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LETTERS

Foxp3 controls regulatory T-cell function by
interacting with AML1/Runx1

Masahiro Ono'?*, Hiroko Yaguchi’*,

Naganari Ohkura™, Issay Kitabayashi’, Yuko Nagamura®, Takashi Nomura',

Yoshiki Miyachi?, Toshihiko Tsukada® & Shimon Sakaguchi'”

Naturally arising CD25%CD4" regulatory T cells (Ty cells) are
engaged in the maintenance of immunological self-tolerance and
immune homeostasis by suppressing aberrant or excessive im-
mune responses, such as autoimmune disease and allergy'=. Ty
cells'specifically express the transcription factor Foxp3, akey regu-
lator of Ty-cell development and function. Ectopic expression of
Foxp3 in conventional T cells is indeed sufficient to confer sup-
pressive activity, repress the production of cytokines such as
interleukin-2 (IL-2) and interferon-gamma (IFN-y), and upregu-
late - Tp-cell-associated molecules such as CD25, cytotoxic T-
lymphocyte-associated antigen-4, and glucocorticoid-induced
TNF-receptor-family-related protein*”’. However, the method by
which Foxp3 controls these molecular events has yet to be ex-
plained. Here we show that the transcription factor AML1 (acute
miyeloid leukaemia 1)/Runx] (Runt-related transcription factor
1), which is crucially required for normal haematopoiesis includ-
ing thymicT-cell development"'“ activates IL-2and JFN-y gene ex-
pression in conventional CD4” T cells through binding to their
respective promoters. In natural Ty, cells, Foxp3 interacts physically
‘with AML). Several lines of evidence support a model in which
the interaction suppresses I1L-2 and IFN-y production, upregulates
Tg-cell-associated molecules, and exerts suppressive activity.
This transcriptional control of Tg-cell function by an interaction
between Foxp3 and AML] can be exploited to control physio-
logical and pathological T-cell-mediated immune responses.

Functional studies of the 1L-2 promoter have ascertained that a
minimal promoter region extending to 300 base pairs (bp) relative to
the transcription start site of the JL-2 gene, containing binding sites
for nuclear factor of activated T cells (NFAT), Octl, activator pro-
tein-1 (AP-1) and nuclear factor-kB (NF-xB)'3, is sufficient for indu-
cible expression of the gene after stimulation of the T-cell antigen
receptor (TCR) in reporter assays'’. However, the upstream se-
quences beyond this region also enhance promoter activity'’. By
examining the 2.0-kb 5’ flanking region of the mouse 1L-2 gene, we
have found three putative AMLI-DNA binding consensus sites (5'-
ACCACA-3") at —370, —1,327 and —1,458 bp (relative to the tran-
scription start site), denoted RE1, RE2 and RE3, respectively (Fig. 1a).
In particular, a region containing.the proximal RE1 site is highly
conserved between humans, mice and other mammalian species
(Supplementary Fig. S1) and is reported to be selectively and rapidly
demethylated on T-cell activation™.

To determine whether AMLI binds to the JL-2 promoter and
modifies JL-2 gene e).p:cssmn, we performed several assays with
mouse primary CD4”" T cells and human Jurkat cells. In chromatin
immunoprecipitation (ChIP) assays using an antibody against
AMLI, the JL-2 promoter region adjacent to the RE] sile was

co-precipitated in mouse primary CD4™ T cells, whereas the 5'
and 3’ regions far from the start site were not (Fig. 1b). The human
IL-2promoter region encompassing the AML] site corresponding to
the mouse RE1 site was also co-precipitated with the anti-AML]
antibody in Jurkat cells (Fig. 1b). Electrophoretic mobility-shifi
assays showed specific retardation of the complexes formed between
the DNA-binding domain of AMLI and radiolabelled oligonucleo-
tides corresponding to RE1, RE2 and RE3 (Fig. 1¢). Moreover, mut-
ating the RE1, RE2 and RE3 sites by altering two nucleotides at each
site (mut RE1, mut RE2 and mut RE3; Supplementary Fig. $2) com-
pletely abolished AML1 binding (Fig. 1c).

To examine the functional responsiveness of the -2 promoter 10
AMLI, we made a reporter construct composed of the 1.6-kb IL-2
promoter, containing the three AML1-binding sites, fused 10 a luci-
ferase reporter gene. Stimulation of Jurkat cells with anti-CD3 and
anti-CD28 activated the IL-2 promoter in the construct'®, and trans-
fection of AML] enhanced this activation further (Fig. 1d). The use of
amutated JL-2 promoter with mut RE1, mut REZ and mut RE3 sites
(IL-2 promoter AAML-luc) resulted in a striking decrease in both
stimulation-induced and AML]-enhanced promoter activities (Fig.
Te). Mutations that disrupted NFAT sites (IL-2 promoter ANFAT-
luc) led 1o a complete elimination of both stimulation-induced tran-
scription activation and AML1-enhanced transactivation (Fig. 1f),
suggesting that AML1-dependent activation of the JL-2 pronioter is
reliant on the NFAT transcription factor complex.

Knockdown of endogenous AMLI by RNA interference (RNAi) in
Jurkat cells resulted in a marked decrease in IL-2 production after
stimulation, indicating that AML1 is physiologically required for the
induction of IL-2 cxpression in activated T cells (Fig. 1g). Moreover,
in mouse primary T cells retrovirally transduced with AMLI, IL-2
production in response to anti-CD3 and anti-CD28 stimulation was
much higher than in empiy-vector-transduced T cells (Fig. 1h, i).
Converscly, IL-2 production was markedly reduced in mouse T cells
transduced with a dominant-negative form of AML1 (AMLI-DN,
also called AMLI1a (ref. 16); see Fig. 2d), which lacks the C-terminal
transcriptional activation and inhibition domains (Fig. 1h, i).

“Taken together, the findings in Fig. 1 indicate that AML] binds
specifically 1o the AML] sites present in the IL-2 promoter region,
thus enhancing IL-2 gene expression.

Expression of AML] protein in both conventional T cells and
Ty cells (Supplementary Fig. $3) and strong repression of 1L-2
expression by Foxp3 (Fig. 1h, i, refs 4-6) indicate that AML] and
Foxp3 may interact in Ty, cells and may thereby control IL-2 express-
ion. Indeed, an anti-FOXP3 antibody co-precipitated endogenous
FOXP3 with AML] from human peripheral blood mononuclear cells
(PBMCs) (Fig. 2a). This indicates in vivo physiological interaction of
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Figure 1] AML1/Runx1 enhances IL-2 expression through binding to the IL-
2 promoter in activated T cells. a, Schematic representation of the mouse
and human JL-2 promoters. The putative AML1 binding sites, the NFAT
sites and the TATA boxes'are shown in red, blue and yellow, respectively.
b, In ChlP assays performed with an antibody against AMLI or control
rabbit IgG, aliquots of chromatin obtained before (Input) or after
immunoprecipitation (IP) from mouse CD4" T cells or Jurkat cells were
analysed by polymerase chain reaction with primers specific for the IL-2
promoter. The positions of the ChIP primers are delineated in a by
arrowheads. The primers for the 5 and 3° far distal regions were used as
controls. ¢, In an electrophoretic mobility-shift assay, the DNA-binding
domain of AMLI was incubated with radiolabelled oligonucleotides
spanning the individual AML] wild-type or mutated (mut) RE1, RE2 and
RE3 sites on the JL-2 promoter (sequences of the oligonucleotides are shown
in Supplementary Fig. $2). d-f, Jurkat cells were simultaneously transfected
with either an AML1-expressing or an empty vecior, and with wild-type
mouse JL-2 (mIL-2) promoter-luciferase (Juc) (d), a mutated promoter
AAML-luc construct containing mut RE1, mut RE2 and mut RE3 (e), ora
mutated promoter ANFAT-luc construct containing mutated NFAT
consensus sites (f). Cells were cither unstimulated or stimulated by plate-
bound anti-CD3 and soluble anti-CD28 for 6 h, and luciferase activities were
measured. Data shown are relative values of firefly Juciferase normalized to
Renilla huciferase and are expressed as means * s.e.m. g, Jurkat cells were
transfected with AML] siRNAs (1, 2 and 3) or control siRNA, and the
expression of endogenous AML] was evaluated by western blot analysis
(top). Cells transfected with the indicated siRNAs were stimulated for 24 h
with plate-bound anti-CD3 and soluble anti-CD28, and 1L-2 levels in the
supernatant were quantified by ELISA (bottom; means  s.d.). h, Mouse
CD257CD4™ T cells were transduced with retroviral pMCslg vectors
encoding indicated proteins, IRES and GFP. GFP-positive cells were sorted
and stimulated by plate-bound anti-CD3 and soluble anti-CD28 for 6 h and
analysed for intracellular IL-2 expression by flow cytometry. Thin lines
represent control staining with an isotype-matched antibody. i, Sorted GFP-
positive cells were stimulated by soluble anmi-CD3 and anti-CD28 with
antigen-presenting cells for 24 h, and 1L-2 Jevels in the supernatant were
quantified by ELISA (means * s.d.). Results represent three independent
experiments.
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endogenous FOXP3 and AML) in natural Ty cells, because most
FOXP3"* T cells in PBMCs are naturally arising CD4™ T, cells'™,
Glutathione S-transferase (GST) pulldown experiments showed phy-
sical interaction of these two molecules in vitre: |*>S]methionine-
labelled Foxp3 bound to the GST~AML] fusion protein but not to
the GST protein alone, and, reciprocally, labelled-AML1 bound to
GST-Foxp3 (Fig. 2b). In addition, under confocal microscopy,
immunostained endogenous AML] and Foxp3 were heterogeneously
distributed in the nucleus and partly co-localized in mouse
CD25"CD4™ Ty cells, suggesting that both proteins comprise part
of the same molecular complex in natural Ty cells (Fig. 2¢).

