation results in p73 functional inactivation. We next
tested whether sumoylation of p73 results in a modification of
its transcriptional activity. To this end, we cotransfected the
Bax promoter cloned upstream of the luciferase gene (Bax-luc)
together with different combinations of p73 isoforms, PIAS-1
and SUMO-1, and some of their mutants. As shown in Fig. 7A,
cotransfection of PIAS-1 or PIAS-1 and SUMO-1 with
TAp73a resulted in a decrease in the luciferase activity. Con-
sistently, cotransfection with the PIAS-1(C350S) mutant with
or without SUMO-1 had no effect on TAp73«a transcriptional
activity. As expected, the transcription mediated by the TAp73a
(K627R) mutant, which cannot be sumoylated, was not af-
fected by coexpression of PIAS-1 with or without SUMO-1
(Fig. 7B). The slight reduction of transcriptional activity seen
with cotransfection of PIAS-1 and SUMO-1 is probably be-
cause of the reduction of the basal activity of the promoter
(compare bars 1 and 6) due to an effect on endogenous p73
levels or other factors regulating the Bax promoter. Figure 7C
shows that TAp73a(K627R) has a slightly but consistently
higher transcriptional activity than wild-type TAp73a, consis-
tent with the ability of endogenous PIAS-1 to negatively reg-
ulate the activity of p73. Similarly, PIAS-1 expression has no
effect on TAp73p transcriptional activity (Fig. 7D). This may
also explain why the beta isoform is often described as more
active than the alpha isoform (5, 16, 28). Similar results were
obtained with other p53-responsive promoters, namely, p21
and MDM?2 (see below and data not shown).

Together these results demonstrate that the final effect of
p73 sumoylation is a reduction of its transcriptional activity.

Sumoylated p73 is associated with the nuclear matrix. We
next investigated whether sumoylation of p73 results in a
change of its subcellular localization. As shown in Fig. 1B, p73
is localized to the nucleus with or without overexpression of
PIAS-1. Since it has recently been shown that p73 can be
associated with the nuclear matrix (2) and since sumoylation



VoL. 24, 2004 PIAS-1 SUMOYLATES p73 10601

A B

pCONA HA ¥ = = = = = = = = 4+ + + pCDMA HA L I, S . . G -
-TAp - = e - = = - = - e s 2z = i = -
HATADT3 (KB27TR) = = = = = 4+ + + 4 = = = HATAp(do i Y =
haieibe R I SO B i I HA-TAp73a (K62TR) = = = + + = = = = + + =
Flag-SUMO? CAR =R BTN A e Flag-PIAS1 - 4+ -+ -+ -+ -+ - 4
Ao & *
" = lBs Gulte O =
v = e

1Bi-HA

G ‘

e — —
Ba-Plias 01 —— e g e o PIAST gl— . . - . - PIAST
-

- IB:a-Flag

B4 =
BorAcin - .. -

36— 1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 &6 7 & 8 10 11 12

Lysates IP:e-Flag
Lysates
PCDNA HA + - - - - + + pCDNA HA + - - 4+ + - - +
arey L4 woaeow o e PCDNA Fiag $ o= 4 = ok = ko=
Flag-PIAS1 - T HA-TAp73a - + + - - + + -
Flag-PIAS1(C350S) = = = = 4+ = <+ Flag-PIAS1(C350S) - + - + - + - +
Flag-SUMO1 - = 4+ = 4+ + +
10—
- Ba-HA 81— h - -~ TAp73a
Bio-HA 81— - G = @ - TAp73a
i, *
81— 81— ]
1B:a-PIAS — e — : 1B:0-Flag ~C PIAST
' o ~C PIAS1 — e e D

