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PML is a nuclear protein with growth-suppressive properties originally identified in the context of the
PML-retinoic acid receptor a (RARa) fusion protein of acute promyelocytic leukemia. PML localizes within
distinct nuclear structures, called nuclear bodies, which are disrupted by the expression of PML-RARa. We
report that PML colocalizes with the nonphosphorylated fraction of the retinoblastoma protein (pRB) within
nuclear bodies and that pRB is delocalized by PML-RARa expression. Both PML and PML-RARa form
complexes with the nonphosphorylated form of pRB in vivo, and they interact with the pocket region of pRB.
The regions of PML and PML-RARa involved in pRB binding differ; in fact, the B boxes and the C-terminal
region of PML, the latter of which is not present in PML-RARa, are essential for the formation of stable
complexes with pRB. Functionally, PML abolishes activation of glucocorticoid receptor-regulated transcription
by pRB, whereas PML-RARa further increases it. Our results suggest that PML may be part of transcription-
regulatory complexes and that the oncogenic potential of the PML-RARa protein may derive from the
alteration of PML-regulated transcription.

Acute promyelocytic leukemia (APL) is characterized by a
clonal expansion of myeloid precursors blocked at the promy-
elocytic stage. A chromosome translocation involving the PML
gene on chromosome 15 and the retinoic acid receptor a
(RARa) gene on chromosome 17 is found in over 95% of APL
cases (1, 7, 16). The resulting PML-RARa fusion gene encodes
a PML-RARa fusion protein that is implicated in the patho-
genesis of the disease (17, 41, 42, 58). In fact, PML-RARa
transgenic mice develop abnormal myelopoiesis with pheno-
typic features of APL (8, 31), and in vitro, PML-RARa ex-
pression has biological activities which are consistent with the
promyelocytic leukemia phenotype, e.g., block of terminal dif-
ferentiation and increased survival (29).

PML is a ubiquitously expressed, matrix-associated nuclear
phosphoprotein whose overexpression induces growth sup-
pression (11, 23, 55). However, its physiological function and
biochemical activities remain unknown. PML is a member of a
growing family of proteins characterized by the presence of a
RING domain, two additional Cys/His-rich regions (B1 and B2
boxes), and an a-helical coiled-coil domain (5, 6, 50, 61).
Within the latter, four clusters of heptads of hydrophobic
amino acids define a dimerization interface through which
PML forms homodimers and, in APL cells, heterodimers with
PML-RARa (42, 59).

PML is localized within discrete nuclear structures referred
to as nuclear bodies (NBs), ND10, Kr bodies, or promyelocytic
leukemia oncogenic domain (19, 45, 71). Other components of
the PML NBs are Sp100 (68), NDP55 (2), Int-6 (15), and
PIC-1 (4). The integrity of the PML NBs is lost in APL cells:
PML-RARa localizes to novel nuclear structures (so-called

microspeckles) and causes the delocalization of PML and
other components of the NBs (19, 45, 71). The disorganization
of the NB structure is thought to be relevant to the pathogen-
esis of the APLs since retinoic acid treatment, which reverts
the differentiation block of the APL blasts in vitro and causes
disease remission in vivo, induces degradation of the PML-
RARa protein and the consequent assembly of the PML NBs
(for a review, see reference 28).

Altered localization of PML and structural changes of the
NBs have also been shown to occur during DNA virus infection
(10, 18, 21, 43). Some viral proteins, such as herpes simplex
virus type 1 Vmw110 and adenovirus E4-ORF3, have been
described to be directly involved in the redistribution of NB
components (10, 18, 21), whereas Epstein-Barr virus (EBV)
EBNA-5 protein has been described to colocalize with PML
within morphologically intact NBs (66). Interestingly, PML
expression as well as the size and number of the PML NBs
increase after treatment of cells with the antiviral agent inter-
feron (12, 46). In summary, a number pieces of indirect evi-
dence suggest that PML and/or the PML NBs are involved in
growth control and are the targets of DNA viral infection.
Identification of proteins that interact with PML within NBs
might help in defining the role of PML and PML NBs in
normal and leukemic cells. We investigated the physical and
functional interactions of PML with the retinoblastoma gene
product (pRB).

pRB regulates cell proliferation by controlling a set of tran-
scription factors (the E2F family of proteins) that activate
genes involved in the G1/S transition (70). In the early G1
phase of the cell cycle, pRB is unphosphorylated and stably
complexed with E2F; as cells pass the G1/S boundary, pRB
becomes phosphorylated, resulting in the functional release of
E2F (70). pRB has also been described to regulate the activity
of promoters that depend on other transcription factors, such
as SP1 or glucocorticoid receptor (44, 65, 69). However, the
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physiological consequences of these activities of pRB remain
unknown.

The analysis of pRB subcellular localization suggests that
pRB is distributed in at least two distinct subnuclear compart-
ments, one diffuse and one corresponding to circumscribed
granules (54, 67) which morphologically resemble NBs. Inter-
estingly, the EBNA-5 protein has been demonstrated to colo-
calize with pRB within distinct nuclear foci in EBV-infected
lymphoblastoid cells (38).

The similarity in subnuclear localization, together with the
shared property of inducing growth suppression, prompted us
to investigate the physical and functional interactions between
PML and pRB. We report here that PML and pRB colocalize
within the PML NBs and that PML forms complexes with the
unphosphorylated form of pRB. Functionally, PML and pRB
do not appear to be mutually necessary to exert their respective
growth suppressor activities, while PML displays an inhibitory
effect on pRB-regulated transcriptional activation of glucocor-
ticoid receptor (GR)-responsive promoters. PML-RARa ex-
pression causes the delocalization of pRB from the PML NB
and shows stimulatory activity on the GR-responsive promot-
ers.

