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FIGURE 6. AML1 forms different riptional compl on the e-mpl
promoter in h poieti /progenitor cells and megakaryocytes.
A, experimental design of ChIP-ReChIP assays. Murine Lin~Scal” cells were
cultured for 3 days with mSCF (50 ng/mi), miL-3 (10 ng/mi), and hTPO (50

ng/ml). These cultured cells and CMK cells were cross-linked and su bjected to
the ChIP-ReChIP assays. B after the second immunoprecipitation (1P, PCR
analyses were performed using the primer set shown in Fig. 2 with the eluted
DNA as a template.

transcriptional complex with various molecules, we hypothe-
sized that AML] may change the binding partner included in
the transcriptional complex, thereby regulating the c-mpl pro-
moter either positively or negatively according to cell types. To
assess this hypothesis, we performed ChIP-ReChIP assays.
Nuclear extracts were prepared from 3-day-cultured
Lin Scal* cells and CMK cells. After the first ChIP with the
AML1 Ab, the eluted samples, including the transcriptional
complex of AMLI, were re-immunoprecipitated by the anti-
p300 Ab and anti-mSin3A Ab respectively (Fig. 64). As shown
in Fig. 6B, upper panel, the anti-mSin3A Ab but not the anti-
p300 Ab immunoprecipitated the c-mpl promoter from the
transcriptional complex of AMLI obtained from Lin Scal”
cells. In contrast, the c-mpl promoter was immunoprecipitated
by the anti-p300 Ab but not by the anti-mSin3A Ab from the
transcriptional complex of AML1 isolated from CMK cells (Fig.
6B). These results suggest that AMLI represses the c-mpl pro-
moter by forming a complex with a transcriptional corepressor
mSin3A in hematopoietic stem/progenitor cells, although it
activates the c-mpl promoter by forming a complex with a tran-
scriptional activator p300 in megakaryocytic CMK cells.
AMLIAC Enhances TPO Signaling and TPO-dependent Col-
ony Forming Activity—To assess the biologic significance of the
AML1dC-enhanced ¢-Mpl expression in hematopoletic stem/
progenitor cells, we initially compared TPO-induced tyrosine
phosphorylation of STAT5 between AMLIdC- and Mock-
transduced KSL cells by flow cytometry. As a result, we found
that the stimulation with TPO for 15 min activated STAT5

more effectively in AML1dC-transduced cells than in Mock-
transduced cells (% of activated cells: AML1dC 51.8% versus
Mock 32.2%) (Fig. 7A). Meanwhile, TPO-induced STATS5 acti-
vation in AML1b-transduced cells was distinctly attenuated
compared with Mock-transduced cells (% of activated cells,
AML1b 11.1% versus Mock 32.2%). Also, we performed colony
assays using these cells under several conditions with or with-
out TPO. As shown in Fig. 7B, although AML1dC- and Mock-
transduced KSL cells developed almost equivalent numbers of
hematopoietic colonies in the absence of TPO, AML1dC-trans-
duced KSL cells yielded more and larger colonies than Mock-
transduced KSL cells in the presence of TPO. In particular,
CFU-GEMM was formed from AML1dC-transduced KSL cells
but not from Mock-transduced KSL cells. These results suggest
that the augmented c-Mpl expression by AML1dC led to the
enhanced proliferation (in part, self-renewal) and survival of
KSLs through the TPO/c-Mpl signaling (Fig. 7B).

DISCUSSION

Because both AML1 and TPO/c-Mpl signaling play impor-
tant roles in the growth of HSCs and megakaryopoiesis, we
assumed that AML]1 might regulate TPO/c-Mpl signaling.
Also, in a recent paper, Heller ef al. (31) reported that platelet
surface c-Mpl expression was decreased in FPD/AML patients,
suggesting that AML1 would augment c-Mpl expression in
megakaryocytes. To clarify this relationship, in this study we
performed luciferase assays, EMSA, and ChIP assays with the
c-mpl promoter. As a result, we found that AML1 directly binds
to the proximal AML-binding sequence between —137 and
~122 bp of the c-mpl promoter, thereby regulating its activity.
In agreement with the suggestive data by Heller et al (31),
AMLI1 activated the c-mpl promoter in luciferase assays using
293T cells and HeLa cells. However, the enforced expression of
a dominant-negative form of AML1, AML1dC, in KSL cells by
the retrovirus system enhanced c-Mpl expression in hemato-
poietic stem/progenitor cells and exogenous AML1b transduc-
tion into KSL cells and attenuated c-Mpl expression and TPO-
induced STATS activation. Also, the induced expression of
AML1dC during the development of hematopoietic cells in the
OP9 system enhanced c-Mpl expression on hematopoietic
stem/progenitor cells. Furthermore, early hematopoietic cells
that derived from AML1 "'~ ES cells expressed c-Mpl more
intensively than those that developed from W ES cells. These
results suggest that AMLI is a negative regulator of c-Mpl
expression in these cells, which is opposite to its role in
megakaryocytes. As for this inconsistent result observed in
hematopoietic stem/progenitor cells, we speculate that AML]
would be able to regulate the c-mpl promoter both positively
and negatively according to cell types. In fact, AMLI and its
heterodimeric partner, PEBP2B, have been reported to form a

242

FIGURE 5. Effects of AML1dC on c-Mpl on hemat

itor cells and megakaryocytes and meg lesi

A, experi al

design using the OP9 system. ES cells were d;prhfrd of leukemia lﬁhlhnor;fac?ar and cultured on OP9 cells for 4.5 days. Then FFk-1" crell were sorted, replated

onto OP9 cells, and cultured with mSCF and hTPO (for the analysis of c-Mpl

jonin h soletic stem/progenitor cells) or only hTPO (for the analysis

of megakaryocytic differentiation) with or without Tet for the time indicated. B, c-Mpl expression of nonadherent cells was examined by the direct immuno-
fluorescence method on day 8.5 and day 12.5. The percentage of each fraction is indicated. The relative frequency of GFP~ fractionin cultured cells with Tetand

the relative frequencyof GFP* fraction in cultured cells without Tet were shown in p h
fromWT and AML1*"~ ES cells on day 8.5, 0 and E, after 12.5-day cultures with TPO,

C c-Mplexp
karyocytic cells, which deri

ion on earfy | poietic cells that derived
d from ES cells expressing AMLAC, were

subjected to morphological analysis (D), and DNA content analysis by propidium iodide staining (£).

BT VN

OCTOBER 31, 2008-VOLUME 283-NUMBHER 44

JOURNAL OF BIOLOGICAL CHEMISTRY 30053

- 211 -



AML1 Works as a Negative Regulator of c-Mpl in HSCs

A R Mock AML1dC AMLI1b
ﬁ B0+ a0 - [';l. B0 =
32.2% 51.8% 11.1%
0 —_— w0 w0 —_
3 A 4 ) V| .
0 ll‘ I\‘ 0 = ]‘. ll\. - 0 ‘}- ‘;:L\ —
P 1;‘ I 1-;’ ‘ l&l:r' ¥ wt 1w ;‘ 1.:1’ ";T wt 10° w0’ w? w0 ot
pSTATS
B p=0.0062
250 |
200 -
2 |
2 150 |
= I = 0 CFU-GEMM
- m BFU-E
(-]
O >
= 100 | CFU-GM
=
£
= |
z.
50 -
0 S -

Mock AMLI1dC Mock AMLIAC
SCF () ) +) )
FL () ) ) (&)
TPO (-) ) ) )
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transcriptional complex with various molecules and to change
its function dependently on cell types. When AMLI forms a
complex with p300/CBP and MOZ, this complex strongly stim-
ulates AML1-mediated transcription (48). On the other hand,
when AML1 combines with mSin3A, this complex works as a
transcriptional repressor (49). In agreement with this specula-
tion, we found that AML1 forms a complex with mSin3A on the
c-mpl promoter in hematopoietic stem/progenitor cells,
whereas it formed a complex with p300 on the same promoter
in megakaryocytic cells (Fig. 6B). These results suggest that
AMLI plays distinct roles in the regulation of the c-mpl pro-
moter dependent on cell types by changing the binding partner.

