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Figure 4. Expression of miUrre.
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Analysis of mKirre

The SST-4 gene product was predicted to contain five immunoglobulin
domains in its extracellular portion and a PSD-95, Dlg and Zo-1 (PDZ)
domain-binding motif, X(S/T)X(V/)>, at its C terminus. We found that
§5T4 was most homologous to kirre (34% homology in amino acid
sequence) and its paralog rsf (31% homology), two genes expressed in
neuronal and muscular tissues in D. melanogaster, We therefore called
this clone mKirre, for mammalian homolog of kirre (Fig. 3a—¢).

Although Kime and Rst have been reported to be myoblast attrac-
tants™, nKirre was not expressed in muscular tissue (Fig. 1a) and no
mammalian proteins have been found that are structurally related to
mKirre. As this indicated that mKirre was not involved in regulating myo-
genesis, we deduced that the function of mKirre must be evolutionally dif-
ferentiated from that of Kirre,

We produced an affinity-purified rahbit polyclonal antibady to mKimre,
which specifically recognized mKimre in immunoblot analysis (Fig. 4a).
Using this antibody, we confirmed that mKirre was localized on the cell
membrane by fluorescence-activated cells sorting (FACS) analysis (Fig.
4a). RNA hybridization showed that mKirre was expressed in adult brain,
bone marrow stromal cells and the embryo head (Fig. 4b), consistent with
the results of RT-PCR analysis (Fig. 1a,b).

In site hybridization of embryonic day 17.5 (E17.5) mouse embryos
showed that mKirre was expressed in fetal liver (Fig. 4¢.d) and brain (Fig.
4e.0). Infetal liver, cells that expressed mKirre were relatively rare and scat-
tered. mKirre-positive fetal liver cells were slightly smatler than hepato-
cytes and differed morphologically from cholangiocytes, raising the possi-
bility that these cells were hematopoiesis-related cells, including
hematopoiesis-supporting cells. In the brain, mKirre-positive cells were
found in the cerebral cortex, periventricular region, pons and inner ear (Fig.
4e.f and data not shown).

When HSCs are cultured with stromal cells in virro, they migrate
underneath the stromal layer and proliferate. The proliferating cells have
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a cobblestone-like appearance and are referred to as ‘cobblestone
area-forming’ cells (CAFCs). This process reflects the hematopoiesis-
supporting activity of stromal cells. We used immunostaining to visual-
ize mKirre expression in CAFCs and found that mKirre was concentrat-
ed around the regions where stromal cells contact HSCs (Fig. 4g-i).
Because this experiment was done 2 weeks after the start of coculture,
however, it was possible that the CAFCs in this experiment reflected
more committed progenitor cells rather than HSCs.

To investigate the role of mKirre in stromal cells, we repressed the
expression of mKirre by an approach based on short interfering RNA
(siRNAY?, We transfected mKirre-expressing Chinese hamster ovary kl
(CHO-k1} cells with an siRNA targeted to mKirre, which abrogated
mKirre expression (Fig. $a). By using fluorescein-labeled control SiRNA,
we confirmed that sIRNA could be introduced into QP9 cells (Fig. 5b) and
primary stromal cells (data not shown) with almost 100% efficiency.
Because the mKirre antibody that we gencrated did not recognize endoge-
nous mKirre expressed in OP9 cells, primary bone marrow stromal cells or
bone marrow tissue by immunoblot anatysis (data not shown), we verified
the degradation of mKirre mRNA in OP9 cells and primary stromal cells
by RT-PCR (Fig. 5c).

We found that repression of mKirre in OP9 cells suppressed the fre-
quency of CAFCs (Fig. §d} and LTC-IC (Fig. $¢). We also confitmed that
repression of mKirre in primary stromal cells suppressed the frequency of
long-term CAFCs (Fig. 5f). We analyzed the CAFCs and found that sup-
pression of mKirre repressed the expression of ¢-kit but not the expression
of CD45, a general marker of hematopoietic celis (Fig. Sc). Taken togeth-
er, these results indicate that mKirre functions on primitive hematopoietic
cells to maintain their undifferentiated state.

Shedding of mKirre
Many membrane-type growth factors and receptors are known to be
secreted extracellulasly by proteolytic mechanisms, When we transiently
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Figure 5. Hematopotesis-supporting activity of mKirve.
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transfected COS7 cells with a construct encoding mKirre-Flag, we
detected a protein of roughly 27 kDa in addition to mKirre by anti-Flag
immunablotting (Fig. Sg, left). This protein was not detected by an anti-
body that recognizes the extracellular domain of mKirre (Fig. 8g, mid-
dle). Because the predicted molecular mass of the transmembrane and
cytoplasmic domains of mKirre is 26.7 kDa. we considered that the
extracellular domain of mKirre might be cleaved by proteases and
released (Fig. Sh).

Consistent with this hypothesis, we found that when a construct
encoding mKirre-Flag construct was transfected into COS7 cells, a pro-
tein of about 70 kDa was detected in the supernatant (Fig. 5g). Although
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are the mean £ s.e.m. from six wells. *P < 0.05. (k) mKirre-Fc up-regulates the LTC-IC fre-
after $ more weeks. '

the calculated mass of the extracellular domain of mKirre is 57.5 kDa,
mKirre has four putative N-linked glycosylation sites in this domain (Fig.
3a); thus, this discrepancy might be explained by glycosylation.
Consistent with this, expression of an mKirre-ATM mutant lacking the
transmembrane and cytoplasmic domains of mKirre resulted in 2 protein
of roughly 70 kDa (Fig. Sg).

Both 5 mM EGTA and the GM600!I inhibitor of matrix metallopro-
teinases (MMPs) interfered with the cleavage of mKirre (Fig. 5i). Because
EGTA is a divalent cation chelator and MMPs are calcium-dependent
enzymes, this observation suggested that the cleavage was caused by diva-
lent cation~dependent proteolysis that was mainly mediated by MMPs.
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We generated a recombinant protein in which the extracellular domain
of mKirre was fused to the Fc region of human [gG (mKime-Fe; data not
shown). When mKirre-Fc was added to the culture at 1,000 ng/ml, it inhib-
ited the formation of CAFCs (Fig. 5j). In contrast, mKirre-Fc up-regulated
the LTC-IC frequency in a dose-dependent fashion, even at a concentration
of 1.000 ng/mt (Fig. Sk). These results indicate that mKirre may function
as a homing receptor for hematopoietic progenitor cells and that mKime-
Fe blocks this function in a dominant-negative manner. From the results of
longer-term culture, however, mKirre seems to support only HSCs and not
less primitive progenitors.

We considered two possible ways by which mKirre might support
HSCs: either it acts directly on HSCs, or it enhances the hematopoietic sup-
portive capacity of stromal cells by up-regulating hematopoietic factors. To
test whether mKirre acts on stromal cells, we examined the expression of
hematopoietic factors such as SCF and IL-6 in OP9 cells and found that it
was not changed by treatment with mKime-Fe (data not shown). Taken
together with the results of immunostaining (Fig. 4g—i), these data indicate
that mKirre acts directly on HSCs and not on stromal cells, and that the
extracellular domain of mKirre directly sustains HSCs and maintaing them
in an undifferentiated state,

Discussion

Searches for hematopoiesis-related gene transcripts from bone marrow
stromal cells have been attempted before. For example, cytokines such as
IL-11 (ref. 28) and Limitin® have been isolated by an expression-cloning
strategy. In such strategies, earlier studies based on the subtraction of stro-
mal cells lacking high hematopoietic supportive capacity from those pos-
sessing such capacity have been useful. mKirre is not included, however,
in databases such as the Stroma Cell Database (hitp:/stromalcell.
princeton.edu/y® that have resulted from these types of study.

Because hematopoiesis is governed by a genetic complex of several
genes, itis possible that some essential genes are expressed equally in both
types of siromal cell and were thus overlooked by this approach. Because
stromal cells are likely to generate signals to hematopoietic cells through
their secreted and membrane molecules, the SST method would seem to be
a reasonable approach with which to identify hematopoietic factors.
Because most of the secreted and membrane proteins isolated by this
method were not associated with hematopoiesis, however, we also exam-
ined the tissue distribution, change in expression after LIF treatment, and
predicted profein structure of the unknown isolated genes to identify can-
didate genes. We then obtained the full-length cDNAs of these candidate
gences and analyzed their capacity to support HSCs.

A disadvantage of the SST method is that gene structure influences
which clones are isolated. We found that some genes were isolated fre-
quently even though their expression was not high. In addition, some mem-
brane and secreted molecules. such as IL-6, do not possess N-terminal sig-
nal peptides and thus are overlooked by SST strategies. We therefore
acknowledge that our approach may not identify all of the genes expressed
in stromal cells that are necessary for hematopoiesis.,

The kirre and rst genes of D. melanogaster function as myoblast attrac-
tants. [t has been shown by a transgene strategy that ectopic expression of
Kire or Rst in a fly attracts myoblasts to the sites of ectopic expression*®,
Overexpressing a mutant of Rst lacking the transmembrane and cytoplas-
mic domains results in muscle defects™, indicating that the deletion mutant
exerts dominant-negative effects. Similarly, we found that an excess of
mKirre-Fe suppressed the initial formation of CAFCs when added to a cul-
ture of OP9 cells and KSL cells.

mKirre can be sccreted extracellularly by proteolytic mechanisms. This
type of shedding is observed in various membrane-type growth factors,
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receptors and adhesion molecules. For example, shedding of SCF is reg-
ulated by MMP-9, which governs the homing of HSCs to a hematopoiet-
ic microenvironment in bone marrow™. The shedding also regulates the
homing of male germ cells to Sertoli celis™. It is therefore possible that
mKirre, through its shedding, has a role in regulating the homing of HSCs
to stromal cells. In contrast, the exogenous addition of mKirre-Fe for an
extended period had positive effects on the hematopoietic supportive
capacity of stromal cells, indicating that the extracellular domain of
mKirme supports HSCs.

Another feature of mKirre is the PDZ-binding motif in its cytoplasmic
region. This motif is found in various membrane proteins™ and does not
specify a particular function. Ephrin-B, a ligand for Eph receptor tyrosine
kinase, has been reported to generate reverse signals to cells through its
PDZ-binding motif®, raising the possibility that mKirre might generate
reverse signals from hematopoietic cells to stromal cells. mKirre is not
homologous to any known hematopoietic factors and the mechanisms by
which mKime supports HSCs are undefined. Identifying the receptors for
mKirre and gencrating the corresponding knockout mice will further our
understanding of its function and the mechanisms by which the hematopoi-
etic environment regulates hematopoiesis.

