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We recently demonstrated that STAT5 can induce a variety of biological functions in mouse IL-3-dependent Ba/F3 cells; STAT5-
induced expression ofpim-1, p2IVAF/SPLand suppressor of cytokine signaling-1/STAT-induced STAT inhibitor-1/Janus kinase
binding protein is responsible for induction of proliferation, differentiation, and apoptosis, respectively. In the present study, using
a constitutively active STAT5A (STAT5A1*6), we show that STATS induces macrophage differentiation of mouse leukemic M1
cells through a distinct mechanism, autocrine production of IL-6. The supernatant of STAT5A1*6-transduced cells contained
sufficient concentrations of IL-6 to induce macrophage differentiation of parental M1 cells, and STAT3 was phosphorylated on
their tyrosine residues in these cells. Treatment of the cells with anti-IL-6 blocking Abs profoundly inhibited the differentiation.
We also found that the STAT5A1*6 transactivated the IL-6 promoter, which was mediated by the enhanced binding of NikB p65
(RelA) to the promoter region of IL-6. These findings indicate that STAT5A cooperates with Rel/NFR«B to induce production of
IL-6, thereby inducing macrophage differentiation of M1 cells in an autocrine manner. In summary, we have shown a novel
mechanism by which STATS induces its pleiotropic functions. Cytokines The Journal of Immunology, 2001, 167: 3652—-3660.

(STAT1-4, 5A, 5B, and 6), with STAT5A and STAT5B genes of STAT5 (10). In the present study, we attempted to de-

being closely related. STATs are activated by tyrosinetermine the function of STAT5A in macrophage differentiation
phosphorylation, form homo- or heterodimers, and translocate intaising a constitutively active STAT5A, STAT5A1*6, which has
the nucleus, where they regulate expression of their target genesvo mutations; one in the DNA binding domain (H298R) and the
STATS5, which was originally identified as a mammary gland fac- other in the transactivation domain (S710F) (8).
tor regulated by prolactin (1), is activated by multiple cytokines A myeloblastic leukemia cell line, M1, was generated from a
including IL-2, IL-3, IL-5, GM-CSF, erythropoietin (EPG)and  spontaneous leukemia that arose within the SL strain of mice (11)
thrombopoietin (2—7). We recently identified constitutively active and can be induced to undergo terminal differentiation into mac-
mutants of STAT5 (STAT5A1*6 and STAT5A-N642H) by PCR- rophages, which is associated with growth arrest and apoptosis of
driven random mutagenesis and retrovirus-mediated expressiamature cells (12) by IL-6, LIF, or human oncostatin M (OSM)
screening (8, 9). A molecular basis for the constitutive activity of (13—15). Ectopic expression of theand 8 subunits of the human
these mutants is the stability of the phosphorylated molecule. UsGM-CSF receptor in M1 cells confers a potential to terminally
ing these constitutively active forms of STAT5, we found that differentiate into macrophages upon stimulation with human GM-
activation of STAT5 induced cytokine-independent growth of IL- CSF (16). Because STATS5 is one of the key molecules that are
3-dependent cells (8, 9), and that STAT5 manifested a variety o&ctivated in response to GM-CSF (6, 17), we asked whether
biological functions including proliferation, differentiation, and ap- STAT5 is involved in monocytic differentiation of M1 cells.
STAT5A1*6 induced macrophage differentiation of M1 cells, but
through an unexpected mechanism. Activation of STAT5 leads to
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T he STAT family is known to consist of seven members optosis of Ba/F3 cells through up-regulation of a variety of target
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LIF Ab) were obtained from R&D Systems (Minneapolis, MN). PE-con-
jugated rat anti-mouse CD14 Ab were purchased from BD PharMingen
(San Diego, CA).

Retrovirus vectors

A bicigtronic retrovirus vector pM X-IRES-EGFP was constructed to transduce
a gene together with an enhanced green fluorescent protein (EGFP) as
previously described (10). Complementary DNAs for the wild-type
MSTAT5A and STAT5A1*6 were inserted into EcoRI and Notl sites of the
pMX-IRES-EGFP to construct pMX-STAT5A-IRES-EGFP and pMX-
STAT5A1*6-IRES-EGFP.

Production of retroviruses and infection with these viruses

High-titer retroviruses containing the wild-type STAT5A and STAT5A1*6
were produced in a transient retrovirus packaging cell line BOSC23 as
previously described (20). For infection, M1 cells (1 X 10°) were incu-
bated for 6 h with 10 ml of the retroviruses harboring the wild-type and
STAT5A1*6 in the presence of 10 wg/ml hexadimethrine bromide (Sigma,
St. Louis, MO). Ten milliliters of fresh growth medium was added to the
culture, and incubation was continued for 18 h. The cells were washed,
refed with growth medium, and allowed to grow for 1 more day before cell
sorting.

Cell sorting and flow cytometry

Sorting of EGFP-positive cells was done as previously described (21).
Briefly, 2 days after virusinfection, cells were washed twice with PBS and
suspended in PBS containing 1% BSA. Retrovirally transduced cells were
sorted based on GFP expression on a FACSVantage (BD Biosciences,
Mountain View, CA). The sorted cells (1 X 10% were washed twice with
PBS, resuspend in growth medium, and cultured for 2 more days (4 days
after virus infection). A half of the sorted population was used to confirm
GFP expression using FACSCalibur (BD Biosciences), and the other half
was expanded and used for further analysis.