1 2 3 4 5 6 7 8

IB:e-Actin A e & 1111
el Lysates IP:c-Flag

Lysates

FIG. 4. p73 is sumoylated only at lysine 627. (A) H1299 cells were transiently transfected with either HA-TAp73a or its mutant HA-
TAp730(K627R) in combination with Flag-SUMO-1 and Flag-PIAS-1 expression vectors. Cell lysates were subjected to Western blot analysis
performed with anti-HA antibody (upper panel). The same blot was reprobed with anti-PIAS-1 antibody (middle panel) and with an antiactin
antibody (lower panel). The p73 mutant HA-TAp73a(K627R) cannot be sumoylated regardless of the coexpression of SUMO-1 and/or PIAS-1
(lanes 6 to 8). This mutant p73 is still capable of binding PIAS-1. Asterisks indicate sumoylated p73. IB, immunoblot. (B) HA-TAp73«a and
HA-TAp73a(K627R) expression vectors were transfected in H1299 cells together with the Flag-PIAS-1 expression vector. Cell extracts were
immunoprecipitated (IP) with anti-Flag antibody and subjected to Western blot analysis performed with anti-HA antibody (upper panel). The same
blot was reprobed with anti-HA antibody (lower panel). Aliquots of total cell extracts from unprocessed cells were also loaded on the gels (lanes
1 to 6). (C) The PIAS-1 mutant C350S is no longer capable of sumoylating p73. H1299 cells were transfected with HA-p73« in combination with
Flag-SUMO-1 and wild-type Flag-PIAS-1 or mutant Flag-PIAS-1(C350S). Cells were subjected to Western-blot analysis performed with anti-HA
antibody (upper panel). The same blot was reprobed with anti-PIAS-1 antibody (middle panel) and with an antiactin antibody (lower panel).
(D) The PIAS-1 mutant (C350S) is still capable of binding p73. HA-p73a expression vectors were transiently transfected in H1299 cells, together
with mutant Flag—PIAS-1(C3508S). Cell extracts were immunoprecipitated with anti-Flag antibody and were subjected to immunoblot analysis with
anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag antibody (lower panel). Aliquots of total cell extract from unprocessed
cells were also loaded on the gel (lanes 1 to 4).

has been associated with protein compartmentalization (re- pression vectors alone or with Flag-SUMO-1 and Flag—PIAS-1
viewed in reference 39), we investigated whether sumoylation expression vectors. After 24 h cells were lysed by using a
of p73 results in changes to its distribution within the nuclei. high-salt nuclear matrix extraction procedure to separate var-

To this end, H1299 cells were transfected with HA-p73a ex- ious nuclear fractions (2). Our results show that p73 was de-
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tected in nucleocytoplasm, high-salt wash, and nuclear matrix
fractions. Interestingly, the sumoylated form of p73 was de-
tected only in the nuclear matrix fraction (data not shown).

PIAS-1 expression determines cell cycle reentry. We next
addressed whether binding and sumoylation of p73 by PIAS-1
and the inhibition of p73 transcriptional activity by luciferase
assay have functional significance. Since p73 blocks cells in the
G, phase of the cell cycle, we investigated whether PIAS-1
expression could overcome this block. As shown in Fig. 8A,
coexpression of PIAS-1 and SUMO-1 with p73 produced a
reduction of the p73-dependent G, block (compare bars 2 and
3). In addition, transfection of PIAS-1 and SUMO-1 alone
resulted in a reduction of the number of cells in G, and an
increase of cells in S compared to the case for cells trans-
fected with an empty vector (compare bar 6 with bar 1). This
is possibly due to an effect of PIAS-1 on endogenous p73. The
colony suppression assay shown in Fig. 8B (upper panel) con-
firms the results of the cell cycle analysis and demonstrates
that PIAS-1 transfected cells are actively cycling and are not
blocked in a different phase of the cell cycle. Consistently,
overexpression of the TAp73a(K627P) mutant resulted in cell
cycle arrest and a reduction in the number of colonies, and as
expected, PIAS-1 expression had no effect on the activity of
this mutant (Fig. 8B, lower panel).

This effect of PIAS-1 is due to a down-regulation of p21
protein expression, as shown by Western blot analysis (Fig. 8C)
of cells transfected with both TAp73 and PIAS-1. Expression
of PIAS-1 alone also lowered basal p21 protein levels, consis-
tent with the observation that PIAS-1-transfected cells have a
reduced number of cells blocked in G, (Fig. 8A, bar 6), and
may again reflect an effect of PIAS-1 on endogenous TAp73.
As expected, overexpression of p53 also increased p21 protein
levels (Fig. 8C, lane 4), although this increase was unaffected
by coexpression of PIAS-1 (Fig. 8C, lane 5). PIAS-1 with and
without SUMO-1 reduced p21 mRNA abundance as shown by
the reduction of p21 mRNA levels measured by RT-PCR in
cells transfected with PIAS-1 alone or in combination with
TAp73 (Fig. 8D). The corresponding densitometric ratios of
PIAS-1 and GAPDH are shown in Fig. 8D. In agreement with
the RT-PCR data, PIAS-1 also reduced TAp73 binding to the
endogenous p21 promoter, as demonstrated by the ChIP
shown in Fig. 8E, and inhibited up-regulation of the p21 pro-
moter by TAp73 (Fig. 8F).