Several studies have investigated the applications of tissue-specific stem
cells to regencrative medicine™. Such strategies are based on findings that
tissue-specific stem cells possess unexpected plasticity; however, negative
evidence for transdifferentiation among these cells has also been report-
ed®>™. In addition, it is very difficult to expand tissue-specific stem cells
while retaining their multipotency and to control their differentiation in
vitro, To resolve these issues, it is necessary to understand the mechanisms
by which microenvironment-forming cells regulate the preliferation, sur-
vival and differentiation of tissue-specific stem cells. In this respect, the
application of our strategy lo supportive cells of vatious tissues represents
a promising approach.

Methods

Animals. All animal experiments were done in accordance with the Guideline for Animal
Experiments of the National Cancer Center.

Cell lines and antibodies, OP9, PLAT-E, BaF3, CHO-k1 and COS7 cells were cultured as
described ™. We obtained primary bone marrow stromal cells by cultring bene marrow cells
taken from CS7BL/6 mice (CLEA, Tokyo, Japan) in Myelocult medivm (Stem Cell
Technologies, Vancouver, Canada) for more than 3 inonths and then ocollecting the adherent cells.
Fori bloting, i histochemistry and flow cytometry, we used monoclonal antibod-
ies to Flag (M2: Sigma. St Louis, MO), c-kit (Ack2), Ly5.1. Ly52 (eBioscience. San Diego.
CA). Sca-1, (D3, CD4, CDB, MAC!, Grl. Terl19 and B220, cither labeled or not with fluc-
rescein isothiocyanate (FTTC), R-phycoerythrin, allophycocyanin or biotin, and PerCP-
Cy5.5-labeled streptavidin (PharMingen. San Jose, CA).

We produced an antibody to mKirre by immuniziag rabbits with a synthetic peptide
(GYMAKDRFRRMNEGQVY) corresponding 10 amine acids 32-48 of mEKirre. Antiserum was
purified by affinity chromatography using the peptide conjugated 1o epoxy-activated Sepharose
6B (Amersham, Piscataway. NJ). In some experiments, we labeted antibodies with fiuorescein
by the Fluoro-LINK kit (ISL, Paignton, UK).

cDNA Ubrary and SST screening. OP9 cells stimulated with 10 ng‘ml of murine LIF
(Tnvitragen, Carlsbad. CA) at 37 °C for 60' min were used to produce the cDNA library. We con-
structed the cDNA library and carried out screening as described™. The cDNAs obtained in the
screen were sequenced by a 373A sequencer (Applied Biosystems, Fosier City, CA). Full-length
¢DNAs were isolated by screening a cDNA library of murine bone marrow (Clontech, Palo Alto,
CA), followed by & dbEST (hnipiiwww.ncbi.nlm.nih. gov/dbEST/r® database search and the 3
rapid amplification of ¢DNA ends of OP9 poly(A)* RNA using PCR with gene-specific and
aligo dT primers and LA-Taq (Takara, Osaka, Japan).

RT-PCR, RNA hybridization and in sity hybridization. Total RNA (1-5 ug) was extracted
with Trizol {Invitrogen) and was reverse transcribed with Moloney murine leukemia virus
reverse tianscriptase (Ivitrogen) and a mandom hexamer. The cDMNAs oblined were used as
templates for RT-PCR. For tissue RT-PCR, MTC panels 1 and Il (Clontech) were used as a tem-
plate. The primers are given in Supplementary Table 2 online. PCR was done vsing KOD Dash
(Toyobo. Osaka. Japan). The PCR conditions were 1 cycle of 1 min at 94 °C {1 cycle). followed
by 30 cycles of 205 2194 °C, 2 s at 54 °C and 1 min at 74 °C.
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For RNA hybtidization, we used commercial membranes Mouse MTN Blot (Clonitech) and

Mouse Concepius Tissue Blot (Seegene, Seoul, Korea). For in sife hybridization. a digoxigenin
(DIG)-labefed RNA probe was produced using a DIG RNA labeling kit (Roche, Basel,
Switzerland) and cDNA fragments of mKirre as a template, A paraffin section of an EI7.5
embryo of an ICR mouss was hybridized with a DIG-labeled RNA probe and incubated with
alkaline phosphatase—abeted antibody to DIG. We developed the section with nitroblue tetras
zolium and 5-bromo-4-chloro-3-inndolyt phosphate as a substrate.

Plasmids and protein assay. The cDNAs of S5T-1 to SST-7 were tagged with a Pag peptide
(DYXDDDDK) at the C terminus by PCR and subcloned into the expression vectors prIC-

© 2003 Nature Publishing Group http/Awww.nature.com/natureimmunology

CAGGS" and pMX-purc®. Transfection into COS7, PLAT-E and CHO-k1 was done with
FuGene6 reagent (Roche). OP9 cells were ransfected with PMX-puro and sclected in the pres-
ence of 5 pgimi of puromycin, and bulk cells were used for the hematopolesis-supporting assay.
We established independent stable transfectants of OP9 cells twice and confirmed that simitar
resulis were oblained. Immunoblot analysis® and the labeling of secreted proteins with
[*$imethionine™ wete done as described.

To purify mKirre-Fc, we fused the extracellular domain of mKirre {amino acids 1-523) to

the Fe region of human 12G, (ref. 45). The cDNA of the fusion protein was subcloned into
p3SRubsr® and stably transfected into CHO-kI cells, We cultured the cells in CD-CHO
(Invitrogen) medium and purified recombinant fusion protein from the culture supematant with
protein G-Sepharose (Amersham). Recombinan buman 19G,-Fe (R&D Systerns, Minneapolis.
MN) was used as a control. The MMP inhibilor GM6001 and its analog were purchased from
Calbiochem (La Jolla, CA). The 5iRNA against mKirre, 5-AAGAGAGGAUGCUGUCUG-
GUA-3'", was produced by Qiagen-Xeragon (Huntsville, AL) and transfected into cells by using
the TransIT-TKO reagent (Minus, Madison. W) according to the munufacturer's instructions. A
nonsilencing SRNA. 5-AAUUCUCCGAACGUGUCACGL-3' (Qiagen-Xergon). was used
as a controf.

Hemutopoiesis-supporting assay. To purify KSL (c-kit', Sca-1- and lineage (CD3, CD4. CD8,
B220, Gr-1, MAC-1, Ter]19}-negative) cells, we first incubated mononuclear cells aken from
the bone marrow cells of C57BLI6 mice with biotin-labeled lincage cocktail anti bodies 2nd puri-
fied lineage-negative cells by Midi-MACS (Milenyi Biotec, Bergisch Gladbach, Germany)
using streptavidin-labeled magnetic beads {Miltenyi Biotec). c-kit* and Sca-1- cells were then
purified from lineage-negative cefls by FACS Vantage,

For the LTC.IC assay, QP9 cells expressing SST genes were irradiated (2,000 rad). sceded

onta a six-well dish and cultured with 100 KSL cells. For the *bulk” LTC-1C assay, the cells wene
collected after 10 weeks and subjected to an in vitro colony assay using MethoCult GF M3434
(Stem Cell Technologies). The cofony-forming units in culture {CFU-C) was determined after
12 d. For the L DA-based LTC-IC. cells were collected after 3 wecks and resceded anto a %6-well
dish presseded with OP9 cells that had been irradiated (2,000 rad). After 5 weeks, the cells were
collected and subjected 1o an in vitro colony assay, The LTC-IC frequency was determined by
Poisson statistics at 37% negative wells using L-Cale software (Stem Cell Technelogies).

For the bone marrow reconstitution assay, we purified K51 cells from total booe marrow

cells taken from CS7BLAG Ly5. 1 mice (Sankyo-Laboratory, Tsukuba, Japan) and cultured 100 of
them with OP9 stable transfectants for 3 weeks. The cells were collected and injected into irra-
diated (950 rad) recipient C5TBL/6-1y5.2 mice (CLEA) with 2 x 10° of total bone marrow cells

of C57BL/6-LyS.2 mice. After 2 months, peripheral blood was obtained from petiorbital sinus-

®

e

5 and subjected to FACS analysis. Immunostaining of CAFCs with FITC-labeled M2 antibody
to Flag was done as described™,

Rank ot 1.

s birre. AF196553; rst, NM_080319; KIAA1867, ABOSS770,

Accession numbers of SST-]

to 8ST-5 are given in Supplementary Table 1 online,

Note added in pronf: Afier this manuscript was submitted, the human homolog of mKirre,
KIAALB67, was designated on the basis of homology as NEPH2 by another group (accession
nenber AF4804105.

Note: Supplementary information is aviilable on the Nature Tmmunology website.
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A GTPase-activating protein binds STAT3 and is required for IL-6-induced
STAT3 activation and for differentiation of a leukemic cell line

Yukio Tonozuka, Yukinori Minoshima, Ying Chun Bao, Yuseok Moon, Yohei Tsubono, Tomonori Hatori, Hideaki Nakajima, Tetsuya Nosaka,

Toshiyuki Kawashima, and Toshio Kitamura

We previously identitied a guanosine
triphosphatase (GTPase}-activating pro-
tein (GAP) male germ cell Rac GAP
{MgcRacGAP) that enhanced interleu-
kin-6 (IL-6}-induced macrophage differen-
tiation of murine M1 feukemia cells. Later,
MgcRacGAP was found to play crucial
toles in cell division. However, how
MgcRacGAP enhanced IL-6-induced dit-
ferentiation remained elusive. Here we
show that MgcRacGAP enhances IL-6-
induced differentiation through enhance-
ment of signal transducer and activator
of transcription-3 (STAT3) activation.
MgcRacGAP, Rac, and STAT3 formed a

complex in IL-6-stimulated M1 cells,
where MgcRacGAP interacted with Ract
and STAT3 through its cysteine-rich do-
main and GAP domain. In reporter as-
says, the wild-type MgcRacGAP enhanced
transcriptional activation of STAT3 while
a GAP-domain deletion mutant (AGAP)
did not significantly enhance it, suggest-
ing that the GAP domain was required for
enhancement of STAT3-dependent tran-
scription. Intriguingly, M1 cells express-
ing AGAP had no effect on the differentia-
tion signal of IL-6, white forced expression
of MgcRacGAP rendered M1 cells hyper-
responsive to the IL-6-induced differentia-

tion. Moreover, knockdown of MgcRac-
GAP by RNA interference profoundly
suppressed STAT3 activation, implicating
MgeRacGAP in the STAT3-dependent tran-
scription. All together, our data not only
reveal an important role for MgcRacGAP
in STAT3 activation, but alse demonstrate
that MgcRacGAP regulates IL-6—induced
cellular differentiation in which STAT3
plays a pivotal role. (Blood. 2004;104;
3550-3557)