We next artempted to determine the Foxp3-interacting domain of
AMLI and the AMLI-interacting domain of Foxp3. In reciprocal co-
immunoprecipitation experiments using lysates of human embry-
onic kidney' 293T cells co-transfecied with construcls encoding
tagged AML1 and Foxp3 proteins, deletion mutants of AMLI lacking
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Figure 2 | Foxp3 interacts physically with AML1. a, Endogenous interaction
between AML] and FOXP3 in human PBMCs. PBMCs were lysed, subjected
to immunoprecipitation (1P) with anti-FOXP3 antibody or control IgG, and
western blotted (WB) with anti-AML] and anti-FOXP3 antibodies. Asterisk
indicates immunoglobulin heavy chain. b, In vitro interaction between
Foxp3 and AMLI was analysed by GST pulldown assays. In vitro'transcribed/
translated [**S]methionine-labelled FoxP3 or AML1 was incubated with
bacterially expressed GST-AMLI or GST-Foxp3, respectively. GST alone
was included as a negative control. Input consisted of 10% of the
[**S)methionine-labelled products. ¢, The intracellular localizations of
endogenous AML1 and Foxp3 in mouse Ty, cells were analysed by confocal
microscopy with antibodies directed against AMLI and Foxp3. A
representative image of a single T cell is shown. Images of AMLI (green)
and Foxp3 (red) were merged to show regions of co-localization (yellow).
The nucleus was revealed with POPO-3 staining (blue). d, Schematic
diagram of wild-type AML1 (shown on top) and the deletion constructs. The
Runt, activation and inhibition domains are indicated as Runt, AD and 1D,
respectively. e, Myc-tagged Foxp3 was co-transfected into 293 T cells with the
indicated Flag-tagged AML] constructs and immunoprecipitated with anti-
Flag M2 agarose; protein blots were probed with anti-Myc (top) or anti-Flag
(middle) antibodies. The expression of Foxp3 in the lysates was monitored
by immunoblotiing with an anti-Myc antibody (bottom). f, Schematic
diagram of wild-type Foxp3 (top) and the deletion constructs. The zinc
finger, leucine zipper and forkhead domains are indicated as ZnF, LZ and
FH, respectively. g, Haemagglutinin (HA)-tagged AML] was co-transfected
into 293T cells with the indicated Flag-tagged Foxp3 constructs and
immunoprecipitated with anti-Flag M2 agarose, and protein blots were
probed with anti-HA (top) or anti-Flag (middle) antibodies. The
expression of AMLI in the lysates was monitored by immunablotting with
an anti-HA antibody (bottom). Figures represent three independent
experiments.
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the carboxy-terminal region (amino acids 362—402; asterisk in
Fig. 2d) failed 1o bind to Foxp3, indicating a requirement of this
region for interaction with Foxp3 (Fig. 2d, ¢). This region of AML]
corresponds 1o the domain that was shown 10 have inhibitory activity
on transcription®’. Similar cxperiments using deletion mutants of
Foxp3 indicated that the AMLI-interacting domain of the Foxp3
protein was Jocated between the forkhead domain and the Jeucine
zipper motif (amino acids 278-336; asterisks in Fig. 2f) (Fig. 2f, g).

ChIP assays showed that Foxp3 bound 10 the IL-2 promoter (Sup-
plementary Fig. 84), as reported recently””. To ‘establish the func-
tional significance of the interaction between Foxp3 and AMLY, we
used the same IL-2reporter construct described in Fig. 1d to examine
whether Foxp3 affects the transactivation activity of AMLI in Jurkat
cells (Fig. 3a). Foxp3 did indeed repress both stimulation-induced
transcriptional activation and AMLI]-dependent transcriptional
enhancement of the IL-2 promoter. When the mutated JL-2

¥ ‘n;, 1y "‘1v,"""l
£
%lETTERS% '..{:"

promoter AAMLI-luc (depicied in Fig. l¢) was employed, JL-2 pro-
moter aclivity was substantially attenuated and Foxp3 failed to
repress the transcription further, suggesting that the repression of
JL-2 ranscription by Foxp3 is dependent on AMLI (Fig. 3b).

Next, 10 determine whether Foxp3 is also able (o repress AMLI-
mediated 1L-2 production in mouse primary T cells, we co-transduced
CD257CD4" conventional T cells with retroviral constructs of Foxp3-
internal ribosome entry site (JRES)-nerve growth factor receptor
(NGFR)} and AMLI-IRES—green fluorescent protein (GFP), and ana-
lysed IL-2 production in those T cells co-expressing NGFR and GFP
{Fig. 3¢,d). Consistent with the results of the luciferase reporter assays
was our observation that Foxp3 repressed AML1-driven]L-2 produc-
tion in the co-transduced T cells (Fig. 3¢, d, and Supplementary Fig.
S5a). In addition, retrovira) gene transduction of AML] failed to elicit
JL-2 production in Foxp3-expressing natural CD25* CD4* Ty cells
(Fig. 3e, and Supplementary Fig. S5b).
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Figure 3 | Foxp3 represses AML1-induced IL-2 expression by interacting
with AML1. a, b, Jurkat cells were co-transfected with expression vectors for
the indicated proteins and wild-type IL-2 promoter (a) or mutated JL-2
promoter AAML-Iuc constructs (b), stimulated as in Fig. 1d—f, and
luciferase activities were measured. ¢, Schematic representation of the
retroviral vectors, including pMCslg-AML1 (AMLI-IRES-GFP) and
pGCSamIN-Foxp3 (Fmp3—lRES—NGFR), which were used 10 express
AMLI and Foxp3, respectively, in this study. Mouse CD4™ T cells were co-
transduced with the pMCslg and pGCSamIN vectors 1o express the
indicated proteins and were activated by soluble anti-CD3 and anti-CD28
for 6 h. Cells were stained with a biotinylated anti-NGFR antibody and
allophycocyanin-conjugated streptavidin, and subsequently fixed and
stained with phvcoervthrln~con)ugaied anti-1L-2, and analysed by flow
cytometry for intracellular 1L-2 in GFP*/NFGR" double-positive cells
(rectangles) d, Co-transduced mouse CD4” T cells sorted by gating GFP*/
NFGR™ double-positive cells were stimulated as in Fig. 1i, and 1L-2 levels in
the supernatant were quantified by ELISA. e Mouse CD25~CD4*
conventional T cells (T conv) or CD25%CD4" T cells (Ty) were transduced
with the pMCslg vectors to express the indicated proteins, sorted by gating
GFP™ cells and stimulated as in Fig. 1i; 1L-2 levels in the supernatant were
quantified by ELISA. Expression of transduced genes in d and e was

confirmed by western blot analysis with sorted GFP*NGFR™ (or GFP™)
cells (Supplementary Fig, 85). f, Sequence alignment of the AML1-binding
region in human and mouse FOXP3. Substitutions were introduced at
conserved residues of human/mouse FOXP3 (asterisks) as indicated.

g, Haemagglutinin (HA)-tagged AML] was co-transfected into 293T cells
with the indicated Flag-tagged Foxp3 mutants and immunoprecipitated with
anti-Flag M2 agarose, and protein blots were probed with anti-HA (top) or
anti-Flag (middle) antibodies. The expression of AML] in the lysates was
monitored by immunoblotting using an anti-HA antibody (bottom). WT,
wild type. Abbreviations of mutants are as follows: 281RR: 1281R and
V282R; 298LV: R298L and E299V; 309LV: R309L and R310V; 316LD:
H316L and G317D; 322RV: P322R and E323V; 329VH: D329V and Y330H;
329VHL: D329V, Y330H and K332L. h, Mouse CD4* T cells transduced
with pMCslg vectors encoding wild-type and mutant Foxp3 proteins, IRES
and GFP were stained intracellularly with phycoerythrin-conjugated anti-
Foxp3, and analysed by flow cytometry. Numbers in dot plots indicate mean
fluorescence intensity (MF}) of Foxp3 in the rectangle gates. i, Gene-
transduced T cells were stimulated as in Fig. 1h, and CD4™ cells were
analysed for intracellular 1L-2 by flow cytometry. Error bars represent s.e.m.;
all experiments were repeated at least three times with similar results.
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To examine further whether 1L-2 repression by Foxp3 is dependent

‘on the interaction of Foxp3 with AML], we made Foxp3 mutants
with two or three amino acid substitutions in the region required for
interaction with AMLI (Fig. 3f). In co-immunoprecipitation experi-
ments using these Foxp3 mutants and wild-type AML1, mutant
329VHL, which has three amino acid changes in the region, scarcely
bound 1o AML], and mutant 329VH exhibited less AML] binding
than other mutants with two amino acid substitutions or than wild-
type Foxp3 (Fig. 3g). After retroviral gencuamducnon of mutated or
wild-type Foxp3 into conventional CD4™ T cclls, the expression levels
of the Foxp3 proteins were equivalent (Fig. 3h). However, the AMLI-
non-binding 329VHL mutant was unable to suppress 1L-2 production
when transduced to conventional CD4" T cells, and the 329VH
mutant with reduced AMLI] binding was less suppressive than other
mutants or wild-type expressers (Fig. 3i). 329VHLis not a simple loss-
of-function mutant, because it retained the ability to interact with
NFAT (Supplementary Fig. 56) and regulate some Foxp3-regulated
gencs in a DNA microarray analysis (Supplementary Fig. §7). Thus, in
addition to the NFAT-Foxp3 interaction, the AMLI-Foxp3 inter-
action is critical on its own for suppressing L2

We next examined whether AML] is involved in the regulation of
the genes encoding Ty-cell-associated cell surface molecules, such as
CD25, cylotoxic T-lymphocyte-associated antigen-4 (CTLA-4) and
glucocorticoid-induced TNF-receptor-family-related protein (GITR).