Immunoprecipitation and Western blotting

Immunoprecipitation, gel electrophoresis, and immunoblotting were done
as previously described (10) with minor modifications. Exponentialy
growing cells were washed in PBS so as to be free of serum and growth
factors, lysed in a buffer (5 X 10° cells/ml), and incubated on ice for 30
min. Cell lysates were clarified by centrifugation for 15 min at 12,000 X
g before incubation at 4°C overnight with the anti-STAT5A polyclonal Ab
(R&D Systems) or the control rabbit whole IgG, and protein A-Sepharose.
The immunoprecipitates were washed three times with a lysis buffer, sub-
jected to SDS-PAGE, and electrophoretically transferred onto Immobilon
filters (Millipore, Bedford, MA). After blocking in a solution containing
3% BSA, the filter was probed with an anti-phosphotyrosine Ab 4G10
(Upstate Biotechnology, Lake Placid, NY'), stripped, and reprobed with the
anti-STAT5A Ab to verify the amount loaded. The filter-bound Ab was
detected using the ECL system (Amersham, Arlington Heights, IL).

EMSA in M1 cells

The cellswere lysed in abinding buffer (2 X 107 cells/ml) containing 0.5%
Nonidet P-40, 50 mM Tris-HCI (pH 8.0), 0.1 mM EDTA, 150 mM NaCl,
100 uM NaVO,, 50 mM NaF, 1 mM DTT, 0.4 mM PMSF, 3 pg/ml
aprotinin, 2 ug/ml pepstatin A, 1 wg/ml leupeptin, and 10% glycerol and
were centrifuged at 12,000 X g for 30 min to remove insoluble materials.
The cell extracts (4 wl/each reaction) were incubated with 1 ng of Klenow-
labeled DNA carrying the following STATS5 optima binding sequence:
5'-GATCCGAATTCCAGGAATTCA-3' and 3'-GCTTAAGGTCCTTA
AGTCTAG-5'. For supershift analysis, cell extract in the binding buffer
was incubated with the anti-STAT5A rabbit anti-serum (R&D Systems) or
normal rabbit serum, as a control, for 30 min on ice before addition of
poly(dl-dC). Samples were separated on a 4.5% polyacrylamide gel in
22X TBE (1X TBE = 50 mM Tris-borate and 1 mM EDTA) and
autoradiographed.

Luciferase reporter assay

Ba/F3 cells were transiently transfected by electroporation at 960 wF and
300 V with 10 g of areporter plasmid carrying a luciferase gene driven
by the IL-6 promoter, 3 g of a B-galactosidase reporter plasmid with the
Rous sarcomaviruslong-terminal repeat promoter, and 10 g of test DNAs
at room temperature in RPM1 1640 supplemented with 10 pg/ml DEAE-
dextran. After a 12-h recovery period in the IL-3-containing medium, cells
were incubated in RPMI 1640 supplemented with 0.5% BSA for 12 h, or
stimulated with 2 ng/ml mIL-3 for the last 6 h before cell lysates were
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prepared. Cell lysates were then subjected to luciferase (Promega, Madi-
son, WI) and B-gaactosidase (Stratagene, La Jolla, CA) assays. Transfec-
tion efficiency was normalized with the B-galactosidase activity. The wild-
type IL-6 promoter (k0) and its deletion mutants (k4, k18, and k9) were as
previously described (22). Site-directed mutagenesis of kO and k9 was done
using QuikChange (Stratagene) and the oligonucleotide primers 5'-AT
CAAATGTAATATTTTCCCATGAGTCTGA-3" and 5'-TGAGACTCAT
GGGAAAATATTACATTTGAT-3'.

Transfection and preparation of nuclear extracts in COS cells

Cells were cotransfected with 1 pg of human Epo receptor gene, 1 ug
pEF-NF-«B p65, and 1 ug of either pMX, pMX/WT-STAT5A, or pMX/
STAT5A1*6 using FUGENE 6 Transfection Reagent (Roche Diagnostics,
Indianapolis, IN). Forty-eight hours after transfection, cells were stimu-
lated with recombinant human Epo (20 U/ml) for 30 min or left untreated
before harvesting. Nuclear extracts were then prepared as previously de-
scribed (10).

EMSA in COS M1, and MD cells

Double-stranded oligonucleotides corresponding to the NF-«B site of the
IL-6 promoter were used as DNA probes. EMSA was done using 10 ug of
nuclear extracts in 25 ul of a reaction mixture containing 10 mM HEPES
(pH7.8), 4% glyceral, 0.02 mM EDTA, 84 mM KCI, 1 mM MgCl,, 3 ng
of poly(dl-dC), 5mM DTT, and 10 fmol of radioactive probe. The mixture
was incubated on ice for 20 min and placed onto a 4.5% polyacrylamide gel
(0.25X TAE). For supershift experiments, 1 ul of anti-NF-«xB p65 Ab,
anti-c-Rel Ab (Santa Cruz Biotechnology, Santa Cruz, CA), control rabbit
polyclonal 1gG, or anti-STAT5A Ab (R&D Systems) was added to the
mixture.