© 2004 by The American Society of Hematology

introduction

The signal transducer and activator of transcription (STAT) family
members STAT1-4, STATSA, STATSB, and STATS are activated
through phosphorylation by the Janus kinase (JAK) family upon
cytokine stimulation, The phosphorylated STATSs form homodimers
or heterodimers and translocate into the nucleus, where they
regulate expression of their target genes.'# Among them, STAT3 is
activated mainly by the imterleukin-6 (IL-6) family cytokines
including IL-6. oncostatin M, and leukemia inhibitory factor (LIF),
and is implicated in a wide range of biologic processes, including
nephrogenesis, gliogenesis, hepatogenesis, T-cell proliferation,
inflammation, and oncogenesis.>!! The critical role of STAT3 in
myeloid differentiation was demonstrated by the use of dominant
negative mutants,'>14 In contrast, in embryonic stem cells, STAT3
is required for self-renewal. 19 In addition, STAT? is activated in a
broad spectrum of human hematologic malignancies.2® STAT3 can
also be negatively regulated. Among the known inhibitors of STAT
proteins are the suppressor of cytokine signaling (SOCS) pro-
teins,”! also known as Janus kinase binding (JAB) proteins? or
STAT-induced STAT inhibitors (SSIs).? While SOCS proteins
interact with JAKs and reduced their tyrosine kinase activity,?-% 3
STAT3 inhibitor protein inhibitor of activated STAT3 (PIAS3)
directly binds to STATJ and inhibits its activity.®® A zinc finger
protein Gfi-1 enhances STAT3 signaling by preventing this binding
of PIAS3 to STAT3.2% Several other molecules have been found to
interact with activated STAT3, Among them, cellular Jun (c-Jun)

forms a complex with STAT? and activates the as-macroglobulin
promoter that contains both STAT3- and c-Jun-binding sites.26-2?
Like many other transcription factors, STAT3 associates with a
transcriptional cofactor, cAMP response element binding protein—
binding protein/p300 (CBP/p300), to form a transcriptional com-
plex.® A protein called gene-associated with retinoid interferon-
induced mortality (GRIM)-19 suppresses STAT3 activity through
cytoplasmic retention of STAT3, whereas an endathelial cell-
derived zinc finger protein (EZI) enhances STAT3 activity through
nuclear retention of STAT3.*3° There may be more such regulators
in various steps of STAT3 action, such as translocation to the
nucleus, induction of chromatin remodeling, and proteolysis.

In a search for key molecules that prevent IL-6-induced
terminal differentiation of murine myeloid leukemia M1 cells. we
identified an antisense DNA for the full-length form of male germ
cell Rac guanosine triphosphatase-activating protein (MgcRac-
GAP) through functional cloning.? An N-terminus-truncated form
of MgcRacGAP had been isolated and named male germ cell Rac
GAP, as its expression was highest in testis.’? Rac, Cdc42. and
RhoA, the Rho family of small guanosine triphosphates (GTPases),
play pleiotropic roles in a variety of cell functions such as
transformation, migration, cytokinesis, and transcriptional activa-
tion.?33 Recently, MgcRacGAP and Cykd, a counterpart of
Caenorhabditis elegans, have been proven to be essential for cell
cycle progression, in particular completion of cytokinesis, -4
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MgcRacGAP localized to the mitotic spindles in metaphase and
accumulates to the midbody in cytokinesis.®3 MgcRacGAP
associated with microtubules through its N-terminal myosinlike
domain, and overexpression of the N-terminal domain—deletion
mutant or @ GAP activity-defective mutant of MgcRacGAP
{R385A) halted cell division and led to the formation of multinucle-
ated cells.?? Gene depletion of MgcRacGAP in mice lead to death
during preimplantation development caused by impaired mitosis
and cytokinesis with binucleated blastomeres in which the nuclei
were partially interconnected.*® Thus, available data indicated that
MgcRacGAP plays essential roles in the mitotic (M) phase,
especially in cytokinesis, through association with the microtu-
bules. We recently demonstrated that a serine/threcnine kinase
Aurora B phosphorylated MgcRacGAP at the midbody, thereby
inducing its latent GAP activity toward RhoA during mitosis and
that MgcRacGAP associated with RhoA on the contractile ring. We
also demonstrated that the Aurora B-induced MacRacGAP phos-
phorylation at Ser387 was essential for its RhoGAP activity and for
the completion of cytokinesis. ®

In interphase, MgcRacGAP lacalizes in both the nucleus and
cytoplasm, and the biologic functions of MgcRacGAP in the interphase
remained elusive. Although overexpression of the antisense cDNA for
MgcRacGAP efficiently inhibited the IL-6—induced differentiation
of MI cells,* the underlying molecular mechanism was not clear.
In this study, we demonstrate that overexpression of MgcRacGAP
rendered M1 cells hyperresponsive to [L-6-induced differentiation
and that MgcRacGAP and STAT3 functionally associate with each
other in vivo and in vitro. Moreover, MgeRacGAP was required for
the transcriptional activation of STAT3. Thus, in addition to the
critical role in completion of cytokinesis in the interphase, MgcRac-
GAP also plays a distinct role in transcriptional activation of
STAT3 in IL-6-induced differentiation of M1 cells,

Materials and methods
Culture, cytokines, and antibodies

The M1, HeLa, and 293T cells were grown in Dulbecco modified Eagle
medium (DMEM) (GIBCO, Grand Island, NY) containing 10% fetal calf
serum, An affinity-purified anti-MgcRacGAP antibody (Ab) was produced,
as described.d? The anti-Racl monoclonal Ab (mAb) was purchased from
Transduction Laboratories (Newington, NH). The anti-Rac? Ab, anti-
STAT3 Ab (C-20), anti-STAT3 mAb (F-2), antiphospho-STAT3 Ab (B-7),
anti-mitotic kinesin-like protein (anti-MKLP) Ab, and anti-hemagglutinin
(anti-HA) Ab (Y-11) were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Flag (M2) mAb was purchased from Sigma (St Louis,
MO). Recombinant human [L-6 and soluble IL-6R (sIL-6R) were obtained
from R&D Systems (Minneapolis, MN).

Retrovirus vectors

A bicistronic retrovirus vector pMX-IRES-EGFP (pMX-IG) was con-
structed (o transduce a gene together with an enhanced green fluorescent
protein (EGFP).Y A complementary DNA for the dominant negative
STAT3-Y705F (STAT3F), the Flag-tagged full-length MgcRacGAP (FL),
and the deletion mutant of MgcRacGAP lacking the GAP domain (AGAP)
or Cys domain (ACys) were inserted into EcoRI and Norl sites of the
PMX-IG to construct pMX-IG/STAT3F, pMX-IG/FL. pMX-IG/AGAP, or
pMX-IG/ACys, respectively.

Production of retrovirus and virus infection

High-titer retroviruses carrving STAT3FE, FL., AGAP, or ACys were
produced in a Iransient retrovirus-packaging cell line PLAT-E.#* Briefly,
PLAT-E cells were cotransfected with 3 ug of each retrovirus vector
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plasmid with the use of FuGene6 Transfection Reagent (Roche Molecular
Diagnostics, Indianapolis, IN). At 48 hours after transfection, the supema-
tants were harvested as viral stock solutions. For infection, M1 cells
{1 X 10% were incubated for 6 hours with 10 mL supemnatants in the
presence of 10 ug/ml hexadimethrine bromide (Sigma). First, 10 mL fresh
growth medium was added to the cultere, and incubation was continued for
18 hours. The cells were resuspended with growth medium and allowed to
grow for another 24 hours before the cells were sorted.

Cell sorting and flow cytornetry

Briefly, 2 days after virus infection, cells were washed twice with
phosphate-buffered saline (PBS) and suspended in PBS containing 1%
bovine serum albumin (BSA). The infected cells were sorted on the basis of
GFP expression on FACS Vantage (Becton Dickinson, San Jose, CA). The
sorted cells {1 X 10% were resuspended in growth medium, and cultured
for 5 days {7 days after virus infection). Half of the sorted population was
used to confirm GFP expression by means of FACS Calibur (Becton
Dickinson). and the other half was expanded and used for further analysis.

Immunoprecipitation and Western blotting

Immunoprecipitation, gel electrophoresis. and immunoblotting were per-
formed as described,*! but with minor modifications. Exponentially grow-
ing cells were lysed in a buffer (0.5% Triton X-100. 50 mM Tris-HC!
[tristhydroxymethyaminomethane-HCl) [pH 7.5], 0.1 mM EDTA [ethyl-
enediaminetetraacetic acid), 150 mM NaCl, 200 1M NayVQ,, 50 mM NaF,
1 mM dithiothreitol [DTT], 9.4 mM phenylmethylsulfonyl fluoride [PMSF],
3 pg/mil. aprotinin, 2 pg/mL pepstatin A, | pg/ml leupeptin) {1 X 107 per
milliliter cells), and incubated on ice for 30 minutes. Cell lysates were
clarified by centrifugation for 15 minutes at 12 000g prior to incubation at
4°C for 2 hours with the anti-Rac? (or Racl) Ab, anti-STAT3 Ab, or the
control rabbit whole immunoglobulin G (IgG), and protein A-sepharose
(Amersham, Arlington Heights, IL). The immunoprecipitates were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretically transferred onto Immobilon filters (Milli-
pore, Billerica, MA). After blocking in a solution containing 5% BSA, the
filter was probed with an anti-STAT3 Ab or anti-MgcRacGAP Ab.

Preparation of recombinant MBP-fusion proteins and MBP
pull-down assays

A full-length cDNA for human MgcRacGAP (FL), either of myosin-like
domain (Myo), internal domain (INT). cystine-rich domain (Cys), or GAP
domain (GAP), was inserted 3’ of and in frame to the maltose binding
protein (MBP) coding sequence in a bacterial expression vector pMal (New
England Biolabs, Beverly, MA). Similarly, each of the murine STAT3
domains was inserted into pMal. The integrity of each coding sequence was
confirmed by DNA sequencing. Escherichia coli BL21 (DE3) cells
harboring the recombinant expression vectors were induced with 1 mM
isopropyl B-D-thiogalactopyranoside (IPTG) (American Bioanalytical,
Natick, MA) at 25°C for 4 hours. Cells suspended in 4 mL ice-cold
suspension buffer (20 mM Tris-HCL, 200 mM NaCl, 1 mM EDTA. | mM
DTT, and 2 mM PMSF). The cell suspension was sonicated, and insoluble
debris was pelleted by centrifugation (12 000g for 15 minutes at 4°C). The
supernatants were mixed with amylose resin beads (New England Biolabs)
at 4°C for 30 minutes. The beads were washed 3 times and resuspended in 1
mL suspension buffer. The purity and quantity of bound MBP-fusion
proteins were examined by means of SDS-PAGE followed by Coomassie
blue staining. A similar amount of MBP fusion proteins bound to amylose
resin beads was incubated for the time indicated with 1 mL cell lysates
{1 % 10%/mL) from IL-6-stimulated {50 ng/mL) or unstimulated M cells.
The pull-down binding reaction was done for 30 minutes at 4°C in 500 pL
binding buffer. (0.5% Triton X-100, 50 mM Tris-HCI [pH 7.5], 0.1 mM
EDTA, 150 mM NaCl, 5 mM MgCly, 200 pM Na3VO,, 50 mM NaF, 1 mM
DTT, 04 mM PMSF, 3 ug/mlL aprotinin, 2 pg/mL pepstatin A, 1 pg/ml
leupeptin). The samples were resolved with the use of SDS-PAGE,
followed by Western bloting with an anti-STAT3 Ab or an anti-
MgcRacGAP Ab, For some experiments, the blots were stripped of bound
antihodies and reprobed with anti-Rac! mAb or anti-MKLP Ab.
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Immunostaining