ChIP assays showed that AML] bound 1o intron 1 of CD25, to the .

promoter of CTLA-4, and to the promoter and intron 1 of GITR
(Supplementary Fig. S8a, b). ChIP assays using the same primer pairs
as in Fig. S8a showed that Foxp3 bound to CD25intron 1 and GITR
intron 1 (Supplementary Fig. $9), which was consistent with recent
reports®. Retroviral transduction of AML] in'mouse pnmary CDs'T
cells downregulated the expression of CD25, CTLA-4 and, in particu-
lar, GITR (Supplementary Fig. S8c), whereas similar transduction of
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Figure 4-] Foxp3 requires interaction with AML1 to confer Tg-cell
phenotype and function on conventional T cells. a, Mouse conventional
T cells transduced with pMCslg vector encoding wild-type (WT) or mutant
Foxp3 shown in Fig. 3g-j were stained with anti-CD25 (top), anti-CTLA-4
{intracellular, middle) or anti-GITR (botiom), and analysed by flow
cymmelry. MFI, mean fluorescence intensity. b, ¢, Proliferation of sorted
GFP" cells in the presence of soluble anti-CD3 and antigen-presenting cells
(APCG) without (b) or with (¢) IL-2 and anti-CD28, measured by
[*H}thymidine incorporation; results are means * s.d. for triplicate
cultures. d, Suppressive activity of T cells transduced with wild-type or
mutant Foxp3. Graded doses of sorted GEP™ cells were cultured with freshly
prepared CD257CD4” cells for 72 h with soluble anti-CD3 and APCs, and
*H Jthymidine incorporation was measured as in b. e, Knockdown of AML1
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wild-type Foxp3 upregulated the expression of these molecules (Fig.
4a). Notably, the 329VHL Foxp3 mutant failed 10 upregulate them,
and the 329VH mutant wasless efficient in the upregulation than other
mutants or wild-type Foxp3 (Fig. 4a). Taken together, these findings
suggest that AMLI and the Foxp3-AML] complex control these genes
in conventional T cells and natural Ty, cells, respectively.

We, and others, have shown previously that natural Ty cells and
Foxp3-transduced T cells are anergic (that is, non-proliferative) on
stumulation of the TCR in vitro, whereas stimulation of the TCR
together with high-dose JL-2 and anti-CD28 stimulation can abrogate
the anergic state™**2, As shown in Fig, 4b, ¢, 329VHL-transduced T
cells were slightly Jess anergic than T cells transduced with other
mutants or wild-type Foxp3, and the addition of high-dose 1L-2 and
anti-CD28 antibody more easily abrogated their anergic state.
Furthermore, whereas natural Ty cells and Foxp3-transduced T cells
suppress the proliferation of co-cultured naive T cells on stimulation
of the TCR in virro**®#%, the 329VHL-transduced cells were much less
suppressive than T cells transduced with other mutants (Fig. 4d). In
addition, knockdown of AMLI in human CD25™#"CD4* T cells abro-
gated their anergic state and attenuated their suppressive activity
(Fig. 4e-g, and Supplementary Fig. S10). Taken together, these results
support a model in which the formation of the Foxp3-AMLI] complex
controls anergy and the suppressive function of natural Ty cells.

AMLI and the Foxp3-AMLI] complex may control the expression
of a broad range of genes in addition to those encoding the IL-2
and Ty-cell-associated molecules described above (Supplementary
Fig. 7). For example, AMLI1 and Foxp3 controlled IFN-y production
in a similar manner to that of IL-2: AML] activated JFN-y gene
transcription by binding to its promoter, and Foxp3 suppressed
AML)-induced IFN-y production (Supplementary Information
and Supplementary Fig. S11). Although the precise molecular mech-
anism of how AML1 and the Foxp3—-AMLI1 complex control their
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results in repression of AML] mRNA in human primary CD25"™CD4” T}
cells. Relative expression of AML] was quantified by real-time polymerase
chain reaction, using HPRT as an internal control. f, Proliferation of control -
or AML] siRNA (shown in Fig. 1g as AML] no. 1)-introduced human
primary CD25"#"CD4™ Ty, cells in the presence of soluble anti-CD3 and
APCs. g, Suppressive activity of human primary CD25"#"CD4" Ty, cells
transduced with control or AML] siRNA. Fresh or siRNA-transduced
CD25"™CD4* Ty, cells were mixed with freshly prepared CD25~ CD4™
responder T cells, and stimulated by soluble anti-CD3 in the presence of
APCs. Proliferation of cells was assessed by [*H]thymidine incorporation
and is shown as mean 2 s.d. for triplicate cultures. All experiments were
repeated at least three times with similar results.
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downstream genes remains 10 be established, the present study pro-
vides several models for transcriptional controls by AML] and Foxp3
{Supplementary Discussion). In addition, Foxp3 could bind to two
other members of the AML/Runx protein family, AML2 (Runx3) and
AML3 (Runx2) (Supplementary Discussion and Supplementary Fig.
S12). There are recent reports that polymorphisms of AML] and
AMLI-binding sites are associated with the susceptibility 10 several
autoimmune diseases in humans®~*. Such genetic polymorphisms
might affect Ty-cell-mediated mainienance of immunological self-
tolerance (Supplementary Discussion). The interaction between
AML1 and Foxp3 may be a potential therapeutic target for control-
ling physiological and pathological immune responses.

METHODS
RNA interference. Human PBMCs were freshly separated from whole blood and
purified 1o CD4™* T cells. Sorted cells were subsequently transfected with the
‘Stealth RNAj duplex oligonucleotides against AML] (H55141472; Invitrogen).
Stealth RNAi negative control GC high was used as a control short inter-
fering RNA (siRNA). At 16 h after transfection, 20 U ml~" human recombinant
1L-2 (eBiosciences) was added to the culture. At 40h after transfection,
CD25"CD4™ Ty, cells (defined as the high 2% fraction of CD4* T cells) were
sorted.” At this time point, control and AMLI siRNA-introduced Ty cells
expressed CD25, FOXP3 and CTLA-4 at equivalent levels (Supplementary Fig.
$10). CD257CD4™ T cells were similarly sorted and used as responders. CD3”™
cells were irradiated (25 Gy) and used as APCs. A 1otal of 10,000 CD25"#"CDg*
Ty cells were mixed with 20,000 APCs with or without 10,000 responder cells.
Cells were stimulated with 20 ng ml™" anti-CD3 (HIT3a; BD Pharmingen) for 4
days. |*H]Thymidine incorporation for the last 8 h of cell culture was measured
as an indicator of cell proliferation and is expressed as the mean % s.d. for
triplicate cultures.
Retroviral transduction. For co-transduction experiments, cells were first
infected with pMCslg-AMLI and kept for a further 5h at 32°C with 5% CO;
and were subsequently infected with pGCSamIN-Foxp3. Gene transduction into
CD25~CD4* conventional T cells and CD25* CD4™* Ty, cells was performed by
stimulating cclls with plate-bound anti-CD3 (10 pg ml™’) and soluble anti-CD28
(1 pgml™ 'Y with 100 U ml™ ! mouse recombinant IL-2 for 16 h. Activated T cells
were infected by resuspending cells with viral supernatants supplemented with
100U mi~" IL-2 and 5pugml™' Polybrene, followed by centrifugation for 1h at
3,200 r.p.m. Cells were cultured at 37 °C with 5% CO, for a further 24 h and sorted
by Moflo (DakoCytomation) for ELISA analyses.
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Mutations of the HIPK2 gene in acute myeloid leukemia and
myelodysplastic syndrome impair AMLI1- and p53-mediated transcription
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The AML1 transcription factor complex is the most
frequent target of leukemia-associated chromosomal
translocations. Homeodomain-interacting protein kinase
2 (HIPK2) is a part of the AML1 complex and activates
AML]1-mediated transcription. However, chromosomal
translocations and mutations of HIPK2 have not been
reported. In the current study, we screened mutations of
the HIPK2 gene in 50 cases of acute myeloid lenkemia
(AML) and in 80 cases of myelodysplastic syndrome
(MDS). Results indicated there were two missense
mutations (R868W and N958I) in the speckle-retention
signal (SRS) domain of HIPK2. Subcellular localization
analyses indicated that the two mutants were largely
localized to nuclear regions with conical or ring shapes,
and were somewhat diffused in the nucleus, in contrast to
the wild type, which were mainly localized in nuclear
speckles. The mutations impaired the overlapping loca-
" lization of AML1 and HIPK2. The mutants showed
decreased activities and a dominant-negative function over
wild-type protein in AML1- and p53-dependent transcrip-
tion. These findings suggest that dysfunction of HIPK2
may play a role in the pathogenesis of lenkemia.
Oncogene (2007) 26, 7231~7239; doi:10.1038/sj.onc.1210523;
_published online 28 May 2007

Keywords: leukemia; HIPK2; mutation; AMLI1

Introduction

Leukemia is characterized by autonomous proliferation
and impaired differentiation of hematopoietic precursor
cells, and is considered to be the result of the
accumulation of mutations. The mutations associated
with the pathogenesis of leukemia include point muta-
tions, gene rearrangements and chromosomal trans-
locations. The AMLJ gene is the frequent target of
leukemia-associated chromosome translocations, such
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Chuo-ku, Tokyo 104-0045, Japan.