In a previous paper, Ichikawa et al. (17) reported that condi-
tional targeting of AML] in adult mice led to the impaired
polyploidization of megakaryocytes, resulting in the low plate-
let production. Also, patients with hereditary FPD/AML, which
was caused by the heterozygous point mutations of the AMLI
gene or the PEBP2f gene revealed low platelet numbers in the
peripheral blood (19). To clarify the roles of AML1 in
megakaryocytic maturation, several studies have been per-
formed. Consequently, Bernardin-Fried et al (50) found that
AMLI1 directly activates the cyclin D3 promoter, thereby
enhancing DNA synthesis required for polyploidization. Also,
Goldfarb and co-workers (51, 52) showed that AMLI] binds to
and activates the promoter of megakaryocyte-specific genes,
allb integrin, and glycoprotein Iba, in combination with a tran-
scription factor specific for the erythroid/megakaryocyte line-
age, GATA-1, thereby promoting phenotypic maturation of
megakaryocytes (51, 52). Most AML1 mutations observed in
FPD/AML and AML are clustered within the Runt domain in
the N-terminal region (19, 53-55). Heterozygous Runt domain
mutations show haploinsufficient phenotype because of their
reduced DNA binding and PEBP2f binding (30, 53). On the
other hand, because C-terminal deletion mutants of AML1
have enhanced DNA-binding potential, they strongly suppress
wild-type AML1 function through the blocking of its DNA
binding in a dominant-negative manner (30). In line with this
result, we also found that AMLAC lacking the C-terminal
amino acids 224-453 dominant-negatively suppressed DNA
binding of WT AMLI in EMSA using nuclear extracts of 293T
cells. However, in this study, we found that AML1dC scarcely
influenced the morphology or polyploidization of megakaryo-
cytes. This result seems to be at variance with previous reports
indicating the importance of AML1 in megakaryopoiesis (as
described above). However, because an apparent abnormality
was not detected in megakaryopoiesis and platelet production
in AML1 heterozygous knock-out mice (14), it was speculated
that pure haploinsufficiency of AML1 would not impair matu-
ration of megakaryocytes or platelet production. Although gen-
uine haploinsufficiency of AML1 was observed in some cases, it
was also speculated that a greater majority of mutant AMLI
proteins are assumed to act in a dominant-negative manner
(56). So, at present, it remains unknown to what degree AMLI1
activity must be suppressed to cause the defect in megakaryo-
poiesis. In addition, there is a paossibility that although
AML1dC was found to act as a dominant-negative suppressor
of AML1 in 293T cells in this study, AML1dC protein might be
far more labile than wild-type AML1 in megakaryocytes. Alter-
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natively, it is also possible that AMLAC might reveal some
unknown biologic effect on megakaryopoiesis in combination
with other transcriptional regulators such as GATA-1.
Although the precise mechanism remains to be clarified, our
data suggest that AMLAC lacking the C-terminal amino acids
224-453 by itself would not be responsible for the impaired
megakaryopoiesis in the original MDS patient. Further studies
using several C-terminal mutants are required to clarify the
roles of mutants of AMLI1 in impaired megakaryopoiesis in
MDS patients.

Conditional deletion of AML1 in adult mice leads to the
expansion of the HSC compartment and reduction of common
lymphoid progenitors (CLPs) as well as impaired megakaryo-
poiesis (17, 18), suggesting that AML1 enhances differentiation
of HSC toward the CLP compartment. Meanwhile, c-mpl
mRNA is expressed on HSCs and common myeloid progen-
itors but not on CLPs (16). However, considering our result
that AML1-deficient hematopoietic stem/progenitor cells
are hyper-responsive to TPO because of the enhanced c-Mpl
expression, these reports may simply indicate that AMLI1-
deficient HSCs and common myeloid progenitors would
overgrow as compared with CLPs in response to the TPO
stimulation. Also, it was speculated that MDS stem cells har-
boring AML1dC might be hyper-responsive to TPO, leading
to the accumulation of oxidative stress that causes second
genetic abnormalities.

In conclusion, we show here that AMLI acts as a negative
regulator of c-Mpl expression in hematopoietic stem/progeni-
tor cells which is opposite to its role in megakaryocytes. Also,
we found that hematopoietic stem/progenitor cells harboring
AML1dC were hyperproliferative in response to TPO. Further
studies focusing on the roles of various types of AML1 mutants
would be useful to clarify the physiologic roles for AMLI and to
understand the pathophysiology of MDS,
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Soluble Frizzled-Related Protein 1 Is Estrogen Inducible in
Bone Marrow Stromal Cells and Suppresses the Earliest
Events in Lymphopoiesis’

Takafumi Yokota,”* Kenji Oritani,* Karla P. Garrett,” Taku Kouro,® Makoto Nishida,’
Isao Takahashi,* Michiko Ichii,* Yusuke Satoh,* Paul W. Kincade,"
and Yuzuru Kanakura*

It has long been known that lymphopoiesis is transiently suppressed during pregnancy, which can be experimentally sim-
ulated by estrogen treatment. We now confirm with Ragl/GFP reporter mice that early lymphoid prog s in the lineag

marker~ c-ki™** Scal*, hematopoietic stem cell-enriched fraction of bone marrow are particularly depressed in these
circumstances. Hematopoietic and environmental cells are both potential hormone targets and, because of this complexity,
very little is known regarding mechanisms. We have now identified soluble Frizzled-related protein (sFRP)1 as an estrogen-
inducible gene in stromal cells, whose expression corresponded to inability to support lymphopoiesis. Bone-lining stromal
cells express sFRP1, and the transcripts were elevated by pregnancy or estrogen injection. Estrogen receptor-a was essential
for both lymphoid suppression and induction of the sFRP family. SFRP1 has been mainly described as an antagonist for
complex Wnt signals. However, we found that sFRP1, like Wnit3a, stabilized B-catenin and blocked early Iymphoid pro-
gression. Myeloerythroid progenitors were less affected by sFRP1 in culture, which was similar to estrogen with respect to
lineage specificity. Hematopoietic stem cells expressed various Frizeled receptors, which markedly declined as they differ-
entiated to lymphoid lineage. Thus, hormonal control of early lymphopoiesis in adults might partly relate to sFRP1

levels. The Journal of Immunology, 2008, 181: 6061-6072,
l ymphocytes are produced throughout life from self-re-

newing hematopoietic stem cells (HSC)' and are indis-

pensable elements of the immune system. Much has been
leamned about molecular mechanisms that regulate lymphocyte dif-
ferentiation (1, 2). For example, it is now clear that lymphoid gene
expression in progenitor cells is determined by levels and combi-
nations of key transcription factors cooperaling or cross-competing
with each other in a hierarchy (3). HSC give rise 10 multipotent
progenitors (MPP) that lack extensive self-renewal ability and
eventually segregate into the various blood cell lineages. Lym-
phoid-primed MPP in the mouse represent a rare lineage marker-