M cells, with or without stimulation of IL-6 (50 ng/mL for 12 hours), were
plated on glass coverslips and fixed with 4% paraformaldehyde/PBS for 20
minutes at room temperature. The cells were then washed 3 times with
ice-cold PBS followed by a 10-minute incubation at room termperature in
PBS containing 0.1% Nonidet P-40. The anti-MgeRacGAP and anti-STAT3
(F-2) mAb were diluted in PBS containing 3% bovine serum albumin,
placed as a drop on the coverslips, and incubated for ! hour. The coverstips
were incubated with a solution containing fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG (Wako Pure Chemical Industries,
Osaka, lapan} and Rhodamine-conjugated goat anti-mouse IgG (Sigma) for
I hour. The coverslips were mounted with glycerin containing paraphe-
nylenediamine (PPD) at 10 mg/mL and 4’.6-diamino-2-phenylindole
(DAPT) at 1 pg/mL for 30 minutes, then viewed by means of a fluorescence
microscope [X70 (Olympus, Tokyo. Japan) equipped with SenSys/OL cold
charge-coupled device (CCI)) camera (Olympus) and IP-Lab software
(Signal Analytics, Vienna, VA). The objective lens used was an LCPlanFl
X 40/0.60 (Olympus).

Generation, expression, and purification of MgeRacGAP
recombinant protein in Sf-9 cells

The cDNA encoding MgcRacGAP with the C-terminal Flag epitope tag was
subcloned into the baculovirus teansfer vector pBacPAK (BD Biosciences,
San Jose, CA). The resulting construct was used to acquire recombinant
baculoviruses by cotransfection with Bsu36 I—digested BacPAK viral DNA
(BD Biosciences) according to the manufacturer’s protocol. For protein
expression, $f-9 cells were infected with high-titer viral stocks for 96 hours
and lysed in lysis buffer (5¢ mM Tris-HC! [pH 7.5}, 150 mM NaCl, 1.0%
Nonidet P-40, 1 mM EDTA, 0.2 mM NasVo,, 2 mM PMSF, 2 pg/mL
leupeptin, 10 pg/mL aprotinin}. The lysate was clarified by centrifugation,
and the supernatant was immunoprecipitated with the anti-Flag M2-agarose-
affinity gel (Sigma) for 2 hours at 4°C. The agarose beads were washed 3
times with the lysis buffer, and the recombinant MgcRacGAP was eluted
with 3 X Flag fusion protein (Sigma). To confirm the purity, the eluted
MgcRacGAP was subjected to SDS-PAGE, followed by Coomassie blue
staining (data not shown).

Luciferase reporter assay

Hela cells were transfected with 0.6 pg pME, pMEFL, pME/AGAP, or
PME/ACys together with 0.6 pg reporter plasmid carrying a firefly
luciferase gene driven by the glial fibrillary acidic protein (GFAP)
promoter®” and 0.6 pg intemal control reporter plasmid with the Rous
sarcoma virus [ong-terminal repeat promoter by means of Lipofectamine
Plus Reagents (Life Technologies, Bethesda, MD). At 24 hours after
transfection, cells were stimulated with IL-6 (20 ngfmL) and sIL-6R (20
ng/mL) for 12 hours or left untreated before cell lysates were prepared. Cell
lysates were then subjected to a dual luciferase reporter system (Promega,
Madison, WI). Transfection efficiency was normalized with Renilla lucif-
erase activity.

RNA interference for MgcRacGAP

Expression of MgcRacGAP was selectively suppressed by means of the
RNA interference method, as described.® We used CCUCUUCUGACCU-
UUCGCC as a target sequence of MgeRacGAP and GCCCUCUUGUACU-
UCCCCU as a scrambled sequence, and 293T cells were incubated with the
MgcRacGAP siRNA (10 nM) with the use of Lipofectamine 2000 (Life
Technologies). After 48 hours, cells were subjected to the reporter assay.

Results

Overexpression of the sense cDNA for MgcRacGAP renders M1
cells hyperresponsive to IL-6-induced macrophage
differentiation

Expression of the antisense cDNA for MgcRacGAP significantly
inhibited the IL-6-induced macrophage differentiation of murine

65

BLOOD, 1 DECEMBER 2004 « VOLUME 104, NUMBER 12

myeloid leukemia M1 cells.” However, how MgcRacGAP was
involved in the IL-6~mediated cellular responses was not deter-
mined. To investigate the role of MacRacGAP in IL-6-mediated
cell differentiation, we overexpressed MgcRacGAP (FL) and, as a
control, a dominant negative mutant STAT3 (STAT3F) in M1 cells
using pMX-IRES-GFP (pMX-1G). After transduction of M1 cells
with these vectors, GFP* cells were collected by means of & cell
sorter, and we confirmed that most of the sorted cells expressed
GFP at high levels (Figure 1A). The expression of Flag-tagged FL
and HA-tagged STAT3F was also confirmed in Western blot
analysis (Figure 1B). Since overexpression of the FL alone did not
induce detectable differentiation of M1 cells, we asked if it renders
M1 cells more sensitive to IL-6~-induced differentiation. The sorted
cells were cultured for 4 days in the presence of 5 ng/mL IL-6.
Flow cytometric analysis was done to quantify morphologic
changes that occurred after the culture. Increase in cell size and
granule content of the cytoplasm were evaluated on the basis of the
increase in forward scatter (FSC) and side scatter (SSC), respec-
tively (Figure 1C). After treatment with IL-6, while 52% of M1
cells transduced with the control vector pMX-IG showed a shift
from region R1 to region R2, a hallmark of macrophage differentia-
tion, 90% of the M1 cells transduced with pMX-1G/FL showed
similar shifts. Conversely, only 9% of M1 cells transduced with
pMX-IG/STAT3F shifted from region R1 to region R2. To further
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Figure 1, Etfect of MgcRacGAP on M1 cell sensitivity to IL-6-induced differen-
tiation, MgcRacGAP rendars M1 cells more sensitive to the IL-6-induced difierentia-
tion signal. (A) Quantitation of GFP expression inthe M1 cells at 4 days after retroviral
gene transduction on flow cytometry in pMX-1G, pMX-1G/FL, or pMX-IG/STAT3F. The
x-axis indicates fluorescence intensity as a log scala ranging from 10° 1o 10%. The
y-axis indicates the number of the cells. Parental M1 cells were used as a conirol. (B)
Expression of the Flag-tagged FL and HA-tagged STAT3F in M1 transfectants. Cell
lysates from parental M1, M1/pMX-IG, and M1/pMX-IG/FL cells {1 % 107 per lane}
were immunoprecipitated and examined by means of immunobttotting and an
anti-Flag M2 monaclonal antibody (i). Cell lysates from parental M1, M1/pMX-IG, and
M1/pMX-IG/FL cells (1 x 107 per lane) wera immunoprecipitated with the use of the
anti-HA monoclonal antibody (12CAS5) and immunoblotted with anti-HA rabbit
potyclonal Ab (ii). {C) Quantitation of cell differentiation on flow cylomelry in
unstimulated parental M1 cells and M1 cells expressing pMX-1G, pMX-IG/FL, or
PMX-IG/STAT3F at 4 days affer IL-6 treatment (5 ng/mL), Differentiated M1 cells were
detected in region R2. (D) M1 cells expressing pMX-IG. pMX-IG/FL, or pMX-IG/
STAT3F were incubated for 4 days with various concertrations of IL-6. The ce'ls were
then analyzed for the differentiation on flow cytometry. The percentages of differenti-
ated cells were evaluated by the percertages of the cells in the R2 region. The result
shown is represerdative of 3 experiments.
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Figure 2. In vivo interaction of MgcRacGAP with STAT3 and Rac A
GTPases, (A) Coprecipitation of STAT3, MgcRacGAP, and Rac2. M1 cells
were incubated in the presence or absence of 50 ng/mL for 15 mirutes,

and the cell lysates were subjected to immunopracipitation with andi-
STAT3, anti-Rac2, and a contral Ab, felowed by the immunablotting with
anti-MgcRacGAP, anti-STAT3, of anti-Rac2 Ab. (8) (i) Coprecipitation of
MgcRacGAP with STAT3 in 293T cells fransfected with Flag-tagged
MgcRacGAP and either the empty vector or HA-tagged STAT3. Cell
lysates were immunoprecipitated with anti-HA, and immunaoblotted with B
anti-Flag {top panel). Levels of ransfected STAT3-HA and MgcRacGAP-
Flag were assayed by blotting with anti-HA and anti-Flag (middle and
bottemn panels}. Cells transtected with the smpty vectors alone were used
as a negative control. {ii) Coprecipitation of STAT3 with MgcRacGAP in
2937 cells transfectad with STAT3-HA and either the empty vector or
MgcRacGAP-Flag. Cell lysates were immunoprecipitated with anti-Flag
and immunoblofted with anti-HA {top panel). Levels of transfected MgcRac-
GAP-Flag and STAT3-HA were assayed by blotting with anti-Flag and
anti-HA (middle and battom panets). Cells transfected with the emply
vector alone were also used as a negative control.

confirm the positive effect of MzcRacGAP overexpression in the
induction of M1 differentiation, we also measured percentages of
the cells that underwent differentiation in response to various
concentrations of IL-6. Most of the M1 cells transduced with
pMX-IG/FL underwent differentiation in response to 5 ng/mL IL-6,
while higher concentrations of IL-6 (25 to 50 ng/mL) were required
to achieve similar levels of differentiation in the contro! M1 cells.
On the other hand, a dominant negative STAT3F potently inhibited
the differentiation of M1 cells even at the higher concentrations of
IL-6, up to 100 ng/ml. (Figure 1D). These results indicated that the
overexpression of MacRacGAP rendered M1 cells hyperrespon-
sive to the IL-6 and confirmed that STAT3F strongly suppressed the
IL-6-induced macrophage differentiation of M1 cells, as reported. 14

