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Opposing effects of PML and PML/RAR� on STAT3 activity
Akira Kawasaki, Itaru Matsumura, Yoshihisa Kataoka, Eri Takigawa, Koichi Nakajima, and Yuzuru Kanakura

Promyelocytic leukemia protein PML acts
as a tumor suppressor, whereas its chi-
meric mutant promyelocytic leukemia/
retinoic acid receptor � (PML/RAR�)
causes acute promyelocytic leukemia
(APL). Because PML has been shown to
form transcription-regulatory complexes
with various molecules, we speculated
that PML and/or PML/RAR � might affect
signal transducer and activator of tran-
scription 3 (STAT3) activity, which plays a
crucial role in granulocyte colony-stimu-
lating factor (G-CSF)–induced growth and
survival of myeloid cells. In luciferase
assays, PML inhibited STAT3 activity in

NIH3T3, 293T, HepG2, and 32D cells. PML
formed a complex with STAT3 through
B-box and COOH terminal regions in vitro
and in vivo, thereby inhibiting its DNA
binding activity. Although PML/RAR � did
not interact with STAT3, it dissociated
PML from STAT3 and restored its activity
suppressed by PML. To assess the bio-
logic significance of these findings, we
introduced PML and PML/RAR � into inter-
leukin-3 (IL-3)–dependent Ba/F3 cells ex-
pressing the chimeric receptor com-
posed of extracellular domain of G-CSF-R
and cytoplasmic domain of gp130, in
which gp130-mediated growth is essen-

tially dependent on STAT3 activity. Nei-
ther PML nor PML/RAR � affected IL-3–
dependent growth of these clones. By
contrast, gp130-mediated growth was ab-
rogated by PML, whereas it was en-
hanced by PML/RAR �. These results re-
veal new functions of PML and PML/
RAR� and suggest that dysregulated
STAT3 activity by PML/RAR � may partici-
pate in the pathogenesis of APL. (Blood.
2003;101:3668-3673)

© 2003 by The American Society of Hematology

Introduction

Acute promyelocytic leukemia (APL) is characterized by a clonal
expansion of myeloid precursor cells blocked at the promyelocyte.
In more than 95% of APL patients, reciprocal chromosomal
translocation t(15; 17) fuses the promyelocytic leukemia (PML)
gene to the retinoic acid receptor (RAR) � gene, yielding the fusion
protein PML/RAR�.1,2

PML is a ubiquitously expressed nuclear protein containing the
RING domain, B1 and B2 boxes, and �-helical coiled-coil
domain.3,4 PML forms a homodimer and localizes in the speckled
subnuclear structure referred to as nuclear bodies (NBs),5 where it
interacts with various proteins, including p53 and retinoblastoma
protein, and modifies their functions.6-9 It was more feasible to use
PML�/� mice to develop lymphomas than PML�/� mice when
challenged with mutagens, suggesting a possible role for PML as a
tumor suppressor.10,11 In APL cells, PML/RAR� delocalizes PML
from NBs through direct interaction and inhibits tumor-suppressive
activity of PML, which is thought to play some role in leukemogen-
esis of APL.12-14

The growth, differentiation, and survival of myeloid cells are
pivotally regulated by granulocyte colony-stimulating factor (G-CSF).
After binding to the receptor, G-CSF activates Janus family tyrosine
kinases (JAKs). The activated JAKs, in turn, induce phosphorylation
and dimerization of signal transducers and activators of transcription
(STATs), which translocate into the nucleus and initiate gene
transcription.15-18 Although G-CSF activates STAT1, STAT3, and
STAT5, STAT3 was shown to be essential for G-CSF–dependent
proliferation and differentiation of myeloid cells.19,20

Considering the fact that STAT3 is a crucial regulator of
development of myeloid cells, we speculated that STAT3 activity
might be dysregulated in APL cells. Here, we found that PML
bound to STAT3 and inhibited its activity, which was canceled by
PML/RAR�. Furthermore, PML abrogated STAT3-dependent
growth of Ba/F3 cells, whereas it was enhanced by PML/RAR�.
These results suggest that PML/RAR� could participate in the
pathogenesis of APL through the dysregulation of STAT3 activity.

Materials and methods

Reagents and antibodies

A rabbit anti-STAT3 antibody (Ab) (K-15), a goat anti-PML Ab (N-19), and
normal rabbit IgG (control IgG) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). A rhodamine-conjugated murine anti–goat IgG
Ab and an FITC-conjugated murine anti–rabbit IgG Ab were purchased
from Chemicon International (Temecula, CA).