E-mail: ikitabay@gan2.ncc.go.jp

Reccived 12 January 2007; revised 5 April 2007; accepted 6 April 2007;
published online 28 May 2007

as 1(8;21)(q22;922) (AMLI1-MTGS8/ETO) (Miyoshi
et al, 1991), 1(3;21)(q26;922) (AMLI-EVI11/EAP/
MDS1) (Nucifora er al,, 1993; Mitani et al., 1994),
t(16;21)(q24;922) (AML1-MTG16) (Gamou e? al., 1998)
and t(12;21)(p13;q22) (TEL-AMLI1) (Golub et al., 1995;
Romana et al., 1995). AMLI] protein forms a hetero-
dimer with CBFB and binds to the specific DNA
sequence to regulate the expression of a number of
hematopoietic genes (Meyers et al., 1993; Ogawa et al.,
1993). Both AML1 and CBFf are essential for the
development of all definitive hematopoiesis lineages
(Okuda er al., 1996; Sasaki et al., 1996; Wang et al.,
1996a, b; Okada et al., 1998). AMLI1 forms complexes
with PML and HATs, such as p300/CBP and MOZ,
leading to the activation of transcription (Kitabayashi
et al., 1998, 2001a; Nguyen et al., 2005). The genes
encoding components of the AML1 complex are also
the targets of Jeukemia-associated chromosomal trans-
locations, including t(15;17) "(q22;q11.2—q12) (PML-
RAR o) (de The er al, 1990, 1991; Kakizuka
et al, 1991; Kastner et al., 1992), t(8;22)(pl1;ql3)
(MOZ-p300) (Chaffanet er al., 2000; Kitabayashi
et al., 2001b), t(11;22)(q23:q13) (E1A-p300) (Ida et al.,
1997),  t(8;16)(pt1;pl13) (MOZ-CBP) (Borrow
et al., 1996), t(11;16)(q23;p13) (MLL-CBP) (Satake
et al., 1997; Sobulo er al., 1997; Taki et al., 1997) and
inv(8)(pl1q13)(MOZ-TIF2) (Carapeti et al., 1998,
1999).. AMLI mutations have been reported in acute
myeloid leukemia (AML) and myelodysplastic .syn-
drome (MDS) (Osato et al., 1999; Imai et al., 2000;
Preudhomme er al., 2000). Recently, we found that
homeodomain-interacting protein kinase-2 (HIPK?2)
was both involved in AMLI complex, and in the
activation of the AML1 complex (Aikawa et al., 2006).
However, chromosomal translocations and mutations of
HIPK2 have not been reported previously.

HIPK2, as well as HIPK1 and HIPK3, is a member of
a Tfamily of serine/threonine nuclear kinases and
localizes to nuclear speckles (Kim er al., 1998; Hofmann
el al., 2000; Wang et al., 2001; Moller er al., 2003a).
Previous studies have shown there is binding of HIPK2
to various target proteins (Choi er al., 1999; Hofmann
et al., 2003; Tomasini er al., 2003; Zhang er al., 2003,
2005; Moller er al., 2003b; Rui er al., 2004; Wiggins
et al., 2004), with subsequent modulation of the function
of these proteins to corepressors or coactivators. HIPK 2
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regulates gene transcription (Kim er al., 1998; Choi
et al., 1999) inhibits cell growth (Pierantoni et al., 2001)
and is involved in apoptosis (D'Orazi er al., 2002;
Hofmann ef al., 2002). HIPK2 activates p53 function,
thereby promoting apoptosis following ultraviolet (UV)
treatment (D'Orazi et al., 2002; Hofmann ez al., 2002).

Human HIPK2 has been mapped to chromosome
7932—q34 (Hofmann et al., 2000; Wang et al., 2001),
which is known to be frequently rearranged in AML,
MDS, and in other human neoplasias (Mitelman
et al., 1997). Moreover, HIPK2 expression is reduced
in breast and thyroid carcinomas (Kim e al., 1999), thus
suggesting HIPK2 as a candidate tumor suppressor
gene (Kim ez al., 1999). In the current study, we screened
mutations of HIPK2 in AML and MDS using denaturing
high performance liquid chromatography (DHPLC). We
found two missense mutations (R868W and N958I) within
the speckle-retention signal (SRS) region of HIPK2 that
were associated with the subcellular localization. These
findings suggest HIPK2 may be involved in the pathogen-
esis of leukemia.

Results

Muztations of HIPK2 gene
In order to search for mutations’in all coding exons of
the HIPK2 gene, we performed DHPLC analysis and

direct sequence analysis. One missense mutation was

detected in MDS, namely R868W in exon 12, and one
missense mutation was detected in AML, namely N9581
in exon 13 (Figure 1). The leukemic cells with these

a
R868W N958I
b ncrncv:u'ccunu.h‘cuccu crYncacaAtcactorarocae
wT
A b
cic AlA
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Figure 1 Screening HIPK2 mutations by DHPLC analysis. (a)
Schematic representation of the domain structure of HIPK2
showing the location of the mutations identified in this study.
KD, kinase domain; ID, interaction domain; SRS, speckle-
retention signal; YH, tyrosine and histidine-rich domain. (b}
DNA sequencing data of the two missense mutations. C—T was
detected in MDS. A>T was detected in AML.
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mutations showed normal karyotypes and no mutations
in the AML] gene (data not shown). We also detected
several single-nucleotide polymorphisms or nonsense
mutations polymorphisms, none of which have been
reported previously (Table 1).

Subcellular localization of the HIPK2 mutants

The two mutations R868W and N9581 were located
within the SRS region, which is required for localization
of HIPK2 in nuclear speckles (Kim et al., 1999, 2005;
Engelhardt et al., 2003). This suggests that the muta-
tions may affect the localization. To investigate sub-
celiular localization, U20S cells were transfected with
wild type, R868W and NO958] mutant of HIPK2.
Subsequeritly, we performed immunofluorescence ana-
lysis (Figure 2). Wild-type HIPK2 was localized to the
small nuclear speckles and these speckles were distrib-
uted within the nucleus. However, R868W and N958I
mutants exhibited conical or ring shapes, and were
diffused in the nucleus.

* The HIPK2 mutants fail 1o colocalize with AMLIb

In order to examine whether the HIPK2 mutants
are colocalized with AMLIb, U20S cells were

HIPK2
(a-HA)

DAPI

HA-HIPK2

HA-HIPK2 R868W

HA-HIPK2 N958!

Figure 2 Subcellular localization of HIPK2 proteins (wild type,
the mutants R868W and N9581). U20S cells were transiently
transfected with HA-tagged HIPK2 WT, R868W or N9581
expression vectors alone. The expressed proteins were detected
with anti-HA antibody. DNA was stained with DAPI.



co-transfected with FLAG-tagged AMLIb and HA-
tagged wild type or mutants of HIPK2 (Figure 3).
Without cotransfection of HIPK2, AML1b was diffused
in the nucleus. When coexpressed with HIPK2, AMLI1b
was localized to the nuclear dot structures. Moreover,
partial overlapping with wild-type HIPK2 was also
observed. In contrast, the two mutants of the HIPK2
proteins, R868W and NI9581, were not detected over-
lapping the localization of AMLI1b.

HIPK2 forms a ternary complex with AML1b and
p300, -and phosphorylates AMLI1b and p300 (Aikawa
et al., 2006). Therefore, we also investigated whether
HIPKZ mutants can interact with and phosphory-
late AMLI1b and p300 (Supplementary Figure 1). No
significant differences in interaction or phosphorylation
were observed between the wild type and the HIPK2
mutants.

Transcription activation abilities of the HIPK2 mutants

Our data suggest that HIPK2 plays an important role in
AML]-mediated and p300-mediated transcription.
(Aikawa et al., 2006). To analyse effects of these mut-
anis on transcription activation, reporter experiments
were performed. As shown in Figure 4a and b, AMLI-
mediated and p300-mediated transcription was strongly
activated by wild-type HIPK2, but not by the mutants

AML b
[ (a-AMLY)

HIPK2 .
(a-HA) =

merge DAPI

AML1b . -

HA-HIPK2
WT -

HA-HIPK2
R86BW

F’gure 3 Co]ocahzauon of HIPKZ (wn]d type, the mutants
R868W and N958I) with. AML]b U208 cells were co-transfected
with Flag-AML1b and HA- tagged HIPK2 WT, R868W or NO58I.
Cells were fixed 24 h later and proteins were detected by indirect
immunofluorescence staining that used rabbit anti-AMLI and rat
anti-HA as primary antibodies. Localization of AMLIb is
indicated by the red signal, and HIPK2 is indicated by the green

 signal. Overlapping localization is shown in yellow. DNA was
stained with DAPI.
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R868W and NI9581. These findings suggest that the two
HIPK2 mutants lacked transactivation potential.

To determine if the SRS domain is required in order
for HIPK2 to stimulate AML1-mediated transcription
activation, a series of HIPK2 deletion mutants were
constructed and tested for AML1-mediated transactiva-
tion. As shown in Figure 5, deletion of the C-terminal
region to amino-acid position 1026 did not inhibit

but rather stimulated the transactivation. However,

further deletion to position 860 completely inhibited
the transactivation, These results suggest that the SRS
domain is requlred for HIPK2- medlaled transactiva-
tion.

Effect of the HIPK2 mutants on p53 activity

HIPK2 phosphorylates p53 on Ser46, resulting in
activation of p53-dependent transcription, cell growth
regulation and apoptosis initiation (D’Orazi e? al., 2002;

Hofmann et al,, 2002). To determine whether HIPK2 :

mutants modulate the transcriptional activity of
p53, H1299 cells were co-transfected with the MDM2
promoter and expression vectors encoding p53 and
HIPK2 (WT, KD, R868W, N9581). As shown in
Figure 6a, p53- dependcm transcription was strongly
activated by wild-type HIPK 2, but not by the mutants
R868W and N958I.

To investigate whether HIPK2 affects DNA damage-
induced expression of endogenous MDM2, MCF7 cells
were transfected with HIPK2 (WT, KD, R868W,

" N9581) and were exposed to UV:.%¥As™shown in

Figure 6b, expression of MDM2 was increased by
wild-type HIPK2, but not by the mutants R868W,
N9581 and KD. Taken together, these experiments
suggest that two HIPK2 mutants affect the p53
pathway.