Rac, STAT3, 2nd MgcRacGAP form a complex in
hematopoietic M1 cells

To understand how MgcRacGAP enhanced the IL-6—induced
cellular differentiation, we next sought to identify molecules
interacting with MgcRacGAP in the IL-6 signaling pathway.
STAT3. which plays a central role in the IL-6-induced differentia-
tion of M1 cells,'” directly binds to Racl,* and MgcRacGAP
directly binds to, and serves as a GAP against Racl, Rac2, and
Cde42 in vitro.3*2 Rac2 is 92% homologous to Racl and is highly
expressed in hemopoietic cells, while Racl expression is ubiqui-
tous.**¥ To determine if there are interactions among STAT3,
Rac2, and MgcRacGAP, we performed the immunoprecipitation in
M1 cells; we precipitated the endogenous proteins from M1 cells
before and after IL-6 stimulation with anti-STAT3 Ab, anti-Rac2
Ab, or a control Ab. Both STAT3 and MgcRacGAP were coimmu-
noprecipitated with Rac2 in the cell lysate of M1 cells with or
without IL-6 (Figure 2A). We also confirmed that STAT3 and
MgcRacGAP coimmunoprecipitated with Racl (data not shown).
In addition, MgcRacGAP coimmunoprecipitated with STAT3 in
the cell lysate of MI cells stimulated with IL-6. While the
pre-existing association between MgcRacGAP and Rac? was
enhanced by IL-6, the association between MgcRacGAP and
STAT3 seemed to be IL-6 dependent (Figure 2A). To confirm the
binding using a different set of antibodies, 293T cells were
transfected with Flag-tagged MgcRacGAP and either HA-tagged
STAT3 or a control vector. Flag-tagged MgcRacGAP was found in
anti-HA immunoprecipitates when HA-tagged STAT3 was coex-
pressed (Figure 2Bi, upper panel); conversely, HA-tagged STAT3
was detected in anti-Flag immunoprecipitates when Flag-tagged
MgcRacGAP was coexpressed (Figure 2Bii, upper panel). All
together, these results demonstrated that STAT3 and MgcRacGAP
associated with each other in viva.
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Delineation of the regions of MgcRacGAP and STAT3 that
mediate thelr interaction

To map the interacting domains of MgcRacGAP with STAT3, we
made a series of truncation constructs or FL of MgeRacGAP fused
with MBP (Figure 3A), and performed the pull-down assay. Similar
amounts of MBP-MgcRacGAP fusion proteins bound to amylose
resin beads (Figure 3B) were incubated with cell lysates of the
IL-6-stimulated M1 cells (50 ng/mL IL-6 for 30 minutes), and the
retained proteing were analyzed by immunoblotting with anti-
STAT3 Ab and anti-Racl Ab. Both STAT3 and Rac! bound to the
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Figure 3. MgcRacGAP interactions at the Cys-rich and GAP domains with the
DNA-binding domains of STAT3, STAT3 and Rac1 inferact with MgcRacGAP at the
Cys-rich domain and GAP domain, while MgcRacGAP interacts with the DNA-binding
domain of STAT3, (A) Schematic diagram of various MBP-MgcRacGAP fusion
proteins. (B) Purity and guantity of MBP and various MBP-MgcRacGAP fusicn
profeins were examined by means of SDS-PAGE followed by Coomassie blue
staining. {C) Two regions required for MgcRacGAP-STAT3 and MgcRacGAP-Rac1
interactions. Lysates from IL-6-treated M1 (50 ng/mL for 30 minutes) were incubated
with similar amounts of different MBP or MBP-MgcRacGAP fusion proteins bound fo
beads. Bound proteins were separated on SDS-PAGE and immuncblctied with
anti-STAT3 Ab (i), anti-Rac1 Ab (i), or arti-MKLP Ab {iii)- (D) Schematic diagram of
various MBP-STAT3 truncations. DB and AD represent DNA-binding dornain and
activation domain, respectively. (E) The purity and quani#y of MBP and various
MBP-STAT3 truncations were examined by means of SDS-PAGE followed by
Coomassie blue staining. (F) A region required for STAT3-MgcRacGAP interaction.
Lysates from IL-6-treated M1 (S0 ng/mL for 30 minutes) were incubated with a similar
amount of different MBP or MBP-STAT3 truncations bound to beads. Bound prateins
were separated on SDS-PAGE and immunoblotted with anti-MgcRacGAP Ab.
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Cys and GAP domain as well as the FL of MgcRacGAP (Figure
3Ci-ii). MKLP, which interacts with the Myo domain (Myo) of
MgcRacGAP? was used as a positive control (Figure 3Ciii), We next
sought to define the binding domain of STAT3 to MgcRacGAP and
prepared MBP-fused STAT3 truncations (Figure 3D). A similar amount
of MBP-STAT?3 truncations bound to beads (Figure 3E), and it was clear
that DBD of STAT3 bound MgcRacGAP under a stringent condition
using 0.5% Triton-X (Figure 3F). The activation domain of STAT3
could also weakly bind MgcRacGAP in a nonstringent condition using
0.1% Triton-X (data nat shown). These results raise a possibility that
both MgcRacGAP and STAT3 harbor 2 domains interacting with
each other.

Augmentation of the association of MgcRacGAP with STAT3
upon IL-6 stimulation

We next studied the kinetics of association between STAT3 and
MgcRacGAP upon IL-6 stimulation using the MBP pull-down
assay. The amount of STAT3 bound to the Cys and GAP domains of
MgcRacGAP apparently increased upon IL-6 stimulation (Figure
4Ai), The amount of Racl bound to the same domains of
MgcRacGAP also increased upon IL-6 stimulation (Figure 4Aii).
These results suggested that MgcRacGAP bound STAT3 without
IL-6 stimulation but that the binding was enhanced by IL-6
stimulation. To further confirm the cytokine-dependent augmenta-
tion of the interaction, we visualized MgcRacGAP and STAT3 in
the M1 cells before and after the IL-6 stimulation using anti-STAT3
mAb and anti-MgcRacGAP Ab (Figure 4B). As shown in Figure
4Biv, MgcRacGAP and STAT?3 partly colocalized in the cytoplasm
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Figure 4. Enhancement of MgcRacGAP-STAT3 interaction by IL-6 stimulation.

anti-Rac1 Ab. (B) MgcRacGAP partially colocalized with STAT3 at the cyloplasr and
M1 cells, immunostaining for MgcRacGAP (v} and STAT3 {ii,vi) was done. For tha

demonstrate the detail of the colocalization of MgcRacGAP and STAT3. The immunost
scale barindicates 2 pmor 0.6 um. (C) Direct interaction of MgeRacGAP with STAT3-DNA-b
use of the baculovirus vector and was purified from infected S cells. The recombinant
subjected to Westemn blot analysis with anti-MgcRacGAP (i} or anti-MBP Ab for the foad

ot men e § RRU-STATS
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of the unstimulated M1 cells. However, upon IL-6 stimulation,
most STAT3 translocated to the nucleus, and a part of MgcRacGAP
moved into the nucleus (Figure 4Bv-vi), resulting in colocalization
of MgcRacGAP and STAT3 with a speckled pattern  (Figure
4Bviii). Small insets to Figure 4Biv and 4Bviii showed the better
details of colocalization of MgcRacGAP and STAT3 in the
cytoplasm and nucleus. To confirm that the association between
MgcRacGAP and STAT3 is direct, we produced and purified a
Flag-tagged MgcRacGAP in S£-9 cells and performed the pull-
down assay. We found that the purified MgcRacGAP was pulled
down by the MBP-STAT3-DBD but not by MBP alone, indicating
that MgcRacGAP directly bound STAT3 (Figure 4C). Interaction of
STAT3 with both Racl and MgcRacGAP was further confirmed
with the use of a yeast 2-hybrid system (data not shown).
Therefore, it is most likely that Rac, MgcRacGAP, and STAT3
interact directly with each other in a noninterdependent marnner,

MgcRacGAP enhances the transactivation of STATS3, and the
GAP domain is required for the enhancement

To determine if MgeRacGAP could alter the transcriptional activa-
tion of STAT3, we did the luciferase assay. HeLa cells were
cotransfected with the luciferase reporter,®? the internal control, and
a vector carrying the full-length wild-type MgcRacGAP with a
Flag-tag (FL), the GAP domain deletion mutant (AGAP), the
cystine-rich domain deletion mutant (ACys}, or the vector alone
(Mock) (Figure 5A). Flag tag did not affect the Rac-GAP activity of
MgcRacGAP, and deletion of the GAP domain abolished the GAP
activity (data not shown). As shown in Figure 5B, the 1L-6-induced
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{A} Lysates from IL-6-stimulated M1 cells {50 ng/mL for the time indicated) were incubated
with a similar amount of MBP-Myo, MBP-Cys, or MBP-GAP bound to beads. Bound

proteins were separated on SOS-PAGE and immunoblotied with anti-STAT3 Ab or
at the nucleus in M1 cells. With the use of unstimulated (i-iv) and IL-6—stimulated (v-viii)
merge figures (iv,viil), small insets on the right show the field at a high magnification to
ained coverslips were viewed with a fluorescence microscope IX70 (Olympus). The
inding domain in vitro. Full-length MgcRacGAP was expressed in 519 cells withthe
MgcRacGAP was pulled down by MBP-STAT3-DRD- ar MBP-bound beads, then
ing control (i),
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Figure 5. Requirement of the GAP domain in the MgcRacGAP A
enhancement of IL-6-mediated STAT3 activalion in HelLa

AGAP ROLE IN STAT3 TRANSCRIPTIONALACTIVATION 3555

cells and differentiation of M1 cells. The GAP domain is JM*® INT Cys CAr n
required for augmentation of IL-6—mediated STAT3 transactiva-
tior in Hel.a cells and for IL-6~induced differentiation of M1 cells, TS 22z NNl a-GaP
(A} The structures of FL and deletion mutants of MgcRacGap TRZZ7 NN 4.Cyn
lacking the GAP domain {AGAP) or the cysteine-rich domain
(ACys). (B) The AGAP ¢id not augment the [L-6—mediated B
transamivaﬁor! of STAT3. Luciferase activitie§ were examined in L4, dLAR ()
lysates of unstimulated or HL-6— and sIL-6R~stimulated HelLa cells P O 1L4, SILGR ()
cotranstected with the intemal conlrol reporter plasmids and %’
either the mock vector (pPME) or the expression vector for the FL, 'g 4
AGAP, or ACys as described in "Materials and rmethods.” The
results shown are the averages = standard deviations of 3 i 3
indepandent experiments. (C) Quantitation of cell differentiation i
on flow cylometry in untreated parental M1 {i), and in M1 cells < 2
expressing pMX-IG (i), pMX-IG-FL i)}, pMX-IG-AGAP (iv), or =
PMX-IG-ACys -(v) &l 4 days after IL6 treaiment (5 ng/mt). 3 1
Ditferentiated M1 cetls ware defected in region R2.
Mok FL  AGAP 4Cys

activation of STAT3 was enhanced by cotransfection with FL
(approximately 4.5-fold) and ACys (approximately 4.0-fold) (Fig-
ure 5B}. However, cotransfection of AGAP did not significantly
enhance the IL-6-induced transactivation of STAT3. Thus, the
GAP domain, but not the Cys domain, was required for the
MgcRacGAP-mediated enhancement of-IL-6-induced transcrip-
tional activation of STAT3.