In conclusion, these data demonstrate that PIAS-1 expres-
sion influences cell cycle reentry by down-regulating basal and
p73-induced p21 expression, although a direct effect of PIAS-1
on p21 expression cannot be completely excluded.
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PIAS-1 expression is regulated during the cell cycle. To
further investigate the role of PIAS-1 in cell cycle regulation,
we have studied changes in expression of endogenous PIAS-1
during the cell cycle. As shown in Fig. 9A, growth-arrested
Saos-2 cells showed low levels of PIAS-1 protein compared
with cycling cells grown in 10% serum. Serum-starved cells
were almost totally blocked in G, (>95%), as shown by flow
cytometry analysis (Fig. 9B). Readdition of serum resulted in
cells reentering the cell cycle, paralleled by an increase of
PIAS-1 levels (Fig. 9A) and a decrease in p21 (unpublished
data). Similarly, when cells were blocked in G, by nocodazole
treatment, no PIAS-1 protein could be detected (Fig. 9D, lane
2, and E, bar 2). Again, an increase of the S phase (Fig. 9E,
bars 3, 4, and 5) parallels an increase of PIAS-1 expression
(Fig. 9D, lanes 3, 4, and 5).

To investigate whether the changes in PIAS-1 protein lev-
els were secondary to changes in transcription, we performed
RT-PCR (Fig. 9C to F) and real time RT-PCR (data not
shown) on samples taken at the same time points. Our re-
sults show that under these experimental conditions there
was no correlation between changes in PIAS-1 protein levels
and PIAS-1 mRNA abundances, suggesting that changes in the
protein levels depend on posttranscriptional regulation (Fig.
9C to F).

To further clarify the role of PIAS-1 in cell cycle regulation,
we used an RNA interference approach. Transfection with
specific anti-PIAS-1 oligonucleotides reduced the proportion
of cells in S phase by roughly half, while increasing the pro-
portion of cells in G, from 24 to 45% (Fig. 10).

Together, these data show that PIAS-1 is expressed mainly
in cells that are in the S phase of the cell cycle, while when cells
are blocked either in G, or in G,, PIAS-1 protein levels are
completely down-regulated. Furthermore, the data also sug-
gest that reduction in PIAS-1 expression leads to an arrest in
G,. Although this might not fully reflect the situation in ac-
tively proliferating cells and should therefore be interpreted
with caution, it nevertheless shows a clear dependence of
PIAS-1 levels on cell cycle status and an effect of PIAS-1
down-regulation on cell cycle progression.

DISCUSSION

p73 shares high sequence homology with its more famous
sibling, p53, but this corresponds to only a partial overlap in
the function of the two proteins (1, 3, 5, 9, 16, 27). Very little
is known about the regulation of p73 activity, although phos-
phorylation, acetylation, and ubiquitination have been shown