Plasmid constructs and cDNAs

Expression vectors for PML3 and PML/RAR� were provided by Dr M.
Alcalay, Department of Experimental Oncology, European Institute of
Oncology, Milan, Italy.6 Flag-tagged PML mutants were generated by
polymerase chain reaction (PCR) and subcloned into pcDNA3 (Invitrogen,
De Schelp, The Netherlands). Glutathione S-transferase (GST)–STAT3
constructs were generated by subcloning PCR products into pGEX-4T-1
(Pharmacia, Uppsala, Sweden). An expression vector for constitutively
active STAT5A (1*6-STAT5A) was provided by Dr T. Kitamura (Tokyo
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University, Japan). pEF-BOS-G-CSF-R/gp130 is an expression vector for
G-CSF-R/gp130, a chimeric receptor composed of the extracellular domain
of G-CSF receptor and the cytoplasmic domain of gp130.21

Cell lines and cultures

293T, HepG2, and NIH3T3 cells were maintained in Dulbecco modified
Eagle medium containing 10% fetal bovine serum (FBS). Murine interleu-
kin-3 (IL-3)–dependent cell lines Ba/F3 and 32D were cultured with RPMI
1640 containing 10% FBS and 1 ng/mL IL-3. To stably express PML and
PML/RAR� in Ba/F3, we transfected each expression vector by electropo-
ration (250 V, 960 �F) (Bio-Rad Laboratories, Richmond, CA). The
transfected cells were screened by the culture with G418 (1.5 mg/mL;
Sigma, St Louis, MO). After the selection, we examined the expression
levels of the transgene among the stable transformants by Western blot
analysis. According to this result, 5 clones, in which each transgene was
efficiently expressed, were selected and subjected to further analyses.

Cell proliferation assays

To quantitate the growth of cultured cells, an MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazoloim bromide] (Sigma) rapid colorimetric assay
was used as previously reported.22

Northern blot analysis

Northern blot analysis was performed as described previously.23

Immunoprecipitation and immunoblotting

293T cells were transfected with various expression vectors and pEF-BOS-
G-CSF-R/gp130 by calcium phosphate precipitation. After 32 hours, the
cells were stimulated with 30 ng/mL G-CSF for 30 minutes, and total
cellular lysates were prepared as described previously.23 The procedures for
immunoprecipitation and immunoblotting were described previously.23

Electrophoretic mobility shift assay

The isolation of nuclear extracts and electrophoretic mobility shift assay
(EMSA) were performed as described previously.23 The sequence of the
probe to detect DNA binding of STAT3 is based on the IL-6/interferon
(IFN) response element in the murine interferon regulatory factor-1 gene
promoter as follows: 5�-GCGTGATTT CCCCGAAATGATGAGGCA-3�.24

Luciferase assays

Luciferase assays were performed in NIH3T3, 293T, and HepG2 cells
according to the methods described previously.23 The details of the reporter
genes for STAT3 (4 � acute phase response elements [APRE]-Luc
containing the APRE sequence from the rat �2-microglobulin promoter),
STAT5 (3 � �-Cas-Luc containing the � activation site [GAS] sequence
from the bovine �-casein promoter), and STAT1 (4 � interferon �
stimulated response element [ISRE]-Luc containing the ISRE sequence

from the murine guanylate binding protein [GBP] promoter) were described
in previous papers.24,25 The cells were transfected with various expression
vectors along with 1 �g of an appropriate reporter gene and 10 ng of
pRL-TK, an expression vector for Renilla luciferase. After 8 hours, the cells
were washed, incubated without serum for 24 hours, and then cultured with
or without an appropriate cytokine indicated (30 ng/mL IL-6, 30 ng/mL
IFN�, 5 U/mL erythropoietin (EPO), or 30 ng/mL G-CSF) for 6 hours. We
performed luciferase assays in 32D cells by electroporation as described
previously.23 Relative luciferase activity was calculated by normalizing
transfection efficiency according to Renilla luciferase activity. The experi-
ments were performed in triplicate, and similar results were obtained from
at least 4 independent experiments.

GST pulldown assays

GST-STAT3 fusion proteins expressed in Escherichia coli were purified on
glutathione-sepharose 4B beads (Pharmacia).35S-labeled PML was pre-
pared with TNT Quick Coupled Transcription/Translation System (Pro-
mega, Madison, WI). For each binding reaction, 20 �g GST fusion protein
bound to glutathione-sepharose beads was incubated with 50 �L TNT
(Promega) reaction solution for 1 hour at 4°C. The resulting complexes
were separated by gel electrophoresis and subjected to autoradiography.