MATERIALS AND METHODS

Plasmids and expression vectors. pCMV-pRB, pCMV-RBD21, and pCMV-
RBD22 expression vectors have been previously described (24, 60). The pCMV-
PML3 expression vector was generated by cloning the previously described
PML3 cDNA (22) in the BamHI site of the pCMV-Neo-BamHI vector (3). The
pSG5-PML/RARa and pCDNA3-PML/RARa expression vectors were obtained
by cloning the PML-RARa coding sequence (58) in the EcoRI site of the pSG5
and pCDNA3 expression vectors, respectively. For co-in vitro translation studies,
PML3 (22), hemagglutinin epitope (HA)-tagged PML-RARa (P/R-HA [30]),
and pRB were subcloned in the pGEM3 plasmid vector (Promega). The DH and
DC mutants were derived from the PML3 clone M58 (22), using the strategy
described elsewhere (30). The DRING mutant was obtained by deleting the 59
PstI fragment of PML and generating an HA fusion cDNA, using BamHI linkers.
The resulting fragment was cloned in the pCDNA1 vector and encodes an
HA-PML fusion protein containing the PML3 sequences starting from amino
acid 103. The DB1B2 in pSG5 (a gift of A. Dejean) was generated by PCR
deletion of the sequence encoding PML amino acids 129 to 227. The DB1B2-
PML3 construct used in this study was obtained by ligating the 59 EcoRI-KpnI
fragment of the DB1B2 construct in pSG5 to the 39 KpnI-EcoRI fragment of
PML3 in the pCDNA3 expression vector. All PML-RARa deletion mutants have
been described elsewhere (30). For generation of overexpressing inducible cell
lines, PML3, PML2, PML-P/R, PML-RARa, DH-P/R, and DC-P/R cDNAs were
cloned in the Zn-inducible mouse metallothionein promoter expression vector
(29). The pCDNA3-Sp100 expression vector was obtained by subcloning the
entire Sp100 coding sequence from the pSG5 expression vector (a gift of H. de
Thè) into the EcoRI site of pCDNA3.

Cell culture and transfection. U937 human myeloid leukemia cells were main-
tained in RPMI 1640 medium supplemented with 10% fetal calf serum. For the
production of overexpressing clones, cells were transfected with the PML3,
PML2, PML-P/R, PML-RARa, DH-P/R, and DC-P/R inducible expression vec-
tors by electroporation as described previously (29). After electroporation, the
cells were selected in G418 and subcloned under limiting dilution conditions.
Expression of the exogenous protein was evaluated by Western blotting after 6 to
12 h of induction with 100 mM ZnSO4, using the PG-M3 (26) or anti-RARa-F
(gift from P. Chambon, Strasbourg, France) antibody, and revealed by the en-
hanced chemiluminescence (ECL) method (ECL kit; Amersham).

C33A human cervix carcinoma cells (ATCC HTB 31) were maintained in
Dulbecco modified Eagle medium supplemented with 10% fetal calf serum and
transfected by the calcium phosphate precipitation procedure (63).

The EBV-immortalized IB4 cord blood cell line was maintained in Iscove’s
medium containing 5% fetal calf serum.

Coimmunoprecipitation and in vitro binding experiments. Two cellular sys-
tems were used for coimmunoprecipitation experiments.

(i) U937 cell clones overexpressing PML3, PML2, PML-P/R, PML-RARa,
DC-PML/RARa, and DH-PML/RARa were used to assess the association of the
corresponding overexpressed proteins with the endogenous pRB, p107, and
p130. A total of 5 3 108 cells were diluted to a concentration of 5 3 105 cells/ml,
and protein expression was induced with 100 mM ZnSO4 for 6 to 12 h. Cells were
collected in E1A buffer (HEPES, 50 mM; NaCl, 250 mM, EDTA, 5 mM;
dithiothreitol, 1 mM; Nonidet P40, 0.1%; phenylmethylsulfonyl fluoride [Sigma],
1 mM; leupeptin [Sigma], 1 mg/ml; aprotinin [Sigma], 1 mg/ml). The cell sus-
pension was briefly sonicated, and the lysates were clarified by centrifugation.
Lysates were precleared by incubation for 1 h with protein A-Sepharose (Phar-

macia). Immunoprecipitation was obtained by adding to the precleared lysate
protein A-Sepharose (Pharmacia) and the relevant serum. Sepharose beads were
washed four times in 13 NET buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl,
1 mM EDTA, 0.1% Nonidet P-40, 0.25% gelatin, 0.02% sodium azide) and
resuspended in sodium dodecyl sulfate (SDS) sample buffer. Immunoprecipitates
were Western blotted with the indicated antisera by the ECL method.

(ii) C33A cells transiently transfected with 10 mg of expression vectors for
PML3, DC, DH, DRING, DB1B2, pRB, RBD21, RBD22, and pSG5-PML/RARa
were used for the remaining experiments. At 48 h after transfection, cells were
washed in phosphate-buffered saline, collected in E1A buffer, and immunopre-
cipitated as described above.

For in vitro binding experiments, bacterially expressed glutathione S-trans-
ferase (GST) fusion proteins were prepared according to standard procedures
(63). For each binding reaction, 5 mg of GST fusion protein bound to glutathi-
one-Sepharose beads (Pharmacia) was incubated for 1 h in ice with 500 mg of
relevant lysates prepared in E1A buffer or with in vitro-translated proteins. After
10 washes in 13 NET buffer, Sepharose beads were resuspended in SDS sample
buffer and analyzed by Western blotting.