*Diepartment of Hematology and Oncology and "Department of Cardiovascular Med-
icine, Osaka University Graduate School of Medicine, Suita, Osaka, lnpun 'Irmm
nobwology and Cancer Program, Oklah Medical R h F
City, OK 73104; and 'Department of Immunobiology and F'h.u—nmulugunnl Genetics,
Graduate School of Medicine and Pharmaceutical Science for Research, University of
Toynma, Toyama City, Toyama. Japan
Received for publication March 3, 2008, Accepted for publication August 19. 2008

The costs of publication of this article were defrayed in part by the payment of page
s. This article must therefore be hereby marked adverfisemon! in accordance
with 18 US.C. Section 1734 solely to indicato this fact

! This work was partly supporied by Grants A120069 and AI058162 from the National
Insututes of Health

* Address correspondence and reprint fequests to Dr. Takafumi Yokota, Department
of Hematology and Oncology, Osaka University Graduate School of Medicine, €9,
2-2 Yamadaoks, Suita, Osaka 565-0871. Jspan E-mail address: yokotm@
bldon med osaka-u.nc jp

' Abbreviations used in this paper: HSC, hematopoietic stem cell, BIO. 6-bro-
maoindirubin-37-oxime. BM. bone marrow: CLP, common lymphoid progenitor;
CRD, cysteine-rich domain; ELP, early lympheid progenitor; ER, estrogen recep-
ter, LSK, Lin~ Scal® c-kif™, MC, mesenchymal cell; MPP, multipotent pro-
genitor: MSC. mesenchymal stem cell. sFRP, soluble Frizzled-related protein

Copyright © 2008 by The American Association of lrmnunologists, Inc. (022- 1767/08/52,00

www immunal.arg

negative (Lin~) Seal ™ ¢-kir™" CD150” CD27" Flk-2" subset of
bone marrow (BM) cells, and some fraction of them replenish all
of the lymphocyte populations, including B cells (4). Knowl-
edge about extracellular cues that direct early steps in lympho-
cyte formation is incomplete, but cytokines such as stem cell
factor and Flt-3 ligand are certainly important, Cell adhesion
molecules allow stem and progenitor cells to be in proximity to
stromal cells that produce those factors, as well as ligands in the
extremely complex Notch and Wnt families that control many
differentiation events (3).

There is evidence that sex steroids play important regulatory
roles in lymphocyle production. All cells in the lymphoid differ-
entiation series decline dramatically in the BM of pregnant mice,
whereas they are abnormally elevated in castrated male. ovanec-
tomized female, hypogonadal, and androgen receptor-deficient an-
imals (6). Treatment with estrogen does not precisely simulate all
of the pregnancy-related changes, but it restores B lymphaopoiesis
in hypogonadal mice to the normal range and selectively depletes
Ilymphoid progenitors in normal animals (7, 8). In fact, sensitivity
10 estrogen made it possible to identify primitive cells in the MPP
fraction that can generate T and B lymphocytes (9). These early
lymphoid progenitors (ELP) are not homogenous, but express dif-
ferent combinations of lymphoid genes, such as TdT and Ragl
(10).

BM contains multiple cell types that could be hormone targets,
accounting in part for the modest progress made in determining
exactly how sex steroids regulate lymphopoiesis. Lymphoid pro-
genitors express estrogen and androgen receptors in a develop-
mental age-dependent manner (11). Furthermore, they are directly
sensitive 1o estrogen in stromal cell-free, serum-free cultures (12).
Transplantation studies with estrogen receptor (ER)-deficient mice
also implicated hematopoietic cells in this process (13). However,
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other findings suggest that stromal cells can make suppressive fac-
tors for lymphopoiesis when exposed to hormone (14). We have
now identified one such substance as soluble Frizzled-related pro-
tein (sFRP)1.

sFRPs are among several types of extracellular regulators for
Wnt signaling (15), The five members of this family contain a
characteristic cysteine-rich domain (CRD) that shares 30-50% ho-
mology with Frizzled for Wnt, Several studies have shown that

ESTROGEN-INDUCIBLE sFRPI INHIBITS LYMPHOPOIESIS

maceuticals. Recombinant sFRPI-4 and Wnit3a were obtained from R&D
Systems,

Annibodies

FITC anti-Mac1 (M1/70), Gr-1 (Ly-6G. RB6-8C5), erythroid (TER-119),
CDBa (53-6.7), CDI9 (1D3), CD45R/B220 (RA3/6B2), and CD34
(RAM34) Abs; PE-anti-Macl, CD45R/B220, CDI19, c-kir (2BB), Scal
(LY6AJE, D7), and IL-TRar (5B/199.1) Abs; biotin anti-Macl, Gr-1,
CD45R/B220, erythroid, and CD3 (145-2C11) Abs were obtained from BD
Bi Allophycocyanin anti-CD45R/B220 and c-kir Abs were pur-

sFRPs can antagonize Wnt signaling by interrupting the binding of
Wnt to Frizzled (16, 17). However, it is not clear whether all
sFRPs down-regulate Wnt signaling or how specific these interac-
tions are. There are at least 19 Wnt proteins that bind to 9 Frizzled
or other receptors and exhibit their activities depending on receptor
context (18), Furthermore, recent studies demonstrated that sFRPs
can even function through Wat-independent mechanisms (19, 20).
These complex observations make it extremely difficult to define
the physiological role of sFRPs. They are known to be expressed
in BM (21), and may have a role in maintenance of bone density,
but little is known about their importance for normal blood cell
formation.

Al least one Wnt ligand, Wnt3a, can slow the differentiation of
HSC, and purified HSC from Bcl-2 transgenic mice were propa-
gated in culture with this as the primary stimulus (22). The best
studied of several Wnt signaling pathways involves stabilization of
intracellular (-catenin that moves 1o the nucleus and activates
genes through association with T cell-specific factor/lymphoid-en-
hancer factor transcription factors (23). Experimental introduction
of constitutively active B-catenin preserves the multipolential sta-
tus of HSC and restores primitive properties 1o committed myeloid
and lymphoid progenitors (24, 25). WntSa appears to limit late
stages of B lymphopoiesis and may function as a umor suppressor
(26). In contrast, stromal cell production of Wnt5a promotes the
formation of primitive lymphoid cells (27). It is interesting that
WmSa can inhibit Wnt3a function in a B-catenin signaling path-
way-independent fashion (28). Altematively, and depending on
which Frizzled receptor is expressed, the same ligand can stimulate
canonical B-catenin pathway (29). These examples account for the
interest in Wnt family molecules as potential regulators of lym-
phohematopoiesis. However, they also illustrate the complexity
that accounts for the difficulty in ascribing roles under normal
steady-state conditions.

An initial goal of this study was to compare how pregnancy and
estrogen treatment affect ELP identified in Ragl/GFP reporter
mice. The aim was 1o better characterize the most proximal event
in lymphocyte formation that might be hormone regulated. Two
strategies were then used to identify stromal cell genes that were
both estrogen regulated and associated with inability to support B
lymphopoiesis. We found that sSFRP1 was not only up-regulated in
estrogen-treated mice, but capable of selectively suppressing lym-
phocyte formation. Moreover, the protein stabilized B-catenin in
h poietic progenitors without exogenous Wnt. The findings
suggest a functional relationship between sex steroids and Wnt
signaling in the regulation of initial stages of lymphopoiesis.