Immunostaining

293T cells grown on BioCoat Collagen I CultureSlides (Nippon Becton
Dickinson, Tokyo, Japan) were transfected with the indicated expression
vectors and pEF-BOS-G-CSF-R/gp130, and then cultured with 30 ng/mL
G-CSF for 30 minutes. After fixation and permeabilization, cells were
incubated with an anti-STAT3 Ab for 1 hour and then with an FITC-
conjugated anti–rabbit IgG Ab. After rinsing with PBS containing 0.2
�g/mL 4�, 6-diamidino-2-phenylindole dihydrochloride (DAPI), the cells
were incubated with an anti-PMLAb and then with a rhodamine-conjugated
anti–goat IgG Ab. The stained cells were observed under a confocal laser
microscope (Zeiss LSM410, Obercochen, Germany).

Results

PML repressed STAT3 activity through the complex formation

At first, we examined the effect of PML on STAT3 activity in NIH3T3
and 293T cells with luciferase assays using 4 �APRE-Luc. In NIH3T3
cells, IL-6–induced STAT activity was suppressed by PML in a
dose-dependent manner (Figure 1A). Similarly, PML inhibited gp130-
mediated or G-CSF-R–mediated STAT3 activity in 293T and HepG2
cells (Figure 1B-C). In addition, PML was found to suppress G-CSF-R–
mediated STAT3 activity in a hematopoietic myeloid cell line, 32D
(Figure 1D). By contrast, PML did not affect IFN�-induced STAT1
activity or G-CSF–induced STAT1 activity in HepG2 cells (Figure 1E;

Figure 1. PML binds to STAT3 and inhibits its activity.
NIH3T3 (A,F), 293T (B), HepG2 (C,E,G), and 32D (D)
cells were transfected with an appropriate reporter gene
(4 � APRE-Luc [A-D], 4 � ISRE-Luc [E], or 3 � �-Cas-
Luc [F-G]) along with the indicated expression vectors.
Also, 293T cells were transfected with pEF-BOS-G-CSF-
R/gp130 and HepG2 cells with G-CSF-R. Relative lucif-
erase activities induced by IL-6, G-CSF, EPO, IFN�, or
1*6-STAT5 were quantitated. The results are shown as
the means 	 standard deviations (SDs) of triplicate
cultures. Similar results were obtained from at least 4
independent experiments. (H-I) 293T cells were trans-
fected with pEF-BOS-G-CSF-R/gp130 and the indicated
expression vectors. After G-CSF stimulation, total cell
lysates were isolated and subjected to immunoprecipita-
tion (IP) and immunoblotting (IB) with the indicated
antibodies.
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data not shown). Also, it did not influence 1*6-STAT5 (constitutively
active STAT5) activity in NIH3T3 cells (Figure 1F) and did not repress
EPO-induced or G-CSF–induced STAT5 activity in HepG2 cells
(Figure 1G; data not shown). These results indicate that PML specifi-
cally represses STAT3 activity.

To explore the mechanism by which PML suppressed STAT3
activity, we examined the in vivo association by coimmunoprecipitation
experiments in 293T cells. As shown in Figure 1H, PML was coimmu-
noprecipitated with STAT3 only when PML and STAT3 were cotrans-
fected (upper panel, lane 8) and vice versa (lower panel, lane 7). Because
a negative control Ab (a normal rabbit IgG) did not immunoprecipitate
PML (Figure 1I, lane 4), we considered that these reactions were
specifically performed by anti-PML and anti-STAT3 Abs.

Next, we examined the in vitro binding between PML and several
GST-STAT3 fusion proteins (Figure 2A). Because we could not obtain
the GST fusion protein containing full-length STAT3 as a soluble
protein due to the formation of the inclusion body, we performed GST
pulldown experiments using GST-STAT3, each containing the truncated
fragment of STAT3. At first, we examined the quality and quantity of
fusion proteins by Coomassie brilliant blue staining (Figure 2B, lower
panel) and found that purified GST-STAT3 (320-590) partially includes
the degraded product (indicated by an arrow). However, we could not
prevent this degradation in spite of the repeated experiments. Next, we
examined which fusion protein bound to 35S-labeled PML. As shown in
Figure 2B, upper panel, PML bound to GST-STAT3 (107-377) and also,
to a lesser degree, to GST-STAT3 (320-590). In contrast, PML scarcely
bound to GST alone, GST-STAT3 (1-154), or GST-STAT3 (580-770).
These results imply that STAT3 may bind to PML through the domain
spanning amino acids 320-377. However, given that GST-STAT3
(107-377) bound to PML with stronger affinity than GST-STAT3
(320-590), the other domain included by GST-STAT3 (103-377), such
as the coiled-coil domain, might enhance and/or stabilize their binding.
Because amino acids 320-377 reside in the DNA binding domain, we
examined the effect of PMLon the DNAbinding activity of STAT3 with
EMSA. As shown in Figure 2C, the nuclear extract prepared from
G-CSF–treated 293T cells bound to the probe containing the STAT3
binding sequence (Figure 2C, lane 2), which was canceled by the
wild-type competitor (Figure 2C, lane 3) but not by the mutant
competitor (Figure 2C, lane 4) and supershifted by an anti-STAT3 Ab
(Figure 2C, lane 5), indicating that this DNA binding complex was
formed from STAT3. When PML was cotransfected, PML reduced this
DNA binding complex in a dose-dependent manner (Figure 2C, lanes
7-9). In contrast, PML showed no effect on the DNA binding activity of
IFN�-activated STAT1 or EPO-activated STAT5 (data not shown),
again suggesting that PML would specifically inhibit STAT3 activity.