HIPK2 mutants act as dominant-negative effects in
a luciferase assay
In order to investigate whether two HIPK2 mutants

exhibit a dominant-negative function, wild-type HIPK2"

were co-transfected with the HIPK2 mutants. As shown
in Figure 7, the mutants R868W and N9581 repressed the
wild-type HIPK2-induced activation of both AMLI-
mediated and p53-mediated transcription in dose-depen-
dent manners. These findings suggest that the two HIPK2
mutants exhibit a dominant-negative function over wild-
type HIPK2.

Discussion

Genetic mutations, such .as point mutations, gene
rearrangement and chromosomal translocations, have
been considered to be associated with the pathogenesis
of leukemia. The genes encoding AMLI1 and/or its
binding factors are frequent targets of the mutations or
chromosome translocations associated with AML and
MDS. We have found that HIPK2 is a part of the
AMLI complex and is capable of stimulating AMLI-
mediated transcription activation (Aikawa et al., 2006).
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Figure 4 Effects of HIPK2 mutants on AMLI-dependent transcription (a) and on transactivation by Gal4-p300 (b). (a) SaOS2 cells
were transfected with 50 ng of MPO-luc, 200 ng of LNCX-AMLIb, 250ng of MOZ, 250 ng of wild type or the mutants R868W, N958]
of HIPK2 and 2 ng of phRL-CMV. Cell lysates were prepared 24 h after transfection and were analysed for luciferase activity. (b)) 293 T
cells were transfected with 500 ng of pFR-luc (Gal4-luc), 100ng of Gal4-p300, 400 ng of wild type or the mutants R868W, N958I of
HIPK2 and 2ng of phRL-CMV. Cell lysates were prepared 24 h after transfection and were analysed for luciferase activity.
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Figure 5 Effects of HIPK2 deletion mutants on AML1-dependent transcription. (a) Structure of HIPK2 deletion mutants. (b) -
Expression of HIPK2 mutants. 293T cells were transfected with HIPK2 mutants. Cell lysates were prepared 24 h after transfection and
were analysed for their expression via immunoblot analysis. (c) Effects of HIPK 2 mutants on AML]-mediated transcription activation.
$a0S2 cells were transfected with 50ng of MPO-luc, 200ng of LNCX-AML1b, 250ng of MOZ, 250ng of wild type or deletion
mutants of HIPK?2 and 2ng of phRL-CMV. Cell lysates were prepared 24 h after transfection and were analysed for luciferase activity.

These findings suggest that HIPK2 may be also the
target of leukemia-associated mutations/chromosome
aberrations. However, there have been no previous
reports of mutation/chromosome abnormalities in the
HIPK2 gene. In the present study, we examined
mutations of the HIPK2 gene in 50 cases of AML and
in 80 cases of MDS. Analyses indicated that there were
two missense mutations (R868W and N9581) in the SRS
domain of HIPK2. The HIPK2 gene is mapped to the
human chromosome 7g32-q34. Deletion of 7q is
frequently found in AML and MDS. Initially, we
expected mutation of HIPK2 to occur in, patients with
the 7q deletion, thereby resulting in a homozygous loss
of functional HIPK2. However, no mutations were
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found in these types of patients. As a matter of fact,
patients with HIPK2 mutations showed normal karyo-
types and did not have any other mutations in AMLIJ.
These results suggest that the mutation of HIPK2 plays
a role similar to chromosome translocations and AML]
mutations in the pathogenesis of leukemia. However,
further analysis is required to confirm this hypothesis.
Recently, we found that HIPK?2 interactions result in
the phosphorylation of AML1 and .p300 leading
to stimulation of AML1-mediated transcription (Aika-
wa et al, 2006). The two missense mutants that
we identified here (R868W and N9581) showed de-
creased activities and a dominant-negative function
over wild-type protein in AMLI- and p53-dependent



transcription. However, the R868W and N958] mutants
affect neither the kinase activity nor interaction with
AMLI and p300. The R868W and N958] mutations
were found in the SRS domain, in contrast to the kinase
domain, for which no mutations were detected. Since
SRS is reportedly associated with the HIPK2 Jocaliza-
tion to nuclear speckles (Kim. et al., 1999, 2005,
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Figure 6 Effects of HIPK2 mutants on p53-dependent transcrip-
tion. (a) H1299 cells were transfected with 50ng of MDM2-luc,
2.0ng of p53, 70ng of wild type or the mutants (K221A kinase-
dead (KD), R868W, N9581) of HIPK2 and 2ng of phRL-CMV. -
Cell lysates were prepared 24 h after transfection and were analysed
for luciferase activity. (b) MCF7 cells were transfected with wild
type or the mutants (R868W, N9581 and KD) of HIPK2. The cells
were exposed to 30J/m® at 24h after transfection. After the cells
were cultured for 8h, cell lysates were prepared and analysed by
immunoblotting.. ,
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Engelhardt er al., 2003), SRS mutations may affect
localization of HIPK2. In fact, R868W and N9581
mutations showed impaired Jocalization of HIPK2 in the

nuclear speckles. In both wild-type HIPK2 and in

AMLY], there was colocalization in the nuclear speckles.

However, when there were mutations of HIPK2, the |

overlapping localization was disrupted. Deletion analysis
of HIPK2 indicated that the SRS domain is required for
HIPK2 to be able to stimulate AMLI1-mediated tran-
scription activation. These ‘data suggest that the muta-
tions destabilize the localization of HIPK2, leading to
dysfunction of the AMLI transcription factor complex.

The mechanism for regulation of the HIPK 2 localiza-
tion to the nuclear speckles via  the SRS is poorly
understood. Previous studies indicated that HIPK?2 is

" .modified by a small ubiquitin-like modifier 1 (SUMO-1)
(Kim- et al.,

1999), and that SUMO modification of
HIPK2 occurs'at lysine 25 (Hofmann et al., 2005; Sung
et al., 2005). The SRS contains a domain that interacts
with a SUMO-conjugating (E2) enzyme, mUBC9 (Kim
et al., 1999). When there is SUMO -modification of
HIPK2, this affects localization to the nuclear speckles
(Kim et al., 1999, 2005; Engelhardt er al., 2003). It
has been reported that SUMO modlﬁcatlon regulates
localization and activity of target proteins such as
RanGAP (Matunis e7 al., 1996, 1998; Mahajan et al.,
1997), PML (Kamitani er aI ., 1998; Duprez e al., 1999)
and CtBP (Lin et al., 2003). However, no differences in
SUMO modification were observed between the wild-
type and HIPK2 mutants (Supplementary Figure 2).
Further biological studies are necessary to clarify- how
this localization of HIPK2 is regulated by SRS.

We recently found that the Hipkl/Hipk2-deficient
mice exhibit defects in definitive hematopoiesis (Aikawa
et al., 2006). We also found that expression levels of
HIPK?2 increase during granulocyte-colony stimulating
factor (G-CSF)-induced differentiation of myeloid cells.
These results suggest that HIPK 2 plays a role in myeloid
cell hematopoiesis- and differentiation. Therefore,
HIPK2 mutation may lead to impairment of hemato-
poiesis and/or differentiation of myeloid cells, resulting

-, in the pathogenesis of leukemia.

NR58|

et et

Figure 7 Dominant-negative effects of HIPK2 mutants on wild-type HIPK2 activity. (a) SaOS2 cells were transfected with S0ng of

MPO-luc, 200ng of LNCX-AMLIb, 250 ng of MOZ, 250 ng of wild type, and mutants R868W, N9581 of HIPK2. (b) H1299 cells were
transfected with 50 ng of MDM2-luc, 2.0ng of p53, 70ng of wild type and the mutants R868W, N958] of HIPK2. Cell lysates were
prepared 24 h after transfection and were analysed for luciferase activity.
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Inactivation of the p53 pathway is associated with
cancer development. Although p53 mutations are
observed in more than 50% in solid tumors, p353
mutations are found in only 17 and 10% of AML and
MDS cases, respectively (Krug er al., 2002), suggesting
that Jeukemia can develop even in the presence of
normal p53. In fact, no mutations in p53 were detected
in two patients, wnh HIPK2 mutations. It has been
reported that HIPK2 is involved . in induction of
p53-dependent transcription, cell cycle and: apoptosis
(D’Orazi et al., 2002; Hofmann ef al., 2002). In this
study, we { ound that HIPK2 mutants exhlblled impaired

activation of p53-mediated transcription as well as-

AML1-mediated transcription. Thus, we believe that
HIPK2 mutations affect both AMLI-mediated cell
differentiation and p53- medlated apoptosis to induce
leukemia.

In summary, wnhm the SRS, we found two mutations
of the HIPK2 gene, R868W and N958], which are
associated with the subcellular localization of HIPK2.
These mutations impaired overlapping localization of
AMLI1 and HIPK?2, as well as the activation of AMLI-
mediated transcription by HIPK2. Furthermore, the
two mutants decreased p53-mediated transcriptional
activity. Therefore, our results provide rew evidence
on a possible mechanism for the pathogenesxs of
leukemia.

Materials and methods

Patient samples

We examined 80 cases of MDS (31 refractory anemia with
excess blasts (RAEB), 19 RAEB in transformation (RAEBY),
30 AML following MDS) and 50 cases of AML without
antecedent MDS (4 M0, 13 M1, 9 M2, 9 M4, 12 M5, 2 M6, 1
M?7) for screening mutations of HIPK2. All of these patients
were diagnosed by morphology, immunophenotype, karyotype
and AML1 mutation analysis as described previously (Harada
et al., 2004). Patients with 1(15;17), 1(8;21), inv(16) or AML1
point mutation were excluded from this analysis. Patient

samples were taken afler obtaining informed consent and
approval from the institutional review board at Hiroshima

University.