Results
The congtitutively active mutant of STAT5A (STAT5A1*6)
induced monocytic differentiation of M1 myeloid leukemic cells

To elucidate the role of STAT5A in macrophage differentiation of
M1 cells, the wild-type STAT5A and the constitutively active mu-
tant STAT5A 1*6 were transduced into M1 cells using abicistronic
retrovirus vector, pMX-IRES-EGFP, and a retrovirus packaging
cell line, BOSC23 (19). EGFP-positive M1 cells transduced with
pMX-STAT5A-IRES-EGFP and pMX-STAT5A1*6-IRES-EGFP
were sorted on FACS 48 h after virus infection, as previously
described (21), and were termed ML/WT-STAT5A and M1/
STAT5A1*6, respectively. With May-Griinwald-Giemsa staining
of cytospin preparations, the sorted MI/WT-STAT5A and M1/
STAT5A1*6 cells exhibited the typical blast morphology of the
parental M1 cells until 4 days after virus infection (data not
shown). In flow cytometric analysis, both transfectants displayed
little phenotypic change within 4 days, although both expressed a
high level of EGFP (Fig. 1A). However, 7 days after the virus
infection, some of M1/STAT5A1*6 became enlarged, and at 2 wk
after the infection, M1I/STAT5A1*6 cells exhibited a mixed pat-
tern of morphology in culture, with both nonadherent and adherent
cells. Microscopic examination of the MI/WT-STAT5A and the
M1/STAT5A1*6 cells following May-Griinwal d-Giemsa staining
showed that STAT5A1*6, but not the wild-type STATSA, induced
M1 cells to differentiate into various stages along the monocytic
differentiation pathway, giving rise to a heterogeneous population
of blast, intermediate, and mature monocytic stages (Fig. 1B).
Flow cytometric analysis was also done to quantitate the morpho-
logical changesin the MI/WT-STAT5A and the M1I/STAT5A1*6
cells. The increase in size and granulosity of the cytoplasm, a
hallmark of monocytic differentiation, observed in MI/STAT5A1* 6
cells was evaluated by forward scatter (FSC) and side scatter
(SSC), respectively (Fig. 1C, upper panels), and 66.4% of M1/
STAT5A1*6 cells showed a shift from region R1 to region R2
with increased size and granulosity. This shift pattern is similar to
that of parental M1 cells cultured in the presence of IL-6 (100
ng/ml) for 5 days (data not shown). In addition, most of M1/
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FIGURE 1. Macrophage differentiation of M1 cells transduced with
pMX-IRES-EGFP-STAT5A1*6 (MLU/STAT5A1*6). A, Quantitation of cell
differentiation and expression of GFP 4 days after retroviral gene trans-
duction (2 days after cell sorting) on flow cytometry in MU/WT-STAT5A
and M1/STAT5A1*6 cells. Upper panels, The x-axis indicates FSC, and
the y-axis indicates SSC. Lower panels, The x-axis indicates fluorescence
intensity as alog scale ranging from 10° to 10%, and the y-axis indicates the
number of cells. Parental M1 cells were used as a control. B, Morpholog-
ical analysis of STAT5A1*6-induced differentiation of M1 cells 10 days
after gene transduction. Parentdl M1, ML/WT-STAT5A, and M1/
STAT5A1*6 cells were centrifuged onto glass slides and stained with
May-Grinwald-Giemsa. Photographs were taken at X400 magnification.
C, Flow cytometric analysis in parental M1, MUYWT-STAT5A, and M1/
STAT5A1*6 cells 10 days after gene transduction. Upper panels, Quanti-
tation of cell differentiation on flow cytometry. Differentiated M1 cells

STAT5 INDUCES MACROPHAGE DIFFERENTIATION OF M1 CELLS

STAT5A1*6 cells exhibited de novo expression of a myelomono-
cytic marker CD14 (Fig. 1D). IL-6, LIF, and human OSM induce
terminal differentiation of the parental M1 cells into macrophages
and eventuate cell death (13-15). In contrast, M1/STAT5A1*6
cells underwent monocytic differentiation, with a proliferating
population retaining blastic phenotypes. Three such clones were
isolated by limiting dilution and were termed MD1, MD2, and
MD3 (M1 cells undergoing monocytic differentiation with expres-
sion of the STAT5A1*6). Flow cytometric analysis of these clones
revealed basically similar phenotypes (Fig. 1E). They continuously
proliferated, retaining a population of blast (region R1) while some
acquired phenotypes of differentiated monocytes (region R2). As
shown in Fig. 2A, STAT5A was constitutively phosphorylated on
tyrosine residues in the MD1, MD2, and MD3 cells (lanes 3-5).
The EMSA of these clones demonstrates that STAT5A in these
cells showed DNA binding activity (Fig. 2B), which was super-
shifted by the anti-STAT5 Ab. Thus, STAT5A1*6 was constitu-
tively activated in the retrovirally transduced M 1 cells and induced
differentiation of M1 cells into a macrophage lineage.