Next, we examined the in vitro binding between GST-STAT3
(107-377) and several PML mutants (Figure 3A). A mutant lacking

the RING domain (
R) still bound to GST-STAT3 (107-377),
whereas its affinity was lower than that of full-length (FL)–PML.
In contrast, 
 RING-B-box (RBB), 
RBB coiled coil (CC), and
RBBCC scarcely bound to GST-STAT3 (107-377) (Figure 3B). The
similar results were obtained from GST-STAT3 (320-590) (data not
shown). Consistent with the data on the in vitro binding, 
R
repressed STAT3 activity as efficiently as FL-PML, whereas

RBB, 
RBBCC, and RBBCC showed little effect on STAT3
activity (Figure 3C). These results suggest that PML directly binds
to STAT3 and inhibits its activity through B-box zinc finger and
carboxyl-terminal domains.

PML/RAR� restored STAT3 activity inhibited by PML

Next, we examined whether PML/RAR� interacts with STAT3 in
293T cells. In contrast to PML (Figure 4A, lane 1), PML/RAR�
was not coimmunoprecipitated with STAT3 regardless of the
treatment with all-trans retinoic acid (Figure 4A, lanes 2-3).
However, cotransfected PML/RAR� dose-dependently inhibited
the in vivo binding between PML and STAT3 (Figure 4B). In
addition, PML/RAR� canceled the inhibitory effects of PML on
STAT3 activity and augmented IL-6–induced 4 � APRE-Luc
activity up to 33-fold in NIH3T3 cells (Figure 4C). Together, these
results suggest that PML/RAR� dissociates PML from STAT3 and
cancels its inhibitory effects on STAT3 activity. To further provide
insight into the effects of PML and PML/RAR� on STAT3 activity,

Figure 2. PML inhibits DNA binding activity of STAT3. (A) Functional domains of STAT3 and the structure of GST-STAT3. Gray indicates coiled-coil domain; black, DNA
binding domain; dotted, linker domain; and hatched, SH2 domain. (B) In vitro binding between PML and GST-STAT3 was examined by GST pulldown assays (upper panel).
Coomassie brilliant blue staining of each GST-STAT3 protein (lower panel). An arrow indicates the partially degraded product. (C) 293T cells expressing STAT3 and
G-CSF-R/gp130 with or without PML were cultured in the presence or absence of 30 ng/mL G-CSF for 30 minutes. Then, nuclear extracts were isolated and subjected to
EMSA. An arrow indicates the DNA binding complex including STAT3. c indicates wild-type competitor; mc, mutant competitor; Ab, anti-STAT3 Ab.

Figure 3. PML binds to STAT3 and inhibits its activity through B-box and
carboxy-terminal domains. (A) The structure of PML mutants. Dotted indicates
RING domain; filled, B1 and B2 boxes; and hatched, coiled-coil domain. (B) In vitro
binding between GST-STAT3 (107-377) and PML mutants was examined by GST
pulldown assays. (C) NIH3T3 cells were transfected with 4 � APRE-Luc and the
effector gene indicated. IL-6–induced fold activation is indicated. The results are
shown as the means 	 SDs of triplicate cultures. Similar results were obtained from
at least 4 independent experiments.
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we performed a similar analysis with 293T cells, in which
endogenous PML was hardly detectable by Western blotting
(Figure 1). As was the case with NIH3T3 cells, PML/RAR�
restored gp130-mediated STAT3 activity suppressed by PML
(Figure 4D). When PML/RAR� was transfected alone, PML/
RAR� stimulated 4 � APRE-Luc activity up to 4-fold even
without G-CSF stimulation. Given that PML/RAR� did not
stimulate the backbone reporter gene lacking the 4 � APRE
element in 293T cells (data not shown), it was speculated that some
proportion of STAT3 already was located in the nucleus and
revealed its basal activity even without G-CSF stimulation and that
PML/RAR� enhanced this basal activity. Moreover, PML/RAR�
augmented G-CSF–induced STAT3 activity from 10-fold to 20-
fold even in the absence of PML (Figure 4D). These results indicate
that PML/RAR� not only restores STAT3 activity repressed by
PML but also augments STAT3 activity by itself.