Antibodies. PML antisera used in this study were monoclonal antibody PG-M3
(26), polyclonal antibody 2912A, directed against the PML N terminus, and
polyclonal antibody 2417, raised against a peptide corresponding to amino acids
592 to 607 of the PML3 sequence (22). Immunoprecipitation of pRB was per-
formed with monoclonal antibody XZ77 (35); Western blotting analysis was
performed with G3-245 (Pharmingen). The anti-pRB monoclonal antibody
aRB1C1 used in immunofluorescence studies has been previously described (67).
It was raised against a TrpE-pRB fusion protein contain pRB sequences between
amino acids 300 and 928. p107 was analyzed with the monoclonal antibody SD9
(20), and p130 was analyzed with polyclonal antibody C-20 (Santa Cruz). PML-
RARa was immunoprecipitated either with monoclonal antibody PG-M3 or with
anti-RARa polyclonal antibody C-20 (Santa Cruz); Western blotting analysis was
performed with the anti-RARa-F antibody (gift from P. Chambon).

Immunofluorescence staining. IB4 and U937 cells were used for PML-pRB
staining; for PML-RARa-pRB immunofluorescence experiments, we used U937
clone PR9 after 12 h of 100 mM ZnSO4 treatment. The cells were cytocentrifuged
and fixed in methanol at room temperature for 5 min followed by acetone at
220°C for 2 min. PML and PML-RARa stainings were performed with an
anti-PML polyclonal antibody (2912A); pRB staining was performed with mono-
clonal antibody aRB1C1 (67). After extensive washes in phosphate-buffered
saline, the cells were stained with fluorescein isothiocyanate (FITC)- or rhoda-
mine-conjugated anti-mouse or anti-rabbit immunoglobulin antibodies (South-
ern Biotechnology Associates). Preparations were examined on an Olympus
BX-60 fluorescence microscope equipped with a chilled digital color camera
(C5810 3CCD; Hamamatsu Photonics). Images were captured with a 24-bit
board (Image grabber 24; Neotech) on a 8100/80 Power Macintosh personal
computer (Apple). For colocalization experiments, the same microscopic fields
were examined with distinct cubes for fluorescein (excitation filter, 470 to 490
nm; diachronic mirror, 505 nm; barrier filter, 515 to 550 nm) and rhodamine
(excitation filter, 510 to 550 nm; diachronic mirror 570 nm; barrier filter, 590
nm). The images were directly superimposed by the C5810 3CCD control unit.

Co-in vitro translation. In vitro translation experiments were performed with
the Promega TNT coupled reticulocyte lysate system as specified by the manu-
facturer. Of the 25 ml of the final reaction mixture, 1 ml was conserved in SDS
loading buffer for a control, and two aliquots of 12 ml each were diluted to 100
ml with E1A buffer. Translation products were immunoprecipitated with the
corresponding antisera and loaded on an SDS-acrylamide gel.

Colony formation assays. C33A cells were transfected with 10 mg of pCMV-
pRB or equimolar quantities of the other expression vectors, normalized to a
total content of 20 mg of DNA per transfection with pGEM3 DNA. At 48 h after
transfection, each plate was trypsinized and replated at dilutions 1:50, 1:100, and
1:500. After an additional 24 h, G418 was added to the medium at 750 mg/ml
(active concentration). After 14 to 16 days of selection, G418-resistant colonies
were colored with crystal violet and counted.

Transactivation experiments. HeLa cells were plated on the day prior to
transfection (2.5 3 105 cells per 60-mm-diameter dish) and were transfected by
calcium phosphate precipitation (63) with the following expression vectors: 5 mg
of reporter gene plasmid MTV-LTR-CAT (9, 53, 56), 1 mg of plasmid RSV-hGR
(gifts of H. Samuels), and 500 ng of pCMV-b-gal (Clontech, Palo Alto, Calif.)
with or without pSG5-pRB (8 mg), pSG5-PML/RARa (2 mg), or pMT2-PML3 (2
mg). Plasmid pGEM3 was used as carrier to bring the total amount of DNA to
17 mg. The medium was changed after 16 h, and transfected cells were collected
24 h later. One micromolar dexamethasone was added at the time of transfection
and maintained after the medium was changed, for a total induction of 40 h
before extracts were assayed for chloramphenicol acetyltransferase (CAT) activ-
ity. Results were normalized by measuring b-galactosidase activity. CAT activity
was measured according to published procedures (27, 64).

RESULTS

PML and pRB colocalize within NBs. EBV EBNA-5 protein
has been described to colocalize with PML within NBs (66).
EBNA-5 protein has also been demonstrated to colocalize with
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pRB within distinct nuclear substructures, morphologically re-
sembling PML NBs, in EBV-infected lymphoblastoid cells
(38). We therefore investigated the possibility that pRB colo-
calizes with PML within the NBs by performing immunofluo-
rescence experiments with the IB4 EBV-immortalized cord
blood and U937 monocytic cell lines. Cells were fixed with
methanol-acetone and stained with a polyclonal anti-PML an-
tibody (2912A) revealed with a FITC-conjugated anti-rabbit
secondary antibody and with anti-pRB monoclonal antibody
aRB1C1, which has been reported to specifically stain the
fraction of pRB which localizes within distinct nuclear foci
(67), revealed with a rhodamine-conjugated anti-mouse sec-
ondary antibody. Figure 1A shows the results of immunofluo-
rescence experiments performed with the IB4 and U937 cells.
In both cell lines, anti-PML and anti-pRB stainings revealed
specific labeling of nuclear bodies (Fig. 1A). Superimposition
of PML and pRB staining showed that approximately 80% of
PML NBs colocalized with the pRB-containing NBs. Similar
experiments were performed in U937 cells with other proteins
of the pRB family (p107 and p103), referred to as pocket
proteins, which share with pRB a structural domain (pocket)
through which they bind viral proteins and a series of cellular
factors involved in the control of proliferation (36, 37, 39):
p130 revealed a speckled nuclear pattern, while p107 appeared
to be predominantly diffuse within the nucleus. No colocaliza-
tion could be demonstrated with anti-PML and either anti-
p130 or anti-p107 antibodies (data not shown).