Constitutively active STAT5A induced tyrosine phosphorylation
of STAT3 in M1 cells

Using the M1 stable transfectants expressing STAT5A1*6 (MD1-
3), we attempted to clarify the molecular mechanism by which
STAT5A1*6 induced macrophage differentiation of M1 cells. It
was reported that a dominant-negative form of STAT3 profoundly
inhibited IL-6-induced macrophage differentiation of M1 cells, and
that STAT3 was likely to play a centra role in the differentiation
of M1 cells (23). In contrast, because IL-3 and GM-CSF are ca-
pable of inducing granul ocyte-macrophage colony formation inin
vitro cultures of bone marrow cells of normal mice (24), STAT5
may aso play a role in myelomonocytic development. We first
asked whether STAT3in MD cellswas phosphorylated on tyrosine
residues. Indeed, STAT3 was phosphorylated on tyrosine residues
in MD cells expressing STAT5A1*6 (Fig. 3A, lanes 3-5), but not
in parental M1 cellsor M1 cells expressing the wild-type STAT5A
(Fig. 3A, lanes 1 and 2). One possibility was that the constitutively
active STAT5A heterodimerized with STAT3. To test the possible
interaction between STAT5A1*6 and STAT3in MD cells, we per-
formed immunoprecipitation using the anti-STAT5A Ab followed
by immumoblotting with the anti-STAT3 Ab and vice versa. How-
ever, we did not detect a heterodimer of STAT5 and STAT3inMD
cells (Fig. 3B), indicating that STAT5A1*6 was capable of induc-
ing activation of STAT3 through mechanisms other than forming
heterodimers with STAT3.

The constitutively active STAT5A induced production of IL-6

It was reported that IL-3 induced production of IL-6 in several
IL-3-dependent hemopoietic cells (25). Because STAT5A isone of
the key molecules that mediate IL-3-induced cell signaling (26),

were detected in region R2. Increased size and vacuolization of differen-
tiated cells are reflected by increases in FSC (x-axis) and SSC (y-axis),
respectively. Lower panels, Quantitation of expression of GFP on flow
cytometry. The x-axis indicates fluorescence intensity as a log scale rang-
ing from 10° to 10%. The y-axis indicates the number of the cells. D, CD14
expression of MI/WT-STAT5A and M1/STAT5A1*6 cells. MUWT-
STAT5A (blank area) and M1/STAT5A1*6 (shaded area) cells were pre-
incubated with an isotype control rat IgG1 and stained with PE-conjugated
rat anti-mouse CD14 Ab. The x-axis indicates fluorescence intensity as a
log scale ranging from 10° to 10*. The y-axis indicates the number of the
cells. E, Quantitation of M1 cell differentiation on FACS in continuously
growing clones, MD1, MD2 and MD3, derived from M1/STAT5A1*6
cells. The x-axis indicates FSC, and the y-axis indicates SSC.
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FIGURE 2. Characterization of the STAT5A1*6 expressed in MD cells.
A, Tyrosine phosphorylation of STAT5A in parental M1, ML/WT-
STAT5A, and MD cells. Cells were lysed, and STAT5A proteins were
immunoprecipitated with the anti-STAT5A Ab. The immunoprecipitated
proteins were separated by a SDS-polyacrylamide gradient gel and ana-
lyzed by Western blot with the anti-phosphotyrosine Ab (upper panel),
followed by probing with the anti-STAT5A Ab (lower panel). B, DNA
binding activities of STAT5A in nuclear extracts derived from parental
M1, MI/WT-STAT5A, and MD1-3 cells. The DNA-protein complexes
were confirmed to contain STAT5A by supershift analysis using anti-
STAT5A Ab. An arowhead and an arrow indicate positions of the
STAT5A bands and supershifted complexes, respectively.

-
-
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and IL-6 induces STAT3 activation through IL-6R (27-29), we
hypothesized that STAT5A 1* 6 induces macrophage differentiation
of M1 cells through activation of IL-6 production. To test this
hypothesis, we examined the supernatant of MD cells for the abil-
ity to induce differentiation of parental M1 cells. As shown in Fig.
4A, the supernatant of the MD cells induced macrophage differ-
entiation in parental M1 cells, and an anti-1L-6 neutralizing Ab (10
ng/ml) profoundly blocked this activity of the supernatant. The
anti-1L-6 neutralizing Ab (10 ng/ml) also led to decreased tyrosine
phosphorylation of STAT3 in parental M1 cells (Fig. 4B). In ad-
dition, 1IL-6 mMRNA was readily detected in the MD cells, but not
so in parental M1 cells (Fig. 4C). Thus, STAT5A1*6 expressed in
MD cells produced a sufficient amount of I1L-6 production to in-
duce macrophage differentiation of parental M1 cellsviaactivation
of STAT3.