Next, we examined the localization of PML and STAT3 by
immunocytochemical analyses in 293T cells. PML was hardly
detectable in mock-transfected cells (Figure 5A,E), whereas it
localized in the nucleus and formed NBs in PML-transfected cells
(Figure 5I,M). When PML and PML/RAR� were cotransfected,
both molecules formed microspeckled distribution in the nucleus
(Figure 5Q,U). Before G-CSF stimulation, STAT3 was dispersed in
the cytoplasm (Figure 5B). After G-CSF stimulation, STAT3
translocated into the nucleus and showed a diffuse distribution
pattern in mock-transfected cells (Figure 5F), whereas it was
concentrated into NBs in PML-transfected cells (Figure 5N).
Superimposition of the staining for PML and STAT3 showed that
PML-NBs were colocalized with STAT3-containing NBs (in 198 of
200 cells examined) (Figure 5P). Importantly, when PML and
PML/RAR� were cotransfected, activated STAT3 revealed a
diffuse distribution pattern in the nucleus, as in mock-transfected
cells (Figure 5V). In this condition, colocalization of PML and
STAT3 was observed in only 19 of 200 cells examined. These
results suggest that STAT3 colocalizes with PML in NBs and that
this colocalization is perturbed by PML/RAR�.

STAT3-dependent growth of Ba/F3 cells was inhibited by PML
and enhanced by PML/RAR�

To assess the biologic significance of the interaction among PML,
PML/RAR�, and STAT3, we transfected PML, PML/RAR�, and mock
(an empty expression vector) into IL-3–dependent Ba/F3 cells express-
ing G-CSF-R/gp130, in which gp130-mediated growth is essentially
dependent on STAT3 activity.21 At first, we screened the expression
levels of each transgene and selected 5 single cell clones from the
respective transfectants in which PML or PML/RAR� was expressed
efficiently (the expression levels of PML and PML/RAR� in each
representative clone is shown in Figure 6A). When these clones were
stimulated with G-CSF, the induction of STAT3-responsive genes, tis11
and junB, was reduced in PML-transfected clones as compared with that
in PML/RAR�-transfected clones (the data obtained from a representa-
tive clone is shown in Figure 6B). In contrast, PML and PML/RAR�
hardly affected IL-3–induced expression of STAT5-responsive genes,
oncostatin M (OSM), and cis (Figure 6C). The similar pattern of gene
responses was observed in the other 4 transfectants of PML or
PML/RAR� (data not shown). Next, we analyzed the growth character-
istics of these transfectants under the culture with IL-3 or G-CSF. To
avoid the biased results due to the analysis on the single clone, we mixed
5 clones with an equal ratio (each 20%) and prepared the mixed clones
from the respective transfectants. Each of 5 single-cell clones and the
mixed clone showed similar growth curves and dose responses under
the culture with IL-3 or G-CSF (data not shown). We show the results
obtained from the mixed clones in Figure 6D-I. As shown in Figure 6D,
there was no significant difference in the dose responses to IL-3 among
mock-transfected, PML-transfected, and PML/RAR�-transfected mixed
clones, and these clones showed similar growth curves under the culture
with IL-3 for 5 days (Figure 6F). When these mixed clones were
cultured with various concentrations of G-CSF, the PML-
transfected mixed clone was hardly responsive to G-CSF even at a
concentration of 100 ng/mL. In contrast, the PML/RAR�-
transfected mixed clone showed proliferative response to a low
concentration of G-CSF, at which the mock clone hardly prolifer-
ated (Figure 6E). Furthermore, time course analysis showed that
the PML-transfected mixed clone did not proliferate in response to

Figure 4. PML/RAR� restores STAT3 activity inhibited by PML. (A-B) 293T cells
were transfected with pEF-BOS-G-CSF-R/gp130 and the indicated amounts of expression
vectors, and cultured with or without 1 �M all-trans retinoic acid (ATRA). Total cell lysates
prepared after G-CSF treatment were subjected to coimmunoprecipitation analyses.
(C) NIH3T3 cells were transfected with 4 � APRE-Luc and the effector genes indicated.
After IL-6 stimulation, relative luciferase activities were quantitated. (D) 293T cells were
transfected with pEF-BOS-G-CSF-R/gp130, 4 �APRE-Luc, and the indicated amounts of
effector genes. After G-CSF stimulation, relative luciferase activities were quantitated. The
results are shown as the means 	 SDs of triplicate cultures. Similar results were obtained
from at least 4 independent experiments.