The GAP domain of MgcRacGAP is required to render M1 cells
hyperresponsive to IL-6—induced macrophage ditferentiation

Since overexpression of the MgcRacGAP rendered M1 cells
hypersensitive to IL-6, we next investigated whether overexpres-
sion of AGAP or ACys could alter the IL-6 sensitivity of M1 cells,
The AGAP and ACys mutants were expressed in M1 cells via
retrovirus infection. As a positive and negative control, respec-
tively, pMX-IG/FL and pMX-IG alone were also introduced into
M1 cells. After infection of M1 cells with these vectors, the GFP+
cells were sorted on a fluorescence-activated cell sorter (FACS).
We confirmed that the sorted GFP* M1 cells expressed the
Flag-tagged FL and mutants of MgcRacGAP at similar Jevels using
Western blot analysis (data not shown). The sorted cells were
cultured for 4 days in the presence of 5 ng/mL [L-6, and the cell
differentiation was evaluated by flow cytometric analysis. Consis-
tent with the results in Figure 1B, 59% of M1 cells transduced with
the control vector pMX-IG showed a shift from region R1 to region
R2. On the other hand, over 90% of the M1 cells transduced with
pMX-IG/FL and 86% of those transduced with pMX-1G/ACys
showed differentiation (shift from R1 to R2) (Figure 5Ciii,5Cv).
Only 47% of M1 cells transduced with AGAP showed the shift
{Figure 5Civ), indicating that AGAP did not significantly enhance
the sensitivity of M1 cells to IL-6. These results paralleled the
transcriptional activation of STAT3 when FL, AGAP, and ACys
were overexpressed in the luciferase assay (Figure 5B).

MgcRacGAP Is required for the transeriptional activation of STAT3

Finally, we asked if MgcRacGARP is essential for the transcriptional
activation of STAT3. To this end, we used siRNA to knock down
MgcRacGAP in 293T cells and performed the STAT3 reporter
assay using the siRNA-treated cells. As shown in Figure 6A, the
[L-6~induced transcriptional activation of STAT3 was profoundly
suppressed by pretreatment of the cells with siRNA for MpcRac-
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GAP, compared with those with the control siRNA {approximately
0.4-fold). We confirmed that the expression levels of MgcRacGAP
protein were suppressed by siRNA for MgcRacGAP (Figure 6B,
upper panel), but did not alter those of B-tubulin ( Figure 6B, lower
panel). The siRNA suppression of MgcRacGAP also attenuated
IL-6-induced transcriptional activation of STAT3 in HeLa and
Huh-7 cells (approximately 0.5-fold and approximately 0.6-fold,
respectively), and expression of MgcRacGAP, but not STAT3,
selectively decreased in these cells (data not shown). Thus,
MgcRacGAP seems to play a critical rols in 1L-6—induced transcrip-
tional activation of STAT3.

Discussion

As we earlier noted, the antisense MgcRacGAP profoundly inhib-
ited the IL-6~induced macrophage differentiation of M1 cells.3 We
and others later demonstrated that MgcRacCAP plays a critical role
in cytokinesis.®¥7 It was known that RhoA and serine/threonine kinase

B

control IRNA  MRG siRNA
L

P

s

LML 6, sIL-6R ¢
B 106, SIL6R ()

-
w

-
=

L I -]

Ralstiva Luciferase activily

LT I

control siRNA  MRG siRNA

Figure 6. Suppression of STAT3-mediated transactivation by siRNA treatment
for MgcRacGAP. (A} Luciferase activities were examined in the lysates of unstimu-
lated or IL-6- and sIL-8R-stimulated 293T cells with pretreatment with siRNA for
MgcRacGAP (right columns) or a conrol SIRNA (left columns). At 24 hours after the
siRNA traatment, the cells were transfected with the STAT3 reporter and intemal
centrol with Lipofectamine plus reagents. Another 24 hours after the transfection,
cells were stimulated with IL.-6 (20 ng/mL} and sIL-6R {20 ng/mL) for 12 hours before
the cell lysates were prepared. The lysates were then subjected 10 a dual luciferase
assay system, as described in “Materials and methods.” The ertor bars show the
standard deviations of Iriplicates, The resutts shown are a representalive resuft of 3
independent experiments. {B) Expression of MgcRacGAP (upper panel) and B-tubu-
lin {lower panel} were examined in unstimulated {tanes 1 and 3) or IL-G/sIL-6R-
stimulated (lanes 2 and 4) 293T cells pretreated with a control siRNA, {lanes 1 and 2}
or sifiNA for MgcRacGAP (lanes 3 and 4) were examined.
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Aurora B play important roles in cytokinesis, We have recently clarified
a molecular mechanism by which MgcRacGAP cantrols cytokinesis;
MgcRacGAP is phosphorylated at Ser387 by Aurora B at the midbody
and acquires RhoGAP activity for the completion of cytokinesis.®
However, the molecular mechanism by which MgcRacGAP affected
IL-6-induced cell differentiation was still unclear. In the present work,
we demonstrated that MgcRacGAP plays a role in STAT3 activation,
thereby enhancing IL-6-induced differentiation of M1 cells. on the basis
of the following: (1) MgcRacGAP directly bound STAT3 and Racl/
Rac2, and this interaction was enhanced by IL-6 stimulation. (2)
Overexpression of MgcRacGAP rendered M1 cells hypersensitive to
IL-6 stimulation, resulting in enthanced differentiation of M1 cells. (3)
MgcRacGAP enhanced STAT3-induced transcriptional activation in a
luciferase assay. {4) Knockdown of MgcRacGAP by siRNA profoundly
inhibited STAT3-induced transcriptional activation in 293T, HeLa, and
Huh-7 cells. Thus, while we and others reported that MgcRacGAP plays
critical roles in cell division, ¥4 the present results revealed an
uncxpected role for MgcRacGAP as a regulator of STAT3-mediated
transcription in interphase.

GAPs for Rho GTPases constitute a class of regulatory proteins
that can bind GTP-bound active forms of small G proteins and
stimulate GTP hydrolysis,*™#* With this catalytic function, Rho-
GAPs negatively regulate Rho-mediated signals. On the other
hand, we demonstrated herein that the GAP domain was required
for IL-6-induced STAT?3 activation. It is possible that MgcRacGAP
serves as an effecter molecule toward Rac-STAT3 complex in the
IL-6 signaling pathway. For instance, certain GAPs, including
p120RasGAPF, n-chimaerin, and phospholipase C (a GAP for
heterotrimeric G proteins), simultanecusly function as effectors
downstream of the GTPases, %1

Concerning the cross-talk between STAT3 and a small GTPase
Racl, several groups suggested an indirect connection, and one
indicated direct interaction.**3%5% A constitutively active mutant
RacV12 was reported to mediate STAT3 activation by autocrine
IL-6 through the activation of nuclear factor—«xB (NF-xB).5 It was
also reported that in response to growth factor and cytokine
stimulation, the activated Racl mediated generation of reactive
oxygen species (ROS), which activated Src and JAKS, leading to
STAT3 activation.®®**¥ In addition to the indirect connection
between Rac and STAT3, it was reported that STAT3 bound
directly to active but not inactive Racl.* In this case, expression of
RacV12 induced both tyrosine and serine phosphorylation of
STAT3, whereas overexpression of a dominant negative RacN17
inhibited either tyrosine or serine phosphorylation of STAT3
induced by epidermal growth factor. However, it was not deter-
mined whether the molecular mechanism by which Racl induced
phosphorylation of STAT3 was dependent on Rac-STAT3 interac-
tion; tyrosine phosphorylation of JAK2 was also induced by
RacV12 in their system, Gu et al™ recently reported that Rac2
regulated transcriptional activation of ¢-Jun via activation of c-Jun
N-terminal kinases (JNKs). Obviously, pleiotropic functions of Rac
in the STAT3 activation pathway make it difficult to elucidate the
biologic significance of STAT3-Rac interaction. Demonstration of
the MgcRacGAP-Rac-STAT3 complex and identification of
MgeRacGAP as an important regulator of STAT3 function provides
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new evidence for the cross-talk between STAT3 and Rac GTPases
through direct interaction.

Although we observed that RacV12 enhanced the transcriptional
activation of STAT3 induced by IL-6 and sIL-6R in HeLa cells but that
RacN17 suppressed it (data not shown), we have been unable to identify
the underlying mechanisms involved in the enhancement of STAT3
activation by MgcRacGAP. It is possible that MgcRacGAP plays sorme
role in nuclear transport of STAT3. In fact, MgcRacGAP partly colocat-
ized with STAT3 in the eytoplasm without cytokine stimulation, and in the
nucleus upen cytokine stimulation, showing a speckled pattern (Figure
4Bviii), Alternatively, MgcRacGAP may somehow stabilize the STAT3-
DNA complex, resulting in prolonged activation of STAT3, or may work
as a scaffold protein that bridges between STAT3 and unidentified
transcriptional coactivators. Interestingly, in a search for proteins that
interact with MgcRacGAP using the yeast 2-hybrid screening system, we
recently identified a transcriptional coactivator of activating protein-1
{AP-1) and estrogen receptors (CAPER), (Y. Minoshima, T. Kawashima,
and T. Kitamura, unpublished results, 2004).