the levels of p73 in whole-cell extracts were determined by immunoblotting (IB) with anti-HA antibody (upper panel). The same blot was reprobed
with anti-Flag antibody (second panel) and with an antiactin antibody (lower panel). To demonstrate that there is no effect of PIAS-1 on unrelated
proteins or on the promoter driving expression of p73, the blot was reprobed with anti-GFP antibody. (B) ANp73 is also stabilized by PIAS-1
coexpression. H1299 cells were transfected with either HA-TAp73a or HA-ANp73a together with PIAS-1. At 24 h after transfection, cell extracts
were lysed and analyzed as described for panel A. (C) **S pulse-chase. H1299 cells were transfected with the indicated plasmids. At 48 h
posttransfection cells were labeled with L->S in vitro cell labeling mix. Cells were collected at the indicated time points. Immunoprecipitation (IP)
was performed with anti-HA (Y-11) polyclonal antibody (Santa Cruz), and then samples were run on a polyacrylamide gel and proteins were
detected by autoradiography. (D) The relative amount of p73 protein was evaluated by densitometry. (E) Evaluation of TAp73 protein half-life.
Cycloheximide was added to H1299 cells at 24 h after transfection with the indicated plasmids. p73 or tubulin protein levels were determined by
collecting cells at the indicated time points and performing immunoblotting as described above. (F) The relative amount of p73 protein was
evaluated by densitometry and normalized to tubulin.
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which cannot be sumoylated, is also stabilized by the interaction with PIAS-1. H1299 cells were transfected with the HA-TAp73a(K627R) mutant alone
or together with wild-type or mutated PIAS-1. At 24 h after transfection, cell extracts were lysed and the levels of p73 in whole-cell extracts were deter-
mined by immunoblotting with anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag antibody (middle panel) and with an antiactin
antibody (lower panel). (C) Similarly, p73 isoforms that cannot be sumoylated (B and ) are stabilized by the interaction with PIAS-1. H1299 cells were
transfected with HA-TAp73B or HA-TAp73y alone or together with wild-type PIAS-1. At 24 h after transfection, cell extracts were lysed and the levels of
p73 in whole-cell extracts were determined by immunoblotting with anti-HA antibody (upper panel). The same blot was reprobed with anti-Flag antibody
(middle panel) and with an antiactin antibody (lower panel). (D) PIAS-1 stabilizes endogenous p73. Hek293 cells were transfected with Flag-PIAS-1. At
24 h after transfection, cell extracts were lysed and the levels of p73 in whole-cell extracts were determined by immunoblotting with rabbit polyclonal
anti-p73 antibody (upper panel). The same blot was reprobed with anti-Flag antibody (middle panel) and with an antiactin antibody (lower panel).
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transcriptional activity (bars 5 and 6). (B) The p73a mutant K627R, which cannot be sumoylated, increases Bax reporter activity (bar 2), but this
is unaffected by PIAS-1 (bar 3) and is only slightly reduced by cotransfection with PIAS-1 and SUMO-1 (bar 4). The PIAS-1 mutant C350S, which
cannot mediate sumoylation, is also inactive on K627R (bar 5). (C) TAp73a(K627R) is constitutively more active than the wild type in activating
p73-responsive promoters. (D) p73p increases Bax reporter activity (bar 2), which is unaffected by PIAS-1 alone (bar 3) or PIAS-1 plus SUMO-1

(bar 4). Error bars indicate standard deviations.

to modulate p73 stability and function (reviewed in reference
28). Using a yeast two hybrid screening approach, we have
identified PIAS-1 as an important regulator of p73 activity.
PIAS family members have previously been shown to sumoy-

late a number of proteins. PIAS-1 inhibits DNA binding by
activated STAT-1 and therefore inhibits its transcriptional
activity (24). However, although STAT-1 is weakly sumoy-
lated by PIAS-1 on Lys 703, this does not seem to be re-
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sponsible for the inhibition of STAT-1 transactivation (36).
Another family member, PIASy, sumoylates the Wnt-re-
sponsive transcription factor LEF1 and redirects it to the
nuclear matrix (37), in a fashion similar to the effects of
PIAS-1-mediated sumoylation of p73 on its subnuclear lo-
calization.

PIAS-1 has recently been shown to act as a SUMO ligase for
p53 (17, 38). Here we show that PIAS-1 also binds and sumoy-
lates p73. The binding of PIAS-1 alone to p73 is sufficient to
stabilize the p73 protein, thus increasing its steady-state lev-
els. Stabilization clearly does not require sumoylation of p73,
since the sumoylation-defective TAp73a(K627R) mutant is
still stabilized by PIAS-1 overexpression. Similarly, a PIAS-1
RING finger mutant that has lost the ability to sumoylate is
still capable of stabilizing p73 protein levels. However, sumo-
ylation of p73 by PIAS-1 results in its functional inactiva-
tion.

p73 sumoylation results in the loss of its ability to transac-
tivate responsive promoters; consistently, TAp73a(K627R),
which cannot be sumoylated, shows a higher basal activity.
Similarly, the naturally occurring, C-terminally truncated
form has always been shown to be more active than the full-
length o form (5, 16, 28). We suggest that this is because this
isoform cannot be sumoylated.