Screening for HIPK2 mutations

Genomic DNA was isolated, and genomic fragments were
amplified by PCR using 18 sets of primers (Table 2). The PCR
reaction was performed for 35 cycles in a 10ul mixture
containing genomic DNA, 1 4l of 10 x PCR buffer, 0.25 ul of
10mM dNTP, 2pmol of each primer and 0.07U Tag
polymerase. Each PCR cycle consisted of 94°C for 20s, 56—
60°C for 40 s and 72°C for 1 min, followed by a final extension
at 72°C for 10min. PCR products were electrophoresed in 2%
agarose gels. Mutation screening for HIPK2 was carried out
by prescreening with DHPLC analysis (WAVE DNA Frag-
ment Analysis System, Transgenomic, Omaha, NE, USA). If

an abnormal peak sample was detected, it was directly

sequenced using a Big Dye Terminator Sequencing kit and
ABI Prism 3100 Genetic Analyzer.

Cell culture and transfection
Sa082, 293T, U208, MCF7 and H1299 cells were cultured in

-Dulbecco’s modified Eagle’s medium or RPMI supplemented

with 10% fetal calf serum (FCS) at 37°C and 5% CO,. U20S
and MCF7 cells were transfected by Effectene (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. For the reporter assay, 293T, SaOS2 and H1299 cells
were transfected by the calcium phosphate precipitation
method. '

Plasmids

The human AMLIb expression vector pLUCX-FLAG-
AMLI1b, human p300 expression vector pLUCX-FLAG-
p300, human MOZ expression pLUCX-FLAG-MOZ, human
HIPK2 expression vector pLUCX-HA-HIPK2, pLUCX-HA-
HIPK2 KD, human p53 expression vector pLUCX-FLAG-
P53, MDM2-luc and MPO-luc have been described previously
(Kitabayashi et al., 2001a; Aikawa et al., 2006). The expression
vectors of the HIPK2 mutants, LUCX-HA-HIPK2 R868W,
LUCX-HA-HIPK2 N9581, were generated by site-specific
mutagenesis using overlapping extension PCR. The sequences
of these constructs were checked by DNA sequencing.

Table 1 Mutations and SNPs of the HIPK2 gene in AML and MDS

Nucleotides Amino acids Populations
Positions Changes Positions Changes AML MDS

Missense mutations

Exonl2 2602 CtoT 868 RtoW 1/80 (1.25%)

Exonl3 2873 AtT 958 Ntol 1/50 (2%) .
SNPs

Exon2 891 CtoT 8/50 (16%) 19/80 (23.75%)

Exon2 1059 CtoG 15/50 (30%) 30/80 (37.5%)

Exoné 1557 CtoT 1/50 (2%) 2/80 (2.5%)

Exonl0 2145 GtoA 1/80 (1.25%)

Exonl2 2682 GtoT 1/50 (2%)

Intron3 —56 from exon 4 AtoG 2/80 (2.5%)

Intrond —4 from exon § GtoA 1/50 (2%)

Intronl0 -9 from exon 11 GtoC 1/80 (1.25%)

Intronl3 —4 from exon 14 GtoA 1/80 (1.25%)

Abbreviations: SNPs, single-nucleotide polymorphisms; HJPK2, homeodomain-interacting protein kinase-2; AML, acute myeloid leukemia; MDS,

myelodysplastic syndrome.
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" Table2 The primer sets for DHPLC for.the HIPK2 gene . . .

Exons Forward primers Reverse primers
Exon2a GTACCAAGGTGACTCCGATACTT CAGTGCTTCGACGCATTAGGTTG
Exon2b CAGCCACCACAACCGTCAG . CGTTTCCAGCACTTGACCACT .
Exon2c CTGTCTCCTTGTGGACGGTCT ATGTTGGAGCAGAACCTCTATGACT.
Exon2d GTTTGAGGTCAGCGTGGATAA GCCACTGCCACCACGTCTAC
Exon3 GCTTCCTGCATTTCCAACTTGCT CAATGAAATGCTAATCCAGGCTA

~ Exon4 CTCAAAGCCAGCAGAGCCATTAG TCCCTAAGCGCTGGGCCACT
Exon5 TGGGAAAGAGACCCTCTGTGAGA CAGAAGTCTTGCTGCCCTTGGTT .
Exoné TCAGGAGGAAGTTACAGGGCAAA CTTTAAAGTTTGCCGATCCCTGG
Exon7 CATCCCACGTTACCCTCTTCCC AGTCCTGAGGCTCACACTG *
Exon8 »  CCAACATGCCACCTCCCTCATTT CAGAGGCCGTTCTGTAAGAAGCA -
Exon9 . . AGCTGTJ'CACAGCGTCTCAGCTA TAGGGAGAGAGGGAGTGGAGATA-
Exonl0- ATCAATTATGTGATTAGCAAACATGGTC . ACGTGCCTCCCATCCCAGAC
Exonll . GGAAGCTT GATCT]'ATAGAGGAG CATTTCTTTAGCACTCACATCCC -
Exonl2 - GGGCCTGACCTTCCT CTGTG' ) CCTCCCGGCT CCTTCCIG . .
Exonl3 CTCACGGCCTTCTCCCACCT * TACAGCAACATTTCTAGCAGCAG -
Exonl4” GCTGGGACCCTGCCACTGAT - " CTCTGAAGCGGAAGGATGAGGG -
Exonl5a ' CTCCTCCCATTCCTTCCTCCC GTGGGTATCCAGTGTAGACGGTG ’
Exonl5b CCACCATCCACCCGAGTCAG GAATGGGTTCTTGAGCT! GGGTTJ‘

Abbreviations: DHPLC, denaturing hrgh perfonnance hqu:d chromalography, HIPK2, homeodomam-rmeracnng protem kmase 2

Immunoﬁuorescence analysxs . :
U20S cells were. grown in four-well chamber slldes and co-"
transfected.with various expression vectors. Twenty-four hours
after being co-transfected, cells:were fixed for 10min with 4%
paraformaldehyde at room temperature, then permeabilized
with 0:1% Triton-X 100 in- phosphate-buffered saline (PBS)
for 10 min. Next, cells were washed three times with PBS and
blocked with 0.2% FCS at 4°C for overnight. Cells were
incubated with primary antibodies in PBS containing 0.2%
FCS for 1h at room temperature. Cellular nuclei were stained
by 4 6-dxam1d1no—2-phenylmdole (DAPI)." Images ‘urider a
fluorescence microscope (Olympus, Melville, NY, USA) were
captured with a- CoolSNAP-HQ CCD'!camera (Roper Scren-
tific, Ottobrunn, Germany) ata magmﬁcanon of X 60.

Luciferase assay ’ i :

Sa08S2, 293T or H]299 cells were co-transfected with various
expression vectors in 24-well plates, and luciferase activity was
assayed after 24h using a luminometer Lumiat’ LB9507
(Berthold, Bad  Wildbad,” Germany) .according “to the
manufacturer’s protocol (Promega;, Madison, WI, USA).
Results of reporter assays represent the average values for
relative luciferase activity generated from three independent
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PML and PU.1 play important roles in myeloid differentiation. PML-deficient mice have an impaired
capacity for terminal maturation of their myeloid precursor cells. This finding has been explained, at least in
part, by the lack of PML action to modulate retinoic acid-differentiating activities. In this study, we found that
C/EBPz expression is reduced in PML-deficient mice. We showed that PU.1 directly activates the transcription
of the C/EBPt gene that is essential for granulocytic differentiation. The type IV isoform of PML interacted
with PU.1, promoted its association with p300, and then enhanced PU.1-induced transcription and granulo-
cytic differentiation. In contrast to PML IV, the leukemia-associated PML-retinoic acid receptor o fusion
protein dissociated the PU.1/PML IV/p300 complex and inhibited PU.1-induced transcription. These results
suggest a novel pathogenic mechanism of the PML-retinoic acid receptor o fusion protein in acute promyelo-

cytic leukemia.

Acute promyelocytic leukemia (APL) has been character-
ized as a differentiation arrest at the promyelocyte stage dve (o
1(15;17) reciprocal chromosomal translocation that generates a
PML-retinoic acid (RA) receptor « (RARA) fusion protein (3,
10). All-rans RA (ATRA) induces the differentiation and
elimination of APL clones (35). Biochemical evidence that
RARA and PML-RARA are bidirectiona) transaclivators (12)
and the participation of the RARA gene in all APL syndromes
examined so far (36) suggest that dominant negative inhibi-
tion of RA signaling by PML-RARA plays a critical role in
the pathogenesis of APL (25). However, RARA-deficient
(RARA™/7) mouse models revealed that the retinoid signal is
dispensable for myeloid differentiation (11); therefore, how
PML-RARA leads to APL requires a revision.

PML contains a characteristic triad of a RING finger, two B
boxes (B1 and B2), and a coiled-coil motif, which participates
in the formation of high-order multiprotein complexes (20).
PML forms discrete “speckle” structures in the nucleus called
PML oncogenic domains (PODs) (40). Although the biological
functions of PODs remain unclear, they are disrupted by PML-
RARA into “microspeckle” structures, which are a hallmark of
APL (20). There are several isoforms of PML, which differ in
their C termini as a result of alternative splicing (9). Although
PML proteins have a number of pleiotropic functions, such as
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regulation of proliferation, apoplosis, or senescence, at least in
vitro (20), little is known about the specific aclivities.of each
isoform. PML has been highlighted as a transcriptional coregu-
lator, since it associates with several transcription factors and
cofactors (40). Despite the ubiquitous expression of PML pro-
teins and the variety of binding partners, PML-deficient
(PML~'") mice do not display significant phenotypes, suggest-
ing that they are not required for but rather modulate normal
development. Interestingly, however, the terminal differentia-
tion of granuloid and monocytoid cell lineages is impaired in
PML™"" mice (32), but how this occurs remains 10 be eluci-
dated.