Figure 5. STAT3 colocalizes with PML but not with PML/RAR� in NBs. 293T cells
were transfected with STAT3 and G-CSF-R/gp130, together with a mock vector
(A-H), PML alone (I-P), or PML � PML/RAR� (Q-X). Cells were stained with an
anti-PML Ab (A,E,I,M,Q,U), an anti-STAT3Ab (B,F,J,N,R,V), and DAPI (C,G,K,O,S,W).
Original magnifications, �400.
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G-CSF at the concentration of 0.1, 1, or 10 ng/mL for 5 days
(Figure 6G-I). By contrast, the PML/RAR�-transfected mixed
clone was more responsive to 1 ng/mL G-CSF than the mock-
transfected clone (Figure 6H). In addition, the PML/RAR�-
transfected clone was still able to proliferate in response to 0.1
ng/mL G-CSF, whereas the mock-transfected clone hardly prolifer-
ated (Figure 6I). These data indicate that STAT3-dependent growth
of Ba/F3 cells is inhibited by PML, whereas it is augmented by
PML/RAR�. In spite of the marginal effect of PML on STAT3-
dependent gene expression, PML completely abrogated gp130-
mediated proliferation in Ba/F3 cells. As for this reason, we
speculated that cyclin-dependent kinase activities regulated by
STAT3 might be abrogated by a partial loss of its target genes such
as c-myc and cyclin D1.16-21

Discussion

We demonstrated here that STAT3 activity is inhibited by PML and
augmented by PML/RAR�. As for this mechanism, we found that
PML directly bound to STAT3 in NBs and thereby inhibited the
DNA binding activity of STAT3. In contrast, PML/RAR� did not
associate with STAT3 but inhibited the binding between PML and

STAT3, probably through the heterodimerization with PML. In the
present study, GST pulldown assays revealed that STAT3 binds to
the B-box and C-terminal domains of PML. Based on the previous
report that PML/RAR� and PML form a complex through the
respective coiled-coil domains,12 it seems strange that PML/RAR�
inhibits the binding between PML and STAT3. However, consider-
ing that the PML oligomer is able to form NBs through the B-box
domain26 while the PML-PML/RAR� heterodimer lacks this
ability, the structure of the B-box domain in the PML-PML/RAR�
heterodimer was supposed be somewhat different from that in the
PML oligomer. Therefore, as a probable interpretation of this
result, it was speculated that, if PML more preferentially binds to
PML/RAR� than to STAT3, STAT3 might not be capable of
binding to the PML-PML/RAR� heterodimer any more, due to the
conformational change of the B-box domain. Taken together, our
results suggest that PML/RAR� would enhance STAT3 activity by
reducing inhibitory effects of PML. However, we also found that
PML/RAR� augmented gp130-mediated STAT3 activity in 293T
cells even in the absence of PML. Therefore, it was speculated that
PML/RAR� by itself could enhance STAT3 activity independently
of PML through an as-yet-undetermined mechanism. Because
STAT3 activity is modulated by various binding molecules such as
Smad1, c-Jun, and p300,27-29 further studies focusing on the effects
of PML/RAR� on these interactions would undoubtedly provide
more clear information as to this molecular mechanism.

STAT3 is activated by various growth factors such as G-CSF,
IL-6, and OSM in hematopoietic cells. Activated STAT3 regulates
cytokine-dependent growth of hematopoietic cells by promoting
G1/S progression through the induction of c-myc and cyclin
D1.16-21 In addition to its function in normal hematopoiesis, STAT3
was aberrantly activated in peripheral blood samples obtained from
the patients with acute myeloid leukemia, lymphoblastic leukemia,
and polycytemia vera.17 Furthermore, STAT3 activity was shown to
be enhanced by STAT5b-RAR�, another type of fusion protein
identified in APL.30 These lines of evidence suggest that dysregu-
lated STAT3 activity would play some role in malignant transforma-
tion of normal cells. Supporting this hypothesis, dominant-negative
STAT3 was reported to abrogate v-Src–dependent proliferation of
hematopoietic cells.31 Furthermore, Bromberg et al32 showed that
constitutively active STAT3 enabled a fibroblast cell line to form
colonies in soft agar assays and to develop tumors in nude mice.