Mechanisms by which MD cells escaped apoptosis after
terminal differentiation induced by autocrined IL-6

Whereas the supernatant of the MD cells strongly induced terminal
differentiation and eventually apoptosis in parental M1 cells, the
MD cells proliferated continuously, with some populations having
differentiated phenotypes. To identify key molecules that inhibited
MD cells from apoptosis following terminal differentiation in the
supernatant containing high concentrations of IL-6, we generated
acDNA library in aretrovirus vector pMXneo (30) from one of the
MD clones, MD1. Genes with the potential to inhibit apoptosis
following terminal differentiation were searched for in retrovirus-
mediated functional screening of the MD-1-derived cDNA library;
M1 cells infected with the cDNA library were screened for clones
resistant to IL-6-induced apoptosis in a medium containing IL-6
(100 ng/ml) and G418 selection reagents (600 wg/ml). A clonethat

3655

A

1 2 3 4 5

M1 M1/WT MD1 MD2 MD3
Blot:4G10 g == * 85kD
Blot:

anti-STATS e o @i @ 898 5510

IP : anti-STAT3

- 0 20D

IP : anti-STATSA (lanes 1 and 3)
anti-STAT3 (lanes 2 and 4)

Blot : anti-STAT3 (lanes 1 and 2)
anti-STATS5A (lanes 3 and 4)

FIGURE 3. Analysis of STAT3 in MD1-3 cells. A, Tyrosine phos-
pholylation of STAT3 in parental M1, MUWT-STAT5A, and MD cells.
Cells were treated as described for Fig. 2A. An anti-STAT3 Ab was used
here instead of anti-STAT5A Ab. B, Failure to detect heterodimers of
STAT3 and STAT5A1*6. Bulk population of MD cells was lysed and
STAT3 and STAT5A proteins were immunoprecipitated with anti-STAT3
(lanes 1 and 3) and anti-STAT5A (lanes 2 and 4) Abs, respectively. The
immunoprecipitated proteins were subjected to SDS-PAGE analysis using
agradient gel and analyzed by Western blot with anti-STAT3 (lanes 1 and
2) and anti-STAT5A Abs (lanes 3 and 4).

survived and grew in the presence of IL-6 was isolated after
screening of 1.5 X 10° independent cDNA clones. The integrated
cDNA in the clone, recovered by PCR with vector primers, was
sequenced. The cDNA integrated in the clone was found to be a
sense cDNA encoding the full-length of A1, which is amember of
the bel-2 family of proteins known to inhibit apoptosis (31-33). As
shown in Fig. 5A, the expression level of AL mRNA was extremely
high in MD cells, but undetectable in parental M1 cells. In addi-
tion, expression of A1 mRNA was not detected when parental M1
cells underwent 1L-6-induced termina differentiation and apopto-
sis (data not shown), which suggested that A1 was one of the
responsible genes for the resistance of MD cells to IL-6-induced
apoptosis following terminal differentiation. To confirm that ex-
pression of the Al gene protected M1 cells from IL-6-induced
apoptosis, A1 cDNA was subcloned into pMX-IRES-EGFP and
reintroduced into M1 cells. As a control, pMX-IRES-EGFP was
also introduced into M1 cells. EGFP-positive cells were sorted on
FACS 48 h after virus infection, as described in Materials and
Methods. Morphological changes of both M1 transfectants under
the treatment with I1L-6 (10 ng/ml) for 5 days are shown in Fig. 5B.
Consistent with an observation previously reported (31), the con-
stitutive expression of Al efficiently protected M1 cells from IL-
6-induced apoptosis. Therefore, STAT5A1*6 induced not only
IL-6 production that could induce macrophage differentiation of
parental M1 cells, but also expression of Al that could counter-
balance the effect of IL-6 by protecting M1 cells from apoptosis
following terminal differentiation.
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FIGURE 4. The supernatant of MD cells contains a sufficient amount of
IL-6 to induce macrophage differentiation of parental M1 cells via activa-
tion of STAT3. A, Parental M1 cells were cultured in the medium con-
taining half-volume of the supernatant of the MD1 cells with (right panel)
or without (lIeft panel) an anti-IL-6 neutralizing Ab (10 wg/ml). Flow cy-
tometric analysis was performed to quantitate the morphological changes
in these cells 3 days after the treatment. Differentiated M1 cells were de-
tected in region R2. Increased size and vacuolization of differentiated cells
are reflected by increases in FSC (x-axis) and SSC (y-axis), respectively.
MD2 and MD3 cells gave similar results (data not shown). B, Tyrosine
phosphorylation of STAT3 in parental M1 (lane 1) and M1 cells incubated
in the supernatant of MD cells for 30 min with (lane 3) or without (lane 2)
the anti-IL-6 neutralizing Ab (10 wg/ml). Cells were treated as described
for Fig. 3A. C, Expression of IL-6 mRNA in parental M1, MD, and Ba/F3
cells cultured in medium containing I1L-3 (1 ng/ml) as a positive control. A
total of 2 ug poly(A)* RNA was subjected to Northern blot analysis. A
full-length cDNA for mIL-6 was used as a probe.