Granulopoiesis is a tightly regulated developmental process
that begins with the commitment of myeloid precursors fol-
lowed by their terminal differentiation, a process that requires
cooperative or stepwise actions of lineage-specific transcrip-
tion factors (6). PU.1 is expressed exclusively in hematopoietic
cells (13), and it binds to a purine-rich DNA sequence con-
taining the 5'-GGAA/T-3' corc motif. Although the targeted
disruption of the PU.J gene can cause multiple hematopoielic
aberrations, it invariably causes a defect in the terminal differ-
entiation of myeloid cells (§, 19, 22, 27). PU.1 associates with
the p300/CREB-binding protein (CBP) coactivator, at least in
vitro (33); however, its essential protein-protein interactions
during granulocytic terminal differentiation remain 10 be ex-
plored. PU.1 regulates many myeloid cell-specific genes, in-
cluding cytokine receptors for granulocyte, granulocyte-mac-
rophage, and macrophage colony-stimulating factor, but the
transcriptional cascade that underlies the cell-autonomous ef-
fects of PU.1 remains to be elucidated.

CCAAT/enbancer-binding protein € (C/EBPe) is expressed
exclusively in granuloid cells and is essential for the terminal
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differentiation of committed granulocyte progenitors (17, 34a).
C/EBPe is thought 10 be one critical target of PML-RARA.
This is strongly supported by the following observations: (i)
C/EBPz is directly regulated by RARA (23); (ii) PML-RARA
inhibits the expression of C/EBPe, whereas ATRA restores it
(23); (i1i) the introduction of C/EBPe into APL cells can mimic
the ability of ATRA 1o drive granulocyte differentiation in
vitro and repress the leukemic phenotype of APL in vivo (29);
and (iv) APL cells lack secondary granules, which is the prom-
inent characteristic of APL cells and is consistent with a de-
regulation of C/EBPe expression (7, 34a). ,

To clarify the role of PML-RARA in the pathogenesis of
APL, especially how it causes the arrest of granulocytic differ-
entiation, we focused on the biological properties of PML-
RARA and how it perturbs PML function. We show for the
first time that the impaired granulopoiesis in PML ™/~ mice is
associated with the reduced expression of C/EBPe. In addition,
PU.1 directly regulates C/EBPg expression, and PML modu-
lates it by promoting the formation of a PU.1/p300 complex in
an isoform-specific manner. Finally, we show that PML-RARA
can block granulopoiesis by the direct transrepression of a
PU.1/PML/p300 ternary complex and propose a model for how
PML-RARA acts as a dominant-negative inhibitor of PML-
induced transcription. These results should provide a new in-
sight int0' how PML-RARA causes leukemia and should help
identify new molecular targets-for the treatment of APL.

MATERIALS AND METHODS

Mice and cell Jines. PML-deficient mice were generated as described previ-
ously (32). Mice over 40 wecks of age were analyzed. All animals were main-
tained under specific-pathogen-free, temperature-controlled conditions through-
out this study, in accordance with institutional guidelines. Written approval for
all animal experiments was obtained from the local Animal Experiments Com-
mittee of the National Cancer Center Research Institute.

Interleukin-3-dependent myeloid L-G mycloblasts (16) and BOSC23, NIH
3T3, and HeLa cells were obtained from the Japanese Cancer Recemch Bank
(Osaka, Japan).

Flow cytometric anatysis. Bone marrow (BM) and peripheral blood cells were
prepared by lysing erythrocytes in ammonium chloride buffer. In general, one
million cclls were incubated on ice for 45 min with the appropriate staining
reagents according 1o standard methods. The reagents used in this study were as
follows: peridinin chlorophyll protein-cyanin 5.5-conjugated streptavidin, anti-
Mac-1-fluorescein isothiocyanate (M1/70-fluorescein isothiocyanate), anti-c-
Kit-allophycocyanin (2B8-allophycocyvanin), and anti-Gr-1-biotin (RB6-8C5-
biotin). All of the reagents were purchased from Pharmingen (La Jolla, CA).
Flow cytometry was performed by using a FACSCalibur apparatus (Becton
Dickenson), and the results were :mnlyzed using CELLQUEST software (Becton
Dickenson).

Expression vectors. Huoman cDNAs encoding FLAG- or hemagglutinin (HA)-
tagged PML isoforms 1, 11, 111, IV, V, and VI were cloned into pLNCX and
pLPCX retroviral mammalian expression vectors as described elsewhere previ-
ously (21). The cDNAs for PU.1, PML-RARA. PLZF-RARA, RAR, and reti-
noid X receplor were kindly provided by Francoise Moreau-Gachelin, Akira
Kakizuka, Zu Chen, and Picrre Chambon, respectively. The deletion mutanis for
PU.1 and PML were constructed by PCR-mediated methods (see the supple-
mental materinl). The cDNAs for FLAG-tagged PU.1 and its deletion mutants
were cloned into the metallothionein promoter-driven expression vector pMT-
CB6+. The PML-RARA ¢DNA was cloned into the pcDNA3.1/His vector (In-
vitrogen, Carlshad, CA) for Xpress tagging. HA-tagged PML-RARA cDNA was
also cloned into the puromyein-resistant vector pMT-CB6+puro. HA- or FLAG-
tagged p300 expression vectors were described previously (21).

Construction of L-G mycloblast clones. L-G cells (1 X 107) were trnsfected
with 10 pg of Pvul-lincarized plasmid pMT-CB6+/PU.1 (FLAG 1agged) or its
deletion derivatives by clectroporation (960 wF, 0.35 kV). Stable clones were
selected by the treatment of the cells with 1 mg/m] of G418. The expression of
PU.1 was induced with 100 pM of ZnSQ, and verified by Western blotting.

Mou.. CiLL. Biow,

Retrovirvses were prepared from BOSC23 cells transfected with vector pLPCX
encoding HA-tagged PML isoforms 1 10 VI or C-terminal deletion mutants of
PML 1V, and bulk populations were selected by treatment with 0.6 pg/ml of
puromycin.

Antibodies. The following antibodies were used in this study: anti-PU.1 (T-21
rabbit polvdom] Santa Cruz Biotechnology, Santa Cruz, CA), anti-FLAG (M2
mouse monaclonal; Sigma. St. Louis, MO). anti-p300 (NM11 mousc monoclo-
nal; BD Bioscience, San Diego, CA;), anti-HA (3F10 rat monoclonal; Roche
Diagnostics, Mannheim, Germany), anti-C/EBPe (C-22 rabbil polyclonal; Sunta
Cruz Biotechnology), anti-TFIIB (C-18 rabbir polyclonal; Santa Cruz Biotech-
nology), and anti-PML (PMLO0L. rabbit polyclonal and 1B4 mouse monociona)
IMB)., Nagoya. Japan] and 1-238 sabbit polyclonal [Santa Cruz Biotechnology]).

- Immunoprecipitation and Western blotting. Detailed procedures for sample
preparation, immunoprecipitation, and Western blolling were described clse-
where previously (21).

Immunostaining. Indirect mmunoﬂnorecccnct was performed as previously
described (21). .

EMSA. An clcclrcphorchc mobility shift assay (EMSA) was performed ac-
cording to stnndurd procedures (see the supplemental materials for details). For
supershift assays, an anti-PU. 1 polycional antibody (Sama Cruz Biotechnology)
was used.

ChIP, Chromatin xmmunoprecxpunhon (ChI]’) was pcrformed according to
the manufacturer’s instructions (UBJ, Lake Placid, NY) by using the following
primers: 5’-CCCATGAGTACCTATATGCTCA-3" and 5'-CTCAAATCTGGC

" CTCCGTCACTG-3' for region 1, 5-AAGGCTTACATCTCTCCCTCTG-3

and 5'-CTGTCACCCACTCCTGTGTG-3 for region 2, and 5'-CACACGATT
GTTTAGAGGTAGAAC-3' and 5'-GAGACTTTAAGAAGCCCGTAATC-3’
for region 3. ‘

Luodiferase reporter assay. The C/EBPe promoter region was amplified by
genomic PCR and cloned into the pGL3-Basic vector (Promega, Madison, WI)
as described previously (34). The putative PU.] binding sites were mutated by
site-directed mutagenesis according to standard procedures (see the supplemen-
tal material for details). The cells werc transfected with the aid of Effectenc
transfection reagent according to the manufacturer's instructions (QIAGEN,
Valencia, CA). After 36 h, luciferase activity was determined using a Dual
Luciferase assay system (Promega) according o the manufacturer’s instructions.
Values were normalized by the lucifernse activity of a cotransfecied Renilla
luciferase-expressing vector (pRL-CMV).

RT-PCR. RNA was isolated according to standard protocols and reverse .

transcribed with random primer using Superscript 11 (Invitrogen) according to
the manufacturer’s instructions. For quantitative reverse transcription (RT)-
PCR, the following sets of primers and internal fluorescence probes were pur-
chased from Roche Diagnostics (Indianapolis, IN); mouse C/EBPe (catalog no.
04688970001 ). mouse GAPDH (catalog no. 04689089001), and mouse PML (cat-
alog no. 04688996001). PCRs were performed using an ABI PRISM 7500 Fast
Real-Time RCR system (Perkin-Elmer, Foster City, CA) using TagMan Uni-
versal PCR Master Mix containing specific primers (1.2 pM) and a specific probe
(0.1 wM). For conventional RT-PCR, the following sets of primers were vsed:
5"-GACTACAAAGACGATGACGAC-3' (forward) and 5'-CAGTAATGGTC

GCTATGGCTC-3 (reverse) for FLAG-tagged human PU.J and 5'-CTTCACC

ACCATGGAGAAGG-3' (forward) and 5'-GGCATGGACTGTGGTCATGA
G-3' (reverse) for GAPDH.