In our study, PML/RAR� by itself induced neither phosphoryla-
tion nor activation of STAT3 in Ba/F3 cells (data not shown).
However, PML/RAR� potentiated gp130-mediated STAT3 activity
and consequent STAT3-dependent growth of Ba/F3 cells. There-
fore, it was assumed that dysregulated STAT3 activity by PML/
RAR� would enhance cytokine-dependent growth of APL cells and
affect some aspects of the pathophysiology of APL. This specula-
tion is largely coincident with the previous findings that transgenic
mice that express PML/RAR� exclusively in myeloid/promyelo-
cytic cells reveal abnormal hematopoiesis like myeloproliferative
disorders before the onset of APL.33 Further studies to determine
the role of dysregulated STAT3 in the growth and differentiation
arrest of APL cells may be useful to understand the mechanism
underlying leukemogenesis of APL.
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Figure 6. STAT3-dependent growth of Ba/F3 cells is inhibited by PML and
augmented by PML/RAR�. PML and PML/RAR� were introduced into Ba/F3 cells
expressing G-CSF-R/gp130. According to the expression levels of the transgene, 5
clones in which PML or PML/RAR� was expressed efficiently were selected from the
respective transfectants. These 5 clones were mixed with an equal ratio to prepare
the mixed clones from the respective transfectants. (A) The protein expression level
of PML and PML/RAR� in a representative clone of each transfectant. (B-C) The
responses to IL-3 and G-CSF in a representative clone of each transfectant. After IL-3
deprivation, the cells were stimulated with 30 ng/mL G-CSF (B) or 1 ng/mL IL-3 (C).
Induction levels of STAT3-responsive (B) or STAT5-responsive (C) genes were
examined by Northern blot analysis. (D-I) The growth characteristics of respective
transfectants were examined in 5 single-cell clones and the mixed clone. All of 5
clones and the mixed clone showed similar growth responses to IL-3 or G-CSF.
F indicates mock; f PML; Œ PML/RAR�. The data obtained from the mixed clones
were shown as the means 	 SDs of triplicate cultures. (D-E) Dose responses to IL-3
and G-CSF were examined by MTT assays. O.D. indicates optical density. (F-I) Total
cell number was counted under the culture with 1 ng/mL IL-3 (F), 30 ng/mL (G), 1
ng/mL (H), or 0.1 ng/mL (I) G-CSF.

3672 KAWASAKI et al BLOOD, 1 MAY 2003 � VOLUME 101, NUMBER 9



References

1. Kakizuka A, Miller W-H-J, Umesono K, et al.
Chromosomal translocation t(15; 17) in human
acute promyelocytic leukemia fuses RAR� with a
novel putative transcriptional factor, PML. Cell.
1991;66:663-674.

2. de The H, Lavau C, Marchio A, Chomienne C,
Degos L, Dejean A. The PML-RAR� fusion
mRNA generated by the t(15; 17) translocation in
acute promyelocytic leukemia encodes a func-
tionally altered RAR. Cell. 1991;66:675-684.

3. Borden K-L, Lally J, Martin S, O’Reilly N-J, So-
lomon E, Freemont P-S. In vivo and in vitro char-
acterization of the B1 and B2 zinc binding do-
mains from the acute promyelocytic leukemia
proto-oncoprotein PML. Proc Natl Acad Sci
U S A. 1996;93:1601-1606.

4. Mu Z-M, Chin K-V, Liu J-H, Lozano G, Chang
K-S. PML, a growth suppressor disrupted in
acute promyelocytic leukemia. Mol Cell Biol.
1994;14:6858-6867.

5. Koken M-H-M, Puvio-Dutilleul F, Guillemin M-C,
et al. The t(15;17) translocation alters a nuclear
body in a retinoic acid-reversible fashion.
EMBO J. 1994;14:1073-1083.

6. Alcalay M, Tomassoni L, Colombo E, et al. The
promyelocytic leukemia gene product (PML)
forms stable complexes with the retinoblastoma
protein. Mol Cell Biol. 1998;18:1084-1093.

7. Pearson M, Carbone R, Sebastiani C, et al. PML
regulates p53 acetylation and premature senes-
cence induced by oncogenic Ras. Nature. 2000;
406:207-210.

8. Guo A, Salomoni P, Luo J, et al. The function of
PML in p53-dependent apoptosis. Nat Cell Biol.
2000;2:730-736.

9. Ferbeyre G, Stanchina E, Querido E, Baptiste N,
Prives C, Lowe S-W. PML is induced by onco-
genic ras and promotes premature senescence.
Genes Dev. 2000;14:2015-2027.

10. Piazza F, Gurrieri C, Pandolfi P-P. The theory of
APL. Oncogene. 2001;20:7216-7222.

11. Wang Z-G, Delva L, Gaboli M, et al. Role of PML
in cell growth and the retinoic acid pathway.
Science. 1998;279:1547-1451.

12. Kastner P, Perez A, Lutz Y, et al. Structure, local-
ization and transcriptional properties of two
classes of retinoic acid receptor � fusion proteins
in acute promyelocytic leukemia (APL): structural
similarities with a new family of oncoproteins.
EMBO J. 1992;11:629-642.