Materials and Methods

Animals, cell and compound sources

Ragl/GFP knockin mice have been described (10, 30, 31). BALB/c mice
were obtained at 5 wk of age from Japan CLEA. Human mesenchymal
cells (MC) derived from fetal BM (fetal MC) were established from anon-
ymous tissues obtained from the A ic Gift Foundation. Adult human
mesenchymal stem cells (adult MSC) were obtained from BioWhittaker.
ERa and ERS knockout mice have been previously described (32, 33).
BMS2 and OP42, murine BM stromal lines, were maintained in 10% FCS-
containing DMEM (high glucose) or a-MEM., respectively. Propyl pyra-
zole triol (34) and ERB-041 (35) were obtained from Wyeth-Ayerst Phar-

chased from eBioscience. Punfied anti-Mac1, Gr-1, erythroid, CD3 (145-
2C11), CD45RA (14.8), and CD19 Abs from BD Bioscience were used for
depleting Lin™ cells, followed by incubation with goat anti-rat 1gG-coated
magnetic beads (Milienyl Biotec) A mabbit polyclonal Ab 1w sFRP1
(ab4193) and an anti-B-calenin Ab (14) were from Abcam and BD Bio-
sciences, respectively,

Flow cytometry and cell sorting

Cells were stained with Abs indicated in each figure, and analyzed with
FACSCalibur or FACSaria. Sorting of Lin™ ¢-&if*™ or Lin~ c-kir™ cells
from BALB/c mice was performed, as previously descnbed (12), In some
experiments, cells from Rag l/GFP heterozygotes were used 10 isolae Lin™
IL-TRa™ c-ki™™ Scal™ Ragl/GFP- {Hsc-f.nnched) or Lin™ IL-TRa™
c-kif"" Scal” Ragl/GFP* (ELP) cells. Ci hoid

(CLP) (Lin~ IL-TRa~ c-kif™ Scal™~) and common m:.tlold progeni-
tors (Lin~ IL-7TRa™ c-ki™*® Scal ™ CD34™ FoyRIVINM™) were sonted from
CS5TBL/6 mice. as described (24, 36, 37).

Differential display PCR

Total RNA from fetal MC and adult MSC was fint dng:nled with 10 U of
DNase |, The differential display PCR was pcrfnrmed uamg lhc RMNAimage
Kit (GencHunter). Three different re were con-
ducted on 02 wg of DNA-free RNA using a I- lmc anchor oligo(dT)
primer, H-THA, H-T1G, H-T1IC (where H = AAGC) 1o generate dif-
ferent fractions of cDNAs, PCR were then performed on 1:10 aliquots of
the reverse-imnscription mixtures using the same anchor oligo(dT) primer
(3-primer) and a 13-mer pnmer that contained a 7-base arbitrary sequence
(5-primer). The seq of differentially ] cDNAs were deter-
mined using an ABI Prism BigDye T Cyele S ing Ready
Reaction Kit (Applied Biosystems).

Gene arrays

BMS2 and ERa-deficient stromal cells were treated with 1077 M estrogen
for 24 h, and mRNA was extracted. Gene Discovery Array Mouse version
1.1 (Incyte Genomics) blots were probed according to manufacturer’s in-
structions. Briefly, mRNA was bound and eluted from oligo(dT) cellulose,
and 2.5 pg of each mRNA was labeled during reverse transcription using
[a-"*PIdCTP (2000-4000 Cifmmol). Following hybridization 1o probes,
arrays were exposed and imaged with a Molecular Dynamics STORM
Phosphorlmager. The gel files were sent to Incyte Genommics for analysis.

Stromal cell-free lymphocyte culture

Sorted cells were cultured in 24-well culture plaes (30005000 cells/well)
with SF-03 medium (Sanko-junyaku) containing 1% FCS, 50 uM 2-ME, 2
mM r-glutamine, 1 ng/ml murine rIL-7, 100 ng/ml murine fit-3 ligand, and 20
ng/mi recombinant murine stem cell factor, and fed every 4 days. At the end
of culture, cells were counted and analyzed by flow cytometry

1, ki

hemical i 51
Tissues were !'xe.d walh 10% buffered formalin and embedded in paraffin.
'5FRP1 ining was pcrfrumed usmg a lhru ncp

1

1

alkaline ph hod
ptavidin (DakoCy ). Rabbit Ig lDakoCytomnum) was used as
negative control. The staining was performed in PBS containing 1% of
BSA in the presence or absence of 10 pg/ml sFRPL.

Cell cycle and apoptosis

Sorted Lin ™ c-ki™*" cells were cultured in stromal-free lymphocyte culture
conditions for 24 -36 h. At the end of culture, the cells were labeled with
10 uM BrdU for 45 min using the BD Biosciences BrdU labeling system.
The cells were fixed for 10 min at room temperature in 4% paraformalde-
hyde/PBS, pmmabllmd l.nd then stained with FITC-conjugated anti-
BrdU and 7-ami D. Apoptotic events were identified as cells
with subdiploid DNA content.
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FIGURE 1. Early stages of B lymphopoiesis are blocked by pregnancy and estrogen treatment. BM cells of control mice or pregnant Ragl/GFP
heterozygoles were stained with the indicated Ab and analyzed in flow cytometry, Whole BM cells were stained with CD45R/M220 and CD43 (A, upper).
and Lin~ cells were gated and resolved with c-kif and Scal staining (B, upper). The CD4SR/B220" CD43™#" fraction and the LSK fraction were further
resolved with Rag-1/GFP intensity (A and B, lower). The numbers in each panel are percentages of the gated population. The figures represent data obtained
on day 19.5 of gestation. Ragl/GFP heterozygous males were i,p. given a single injection of estrogen (1 mg/mouse) and analyzed at the indicated time after
injection. BM Lin™ cells were resolved with c-kir and Scal (€, upper), and then the LSK fraction was further resolved according 10 Rag |/GFP intensity
(C. lower). Cell numbers in the indicated populations were calculated (D). The data show mean = SD values from four mice in each group, and the figures
are rep ive of two independent trials. Significant differences from control (0 h) values are indicated by an asterisk (p < 0.05) or two asterisks (p <
0.01), E, BM LSK cells of estrogen-injected (at 96 h after injection) or control mice were subdivided according o the expression of FIKZFIt3 and
Ragl/GFP. Splenic LSK cells of the same mice were also evaluated (F).




6064

ESTROGEN-INDUCIBLE sFRP! INHIBITS LYMPHOPOIESIS

Fetal MC Adult MSC (x 109 “e
Ll
215 1
e §
o 10 4
0 -
FIGURE 2. Eswblishment of 1wo @ (=]
types of stromal coculiures that differ in E 10 o 5
lymphopoiesis-supporting  capability o é
CD347CD38" human  hematopoietic [
progenitors were culiured on fetal MC or o Q 4l
adult MSC, and the outpwt of CD19’ Fetal Adult
cells was evaluated (A and 8) The figures CD‘[S MC MSC
P three ind dent expeniments
Influence of estrogen on the cell growth c D 8
from human CD34°CD38™ progenitors Control =

wis tested in the coculure using adult
MSC (C). RT-PCR was used to amplify
transcripts for ERa and B in adult MSC
(£3). MCF7, a human hreast cancer line,
was used as a positive control

CD19

RT-PCR and quantitative real-time PCR

Total RNA was prepared from sorted cells and subjected 1o the ¢cDNA
synthesis using ThermoScript RT-PCR System (Invitrogen). PCR used »
combination of ampli-TagDNA polymerase (Takara Shuzo) and TagStan
Ab (BD Clontech) at 40 cycles for ERa and 8, or 35 cycles for GAPDH.
Real-time PCR analyses were performed using SYBR Green Mater Mix
(Takara Shuzo). The thermal cycling conditions for the real-time PCR were
5 min at 95°C 10 active SYBR Ex Tay, followed by 40 cycles of denatur-
ation, anncaling, and extension, The mean number of cycles to the thresh-
old of fluorescence detection was calculated for each sample, and B-actin
expression was quantified to normalize the amount of cDNA in cach sam-
ple, Semiquantitative RT-PCR, was performed for Frizzled gene expres-
sion, as described (9). Primers for all of these reactions are available on
request.