An anti-1L-6 neutralizing Ab profoundly blocked macrophage
differentiation of M1 cells induced by STAT5A1*6

To confirm that the autocrined IL-6 played a centra role in
STAT5A1*6-induced macrophage differentiation of M1 cells, we
cultured the STAT5A1*6-transduced M1 cells in the presence of
an anti-mlIL-6 neutralizing Ab (10 wg/ml) immediately after the
sorting of EGFP-positive cells. The anti-IL-6 Ab profoundly in-
hibited the differentiation of M1 cells expressing STAT5A1*6
(Fig. 6). We aso confirmed that an isotype control Ab did not
affect this differentiation (data not shown). These results clearly
show that STAT5A1*6 induced differentiation of M1 cells through
autocrine production of IL-6.

The promoter of IL-6 is transactivated by activation of STAT5A
through enhanced DNA binding activity of NF-kB p65

Next, we asked whether STAT5A directly activated the promoter
of the IL-6 gene, which does not contain the typical STAT5A
binding site (34). For this, we did a transactivation assay in which
Ba/F3 cells were cotransfected with IL-6 promoter-luciferase re-
porter constructs harboring various deletions in the IL-6 promoter
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FIGURE 5. A1 expression prevented M1 cells from IL-6-induced ter-
minal differentiation. A, A1 gene expression was detected by Northern blot
analysis in MD cells (lane 2) but not in parental M1 cells (lane 1). B,
Morphological analysis of M1 cells expressing Al treated with IL-6 (10
ng/ml).

region (Fig. 7A), and a vector carrying the wild-type STAT5A or
STAT5A1*6. As shown in Fig. 7B, the transactivating activity of
pMX-STAT5A1*6 toward the wild-type IL-6 promoter (kO) was
stronger (~30-fold) than that of pMX-STAT5A in the absence of
IL-3. Using mutant constructs, mk9 and mkO, harboring mutations
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FIGURE 6. Inhibition of macrophage differentition in MI/STAT5A1*6
cellswith an anti-mlL-6 neutraizing Ab. M1 cellswereretrovirally transduced
with pMX-STAT5A1*6-IRES-EGFP, and EGFP-positive cells were sorted on
a cdl sorter 2 days after gene transduction. pMX-STAT5A-IRES-EGFP
served as a control vector. MUSTAT5A1*6 cells were then separated and
cultured under different conditions: half were cultured in the medium with an
anti-1L-6 Ab (10 wg/ml), and the other half were cultured with acontrol Ab (10
pg/ml). Quantitation of M1 cell differentiation and expression of EGFP were
anadyzed on FACS.
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FIGURE 7. Transactivation of the wild-type IL-6 promoter and its mu-
tants by STAT5A. A, The structures of the wild-type and various mutants
of the IL-6 promoter. The wild-type IL-6 promoter sequence, kO (—1161/
+59), contains AP-1 (—283/—277), NF-IL-6 (—145/—158), and NF-«B
(=73/—64) binding sites. The deletion mutants were designed as k4
(—310/+59), k18 (—180/+59), and k9 (—122/+59). The mk9 and mkO
was produced by introducing a mutation in the NF-«B binding site of the
k9 and kO to reduce the NF-«B binding activity, as described in Materials
and Methods. B, The sequence for luciferase was connected up with the
wild-type IL-6 promoter (kO) or the various mutants of the IL-6 promoter
(k4, k18, k9, mk9, and mkO) in reporter plasmids. Luciferase activities
were examined in the lysates of Ba/F3 cells cotransfected with each of
these reporter plasmids and either of the mock vector (pMX), the expres-
sion vector for the wild-type STAT5A (pMX/STAT5A-WT), or that for the
STAT5A1*6 (pMX/STAT5A1*6), as described in Materials and Methods.
The results shown are the averages = SD of three independent experi-
ments. C, Transactivation of the wild-type IL-6 promoter (kO) by the wild-
type STAT5A and STAT5A1*6 in the presence of IL-3. Luciferase activ-
ities were examined in the lysates of Ba/F3 cells cotransfected with the kO
reporter plasmids and either of the mock vector (pMX), the expression
vector for the wild-type STAT5A (pMX/STAT5A-WT), or that for the
STAT5A1*6 (PMX/STAT5A1*6), as described in Materials and Methods.
Cells were stimulated with 1 ng/ml of mIL-3 for the last 6 h before cell
lysates were prepared. The results shown are the averages = SD of three
independent experiments.

in the NF-«B binding site, it was also found that the NF-«B bind-
ing site was indispensable in the STAT5A-induced transactivation
of the IL-6 promoter. When Ba/F3 cells were treated with IL-3 (1
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ng/ml) after cotransfection with kO, the transactivating activities of
both pMX-STAT5A and pMX-STAT5A1*6 were more potent
(~10-fold) than those without 1L-3 treatment (Fig. 7C). These re-
sults are consistent with our previous data describing the transac-
tivation potency of STAT5A1*6 (8). We also reported that another
STATS5A mutant, STAT5A-N642H, harboring a point mutation in
the Src homology 2 domain showed a phenotype identical with
that of STAT5A1*6 (9), indicating that the finding with
STAT5A1*6 was not unique to a particular mutant. These data
suggest that activation of STAT5A by IL-3 induced transactivation
of the IL-6 promoter through the NF-«B binding site.