13. Wang Z-G, Ruggero D, Ronchetti S, et al. PML is
essential for multiple apoptotic pathways. Nature
Genet. 1998;20:266-271.

14. Quignon F, de Bels F, Koken M, Feunteun J,
Ameisen J-C, de The H. PML induces a novel
caspase-independent death process. Nature
Genet. 1998;20:259-265.

15. Smithgall T-E, Briggs S-D, Schreiner S, Lerner
E-C, Cheng H, Wilson M-B. Control of myeloid
differentiation and survival by Stats. Oncogene.
2000;19:2612-2618.

16. Bowman T, Garcia R, Turkson J, Jove R. STATs
in oncogenesis. Oncogene. 2000;19:2474-2488.

17. Lin T-S, Mahajan S, Frank D-A. STAT signaling in
the pathogenesis and treatment of leukemias.
Oncogene. 2000;19:2494-2504.

18. Coffer P-J, Koenderman L, Groot R-P. The role of
STATs in myeloid differentiation and leukemia.
Oncogene. 2000;19:2511-2522.

19. McLemore M-L, Grewal S, Liu F, et al. STAT-3
activation is required for normal G-CSF-depen-
dent proliferation and granulocytic differentiation.
Immunity. 2001;14:193-204.

20. Shimozaki K, Nakajima K, Hirano T, Nagata S.
Involvement of STAT3 in the granulocyte colony-
stimulating factor-induced differentiation of my-
eloid cells. J Biol Chem. 1997;272:25184-25189.

21. Kiuchi N, Nakajima K, Ichiba M, et al. STAT3 is
required for the gp130-mediated full activation of
the c-myc gene. J Exp Med. 1999;189:63-73.

22. Matsumura I, Kanakura Y, Kato T, et al. Growth
response of acute myeloblastic leukemia cells to
recombinant human thrombopoietin. Blood. 1995;
86:703-709.

23. Matsumura I, Kitamura T, Wakao H, et al. Tran-
scriptional regulation of the cyclin D1 promoter by
STAT5: its involvement in cytokine-dependent
growth of hematopoietic cells. EMBO J. 1999;18:
1367-1377.

24. Nakajima K, Yamanaka Y, Nakae K, et al. A cen-
tral role for Stat3 in IL-6-induced regulation of
growth and differentiation in M1 leukemia cells.
EMBO J. 1996;15:3651-3658.

25. Matsumura I, Nakajima K, Wakao H, et al. In-
volvement of prolonged ras activation in thrombo-
poietin-induced megakaryocytic differentiation of
a human factor-dependent hematopoietic cell
line. Mol Cell Biol. 1998;18:4282-4290.

26. Borden K-L, Lally J-M, Martin S-R, O’Reilly N-J,
Solomon E, Freemont P-S. In vivo and in vitro
characterization of the B1 and B2 zinc-binding
domains from the acute promyelocytic leukemia
protooncoprotein PML. Proc Natl Acad Sci U S A.
1996;93:1601-1606.

27. Nakashima K, Yanagisawa M, Arakawa H, et al.
Synergistic signaling in fetal brain by STAT3-
Smad1 complex bridged by p300. Science. 1999;
284:479-482.

28. Zhang X, Wrzeszczynska M-H, Horvath C-M,
Darnell J-E Jr. Interacting regions in Stat3 and
c-Jun that participate in cooperative transcrip-
tional activation. Mol Cell Biol. 1999;19:7138-
7146.

29. Bromberg J-F, Horvath C-M, Besser D, Lathem
W-W, Darnell J-E Jr. Stat3 activation is required
for cellular transformation by v-src. Mol Cell Biol.
1998;18:2553-2558.

30. Dong S, Tweardy D-J. Interactions of STAT5b-
RARalpha, a novel acute promyelocytic leukemia
fusion protein, with retinoic acid receptor and
STAT3 signaling pathways. Blood. 2002;99:2637-
2646.

31. Odajima J, Matsumura I, Sonoyama J, et al. Full
oncogenic activities of v-Src are mediated by
multiple signaling pathways: Ras as an essential
mediator for cell survival. J Biol Chem. 2000;275:
24096-24105.

32. Bromberg J-F, Wrzeszczynska M-H, Devgan G,
et al. Stat3 as an oncogene. Cell. 1999;98:295-
303.

33. He LZ, Tribioli C, Rivi R, et al. Acute leukemia
with promyelocytic features in PML/RARalpha
transgenic mice. Proc Natl Acad Sci U S A. 1997;
94:5302-5307.

EFFECTS OF PML AND PML/RAR� ON STAT3 ACTIVITY 3673BLOOD, 1 MAY 2003 � VOLUME 101, NUMBER 9