PML associates with the pRB complex. We next investigated
if the observed colocalization of PML and pRB corresponded
to the existence of nuclear complexes containing both PML
and pRB. We also studied the possibility that PML could
interact with p107 and p103. To investigate the possible asso-
ciations, we performed coimmunoprecipitation experiments
(Fig. 2A) using a U937 clone overexpressing the PML3 protein
(clone G8), obtained by stably transfecting U937 cells with an
expression vector containing the PML3 cDNA under the con-
trol of the zinc-inducible mouse metallothionein promoter.
High levels of PML3 expression were obtained after treatment
of the cells for 12 h with 100 mM ZnSO4. Lysates from zinc-
induced G8 cells were precleared with protein A-Sepharose
and immunoprecipitated with anti-PML (PG-M3), anti-pRB
(XZ77), anti-p107 (SD9), and anti-p130 (C-20) antibodies or
rabbit preimmune serum as described in Materials and Meth-
ods. The resulting immunoprecipitates were analyzed by West-
ern blotting for the presence of PML3 with an anti-PML3
antibody (Fig. 2A). The presence of pRB, p107, and p130
proteins in the corresponding immunoprecipitates was con-
trolled by decorating the same membrane with the antibodies
(data not shown). PML was present only after immunoprecipi-
tation with the anti-PML or anti-pRB antibody, suggesting that
PML binds to pRB complexes. The PML-pRB complex was
also revealed by anti-pRB Western blotting of an anti-PML
immunoprecipitate (Fig. 2B). Similar results were obtained in
coimmunoprecipitation experiments with lysates from C33A
cells transiently cotransfected with expression vectors pCMV-
PML3 and pCMV-pRB (Fig. 2C and D). Note that in both
cellular systems, it appears that PML coprecipitates with the
fastest-migrating form of pRB, which has been previously iden-
tified as the nonphosphorylated form of the protein (48).

We next tried to reconstitute the PML-pRB complex in vitro
by performing GST pulldown experiments using in vitro-trans-
lated PML3 and GST-pRB recombinant protein GST-RB 379-
928 (Fig. 3A). These experiments demonstrated that GST-
pRB efficiently binds in vitro-translated PML3 (Fig. 2E).

Taken together, these results suggest that PML and non-

phosphorylated pRB form stable complexes in vivo and that
these complexes can be reconstituted in vitro.

The pocket region of pRB is necessary for PML association.
Many cellular and viral proteins have been shown to bind to
the nonphosphorylated pRB, within a region defined as the
T/E1A binding or pocket region (36, 37, 39) (Fig. 3A). To
investigate if the pocket region of pRB is relevant for associ-
ation of PML to the pRB complex we performed coimmuno-
precipitation experiments using C33A cells transiently cotrans-
fected with pCMV-PML3 and with two pRB mutants (RBD21
and RBD22), bearing deletions of the sequences corresponding
to exons 21 and 22, respectively, which encode portions of the
pRB pocket region (Fig. 3A and B). PML binds RBD22 as
efficiently as wild-type pRB but loses completely the capacity
to bind RBD21. These results were supported by in vitro bind-
ing experiments using GST-pRB fusion proteins containing
various pRB domains (Fig. 3A) incubated with a lysate from
the G8 clone overexpressing PML3 (Fig. 3C). GST-pRB 379-
928, which bears the entire wild-type pocket region of pRB
plus the C-terminal region, exhibited efficient binding to PML
(Fig. 3C). GST-RB 379-928 C-F, which bears a point mutation
within the pocket region that abolishes pRB binding to E1A,
revealed a diminished binding to PML. GST-RB 792-928,
which bears the C terminus only, did not bind PML at all.
These results suggest that PML binds to the pRB pocket re-
gion with structural determinants within the region from
amino acids 703 to 737.

Multiple regions of the PML protein are relevant for inter-
action with the pRB complex. We next investigated the regions
of PML involved in complex formation with pRB. PML con-
tains an amino-terminal tripartite motif (RING region, B1-B2
boxes, and coiled-coil region) and variable C termini that de-
fine four PML isoforms (22). The tripartite motif is retained
within the PML-RARa fusion protein (57).

To evaluate the role of the PML N-terminal region in the
formation of complexes with pRB, we studied the potential of
various PML mutants lacking the RING and B1-B2 (DC) re-
gions or the coiled-coil (DH) region (Fig. 4A) to coimmuno-
precipitate with pRB. These deletions do not grossly alter the
function of PML, as shown by the fact that these mutants
retain the capacity to inhibit cell growth (23). We performed
coimmunoprecipitation experiments using lysates from C33A
cells transiently transfected with pRB and either the DH or DC
mutant. Deletion of the PML coiled-coil region reduced pRB
binding, whereas deletion of the PML RING and B1-B2 re-
gions completely abolished the association (Fig. 4B). To fur-
ther map the PML amino-terminal region involved in pRB
complex formation, we generated PML mutants lacking either
the RING region (DRING) or the B11B2 boxes (DB1B2) (Fig.
4A). Both mutants were cloned into a eukaryotic expression
vector (pCDNA) and cotransfected with pCMV-RB into C33A
cells. Anti-PML 2417 and anti-pRB XZ77 immunoprecipitates
from the corresponding cellular lysates were decorated with
the anti-PML3 antibody 2417. The DRING mutant revealed
less capacity than the wild-type PML3 to complex pRB, while
the DB1B2 mutant showed no binding (Fig. 4B). These results
suggest that the B1 and B2 boxes are indispensable for the
formation of the PML-RB complex and that integrity of the
tripartite motif (RING, B1-B2, and coiled coil) is required for
optimal stability of the complex.