To see whether NF-kB activation is involved in the STAT5A-
mediated transactivation of 1L-6, we performed EMSA using COS
cells after transient gene expression of EpoR and STAT5A, as
described in Materials and Methods. As shown in Fig. 8, the DNA
binding activity of NF-«kB p65 in cells cotransfected with pMX-
STAT5A1*6 (lane 5) was notably enhanced compared with those
in cells cotransfected with pMX and pMX-STAT5A (lanes 3 and
4). When COS cells were stimulated with Epo after cotransfection,
the DNA binding activities of NF-«B p65 in the cells were also
enhanced (lanes 2, 4, and 6) compared with those without treat-
ment of Epo (lanes 1, 3, and 5). The DNA-protein complexes were
confirmed to contain NF-«B p65, but not STAT5A, using an anti-
NF-«kB p65 Ab (lanes 7-12) or an anti-STAT5A Ab (data not
shown). The DNA binding activity of NF-xB p50 was not affected
by the coexpression of STAT5A without stimulation (data not
shown).

We also conducted EMSA to analyze the DNA binding activi-
ties of NF-«B in MUYWT-STAT5A and MD cells expressing the
congtitutively active STATS mutant STAT5A1*6. As shown in
Fig. 9A, the DNA-protein complex formation was specific to the
oligonucleotides corresponding to the NF-«B site and enhanced in
MD cells. In addition, the DNA-protein complexes in MD cells
showed a slower mobility than those in MU/WT-STAT5A cells.
These results suggest that the DNA-NF-«B complexesin MD cells
were somehow modulated by STAT5A1*6 and formed larger
complexes that may contain additional molecule(s). Using the anti-
NF-«B p65 Ab, we found that the lower band of the DNA-NF-«B
complexes contained NF-«B p65 (Fig. 9B). In contrast, the upper
band of the DNA-protein complexes in MD cells contained c-Rel
(Fig. 9C). These findings imply that activation of STAT5A trans-
activated IL-6 expression not only by enhancing the DNA binding

- WT 1*6 = WT 1*6

Epo - + - + - + -+ - + - +
oNF-xB - - = - = - ++ + ++ +

p65 : ; &
LT
uull'. A\

12 345 6 78 9101112

FIGURE 8. Enhanced DNA binding activities of NF-«B p65 by
STAT5A activation. DNA binding activities of NF-«B p65 were examined
by EMSA using nuclear extracts derived from COS cells expressing the
Epo receptor and either the wild-type STAT5A (WT), the STAT5A1*6
(2*6), or the control vector pMX (—), with or without Epo stimulation. The
DNA-protein complexes were confirmed to contain NF-«kB p65 in a su-
pershift analysis with an anti-NF-«xB p65 Ab. The arrowhead and arrow
indicate positions of the DNA-NF-«B p65 complexes and supershifted
complexes, respectively.
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FIGURE 9. Enhanced DNA binding activities of NF-xB p65 and c-Rel
and modulation of DNA-protein complexes of NF-kB p65 by STAT5A
activation in MD cells. A, Nuclear extracts of ML/WT-STAT5A (lanes
1-3) and MD cells (lanes 4—6) were prepared and subjected to EMSA with
32p-|abeled oligonucleotide probe containing an NF-«B binding sequence.
Competition assays were performed by adding 5-fold molar excess of cold
competitor (lanes 2 and 5) or nonspecific oligonuclectides (lanes 3 and 6)
in the reaction mixture. The arrowhead indicates the specific DNA-protein
complexes, and arrows indicate STAT5A1*6-induced supershifted com-
plexes. B, DNA binding activities of NF-«xB p65 were examined by EMSA
using nuclear extracts derived from ML/WT-STAT5A (lanes 1-3) and MD
cells (lanes 4—6). The filled arrowhead and arrow indicate positions of the
DNA-NF-«B p65 complexes in MI/WT-STAT5A cells and MD célls, re-
spectively. The open arrowheads indicate positions of the supershifted
bands. C, DNA binding activities of c-Rel were examined by EMSA using
nuclear extracts derived from MD cells. The open arrow and the open
arrowhead indicate positions of the DNA-c-Rel complexes and super-
shifted bands, respectively. The filled arrowhead indicates positions of the
DNA-NF-«B p65 complexes.

activity of NF-«B p65 and c-Rel, but also by modulating the DNA-
protein complexes of NF-«B p65 in MD cells. Using the anti-
STAT5A Ab, we aso performed EMSA in MD cells to test
whether this mobility shift wasinduced by the direct association of
STAT5A1*6 with the DNA-NF-«B complexes. However, the
DNA-NF-kB complexes were not supershifted by the anti-
STAT5A Ab (data not shown). We are now investigating how
expression of STAT5A1*6 leads to mobility shift of the DNA-
protein complexes of NF-«kB p65 in MD cells.