Statistical analvses

Values of p were calculsted by using unpaired Student's f test.

Results

Pregnancy and estrogen inhibit very early steps of
Iymphopoiesis

Previous studies have demonstrated that lymphocyte differentia-
tion is strongly suppressed during pregnancy (38, 39). However,
high resolution analysis of the earliest events in lymphopoiesis had
not been performed. Therefore, we used Ragl/GFP heterozygous
females at 14.5-19.5 days of gestation and compared their BM
with nonpregnant females of the same age. Profiles of CD43 and
CD45R/B220 expression showed that the CD43""CD45R/B220*
{pro-B-cnriched) and CD43'“CD45R/B220" (pre-B-enriched)
fractions were preferentially depleted during pregnancy (Fig.
1A). Progenitors in the CD43™¥"CD45R/B220" fraction with
clear expression of Ragl/GFP were particularly suppressed
(Fig. 1A4). This reporter system has been useful for identifying
primitive Rag! expressing ELP among the Lin~ Scal* c-ki™'®"
(LSK) fraction (10, 30), ELP were nearly absent from the BM
of pregnant mice (Fig. 1B).

- 218

We previously demonstrated that estrogen, one of the pregnan.
cy-related steroids, selectively suppressed FIk2™ CD27™ progen-
itors capable of generating B and/or T lineage cells among the
LSK fraction (9). To allow comparison with the above results with
pregnant mice, these experiments were repeated using Ragl/GFP
reporter mice. Heterozygous males received single i.p. injections
of estrogen, and changes in lymphopoiesis were monitored at in-
tervals over the following 96 h. Decreases in Ragl/GFP-express-
ing cells in the LSK fraction became evident as early as 24 h after
injection, and total numbers of Ragl™ ELP were reduced 10-fold
by 96 h, whereas there were less severe depletions in total Ragl/
GFP~""™ LSK cells (Fig. 1, € and D). Thus. pregnancy and es-
trogen treatment are similar in preferentially depleting the earliest
known stages of lymphopaiesis in BM. To more precisely analyze
proportional change in the LSK [raction, we combined anti-Flk2/
Flt3 Ab with Rag1/GFP expression because Flk2* LSK cells were
known as lymphoid-primed MPP (4). Indeed, the FIk2™ LSK con-
tained Ragl® ELP as a subpopulation. We found that Flk2®
Ragl ™ as well as FIk2™ Ragl™ cells were sensitive 1o estrogen,
whereas the FIk2™ Ragl™ LSK fraction was sustained (Fig. 1E).
Of note, no increase of Ragl/GFP* LSK cells was observed in
spleen, peripheral blood, or thymi (Fig. 1F, and data not shown)
In addition, numbers of CFU 1L-7, corresponding to 1L-7-respond-
ing pro/pre-B cells, also decreased with slower kinetics (data not
shown). These results suggested that mobilization or rapid differ-
entiation was an unlikely explanation for the depletion of ELP.

Huwman lymphopoiesis is hormone regulated

Molecular requirements for human B cell formation are not well
understood, and the process is less efficient in culture than with
murine lymphoid progenitors (40). However. B cells slowly
emerge when human cells are cocultured with murine stromal cells
(41), and we obtained better results with adult MSC (Fig. 2, A and
B). That is, substantial numbers of CD197CD13™ B lineage cells
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were produced from umbilical cord blood CD34°CD38" cells
within 4 wk of culture without any exogenous cytokines. In con-
trast, fetal MC did not support B lymphopoiesis

Importantly, the output of CD19” cells on adult MSC decreased
substantially when estrogen was added to the cultures (Fig. 20).
Culture studies done with murine stromal cells and lymphoid pro-
genitors suggest that both are potential targets for hormone regu-
lation (12, 14). Transcripts for ERa and ERB were detected by
RT-PCR in the MSC (Fig. 2D). Human cord blood progenitors do
not generate lymphocytes in stromal cell-free cultures, but do not
themselves express ER (11). We conclude that at least one hor-
mone-sensitive human MC can support formation of human B lin-
eage lymphocytes,

SFRPs are candidate inhibi

The focus of our next experiments was on identifying molecular
mechanisms involved in estrogen action on lymphopoiesis. Our
previous studies demonstrated that estrogen can directly suppress
B lineage progenitors (12). It inhibited production of CD45R/
B220* CD19" B lincage lymphocytes from early progenitors in
stromal cell-free. serum-free culture, but accumulation of CD45R/
B220™ CD19 " cells was observed (12). The results shown in Fig.
1 demonstrate that estrogen treatment and normal pregnancy affect
Iymphopoiesis before acquisition of CD45R/B220. In addition. as

aﬂ'fl‘ f fesis

m

-~

Relative expression of aFRP1
Ll .

Oh  24h  96h
Periods after injection

shown in Fig. 2, estrogen suppressed human B cell growth in MSC
cocultures from cord blood progenitors that do not express ER
(11). Thus, the focus of the present experiments was on identifying
mechanisms involving BM stromal cells.

Stromal cells might fail to support human B lymphopoiesis be-
cause of their inability to produce requisite molecules, and a dif-
ferential display PCR method suggested that a number are prefer-
entially made by adult MSC (Fig. 3, A and B). However, there was
no evidence to implicate any in lymphopoiesis, and we considered
the alternative possibility. That is, fetal marrow stromal cells might
elaborate a suppressive substance, as was previously found to be
the case for one murine stromal cell subclone (42). SFRP1 had
those characteristics, and interest in this molecule increased further
when RT-PCR with its specific primers confirmed that the tran-
scripts were induced by treatment of adult MSC with estrogen
(Fig. 3C). Immunohistochemical analysis showed that bone-lining
osteoblast-like stromal cells and osteoclasts expressed sFRPI pro-
tein (Fig. 3D. large orange arrow). Although most hematoporetic
cells appeared negative, endothelial cells (small black arrow), os-
teocytes (small orange arrow), and megakaryocytes (black arrow-
head) had positive staining. Moreover, sSFRP4 as well as sFRPI
mRNA were detectable in unseparated BM cells and elevated in
day 14.5 pregnant mice (SFRP1: first experiment, 120%, and sec-
ond experiment, 560% of control levels: sFRP4: first experiment,

—=219:=
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FIGURE 4.