To evaluate the role of the PML C-terminal region, we then
analyzed the capacity to form complexes with pRB of a PML
mutant lacking the C terminus (PML-PR) and two PML iso-
forms with different C termini (PML2 and PML3). Coimmu-
noprecipitation experiments were performed with lysates from
U937 clones 6, G8, and 13, overexpressing the PML-PR mu-
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tant and the PML3 and PML2 isoforms, respectively. The
PML-PR mutant revealed no binding to pRB; the PML2 iso-
form exhibited a weaker interaction with pRB compared to
PML3 (Fig. 4C). These results suggest that the PML C-termi-
nal region also contributes to the stability of the PML-pRB

complex and that different PML isoforms have different capac-
ities to complex with pRB, probably due to their different C
termini.

The PML-RARa fusion protein retains the ability of PML to
form complexes with pRB in vivo. We then investigated wheth-

FIG. 1. pRB colocalizes with PML within nuclear bodies and is delocalized by PML-RARa expression. (A) Immunofluorescence experiments using an anti-pRB
monoclonal antibody (a-RB; aRB1C1) revealed with a rhodamine-conjugated anti-mouse antibody and an anti-PML polyclonal antibody (a-PML; 2912A) revealed with
an FITC-conjugated anti-rabbit antibody were performed with IB4 and U937 cells. Superimposition of PML and pRB staining is shown in the righthand panels,
indicating colocalization of PML and pRB within NBs in both cell lines. (B) Similar experiments were performed with the U937 PR9 clone before and after induction
of PML-RARa expression with ZnSO4. Superimposition of PML and pRB staining is shown in the righthand panels, revealing that pRB is delocalized into the
PML-RARa microspeckles by the expression of the fusion protein. The anti-RB antibody aRB1C1 does not cross-react with PML-RARa, as revealed by Western
blotting experiments and immunoprecipitations of in vitro-translated PML-RARa polypeptides (our unpublished results).
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er the PML-RARa fusion protein maintains the capacity to
form complexes with pRB by performing coimmunoprecipita-
tion experiments using cell lysates from U937 clone PR9,
which contains PML-RARa under the control of the zinc-
inducible metallothionein promoter (29). These studies dem-
onstrated that PML-RARa, like PML, also associates with the
nonphosphorylated form of pRB (Fig. 5A). The PML-RARa-
pRB association was unexpected since the mapping of the
PML regions involved in pRB binding showed that the PML C
terminus, which is lost in the fusion protein, is indispensable
for complex formation. We therefore mapped the determi-
nants of the PML-RARa-pRB interaction. Coimmunoprecipi-
tation experiments using lysates of C33A cells cotransfected
with pSG5-PML/RARa and mutant-encoding plasmids pCMV-
RBD21 and pCMV-RBD22, and in vitro binding experiments
using PML-RARa with the GST-pRB fusion proteins de-
scribed above, demonstrated that PML-RARa binds to the
pocket region of pRB (data not shown). To assess the rele-
vance of the PML functional domains in the context of the
PML-RARa fusion protein, we performed coimmunoprecipi-
tation experiments with lysates of U937 clones overexpressing
PML-RARa mutants bearing deletions of the portions de-
scribed above for the PML mutants (DC-P/R and DH-P/R [30])

(Fig. 5B). The DH-P/R mutant, which lacks the PML coiled-
coil region, was still capable of binding pRB. The DC-P/R
mutant, which lacks the PML tripartite motif, binds pRB less
efficiently.

To further characterize these interactions, we performed in
vitro binding studies. pRB protein was co-in vitro translated
with PML3 (Fig. 6A) or P/R-HA (Fig. 6B). Translation prod-
ucts were then immunoprecipitated with anti-pRB (XZ77) and
anti-PML (PG-M3) antibodies. PML3, but not PML-RARa,
appeared to coprecipitate with pRB, indicating that the PML-
pRB complex can be reconstituted in a reticulocyte lysate
whereas the PML-RARa-pRB complex cannot. The PML2
isoform and the PML-PR mutant, like PML-RARa, failed to
coimmunoprecipitate with pRB after co-in vitro translation
(data not shown), confirming in vitro that the PML-pRB in-
teraction depends on the C terminus of PML.

Taken together, these data indicate that the PML-RARa-
pRB complex involves some of the regions which are involved
in the formation of the PML-pRB complex (the PML RING
and B1-B2 regions and the pRB pocket) and leave open the
question of how the PML-RARa-pRB complex is assembled,
since the PML C terminus, which is indispensable for the
formation of the PML-pRB complex, is not retained within the
PML-RARa fusion protein.