Sumoylation of pS3 has been shown to result in either acti-
vation or repression of p53 activity (10, 17, 20, 35, 38), possibly
as a result of the different promoters and the different cell lines
used, suggesting that the role of sumoylation may vary depend-
ing on the cellular context. Our results with p73 consistently
show that sumoylation reduces transcriptional activity on dif-
ferent promoters. In addition, transfection of the PIAS-1 mu-
tant that has lost its ability to sumoylate has no effect on p73
activity. These data are apparently in contrast with a previous
report showing that sumoylation of p73 has no effect on its
transcriptional activity (29). However, both in our experiments
and in those reported by Minty and coworkers (29), when only
SUMO-1 is cotransfected with p73, at best a very modest effect
on p73 transcriptional activity is observed. This is in accor-
dance with our results showing that overexpression of SUMO-
1 alone results in very low, often undetectable sumoylation of

PIAS-1 SUMOYLATES p73 10607

p73. The addition of PIAS-1 allows the reaction to occur, with
or without the addition of SUMO-1, demonstrating that en-
dogenous levels of SUMO-1 are probably sufficient to give a
functional effect.

p73 can also be ubiquitinated, although the target residue is
not yet known, and this, perhaps surprisingly, results in stabili-
zation (as does non-sumoylation-dependent binding of PIAS-1)
together with transcriptional enhancement (30). Sumoylation
does not affect p73 protein levels, but sumoylated p73 is re-
stricted to the nuclear matrix fraction. Sumoylation is not
required for p73 localization to the nuclear matrix, as sug-
gested also in previous reports (2), although all of the tran-
scriptionally inactive sumoylated p73 is localized to the nu-
clear matrix.

We also show that the functional consequence of inactivat-
ing p73 by sumoylation is a reduction of cells in G, suggesting
that PIAS-1 may function as a checkpoint switch promoting
cell cycle progression. Consistently, PIAS-1 is up-regulated in
proliferating cells and down-regulated in growth-arrested cells
in a cell cycle-dependent fashion. PIAS-1 starts to be expressed
at the end of the G, phase and peaks during S phase, disap-
pearing again completely in G,. PIAS-1-mediated G, exit in-
volves a reduction in p21 mRNA abundance, promoter activity,
and protein expression secondary to a reduction in p73 binding
to the p21 promoter. Therefore, PIAS-1-mediated sumoylation
of p73 reduces its binding to the p21 promoter with a reduction
in p21 expression and release from G,. Since PIAS-1 has
also been reported to sumoylate and inhibit p53, it is possi-
ble that PIAS-1 also exerts its effect on the cell cycle through
pS3 inactivation in p53 wild-type cells, although PIAS-1 did
not affect the p53-mediated increase in p21 protein levels
(Fig. 9C).

The RNA interference experiments support an important
role for PIAS-1 in cell cycle regulation. A specific reduction of
PIAS-1 expression results in a profound reduction in the pro-
portion of cells in S phase, with an increase in cells blocked in
G,. The observed small reduction of the numbers of cells in G,
may merely reflect the reduction in cells proceeding through M
and a dominant effect of PIAS-1 on the G, checkpoint. This
would be consistent with the disappearance of endogenous