STAT5 INDUCES MACROPHAGE DIFFERENTIATION OF M1 CELLS

Discussion

We previously demonstrated pleiotropic functions of STAT5 in a
model system using a mIL-3-dependent pro-B cell line, Ba/F3, in
which STATS activation induced proliferation, macrophage dif-
ferentiation, and apoptosis through induction of pim-1,
p2IWAFICIPL - and suppressor of cytokine signaling-1/STAT-in-
duced STAT inhibitor-1/Janus kinase binding protein, respec-
tively. In the present work, we found that a constitutively active
mutant of STAT5A (STAT5A1*6) induced monocyte/macrophage
differentiation of a murine myeloblastic leukemia cell line, M1,
through a distinct mechanism, autocrine production of IL-6 in M1
cells. Interestingly, STATS5 seemed to collaborate with NF-«xB p65
in inducing 1L-6 production in M1 cells.

We first considered that p21"*AF'<'P* played important roles in
inducing M1 differentiation because p21"A*/<'P was a target gene
of STAT5 (25, 35, 36). In fact, overexpression of p21WAF/CiP
alone was able to induce partia differentiation of Ba/F3 cells into
macrophage-like cells (10). However, this was not the casein MD
cells; STAT5A1*6 did not induce detectable levels of p21WAF/CiP
(data not shown). Instead, we found that STAT5A1*6 transacti-
vated the IL-6 promoter, and that produced IL-6-induced STAT3
activation and macrophage differentiation in an autocrine fashion.
It is known that transactivation of the IL-6 promoter is regulated
by NF-«B, NF-IL-6, and AP-1 (37, 38), and that the promoter
region contains no STAT5 binding sites. Using del etion mutants of
the IL-6 promoter, we found that the NF-«kB binding site of the
IL-6 promoter was sufficient for STAT5A-induced transactivation
of IL-6. Moreover, the DNA binding activity of NF-«kB p65 was
enhanced by STAT5A1*6. These results indicate that the
STAT5A-induced IL-6 production was mediated by NF-«B acti-
vation. This was analogous to the reported data that STAT6 and
NF-«kB are directly associated and function in asynergistic fashion
(39). However, we were not able to demonstrate direct interaction
between STAT5 and NF-«B p65 (data not shown). It is possible
that other transcription factors, such as CREB binding protein/
p300 or a protein induced by STAT5, mediate their interaction. In
addition to IL-6, LIF and OSM, other members of the IL-6 family
cytokines, are also produced from Ba/F3 cells in response to 1L-3
stimulation, and the promoter region of OSM actually harbors
STATS5 binding sites (36). These data suggest that OSM is the
ancestral gene of the IL-6 gene family, and that production of these
three cytokines is regulated essentially by the same mechanism,
althrough the promoter of OSM, but not those of IL-6 and LIF,
carries the STAT5 binding sites.

Our findings provide evidence for a novel capability of STAT5
to cooperate with NF-«B p65 in inducing production of IL-6, and
this notion is consistent with several observations reported by
other investigators. First, in a patient with follicular lymphoma,
autologous bone marrow transplantation with high-dose IL-3 treat-
ment induced terminal differentiation of the lymphoma cells into
plasma cells followed by a long-lasting remission. This phenom-
enon was preceded by elevation of the serum level of I1L-6 after the
treatment with IL-3 (40). Second, the roles of NF-«B in macro-
phage differentiation have been reported (41-43). Activation of
IL-6 gene expression through NF-«B and the roles of IL-6 in mac-
rophage differentiation were also reported (14, 37, 38). Finaly,
GM-CSF induces NF-«B activation in some types of hemopoietic
cells (44, 45). We a'so found that IL-3 induced NF-«B transactivation
in areporter assay in BalF3 cdlls (Fig. 7C). Therefore, we propose a
novel signa cascade of myelomonocytic development: IL-3 and/or
GM-CSF—STAT5—NF-kB—IL-6 autocrine—macrophage
differentiation.
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Analysis of c-rel ™'~ mice revealed that Rel/NF-«B is a critical
transactivator of the promoter of the Al gene (46). Although the
promoter of Al does not contain the typical STAT5A binding site
(46), STAT5A1*6 strongly induced Al expression in M1 cells
(Fig. 5B). Asshown in Fig. 9C, STAT5A1*6 apparently enhanced
the DNA binding activity of c-Rel as well as NF-«B p65. There-
fore, it is likely that STAT5A1*6 controlled expression of the Al
gene as well as the IL-6 gene via enhanced binding of Rel/NF-xB
to the promoters. An antiapoptotic activity of STAT5 in primary
myeloid hemopoietic cells has also been reported by Kieslinger et
al. (47). They demonstrated antigpoptotic activity of STATS
through the bcl-2 family gene, bcl-x, whose promoter contains
binding sites of STATS5.

In addition to the promoter of IL-6, STAT5A1*6 transactivated
the HIV promoter, which has the NF-«B site but not STATS5 bind-
ing sites (48) (T. Kawashima and T. Kitamura, unpublished re-
sults). Thus, cooperation of STATS and NF-«B may play arolein
manifesting pleiotropic functions of STATS.

The finding that STAT5A activation stimulates autocrine pro-
duction of IL-6 implies an interesting possibility that downstream
signals of the IL-3 or the GM-CSF receptor by themselves may not
be sufficient to stimulate terminal differentiation of hemopoietic
progenitors. Additional signals mediated by autocrine cytokines,
such as IL-6 induced by IL-3 and GM-CSF, may be required for
terminal differentiation of progenitor cells into myelomonocytic

lineages.
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