RESULTS

Impaired granulopoiesis and reduced C/EBPe expression in
PML-dcficient mice. Flow cytometry analysis of sex-matched
littermates revealed that circulating Gr-1" Mac-1" mature
granulocytes were reduced in peripheral blood from PML™/~
mice (Fig. 1A), as previously described (32). On the other
hand, the increase of immature granulocytes in the BM of
PML™'" mice was demonstrated by a fourfold increase in
Gr-1" c-Kit™ cells (Fig. 1B). These results suggest that the
terminal maturation of granulocytes is impaired in PML™/"
mice. To investigate the role of PML in normal granulopoiesis,
we examined the expression levels of several transcription fac-
tors that are supposed 10 be essential for the process. Western
blotting analysis of BM mononuclear cells revealed that PML
expression was reduced in proportion to the PAL genotype.
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FIG. 1. Impaired granulopoiesis in PML™~ mice. (A) Mature
granulocyles were reduced in peripheral blood of PML™"" mice.
Whole peripheral blood cells were stained with anti-Mac-1 and anti-
Gr-1 and then analyzed by flow cytometry. (B) Immature granulocytes
were increased in BM of PML™'" mice. BM cells were stained with
anti-Gr-1 and -c-Kit. (C) Reduced expression of C/EBPe in BM mono-
nuclear cells from PML™/" mice. Total cell lysates were analyzed by

Western blotting.

There was no significant difference in PU.1 and C/EBPq, but
C/EBPP expression was modestly reduced in PML ~/~ mice.
On the other hand, C/EBPe expression was reduced in pro-
portion to that of PML (Fig. 1C). These results suggest that the
specific involvement of PML in C/EBPe expression may ac-
count for its underlying role in granulocytic differentiation.
C/EBPs is a direct transcriptional target of PU.1. To inves-
tigate how PML is involved in C/EBPe expression, we first
analyzed its promoter. The transcription of the C/EBPe gene is
regulated mainly by the downstream PR promoter, which is
highly conserved among different species (2, 34). The DNA
sequence around the PB promoter is highly rich in purine
tracts, which ‘are peculiar features of myeloid cell-specific
genes and often serve as potential binding sites for efs family
transcription factors. These facts prompted us to examine if
PU.1 regulates the expression of C/EBPe. ChlP assays of
HL-60 cells revcaled that PU.1 binds to the region 2, which

PML IV AND PU.I'IN MYELOID DIFFERENTIATION 5821

includes the PB promoter, in vivo (Fig. 2A). However, we
could not detect any significant binding of PU.1 to other
genomic regions 4 kb upstream or downstream of the PR pro-
moter (regions 1 and 3, respectively). These results indicate
that PU.1 binds 10 4 specific genomic region that includes the
PR promoter. The specificity of this ChIP assay was further
confirmed, as the same anti-PU.1 antibody failed to precipitate
region 2 in MOLT-4 cells that lack endogenous PU.1 expres-
sion (see Fig. S1A in the supplemental material). EMSA de-
tected at Jeast two PU.1 binding regions: region A, between bp
—80 and —44, and region B, between bp —40 and ~18. PU.1
bound to region A more efficiently than region B (Fig. 2D,
left). Inspection of the DNA sequence identified six putative
ets core motifs (Al 10 A3 and B1 1o B3) (Fig. 2C). To identify
the PU.1 binding sites, we construcied a C/EBPe promoter-
containing luciferase reporter, introduced either several block
mutations or various combinations of site-directed mutations
into these motifs, and performed transaclivation assays using
NIH 3T3 cells (Fig. 2E). As we expected, the response 10 PU.1
was limited 10 a region between bp —80 and —18, which con-
tains a purine-rich tract. Luciferase assays further revealed that
the response 10 PU.1 was mediated between positions bp —62
and —57 (A2) and between bp —34 and —29 (B1) (Fig. 2E).
-Similar results were also obtained for HeLa cells (see Fig. S1B
in the supplemental material), suggesling that these effects do
not depend on the cell context. Competitive EMSA combined
with supershift assays indicated that PU.1 specifically binds to
these sites in vitro (Fig. 2D, middle and right panels). Taken
together, these results show that PU.1 transactivates the
C/EBPe gene directly.

PML 1V associates with PU.1 in vive. To investigate the
interaction of endogenous PML and PU.1, an immunoprecipi-
tation assay was performed using HL-60 cells. An anti-PML
antibody raised against its N terminus successfully immuno-
precipitated multiple PML isoforms (Fig. 3A) from HL-60 cell
extracts and also pulled down PU.1 together with them (Fig.
3B, left). Reciprocal experiments using an anti-PU.1 antibody
revealed the predominant coimmunoprecipitation of a specific
PML isoform with a molecular mass of ~75 kDa (Fig. 3B,
right). These results indicate the association of these endoge-
nous proteins in myeloid lincage cells. To determine the iso-
form specificity for PU.1 binding, PU.1 and one of each of the
PML isoforms were transiently coexpressed and subjecied to
immunoprecipitation. PML 11 and 1V specifically interacted
with PU.1 (Fig. 3C). An association between PU.1 and the
other isoforms, including PML V1, was not successfully de-
tected.

To further confirm those results, we next examined whether
these two proteins are colocalized in cells (Fig. 3D). Immuno-
fluorescence revedled that PU.1 was spread throughout the
nucleus in NIH 3T3 cells. Upon cotransfection with PML 1V,
however, PU.1 formed discrete speckles and colocalized prom-
inently with PML 1V PODs. Surprisingly, and in contrast with
the immunoprecipitation results, PU.1 was not recruited to
PML 11 POD:s but instead was recruited 10 PML V1 PODs.
Colocalization of PU.1 with both PML IV and VI was also
observed in HelLa cells (data not shown). We further examined
the subcellular localization of both proteins in mouse embry-
onic fibroblasts from PML ™/~ mice. Here, we found that PU.1
was also recruited 1o PML 1V PODs but not to PML VI PODs
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FIG. 2. PU.] regulates the expression of the C/EBPs gene. (A) A ChIP assay shows that PU.1 binds 10 ‘the promoler region of the C/EBPe gene
in HL-60 hematopoietic cells. In the schematic of the C/EBI’e locus, exons are represented by hoxes on the line, and tranécription slart sites are
represented by arrows. Three regions examined for PU.1 binding are indicated. Cross-linked HL-60 chromatin was immunoprecipitated with
anti-PU.1 antibody (PU.1) or isotype-matched inimunoglobulin G (1gG) as a negative control. Three percent of input DNA was also PCR
amplified. (B) DNA sequences of the C/EBPe promoter region. A major transcriptional start site is indicated by an arrow. The oligonucleotide
sequences used for EMSA probes are underlined, and the putative PU.] binding sites are shown in boldface tvpe. The RARE i$ shown in boxes.
(C) Sequences of wild-type (WT) and. mutated (mt) probes used for EMSA. The six putative core PU.1 binding motifs are shown in boxes, and
the two PU.] binding sites tested by EMSA are shown in boldface type. The mutated nucleotides are underlined. (D) ldentification of PU.1 in
DNA-protein comp]ezes by EMSA using nuclear extracts from BOSC23 cells transfected with the PU.1 expression vector. Arrowheads indicate
the PU.1-DNA complexes. Supershified bands are indicated by asterisks. P1S, rabbit preimmune serum. (E) PU.1 response elements within the
C/EBPe promoter were confirmed by luciferase reporter.assays. A major transcriptional start site is shown as *+1.” NIH 3T3 cells were transfected
with 0.1 pg of wild-type reporter plasmids containing the region between bp —1594 and +142 or bp —243 and +142 or its mutant derivatives along
with 0.1 pg of a PU.1 expression vector. The rcsults are represented as activity (n-fold) compared to that of PU.1 and are the average of at least
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three independent experiments. The error bars represent the standard deviations.

‘(see Fig. $2 in the supplemental material). These results sug-
gest that the in vivo association between PU.1 and PML 1V is
of primary importance and that PML VI might indirectly as-
sociate with PU.1, a]lhough underlying mechanisms remain to
be clucidated.

PML 1V specifically cooperates with PU.1 to induce. termi-
nal differentiation of L-G myeloblasts. We next investigated
the ability of each PML isoform to cooperate with PU.1 in the
terminal differentiation of L-G myeloid progenitor cells (16).
L-G cells were transfected with a vector for expressing PU.1
under the contro] of a-metallothionein promoter (pMT-PU.1).
We established several stable clones and confirmed that they
morphologically differentiated toward polymorphonuclear
cells (PMNs) upon the induction of PU.1 with ZnSO,. To

investigate the isoform-specific cooperation between PU.1 and
PML, we used a retrovirus to transduce the L-G/MT-PU.1 cells
with PML I, 11, 111, IV, V, VI, or mock (L-G/MT-PU.1/PML
isoforms) (Fig. 4A). The level of PU.]1 expression following
induction with ZnSO, was the same in all seven cotransfecied
cells and the parent L-G/MT-PU.1 cells (see Fig. S3A in the
supplemental material) (data not shown). Although the ex-
pression level of transduced PML IV seemed 1o be high com-
pared to that of the endogenous one, it was almost comparable
to the level of total PML expression (see Fig. S3C in the
supplemental material). The induction of PU.1 expression
alone retarded cell growth, and the coexpression .of PML 1V
enhanced this eflect (Fig. 4B). PU.1 and PML IV also had a
synergistic effect on morphological differentiation (Fig. 4C).