FIG. 2. PML associates with the pRB complex. (A) PML coimmunoprecipi-
tates with pRB but not with other pocket proteins. Cell lysates from the PML3-
overexpressing U937 G8 clone were immunoprecipitated (IP) with anti-PML3
(a-PML) polyclonal (2417), anti-pRB (a-RB) monoclonal (XZ77), anti-p107
(a-p107) monoclonal (SD9), and anti-p130 (a-p130) polyclonal (C-20) antibod-
ies and a preimmune (pre-imm) rabbit serum. The arrow on the left indicates
PML3, revealed by Western blotting (W.B.) with anti-PML3 polyclonal antibody
2417. (B) PML coprecipitates with the nonphosphorylated pRB. Anti-PML im-
munoprecipitates from U937 (G8) cell lysates were analyzed by Western blotting
with anti-pRB monoclonal antibody G3-245. The arrow on the left indicates
pRB. (C and D) PML and pRB coimmunoprecipitate in transiently transfected
cells. C33A cells were transiently transfected with the pCMV-PML3 and pCMV-
pRB expression vectors, and lysates were immunoprecipitated with the anti-PML
monoclonal (PG-M3) or the anti-pRB polyclonal (XZ77) antibody. Membranes
were decorated with anti-PML3 antibody 2417 (C) or anti-pRB antibody G3-245
(D). Brackets on the left correspond to PML3 (C) and pRB (D). (E) In vitro
binding analysis of bacterially expressed GST or GST-RB 379-928 (Fig. 3A) with
in vitro-translated (i.v.t.) PML3 polypeptides.

FIG. 3. The PML binding domain of pRB is within the pocket region. (A)
Schematic representation of the pRB mutants used for the analysis. RBD21 and
RBD22 represent deletion mutants lacking pRB exons 21 and 22, respectively,
cloned in eukaryotic expression vector pCMV-Neo-BamHI for in vivo associa-
tion studies. 379-928, 379-928 C-F, and 792-928 are different portions of the pRB
C-terminal region expressed in bacteria as GST fusion proteins used for in vitro
binding experiments (40, 52). (B) In vivo analysis of the association between
PML and pRB deletion mutants. Coimmunoprecipitation experiments were per-
formed with the antisera indicated above the blots (abbreviations are as defined
in the legend to Fig. 2), using lysates from C33A cells transiently transfected with
pCMV-PML3 and either the pCMV-RB, pCMV-RBD21, or pCMV-RBD22 ex-
pression vector. Left, analysis with the anti-PML3 antibody 2417; right, analysis
with anti-pRB antibody G3-245. (C) In vitro binding analysis of GST-RB fusion
proteins with a lysate from U937 (G8) cells overexpressing PML3. The GST-pRB
proteins are shown in panel A; the procedure is described in Materials and
Methods. The membrane was decorated with the anti-PML3 antibody 2417.
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PML-RARa disperses pRB from the NBs. In APL cells, NBs
are disrupted, and not only PML-RARa but also PML, Sp100,
and other components of the NBs appear to be dispersed
within the nucleus into a microspeckled pattern (19, 45, 71). To
investigate whether PML-RARa expression is capable of dis-
persing pRB from the NBs, we performed immunofluores-
cence experiments using the U937-PR9 clone, before and after
zinc induction of fusion protein expression (Fig. 1B). In unin-
duced cells, no PML-RARa protein is expressed and both
PML and pRB staining reveals localization within NBs. After
treatment of cells with 100 mM ZnSO4 for 12 h, PML-RARa
protein is expressed at high levels and PML staining reveals a
finely microspeckled pattern, while NBs disappear (Fig. 1B).
aRB1C1 antibody staining of pRB revealed the same fine mi-
crospeckles, and superimposition of anti-PML and anti-pRB
staining demonstrated apparent colocalization, suggesting that
PML-RARa expression delocalizes pRB to the APL-specific
microspeckles (Fig. 1B).

PML suppresses growth by a pRB-independent mechanism.
PML-RARa has a cell-type-specific effect on cell growth: it
induces growth arrest of all nonhematopoietic cell lines and of
the majority of the hematopoietic cell lines tested, while it
promotes survival in a small subset of hematopoietic cell lines
(23, 25). PML, instead, induces growth arrest in all the cell
lines tested (23, 25). We investigated whether growth suppres-

sion induced by PML or PML-RARa was pRB dependent by
performing colony formation assays in nonhematopoietic cells
lacking functional pRB (C33A and SAOS-2). Another compo-
nent of the NBs, Sp100 (68), was also tested. Briefly, cells
defective for pRB were transfected with either pCMV-PML,
pCDNA3-PML/RARa, pCMV-pRB, a combination of pCMV-
pRB with either pCMV-PML or pCDNA3-PML/RARa,
pCDNA3-Sp100, or the pCMV-Neo-BamHI vector (control).
Cells were selected with G418 for 12 to 15 days, after which
resistant colonies were scored. Figure 7A shows the mean
values of four separate experiments performed with C33A cells
(each experiment was performed in triplicate) where percent-
ages of colonies formed in with plates transfected PML, pRB,
PML plus pRB, PML-RARa, PML/RARa plus pRB, and
Sp100 are compared to values for a vector-transfected control.
PML, pRB, and PML-RARa expression alone greatly reduced
colony formation (averages of 88, 82, and 90%, respectively).
The combination of pRB and either PML or PML-RARa
overexpression virtually abolished colony formation (,95%).
Analogous results were obtained in three separate experiments
performed with pRB2/2 SAOS-2 cells (data not shown). No
reduction in colony formation was detected in Sp100-trans-
fected cells compared to empty vector-transfected cells. These
results suggest that PML and PML-RARa inhibit growth by a
pRB-independent mechanism.