Estrogen induces the sFRP family via ERa, A and B, ERa-sclective, but not ERB-selective agonists inhibited in vitro generation of B

lymphocytes. Lin~ BM cells were cultured in stromal cell-free conditions for 7 days. Each culture contained estrogen, ERa-selective agonist (propyl
pyrazole triol), or ER B-selective agonist (ERB-041) in various concentrations. At the end of culture, numbers of B lineage (CDI9™) cells (A) and myeloid
(Macl ™) cells were evaluated. Averages and SD of mplicate cultures are shown. C and D, Estrogen suppresses early pro-B cells in vivo via ERar
ERa-deficient, ERB-deficient, or control mice were injected s.c. with slow-release estrogen containing pellets. One week after injection, BM cells were

harvested and subjected o flow cyrometry to determine Lin~ TdT™ cell numbers. £, BMS2 or ERa ™

"~ stromal cells were exposed 10 estrogen, and gene

arrays were performed. The sFRP3 mRNA results are presented as relative levels of expression

170%., and second experiment, 180% of control levels). Also, a
single injection of estrogen significantly elevated sFRP1 tran-
scripts to 150-160% of steady-state levels (Fig. 3E)

Independent lines of investigation with murine cells had also
suggested that sSFRPs might participate in regulation of lympho-
poiesis. Some evidence suggests ERa mediates estrogen suppres-
sion of lymphopoiesis (13, 43). Indeed, an ERa-selective, but not
an ERp-selective agonist suppressed B lineage growth in culture
(Fig. 4. A and B). Lymphoid progenitors were less abundant in
ERa™'" mice than in normal animals and resistamt to estrogen

treatment (Fig. 4C). This is in contrast to ERB™'" mice, in which
lymphopoiesis was normally suppressed hy hormone treatment
(Fig. 4D). Our search was then focused on genes that might be
selectively affected by signals delivered via ERa

Although a now obsolete membrane gene array method was
used, some 260 genes were up-regulated by at least 2-fold when
BMS2 stromal cells were exposed to estrogen, and an additional 70
were suppressed to at least that degree. BMS2 is an extensively
studied stromal cell line derived from normal mice (44). Estrogen
increased expression of —83 genes in stromal cells established

- 220
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FIGURE 5. SFRP1 inhibits early B lymphopoiesis in culture. Sorted Lin™ c-kif®™ (A and B) or Lin~ c-kir™ cells (C and D) were cultured in
stromal-free conditions with medium alone, CD44-Ig, or sSFRP1-lg, and growth of myeloid and B lineage in each culture was evaluated, The percentages
of four fractions are shown in boxes. The absolute number of undiff iated cells (Mac |~ CD45R/B220™ CD19 ), myeloid cells (Macl™ CD45R/B220
CD197 ), and B lineage cells (Macl ~ CD4SR/B220° CD19) recovered from culture of Lin c-kif™" () or Lin™ c-kit™ cells (1) was calculated. The
data represent the mean = SD values from triplicate cultures. Significant differences from control (CD44-1g) values are indicated by an asterisk (p < 0L.05)
Data represent one of six similar experiments. E, Lin c-kif™h cells (3000 cells/well) were cultured in stromal-free condition with the indicated concen-
tration of sFRP1-1g. Absolute numbers of CD197 cells (O) or Macl ™ cells (@) recovered were calculated and plotted, Significant differences from control
values (at sSFRP1-Ig, 0 ng/ml) are indicared by an asterisk (p < 0.05)
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from marrow of ERa "~ mice (data not shown). Companison of
the two sets of results suggested that —160 genes are ERa depen-
dent, and thus, potential candidates for hormone-mediated regula-
tion of lymphopoiesis. We found that sSFRP3 was among those
genes and strongly induced in estrogen-treated BMS2 cells
(Fig. 4E).

Further analysis revealed that transcripts for sFRP1. sFRP2. and
sFRP3 were elevated when a third stromal cell line, OP42, was
exposed to estrogen, whereas sFRP4 expression was constitutive
We then asked whether estrogen directly induced sFRPs in hema-
topoietic cells. Another gene array involving the Lin~ c-ki™&"
Scal™ fraction of normal BM also identified sFRP1, sFRP2, and
sFRP4 as estrogen-inducible genes (data not shown). Thus, mem-
bers of the sFRP family are normally present in BM and probably
up-regulated in multiple cell types in response to estrogen.

Selecrive suppression of early stages of lmphopoiesis by sFRPI

The above results suggested that sFRPs could be hormone-induc-
ible, negative regulators of lymphopoiesis. In particular, sFRP1
might account for the fact that one stromal line supports B lym-
phopoiesis in the absence, but not in the presence of estrogen. To
test this notion, substantial amounts of stable sFRP1-1g fusion pro-
tein, along with a control CD44-1g, were prepared. They were first
added at 100 ng/ml to stromal cell-free cultures of BALB/c mouse
BM 1o determine whether there was direct biological activity on
lymphoid progenitors. Starting populations used in these experi-
ments included stem cell/ELP-enriched Lin~ c-ki™*", as well as
prolymphocyte/CLP-enriched Lin~ c-kir™ subsets. After 10-11
days of culture with just medium or CD44-1g, the Lin™ c-ki™*"
fraction produced 20-50% CD45R/B220" CD19™ cells (Fig. 54).
In striking contrast, lymphocytes represented only 1% of cells re-
covered from cultures containing sFRP-lg. Undifferentiated
CD11b/Macl ~ B220™ CD19™ and CDI11/Macl ™ B220™ CD19
myeloid cells were also abundant in this set of cultures, It is sig-
nificant that sFRP1-1g had no influence on percentages or absolute
numbers of these nonlymphoid cells (Fig. 5, A and B). Lympho-
cytes predominated in cultures initiated with the Lin~ c-kir'™ frac-
tion, and their numbers were reduced to a lesser, but still signifi-
cant degree by sFRPI-Ig (Fig. 5, C and D).

We then performed a dose-response analysis of sFRP1-Ig in the
culture of Lin~ c-ki" cells to see whether different outcomes
would be obtained at different doses. The suppressive effect on
CDI197 lincage was dose dependent (Fig. 5E). Essentially, similar
results were obtained when human rsFRP1 was used instead of the
fusion protein (see below), showing that the suppression was spe-
cific to sFRP1. Proportions and absolute numbers of Macl ™ cells
were not significantly reduced. but rather increased by 5-10 ng/m]
protein (Fig. SE).

In separate experiments, sFRP1-Ig had no influence on IL-7-
dependent clonal proliferation of pre-B cells (data not shown).
Furthermore, there was no effect on myeloid-erythroid progenitors
in methylcellulose assays (Fig. 6). Collectively, these results sug-
gested that sFRP] is a potential negative regulator of B lympho-
poiesis, and one that is preferentially active on very primitive cells.

Stabilization of B-catenin by sFRPI in hematopoietic
progenitors

The sFRPs were onginally described as inhibitors for Wnt by
blocking their interactions with Frizzled receptors (15). More re-
cently, sFRPs have been shown to function in some circumstances
in Wat-independent fashion (19, 20). Although we found that
sFRPI directly influenced lymphocyte growth in stromal-free cul-
tures, hematopoietic cells have some capacity Lo produce their own
Wnt (45). Wnt can be divided into functionally distinct classes that
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FIGURE 6. SFRPI-lg does not affect myeloerythroid colony formation
in methyleellulose cultures. Five hundred Lin ™ c-kif™® 0:"5 were cultured
in IMDM-based methylcellul i ! i with 50 ng/ml re-

combinant murine stem cell factor, 10 ng/ml rnunne riL-3, 10 ng/ml human
riL-6, and 3 U/ml b human eryth (Methocult GF 3434;