Although both GAP and Cys domains of MgcRacGAP can interact
with STAT3, the deletion of the Cys domain did not significantly affect
MgcRacGAP-mediated enhancement of IL-6-induced transcriptional
activation of STAT3 (Figure 5B) and macrophage differentiation (Figure
5C). Qur results suggested that Cys domain of MgcRacGAP is
dispensable for IL-6-induced transcriptional activation of STAT3 and
cell differentiation. The fact that the GAP domain of MgcRacGAP was
required for the enhancement of STAT3-dependent transcription (Figure
5B) and IL-6~induced cell differentiation (Figure 5C) suggests that
these functions of MgcRacGAP were mediated through Rho-family
small GTPases, Coordinated activation and inactivation of small GTPases
by GAPs and exchange factors (GEFs) are important in exerting their
biologic functions. During M phase, MgcRacGAP and epithelial cell
transforming sequence 2 (ECT2) oncogene proteins calocalize and
orchestrate to control cell division.™ In addition, it has been reported that
RacGAPS0C, an ortholog of MgcRacGAP, binds pebble (PBL), an
ortholog of ECTZ2, in drosophila cells®® although the direct interaction
between MgcRacGAP and ECT2 was not detectable in mammalian
cells (Y. Minoshima, T. Kawashima, and T. Kitamura, unpublished
results, 2004). Therefore, it is possible that ECT2 also plays some role in
transcriptional activation of STAT3. Although STAT3-dependent tran-
Scription was not affected by the overexpression of ECT?2 (data not
shown), this may be because ECT2 requires phosphorylation to be
activated. The underlying mechanism of how MgcRacGAP regulates
STAT3-induced gene expression awaits further investigation; however,
the present data do reveal cross-talk between smajl GTPases and STAT3
downstream of IL-6 receptors in which MgcRacGAP plays pivotal
roles. It is tempting to posilate that MgcRacGAP controls cell
proliferation and differentiation in concert with the members of Rho-
family GTPasc by playing dual roles in M phase and interphase,
completion of cytokinesis, and regulation of transcription.
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ABSTRACT

Mesenchymal stem/progenitor cells (MSCs) are widely
distributed ina variety of tissues in the adult human body
(e.g., bone marrow [BM], kidney, lung, and liver). These
cells are also presentin the fetal environment (e.g., blood,
liver, BM, and kidney). However, MSCs are a rare popula-
tion in these tissues. Here we tried to identify cells with
MSC-like potency in human placenta. We isolated adher-
ent cells from trypsin-digested term placentas and estab-
lished two clones by limiting dilution. We examined these
cells for morphology, surface markers, gene expression
patterns, and differentiation potential and found that they

expressed several stem cell markers, hematopoietic/
endothelial cell-related genes, and organ- specific genes,
as determined by reverse transcription— polymerase
chain reaction and fluorescence-activated cell sorter
analysis. They also showed osteogenic and adipogenic dif-
ferentiation potentials under appropriate conditions, We
suggest that placenta-derived cells have multilineage dif-
ferentiation potential similar to MSCs in terms of mor-
phology, cell-surface antigen expression, and gene expres-
sion patterns. The placenta may prove to be a useful source
of MSCs. Stem Cells 2004;22:649-658

INTRODUCTION

Multipotential mesenchymal stem/progenitor cells (MSCs)
can be induced to differentiate into bone, adi pose, cartilage,
muscle, and endothelium if these cells are cultured under
specific permissive conditions [1, 2]. In rodents, a specific
type of MSC (termed multipotent adult progenitor cell) can
be isolated from bone marrow (BM) and contributes to most
somatic cell types when injected into early blastocysts at the
single-cell level [3]. Because MSCs have unique immuno-
logic characteristics that suppress lymphocyte proliferation
in vitro and prolong skin graft survival in vivo [4], persist-

ence in & xenogeneic environment is favored [1]. With such
multiple differentiation capacities and unique immunoregu-
latory features plus self-renew potential [5], MSCs show
promise as a possible therapeutic agent. Data from preclini-
cal transplantation studies suggested that MSC infusions not
only prevent the occurrence of graft failure but also have
immunomodulatory effects [6].

MSCs are a rare population (approximately 0.001%—
0.01%) of adult human BM [7]. Moreover, numbers of BM
MSCs significantly decrease with age [8]. MSCs are also rel-
atively few in adult peripheral blood [9] and in term cord
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blood [10]. A recent study showed that the population of
MSC-like cells exists within the umbilical vein endothelial/
subendothelial layer [11]. Furthermore, MSCs are present in
fetal organs, such as liver, BM, and kidney, and circulate in
the blood of preterm fetuses [10, 12, 13]. However, fetal sam-
ples can be difficult to procure, and term cord bloed com-
pared with preterm is a poor source of MSCs [10-12]. Such
being the case, searching for appropriate sources, avoiding
ethical issues, and establishing suitable culture systems are a
challenge,

In this study, we evaluated the possibility that MSCs or
cells with MSC-like potency are present in the human term
placenta, and we obtained evidence that cells with the pheno-
type of MSCsexist in thistissue.

MATERIALS AND METHODS

Isolation and Culture of Placenta-Derived Cells
Term placentas {n = 57; clinically normal pregnancies, cae-
sarean section) were collected after obtaining written
informed consent from donors to the Tokyo Cord Bleod
Bank.

The internal area (approximately 1 cm®) of central pla-
centa lobules was minced, hemolyzed, trypsinized (37°C for
3 minutes), and finally prepared in both single-cell suspen-
sions and small digested residues. These samples were cul-
tured with e-minimum essential medium (MEM; Sigma-
Aldrich Co., St. Louis, http://www.sigmaaldrich.com) and
supplemented with 15% fetal bovine serum (FBS; HyClone
Laboratories, Logan, UT, http://www.hyclone.com), 100
U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
Paisley, UK., hutp://www.invitrogen.com). Cultures were
maintained at 37°C in a humidified atmosphere with 5%
CO,. Three to § days after initiating incubation, the small
digested residues were removed and the culture was contin-
ued. Approximately 3 to 4 weeks later, there were some
colonies that contained 50 or more fibroblast-like cells that
were more than 50% confluent; they were then trypsinized
using 0.05% trypsin (Invitrogen) and replated at a 1:4 dilu-
tion. Under the same conditions, placenta-derived cells were
continued to culture.

Fluorescence In Site Hybridization Analysis

Human X/Y chromosomes of placenta-derived cells (male,
n=3; female, n=3; passages two and three) were cultured on
silica-coaling slides and examined using CEP X/Y DNA
probe kits (Vysis, Inc., Downers Grove, IL, hup://www.
vysis.com) according to the manufacturer’s instructions. The
slides were scanned under a flucrescence microscope usinga
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rhodamine/fluorescein isothiocyanate (FITC) filter for
X/Y chromosomes and a UV filter for 4,6-diamidine-2'-
phenylindole dihydrochloride—stained cell nuclei.

Fluorescence-Activated Cell Sorter Analysis

Frozen and thawed placenta-derived cells (n = 3, passages
9-12) were trypsinized and incubated with medium contain-
ing 15% FBS-2 mM EDTA (pH 8.0) for 3 hours. Next the
cells were stained with anti-human specific antibodies
CD45-phycoerythrin (PE), CD31-PE, CD54-PE, CD29-
FITC or CD29-PE, CD44-FITC or CD44-PE (BD Pharmin-
gen, San Diego, http://www.bdbiosciences.com), AC133/1-
PE (Miltenyi Biotec GmbH, Germany, http:/fwww.
miltenyibiotec.com), or PE- or FITC-conjugated isotype
control (BD Biosciences, San Jose, CA, htp://fwww.bd
.com). After staining, cells were analyzed using fluores-
cence-activated cell sorter (FACS) Calibur flow cytometry
(Becton, Dickinson, Mountain View, CA).

RNA Extraction and Reverse Transcription—
Polymerase Chain Reaction

Total RNA from 10°-10° placenta-derived cells (n = 15, pas-
sages 2-18, including frozen and thawed samples) was iso-
lated using ISOGEN (Nippon Gene, Tokyo). RNA extracts
were treated with deoxyribonuclease I (Amplification
Grade, Invitrogen) for digesting contaminated genomic
DNA.

Reverse transcription (RT) reactions were carried out
on | ug of total RNA using the ThermoSeript™ RT-poly-
merase chain reaction (PCR} system (Invitrogen), and 40
cycles of PCR were run using the Platinum PCR SuperMix
(Invitrogen) according to the manufacturer’s instructions.
Evaluation of all PCRs was estimated using appropriate
human tissue RNA (Clontech Laboratories, Inc., Palo Alto,
CA, http://www.clontech.com), human BM-derived M§Cs
(Bio Whittaker, Inc., Walkersville, MD), and human cel]
lines[14, 15]. cDNA synthesis and genomic DNA contami-
nation were examined using HOXB4 primers, which give
products of 268 bp and 1.1 kb when amplifying cDNA and
genomic DNA, respectively. Human-specific primers used
were as follows: Oct-4 (866 bp), CCGCCGTATGAGTTCT
GTGG/AGAGTGGTGACAGAGACAGG; Rex-1 (449 bp),
ATGGCTATGTGTGCTATGAGC/CCTCAACTTCTAGT
GCATCC; HOXB4 (268 bp), CTACCCCTGGATGCG
CAAAG/CGAGCGGATCTTGGTGTTGG; CBFf (300bp),
TCGTGCCCGACCAGAGAAGC/TCAGAATCATGGGA
GCCTTC; p2-microglobulin (341 bp), GAGTGCTGTCTC
CATGTTTG/TAACCACAACCATGCCTTAC; GATA-2 and
Tie-2 [16]; TAL-1 [17]; CD34, ACI33, flk-1, myogenin,
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nestin, and a-1-fetoprotein [18]; flt-1 [19]; Nkx2.5 and
GATA-4 [20]; renin and albumin [21]; GFAP [22]; and amy-
lase and insulin [23].

Differentiation Studies

Passage 2 through 11 placenta-derived cells, including
frozen and thawed samples (n = 8), were cultured eitherin an
osteogenic (0.1 uM dexamethasone, 10 mM B-glycerol
phosphate, 50 uM ascorbate) or adipogenic (1 uM dexam-
ethasone, 5 pg/mlinsulin, 0.5 mM isobutylmethylxanthine,
60 uM indomethacin) medium (all chemicals from Sigma)
[10] on two-well Permanox slides (Nalge Nunc Interna-
tional, Naperville, IL). After 2 weeks, osteogenic differentia-
tion was evaluated after 1% Alizarin Red $ (Sigma) staining,
and adipogenic differentiation was assessed using Oil Red O
(Sigma) staining [2).

Subcloning and Characterization of
Placenta-Derived Clones

The MSCV-IRES-GFP retroviral plasmid was transfected in
PLAT-A packaging cells. Retroviral supemnatants were col-
lected and infected in No. 40 placenta-derived cells (passage
five). The green fluorescent protein (GFP)-positive cells
(passage seven) were sorted by FACS Vantage flow cytome-
try (Becton, Dickinson)} and then subcultured at 5 or 10 cells
per well (passage nine). After subcloning, we selected single
retroviral-inserted subclones by Southern blot analysis using
a GFP cDNA probe. Two clones were obtained, and then we
carried out a FACS and RT-PCR analysis and differentiation
studies for characterization of these clones.