FIG. 4. Determination of the PML regions involved in the association with pRB. (A) Schematic representation of the PML mutants (DH, DC, DRING, DB1B2, and
PML-PR) and the two PML isoforms (PML2 and PML3) used in this study. The major PML domains are shown above or within the maps; the relevant amino acid
boundaries are shown below. (B) The PML N terminus is involved in pRB binding. Coimmunoprecipitation experiments were performed with lysates from C33A cells
transfected with pRB and either the PML3, DH, DC, DRING, or DB1B2 expression vector. The membrane was decorated with an anti-PML3 antibody directed against
the C terminus (see the legend to Fig. 2 for abbreviations). (C) Relevance of the PML C terminus in pRB binding. Coimmunoprecipitation experiments were performed
as described in Materials and Methods, using lysates from U937 clones expressing the PML3 and PML2 isoforms, which have different C termini, and the PML-P/R
mutant, which bears a C-terminal deletion. The membrane was decorated with anti-PML antibody PG-M3, directed against the PML N terminus. Specific bands are
indicated by arrows on the left.
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PML, but not PML-RARa, abolishes pRB activation of GR-
regulated transcription. pRB has been described to play a role
in the regulation of transcription from several promoters. We
investigated the effect of PML expression on pRB regulation of
three transcription factors: (i) E2F1, which is strongly re-
pressed by pRB (34); (ii) SP1, which is enhanced by pRB (44,
69); and (iii) GR, which is also activated by pRB (65). PML
expression had no detectable effect on pRB regulation of ei-
ther E2F1- or SP1-dependent transcription (data not shown)
but appeared to have a consistent inhibitory effect on pRB
transactivation of GR-dependent transcription (Fig. 7B).
HeLa cells were transiently transfected with reporter construct
MTV-LTR-CAT and various combinations of human GR,
pRB, and PML3 as indicated in Fig. 7B. A b-galactosidase
expression vector was included in each transfection for nor-
malization of transfection efficiency. Cells were treated with
1026 M dexamethasone where indicated. At 40 h after trans-
fection, cells were lysed, b-galactosidase activity was evaluated,
and lysates equivalent to 3 U of b-galactosidase were assayed
for CAT activity. The average values from four separate ex-
periments (each performed in triplicate) are shown in Fig. 7B.
PML expression in the absence of pRB appeared to have no
significant effect on GR-regulated expression. However, pRB
transactivation of GR-driven transcription was strongly inhib-
ited by the coexpression of PML. Unlike PML expression,
PML-RARa expression appears to moderately activate GR-
regulated transcription. Coexpression of pRB and PML-
RARa results in promoter activation which is greater than that
determined for either protein alone. PML-RARa therefore
appears to have a different effect with respect to wild-type
PML in affecting pRB regulation of GR-driven promoters.

DISCUSSION

In this report, we have demonstrated that PML forms stable
complexes with the nonphosphorylated form of pRB and that
PML and pRB colocalize within the PML NBs. Whereas it was
possible to study the localization of endogenous PML and pRB
proteins by immunofluorescence experiments, biochemical
analysis of this association was performed with overexpressed
PML protein and endogenous pRB. This is due to the unavail-
ability of antibodies which identify endogenous PML protein
by Western blotting. This technical limitation prevented us
from calculating precisely the stoichiometry of the PML-pRB
complex in vivo. Based on the results obtained from coimmu-
noprecipitation of overexpressed PML and endogenous pRB,
the stoichiometry of the complex appears rather low, approx-
imately 0.5 to 1% for both PML and pRB.

Both PML and pRB proteins are present in different cellular
compartments and in different functional forms. PML is local-
ized within NBs, predominantly associated to the nuclear ma-
trix, but it is also found in the soluble fraction of the nucleus
and in the cytoplasm (11, 45, 55). pRB exists in a nonphos-
phorylated form, which is also found both in the nuclear matrix
and in the nuclear soluble fraction, and in a phosphorylated
form, mainly found in the soluble fraction of the nucleus, and
it is localized in two subnuclear compartments, one diffuse and
one corresponding to circumscribed granules (51, 54). How-
ever, we do not know the precise relative distributions of the
matrix-associated or soluble fraction of both PML and non-
phosphorylated pRB within the different nuclear compart-
ments. We found that PML colocalizes with pRB within the
NB and that it forms soluble complexes with hypophosphory-
lated pRB. These findings imply that fractions of the soluble
PML and hypophosphorylated pRB form stable complexes
within the NBs. However, we cannot exclude that similar com-
plexes are also formed on the nuclear matrix, either within the
NBs or in other nuclear compartments.

The pRB domain involved in binding PML corresponds to
the pocket region. This observation suggests that the PML-
pRB complex could be a target for the adenovirus E1A pro-
tein, which also binds pRB within the pocket region (36, 39).
The formation of stable complexes between the RB protein
and the E1A protein (14) determines inactivation of the
growth-suppressive function of pRB and uncontrolled cell cy-
cle progression (70). Interestingly, altered localization of PML
and structural changes of the NBs have also been shown to
occur during adenovirus infection (10, 18). Furthermore, PML
expression as well as the size and number of the PML NBs

FIG. 5. PML-RARa associates with pRB. (A) Coimmunoprecipitation of
pRB and PML-RARa was performed as described in Materials and Methods,
using the lysate from a U937 clone expressing PML-RARa (PR9) (see the
legend to Fig. 2 for abbreviations). Left, Western blot analysis of anti-PML
(PG-M3) and anti-pRB (XZ77) immunoprecipitates with the anti-RARa anti-F
antibody; right, Western blot analysis with the anti-pRB antibody G3-245. (B)
PML-RARa mutants bearing deletions analogous to those described for PML in
Fig. 3 within the PML moiety of PML-RARa (DC-PR and DH-PR [30]) were
assayed for the capacity to bind pRB. Coimmunoprecipitation experiments were
performed with lysates from U937 cell clones expressing the indicated PML-
RARa mutants.