StemCell Technologies) with medium almc mn ng}ml CD44- lg ar |m
ng/ml sFRPI-1g. After 9 days, were d and classified as
CFU-GM/M, BFU-E, or CFU-GEM(M) according to shape and color un-
der an invened microscope.
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can use different signal transduction mechanisms (46). Therefore,
we compared commercial sSFRP1 and Wnt3a preparations for a
possible influence on lymphocyte production. Because Lin™ ¢-
ki cells were particularly sensitive in the experiments de-
scribed above, these were used to initiate stromal cell-free cul-
tures. Interestingly. the two proteins showed similar results. A
quantity amounting to 50 nM sFRP1 or Wnl3a reduced the
yields of Macl™ CD19* CD45R/B220" B lineage cells by 42
and 33%. respectively (Fig. 7A). The suppressive effect was
also evident when the proteins were used at 5-10 nM (data not
shown). The suppression was unlikely due to the induction of
apoptosis because neither cell viability nor proportion of cells
with subdiploid DNA contenl was significantly increased in the
presence of sFRP1 through the culture period (Fig. 7B, and data
not shown). Similar suppression for B lineage was observed
when the culture was initiated with sFRP2, sFRP3, or sFRP4
{data not shown). Of note, sSFRP1 and sFRP4 transcripts were at
least as abundant in fetal liver as in adult BM (data not shown).
However, generation of B lineage cells from E14.5 fetal liver
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FIGURE 7. SFRP1 stimulates the 3-cate
nin pathway in hematopoietic progenitors. A,
Lin~ c-kif"# cells were culred in stromal-
free condition containing 50 nM sFRP1 or
Wint3a, and the recovered cells were classi-
fied according to their surface phenotype
The data summarize four independent exper-
imemts, showing mean = SD values of per-
centage of control. The normmalized control
(medium) value is shown at 100% with a
dotted line. Significant differences (p < 0.05
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indicated by an asterisk) from control value
were constantly observed regarding B lym-
phoid cells in the four tnals. B, Cell cycle
and apoptosis analyses were performed with
Lin~ c-kif"™ cells after 36 b of stromal-free
culture, Percentages of cells in the subdip-
loid fraction and § phase are shown in each
panel. C, SFRPI and Wnt3a were added 10
the same cultures at the indicated concentra
tion 1o test their mutual influence. Significant
differences from control (0 nM Wmi3a, 0 nM
sFRP1) values are indicated by an astenszk
{ < 0.05), Similar results were obtained in
two  independent experiments. DO, Lin~
c-ki"*™ cells were cultured in stromal-free
condition containing 5 nM BIO, a glycogen
synthase kinase-3-specific inhibitor, and the
recovered cells were classified. E, Cytospin
preparations of Lin~ c-kir™ cells incubated
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with 50 nM sFRP1 for 24 h were subjected 1o
immunochistochemistry  with  an  anti-
B-catenin Ab. F. LSK cells were incubated
with 50 nM sFRP1, Wnt3a, or BIO for 24 h,
respectively, Then | % 10° cells of each
were subjected to Western blotting  for
f-catenin. The membrane was rebloned with
an anti-actin Ab. The data are representative
of two independent experiments

sFRP1 0 50

Medium

Lin (TER-119, Gr-1)" c-kif™*" Scal " cells was not suppressed
by either sFRP1-1g or sFRP1 (data not shown)

Similar cultures were then initiated in which sFRPI and
Wnt3a were added together in different ratios (Fig. 7C). As
expecled, each reduced B lymphopoiesis by —60% when added
alone. However. there was mutual interference when 100 nM
sFRP1 was added to cultures containing 50 nM Wnt3a. These
results demonstrate that whereas each of these ligands can sup-
press lymphocyte formation, they cross-antagonize each other
when present at the same lime

The best studied of major signaling pathways attributed to Wnt
involves stahilization of B-catenin and its subsequent accumulation in
the nucleus (18). Recent reports showed that artificial S-catenin ex-
pression strongly inhibited lymphopoiesis in vitro and in vivo (24, 47,
48). Therefore, we wondered whether sSFRP1 would stimulate canon-
ical Wni signaling, because it appears to act independently of Wat on
lymphoid progenitors. As a positive control, we used 6-bromoindinu-
bin-37-oxime (BIO), a specific pharmacological inhibitor of glycogen
synthase Kinase-3. B lymphopoiesis was suppressed by 70% of con-
trol when BIO was added to BM cultures at 5 nM cormesponding with
its 1C, (Fig. 7D). In contrast, numbers of Macl ™ myeloid cells were
unchanged, and cells with an immature phenotype expanded by more
than 2-fold (Fig. 7D).
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We then sought evidence for B-catenin stabilization in Lin~ c-kit™
cells incubated in the presence of those proteins for 24 h. As a positive
control, we again used 50 nM BIO. Fluorescence microscopy re-
vealed that some of the sFRP1- or Wnt3a-treated Lin~ c-kir™ cells
(20% of sFRP1 treated, 29% of Wnt3a treated in this experiment)
showed cytoplasmic and nuclear accumulation of B-catenin, whereas
cells treated with medium alone did not (Fig. 7E, and data not shown).

lestern blotting analyses were performed for highly entiched LSK
cells. Fig. 7F showed that BIO, sFRP1, and Wnt3a all caused accu-
mulation of B-catenin in treated cells.

Wnt receptors tend to be down-regulated as lvmphopoiesis
proceeds

The results shown above suggested that sFRP] and Wni3a can
stimulate the B-catenin pathway and preferentially influence early
steps in lymphopoiesis. To better understand this vulnerability, we
examined the expression pattern of Frizzled receptors on stem and
progenitor cells. Interestingly, HSC highly expressed seven of nine
Frizzled receptors, which markedly declined as they differentiated
to ELP (Fig. 8). Only two receptors, Frizzled 6 and 9, remained
detectable in the lymphoid-restricted Lin~ ¢-ki'™ Scal™ IL-
TRa* CLP. Most Frizzled receptors also declined with commit-
ment to the myeloid lineage, but Frizzled 1 emerged on common
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myeloid progenitors. Also noteworthy is the fact that stem/progen-
itor cells expressed Frizzled 4, a receptor used by Wnt5a for ca-
nonical signaling (29), These results indicate how maturing lym-
phoid lineage cells might become less responsive to Wnt signaling
as they differentiate.

Discussion

Sex steroids most likely contribute to normal steady-state regulation
as well as pregnancy-related suppression of lymphopoiesis, but
progress has been slow in identifying relevant molecular mechanisms.
Not only are there multiple cellular targets for hormone action in BM.
but many responsive genes. Lymphopoietic activity declines with se-
nescence due to as yel unknown mechanisms, although involvement
of age-related hormones has been speculated (49, 50). The present
study focused on the hematopoietic microenvironment as represented
by stromal cells, and & number of observations point 10 SFRP1 as one
potential mediator of estrogen action. It was hormone inducible in
stromal cells that normally support lymphopoiesis, and constitutive in
ones that did not. Two recombinant forms of sFRP1 suppressed early
stages in B lymphopoiesis while sparing nonlymphoid progenitors. It
was similar in this respect to rtWnt3a. These and other studies show
that the activity of sFRPI is context dependent, using the Wnt sig-
naling pathway even when other Wnis are absent.