FIG. 8. PIAS-1 expression determines cell cycle reentry. (A) Cell cycle profile of Saos-2 cells transfected with the indicated combination of
plasmids, collected 48 h after transfection, stained with PI, and analyzed by flow cytometry. Cells were cotransfected with a GFP-spectrin (18)
construct at a ratio of 1:20 ratio (GFP/other plasmids), and only the GFP-positive cells were analyzed. Expression of PIAS-1 with or without p73
results in a reduction of the number of cells in G, and an increase in the number of cells in S phase. Expression of TAp73a(K627R) also results
in a G, arrest. Coexpression of PIAS-1 does not rescue the block induced by the p73 mutant. (B) Colony suppression assay of H-1299 cells
transfected with TAp73a either alone or in combination with PIAS-1 and SUMO-1 together with pBabe-Puro. Overexpression of p73 results in
the expected reduction in the number of colonies; coexpression of PIAS-1 results in an increased number of colonies, while coexpression of both
PIAS-1 and SUMO-1 produces an even larger increase (upper panel). Expression of TAp73a(K627R) also results in a reduction in the number
of colonies; coexpression of PIAS-1 does not rescue the cells (lower panel). (C) Western blot showing p21 expression in cells transfected with the
indicated combinations of plasmids and collected 24 h after transfection. Overexpression of p73 increases p21 protein levels, while coexpression
of PIAS-1 results in the complete disappearance of p21 protein. PIAS-1 also produces the disappearance of basal p21 levels in cells that do not
overexpress p73 (lane 6). PIAS-1 overexpression has no effect on p21 levels when p53 is also overexpressed (compare lanes 4 and 5). IB,
immunoblot. (D) RT-PCR of p21 mRNAs of cells transfected with the indicated combinations of plasmids. Overexpression of TAp73« increases
p21 mRNA levels, while coexpression of PIAS-1 with or without SUMO-1 produces a marked reduction in p21 mRNA abundance. PIAS-1 also
causes disappearance of basal p21 levels in cells that do not overexpress p73. The PIAS-1/GAPDH ratio from the densitometric analysis of the PCR
bands is shown in the lower panel. (E) ChIP with anti-HA antibodies in cells overexpressing HA-TAp73a alone or in combination with PIAS-1
or PIAS-1 and SUMO-1, showing reduced binding of TAp73a to the p21 promoter in the presence of PIAS-1. The effect is even more striking when
SUMO-1 is also coexpressed. Immunoprecipitation with an unrelated antibody (Ab) (anti-keratin 5) was performed to show the specificity of the
reaction (lanes 4 to 6). (F) Luciferase assay of cells transfected with a p21 reporter plasmid (p21-Luc) and the indicated combinations of plasmids.
p73 activates the p21 promoter, coexpression of PIAS-1 reduces p73 transcriptional activity, and the effect is more pronounced in the presence of
overexpressed SUMO-1. Error bars indicate standard deviations.
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FIG. 9. PIAS-1 expression is regulated during the cell cycle. (A) Western blot of Saos-2 cells grown in serum-free medium for 48 h (0 h) and then
grown in medium containing 10% fetal calf serum (FCS) for 3, 6, and 24 h, showing that PIAS-1 is down-regulated in growth-arrested cells and is
up-regulated in cells reentering the cell cycle. The same blot was reprobed with an antiactin antibody to show equal loading. IB, immunoblot. (B) Graph
showing the distribution of cells in the different cell cycle phases evaluated by flow cytometry on an aliquot of the cells used for the Western blot in
panel A. An increase of PIAS-1 expression parallels the increased number of cells in the S phase. (C) RT-PCR of RNA extracted from cells treated
as described above, showing that there are no changes in PIAS-1 mRNA levels. (D) Hek293 cells untreated (lane 1) or blocked in G, by treatment
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FIG. 10. Reduction of PIAS-1 expression results in G, arrest. Transfection of siRNA against PIAS-1 mRNA results in a G, block. Saos-2 cells
were electroporated either with a nonsense siRNA (A) or with a specific sSiRNA targeted against PIAS-1 mRNA (B). Cells were collected 48 h
after transfection, fixed, stained with PI, and analyzed by flow cytometry. The cell cycle profile shows a reduction of cells in S and G, and an increase
of cells in G,/M. The box shows the percentage of cells in each phase of the cell cycle. (C) Western blot of a cell extract from an aliquot of the
samples analyzed for the cell cycle, showing that transfection of siRNA down-regulates PIAS-1 expression. IB, immunoblot.

PIAS-1 in cells blocked in G,. In conclusion, we show that
up-regulation of PIAS-1 is an important event in cell cycle
control resulting in cell cycle progression, whereas reduced
expression results in G, arrest. This is partly achieved through

42) and SMAD (32) proteins.

sumoylation of p73, although clearly sumoylation of other tar-
get proteins may also be involved. Among these are other
members of the p53 family (17, 38), together with STAT (36,

with 0.2 ng of nocodazole per ml for 16 h (lane 2) and then released by culture in nocodazole-free medium and analyzed after 2, 4, and 8 h (lanes
3, 4, and 5, respectively). The same blot was reprobed with an antitubulin antibody to show equal loading. (E) Graph showing the distribution of cells
in the different cell cycle phases evaluated by flow cytometry on an aliquot of the cells used for the Western blot in panel B. Nocodazole-treated cells
are completely blocked in G, and show no expression of PIAS-1; again, an increase of PIAS-1 expression parallels the increased number of cells
in the S phase. (F) RT-PCR of RNA extracted from cells treated as described above, showing that there are no changes in PIAS-1 mRNA levels.
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