FIG. 6. Reconstitution of the PML-pRB, but not of the PML-RARa-pRB,
complex in rabbit reticulocyte lysates. pRB was in vitro translated together with
PML3 (A) or P/R-HA (B), using rabbit reticulocyte lysates. The resulting prod-
ucts were immunoprecipitated with either anti-PML or anti-pRB antibodies, as
indicated above the lanes (see the legend to Fig. 2 for abbreviations). A fraction
of the co-in vitro translation product was loaded as a control (co-i.v.t.). In vitro
translation products of the single proteins are loaded at the right of each panel,
to exclude comigration of nonspecific bands.
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increase after treatment of cells with the antiviral agent inter-
feron (12, 46). It is therefore possible that the PML-pRB
complex represents a functionally relevant target of E1A, and
its eventual dissociation by the E1A protein may be important
for the capacity of the virus to induce cell proliferation.

We next investigated the function of the PML-pRB complex.
Since both PML and pRB are growth suppressors (49, 55, 70),
the PML-pRB complex could have a role in determining
growth arrest. We have found that PML exerts growth-sup-
pressive activity in cells lacking functional pRB, suggesting that
the interaction between the two proteins is not necessary for
this effect, whereas coexpression of the two proteins further
increases their individual growth-suppressive effects. We can-
not, however, exclude that other proteins, such as p130 and
p107, even though they do not physically associate with PML,
may substitute for pRB in these cellular systems.

pRB has been described to regulate transcription from a set
of promoters in an E2F-independent manner (44, 65, 69). One
of the described systems of pRB transactivation is GR-medi-
ated transcription (65). pRB has, in fact, been described to
potentiate GR-mediated transcriptional activation with a mech-
anism which involves the presence of and the interaction with
another transcription factor, hBrm (65). It has been recently
reported that the transcriptional activity of GR, in the absence
of pRB overexpression, is slightly (about twofold) increased by
PML in Cos-7 cells (33). We did not observe any significant
effect of PML on the transcriptional activity of GR in HeLa
cells. However, our study demonstrates that PML has a clear
inhibitory effect on pRB potentiation of GR-regulated tran-
scription, therefore indicating one of the possible functions of
the PML-pRB complex. Activated GR, pRB, and PML have
all been described to be involved in the control of cellular

differentiation, although with different effects. Activated GR is
necessary for sustained self-renewal and arrest of differentia-
tion in chicken hematopoietic precursors (72). This effect was
proved to depend on the capacity of activated GR to act as a
transcription factor. Nonphosphorylated pRB has been shown
to be relevant in promoting differentiation of various cell types,
such as adipocytes, myocytes, erythroid precursor cells, and
neuronal cells, by synergizing with specific transcription factors
(13, 32, 47, 62). PML-RARa, instead, blocks differentiation in
hematopoietic precursor cell lines (29), and this function de-
pends on both the PML and RARa portions of the protein
(30). One could speculate that GR, pRB, and PML participate
in determining the choice between differentiation and self-
renewal and that the PML-pRB complex is part of this regu-
lation. PML overexpression could result in inhibition of the
pRB-GR synergism, therefore favoring differentiation.

We have demonstrated that the APL-specific fusion protein
PML-RARa deregulates PML-pRB function. PML-RARa, in
fact, retains the capacity to interact with pRB, and the expres-
sion of PML-RARa disperses pRB from the NBs. Function-
ally, however, PML-RARa does not inhibit pRB potentiation
of GR-mediated transactivation but, on the contrary, appears
to further enhance it. Even though the mechanism through
which these interactions can ultimately result in opposite ef-
fects on GR-regulated promoters remains to be elucidated,
one can speculate that the functional difference between the
PML-RARa-pRB and PML-pRB complexes could contribute
to the leukemogenic potential of PML-RARa by stimulating
GR activity and ultimately favoring self-renewal and blocking
differentiation.

The molecular mechanism underlying the formation of the
PML-RARa-pRB complex in vivo remains unclear. We have

FIG. 7. Functional relevance of the PML-pRB association. (A) PML inhibits colony formation with a pRB-independent mechanism. C33A cells, which lack
functional pRB, were transfected with equimolar quantities of the expression vectors indicated below the graph; G418-resistant colonies were scored after 12 to 15 days
of selection. Results are shown as percentage of colonies with respect to C33A cells transfected with an empty vector (control). The results represent the average of
four separate experiments, each performed in triplicate. (B) Effect of PML3 and PML-RARa on pRB regulation of GR-mediated transcription in HeLa cells. The data
are expressed as fold activation of plasmid MTV-LTR-CAT with respect to the basal control value. Results are the average of four separate experiments, each
performed in triplicate. hGR, human GR; Dex, dexamethasone.
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demonstrated that the interaction between PML and pRB
requires two regions of the PML protein, the B1 and B2 boxes
and the C terminus, and can be reconstructed in a reticulocyte
system, whereas the interaction of PML-RARa with pRB does
not. Notably, the PML C terminus, which is crucial in the
formation of the PML-pRB complex, is absent in the PML-
RARa fusion protein. The RARa component of the fusion
protein might functionally substitute, in vivo, for the PML C
terminus. However, coimmunoprecipitation experiments dem-
onstrated that RARa does not form stable complexes with
pRB (data not shown). Other cellular proteins may, therefore,
be involved in the formation of the PML-RARa-pRB complex
in vivo and may be responsible for the alteration of transcrip-
tional regulation of target promoters by PML-RARa.

In conclusion, our data demonstrate that PML and pRB
form a complex in vivo within a specific cellular compartment,
the NBs, and that such a complex could influence the function
of pRB, for example, by regulating the activity of pRB on
GR-mediated transcription, and they suggest that interactions
between these molecules could regulate important processes
such as differentiation and proliferation. PML-RARa could
antagonize the effect of PML on pRB, thereby contributing to
deregulation of differentiation and proliferation in APL cells.
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