RESULTS

Characterization of

Placenta-Derived Cells

Searching for alternative sources of MSCs, we attempted to
prepare human term placentas and isolated fibroblast-like
cells from every placentaisolation (n =57; Fig. 1). In a sin-
gle-cell suspension culture of the isolated placenta, cells
firstly formed colony-forming unit fibroblast (CFU-F)-like
colonies (Figs. 1A, b). On the other hand, in the culture of
small trypsin-digested residues of placenta, cells began to
migrate and proliferate (datanot shown). After the first pas-
sage, cells from both samples expanded in the same mono-
layer manner (Fig. 1A, a~c). Cord blood (CB)isa rich source
of hematopoietic stem cells and MSCs, and the term placenta
contains much CB, primarily adherent cells derived from
freshly isolated CB monoenuclear cells (n = 77). However,
CBs were obtained (after receiving the informed consent
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from Kiyosenomori Hospital, Tokyo) but did not survive in
a-MEM containing 15% FBS. To determine whether these
cells were from maternal or fetal parts of the placenta, we
did a fluorescence in situ hybridization analysis using X-
and Y-probes. These cells were positive for X- and Y-sig-
nals, indicating that they were from a fetal part of the pla-
centa (Fig. 1B). The placenta-derived cells were classified
into two groups according to growth characteristics; one
could proliferate more than 20 passages (Fig. 1C, Nos. 40
and 29}, and the other went into replicative senescence
between 10 and 20 passages (Fig. 1C, Nos. 41 and 44). The
former type had a small and homogeneous morphology, but
the latter type was of a bigger shape than the former, We
also examined the surface marker profile of the abave three
representative placenta-derived cell lines using FACS,
and these three lines had a similar phenotype, as follows:
CD45'™~CD31-AC133-CD54*CD29*CD44"* (Fig. 1D), which
closely resembles the phenotypes of BM-derived and CB-
derived MSCs 2, 7,10, 24).

Gene Expression Patterns of

Placenta-Derived Cells

Foracloser study of placenta-derived cells, we did a RT-PCR
analysis for various genes, including stem cell markers,
hematopoietic/endothelial cell-related genes, and organ-
specific genes. The placenta-derived cells expressed many of
the genes derived from mesoderm, ectoderm, and endoderm
(Fig. 2). Additionally, expression patterns of stemn cell mark-
ers and hematopoietic/endothelial cell-related genes in pla-
centa-derived cells were similar to those of human BM
(hBM)—derived MSCs (Fig. 2, 1ane 2).

Differentiation Potential of

Placenta-Derived Cells

To estimate the potential to differentiate into osteoblasts and
adipocytes, the placenta-derived cells were cultured in
osteogenic or adipogenic medium. At the end of the induc-
tion periods, most of the cells were Alizarin Red S—positive
(Figs. 3B, 3C) or Oil Red O-positive (Figs. 3E, 3F), indicat-
ing differentiation to osteoblasts or adipocytes, respectively.
Incontrast, cells cultured with regular medium were not sig-
nificantly stained (Figs. 3A, 3D). Such data indicate that the
placenta-derived cells had bidirectional differentiation
potency.

Subcloning of Placenta-Derived Cells

The placenta-derived cells used in the above experiments
are obviously heterogeneous and may be a mixture of pro-
genitors that can differentiate into specific lineages. To
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Figure 1. Isolation and characterization of placenta-derived cells. (A): Morphology of placenta-derived cells. Cells from a single-cell
suspension easily expanded through the formation of colony-forming unit fibroblast-like colonies. a: 10 days after isolation (x 100
magnification); b: 3 weeks after isolation (x 40 magnification); ¢: 6 weeks after isolation (passage 3, x 40 magnification). (B): Fluores-
cence in situ hybridization analysis for human X/Y chromosomes. Cells from male placenta have Y-positive (green) and X-positive
{orange) signals. (C): Growth curve of placenta-derived cells. Frozen and thawed cells (=4, started at passage six or seven) were
seeded at 0.5 x 10% cells per well and cultured until 90% confluence was reached. These cells were resuspended, enumerated, and
reseeded at the same density for 10days. (D): Immunophenotype of placenta-derived cells. Cells were stained with phycoerythrin-con-
Jugated or fluorescein isothiocyanate—conjugated antibodies against CD45, CD31, AC133,CD54, CD29, CD44, or immunoglobulin
isotype control antibodies. Cells were analyzed using fluorescence-activated cell sorter Calibur. Individual placenta-derived cells were
given serial numbers of placenta isolation. Representative samples were used for these figures. (Figure I D continued on next page.)
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Figure 1 {continued).

exclude this possibility, we attempted to subclone No. 40
placenta—derived cells showing the human MSC (hMSC)-
like gene expression pattern using RT-PCR (Fig. 2, lanes 2
and 7). We established two clones, B2 and F4 (Fig. 4A, lanes
1 and 9), which retained almost all of the phenotypes of their
parental cells; surface marker expression (CD45'™CD31-
AC133-CD54*CD29*CD44%), gene expression patterns, and
differentiation potential (Figs. 4B—D versus Figs. 1-3).
Moreover, these phenotypes were similar o those of other
placenta-derived cell lines. Such data suggest that although
the placenta-derived cells are considered to be polyclonal,
most of the clones are similar in gene-expression profiles and
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retain the differentiation capacity to osteoblasts and
adipocytes,

DISCUSSION

Inthis study, we successfully isolated placenta-derived cells
from human term placentas (n =57) and then characterized
morphology, cell-surface antigens, gene expression patterns,
and differentiation capacity of these cells. Results of RT-
PCR analysis of 15 individual placenta-derived cells showed
that the expression patterns of seven genes (HOXB4, CD34,
AC133, flk-1, Tie-2, GATA-4, and myogenin} varied but
expressions of 14 other genes were quite similar (Fig. 2
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Figure 2, Gene expression patterns of placenta-derived cells. Placenta-derived cells were characterized using reverse transcription—
polymerase chain reaction. Samples are as follows: lane 1, noncultured placenta (trypsin-digested residue); lane 2, human bone mar-
row—derived mesenchymal stem/progenitor cells; lanes 3-7, placenta (Nos, 29,41, 42, 44, and 40)-derived cells; lane 8, reagent control;
lane 9, positive control (i.e., Oct-4, Rex-1, HOXB4, and 2-microglobulin were used for EoL-3. GATA-2,CBFf, TAL-1,CD34,AC133,
flk-1, and flt-1 were used for TF-1. NKx2.5 and GATA-4 were used for human heart RNA, Renin and myogenin were used for human
kidney RNA and skeletal muscle RNA, respectively. Nestin and GFAP were used for human brain RNA. a-1-fetoprotein and albumin
were used for human liver RNA. Amylase and insulin were used for human pancreas RNA). In this figure, we took up the data from the
five representative placenta-derived cells, and each of placenta-derived cells was shown by serial numbers of placenta isolation.

shows evidence of six placenta-derived cells; nine are not
shown). These expression patterns resemble those of hBM-
derived MSCs, except for renin and flt-1 (Fig. 2, lane 2).
Comparison of the two types of placenta-derived cells with
distinct growth characteristics (one that propagates more
than 20 passages [Fig. 1C, Nos. 40 and 29) and the other with
growth limitation [Nos. 41, 42, and 44]) showed that the
expressions of HOXB4, CD34, Tie-2, and GATA-4 were dif-
ferent among these groups. The former more resembled the
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hBM-derived MSCs for gene expression patterns (Fig. 2).
Collectively, these results indicate that the placenta-derived
cells have MSC-like gene expression patterns. In addition,
they showed a differentiation capacity toward both osteo-
blasts and adipocytes (Fig. 3), suggesting that these cells
have MSC-like differentiation potential.

Because the original culture of 57 placenta-derived cell
lines should be a mixture of a variety of cell types, we
attempted to subclone these cells to do a detailed analysis.
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Figure 3. Differentiation potential of placenta-derived cells. After a 2-week cultore in osteogenic (B, C) or adipogenic (E, F) medium
or regular medium (A, D), each of the placenta-derived cells was evalvated for osteogenic or adipogenic differentiation using specific
staining and hematoxylin counterstaining. Magnification: A, B, D, E, x40; C,F, x 100. A representative sample was used for this figure.

Two established clones retained almost all of the phenotypes
of parental No. 40 placenta-derived cells, including mor-
phology, cell-surface populations, gene expression patterns,
and differentiation capacity. However, these clones also had
some differences in mRNA expression, such as CD34 and o-
1-fetoprotein. These genes were upregulated compared with
the parent mixture cells (Figs. 2, 4C). In some reports, small
proportions of hMSCs expressed low levels of CD34[6, 25).
Further experiments are required to determine the meaning
of expressions of these genes,

Rex-1 is known to be important for maintaining undif-
ferentiated embryonic stem cells [26, 27]. However, the role
of this gene in MSCs is not clear. The result of RT-PCR
analysis showed that Rex-! is expressed in both BM-derived
MSCs and placenta-derived cells (Fig. 2) but not in the two
clones (Fig. 4C). Analysis of parental placenta-derived cells
at various time points during passages (passages 3, 5,9, and
18 for original cells; passages 13 and 26 for GFP-labeled
mixture cells) using RT-PCR showed that only Rex-1
expression switched from positive (before passage 5, Fig. 2)
to negative (after passage 9; data not shown). Additional
analysis is required to know the role of Rex-1 in placenta-
derived cells.

Interestingly, cell-surface markers analyzed using FACS
revealed that the placenta-derived mixture cells and clones
had the CD45'™CD31-AC133-CD54*CD29*CD44* pheno-
type (Figs. 1D, 4B), and the expression of CD45 and AC133
antigens differed from MSCs derived from other sources [2,
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7,10, 24]. As for the expression of AC133, the results were
negative with FACS yet positive with RT-PCR analysis. This
contradictory finding may be due to a damaged AC133 epi-
tope by trypsin treatment of the cells. As for the expression of
CD435, some reports showed that unprocessed or fresh MSCs
were CD45™%%* whereas cultured MSCs and more mature
cells were CD45-[24, 28). However, as our results showed,
the expression of CD45 was low during passages. The
CD45'"* phenotype might be one of the specific characteris-
tics of the placenta-derived cells,

This study showed that the placenta-derived MSC-
like cells could be easily isolated and expanded without
morphological and characteristic changes in medium sup-
plemented only with FBS. Therefore, the placenta may
prove to be an attractive and rich source of MSCs. Further
studies are required to better understand the precise nature
of placenta-derived cells and to explore their potential clini-
cal applications.
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Figure 4. Establishment and characterization of two clones from No. 40 placenta-derived cells. (A}: Establishment of placenta-derived
clones. No. 40 placenta-derived cells were transduced with MSCV-IRES-GFP retrovirus, and green fluorescent protein (GFP)-positive
population was sorted by fluorescence-activated cell sorting, then replated onto a 96-well dish at 5 or 10 cells per well and expanded.
DNAs from these GFP-positive No. 40 placenta-derived subclones were digested overnight with BamHI (cut only once in the MSCV-
IRES-GFP plasmid), and fragments were separated by electrophoresis and probed with a 32P-labeled GFP cDNA probe. Samples are
as follows for Janes 1-6, 8, and 9: subclones B2, B4, D2, D3, E4, G3, F1, and F4, respectively. These subclones were obtained from sub-
cloning of five cells perell. Lanes 7 and 10, subclones E4 and G4. (Figure 4C and D continued on next page.) (Figure4 Cand D contin-

ued on next page.}