Much has been learned about founders of the immune system, and
it is now possible to identify cells that iitially transeribe lymphoid
genes. These ELP are included in the rare Lin~ Scal® c-ki™*™" FIk2*
CD27" Thyl.l” VCAM-1~ subset of BM. Low-level expression of
a human u transgene, TdT, Ragl, andfor IL-TRa are indications that
these progenitors are primed for lymphopaiesis, and viable cells en-
riched on the basis of a Ragl or an lkaros reporter are highly potent
in this regard (10, 51). The size of this population may be carefully
regulated inasmuch as it supplies progenitors needed to replenish T,
B. NK, and some dendritic cells. Our comparison of pregnant and
estrogen-treated mice now implicates sex steroids in that process, Al-
though Rag]™ ELP appeared to be the most hormone sensitive of BM

Fz3 Fzd Fa5 Fab Fz7 Fz8 Fzo
Frizzied receptors

cells, we also recorded reductions in a companion Ragl™ FIk2™
population.

It has been repeatedly documented that the immune system is al-
tered during pregnancy (52, 53). Substantial down-regulation in both
T and B lymphopoiesis is also reported (38, 39), and estrogen is likely
to play a pivotal role in changes related to maternal immunity. How-
ever, there has been little information regarding physiological changes
in the earliest stages of lymphopoiesis. Our present data clearly de-
scribed that the first step of lymphopoiesis in BM is particularly sup-
pressed during pregnancy.

A major goal of this study was to identify molecules involved in
the estrogen-induced down-regulation of early stages of lympho-
poiesis. Our previous studies showed that the hormone has direct
effect on lymphocyte formation in culture (12). However, this does
not precisely replicate changes that occur in BM of pregnant or
estrogen-treated animals. For example, CLP/prolymphocytes were
particularly sensitive in stromal-free cultures, whereas dramatic
changes in more primitive ELP were recorded in the in vivo ex-
periments described above. Consequently, the emphasis of our
present study was on the environment, and we exploited stromal
cells to identify candidate hormone-regulated molecules.

Culture systems thal support human B lymphopaiesis are inef-
ficient (54), inspiring a search for better stromal cells. One was
completely nonsupportive, whereas commercially available human
MSC were more effective than murine stromal cells that are com-
monly used. These findings were reported in more detail elsewhere
(55), and we only used them in this study as a means of further
narrowing our search for hormone mediators. Importantly, sSFRP1
was identified as a candidate regulator of lymphopoiesis via inde-
pendent approaches

Our previous findings suggested that estrogen induces suppres-
sive factors for lymphopoiesis in stromal cells (14). Gene screen-
ing approaches are now highly efficient and yield a surfeit of can-
didates. Levels of at least 330 genes changed substantially when
stromal cells were exposed to estrogen in culture. Although either
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of the two known ER could be used, the list of candidate genes was
reduced to ~160 when stromal cells prepared from ERa ™'~ mice
were stimulated. Several findings and our present results suggest
that this receptor is important in regulation of lymphopaiesis (13,
43) (Fig. 4. A-D). SFRPs remained among the candidates that were
markedly inducible in wild-type, but not in ERa™"" stromal cells.
Other genes were eliminated from consideration when we found
that lymphopoiesis was normally suppressed in BM of the corre-
sponding knockout mice. These included Fas. p53. p21. Nur77.
and Bax (our unpublished observations).

Although sFRPs produced by estrogen-stimulated stromal cells
can arrest the earliest stages of lymphopoiesis in BM, there may be
additiona) hormone-dependent regulatory mechanisms. For exam-
ple, estrogen might directly cause sFRP production in some he-
matopoietic cells. Rolink and colleagues (56) recently found 2-fold
reductions in BM IL-7 mRNA during pregnancy. Residual IL-7-
responding progenitor in pregnant mouse marrow expanded when
exposed to high concentrations of this essential cytokine. How-
ever, pregnancy fluctuations in TL-7 would seem not to account for
depletion of the most primitive lymphopoietic cells, because these
ELP lack IL-7Rs (10).

Given their wide tissue distribution, sFRPs could have multiple
roles (57). Transcripts for sFRP1 were substantially induced when
stromal cells were exposed to estrogen. Stromal cells are rare
among maturing blood cells in BM, but hormone treatment caused
1 .5-fold increases in sSFRP1 expression (Fig. 3E). Targeting of the
sFRP] gene resulted in increased trabecular bone formation (58),
It i interesting that osteoblastic stromal cells that line trabecular
bone can make sFRPI (Fig. 3D) because they are thought to pro-
vide one niche for HSC (59, 60).

SFRP! was originally isolated as an ex llular inhibitor for
Wnt signaling that contains a CRD homologous to the putative
Wht-binding domain of Frizzled (61). Although several studies
verified that sFRP1 is a Wnt antagonist. Uren et al. (62) also dem-
onstrated a hiphasic action of sFRP1, and at low concentrations it
potentiates the activity of Wingless, a Wnt homologue in Dro-
sophila. Our data (Fig. 7) are consistent with those reports and
show that sFRP1 itself may potentially transduce Wnt-like signals
in early hematopoietic progenitors when exogenous Wt ligands
are not provided.

Many of the functions ascribed to the five SFRPs relate to their
interactions with Wnt, but there is accumulating evidence that they
can signal independently of Wnt. For example, Bafico et al. (63)
showed that the CRD of sFRP1 could directly bind to Frizzled.
Although it was first speculated that the interaction created non-
functional receptor complexes, later studies revealed that sFRP1
enhanced retinal neurogenesis via Frizzled 2, independently of ca-
nonical Wt signaling (20). Our data indicate that a similar mech-
anism may be operable in hematopoietic cells. Although Frizzled
2 was not detected in hematopoietic progenitors, sFRP1 may in-
teract with other Frizzled receptors. and directly affect early events
in lymphoid differentiation. Interestingly, one early study showed
that sFRP2, in contrast to sFRP1, swabilized B-catenin in MCF7
breast cancer cells and enabled the cells to resist TNF-induced
apoplosis (64). Comparing expression patterns of Frizzled on
MCF7 might provide a hint about which receptor is used by sSFRP1
on hematopoietic progenitors, but there are obviously many
possibilities.

It is controversial if and how members of the complicated Wnt
family regulate hematopoiesis under normal conditions because it
has been difficult to design loss of function approaches that could
target the 19 Wnt ligands and multiple signaling pathways (65).
That is also the case for the sFRP family. comprised of 5 members
whose function might be redundant. Eliminating B-catenin is em-
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bryonic lethal, but conditional targeting of that and the related
+y-catenin genes in hematopoietic cells did not compromise HSC
(66, 67). In contrast, there was evidence that this manipulation
failed to block constitutive Wnt signaling (68). Furthermore, arti-
ficial B-catenin accumulation retards ! poiesis, and ined
stimulation of this pathway leads to BM failure (47, 48). Wnt
signals may normally contribute to stem cell integrity. because
introduction of constitutively active B-catenin allowed multipoten-
tinl cells to be expanded in culture and even made committed pro-
genitors multipotential (22. 24, 25).

Our observations implicate the sSFRP family as possible medi-
ators in hormone regulation of the earliest events in lymphopoiesis.
Myeloerythroid progenitors were unaffected by exposure to sFRP]
in culture, suggesting that it is similar to estrogen with respect to
lineage specificity. However, further investigation of T, NK, and
plasmacytoid dendritic lineages is needed to determine whether
that is the case. The available information suggests that sFRP1
functions in a context-dependent fashion, acting as agonists or an-
tagonists, depending on the presence of other ligands and partic-
ular receptors. Although the complexity of the Wnt family is in-
timidating. there is reason Lo believe that further study will lead to
new therapeutic strategies for lymphoid malignancies.
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Objectives. To characterize and evaluate the validity of a novel coculture system for studying
human B-lymphocyte developmental biology.

Materials and Methods. We developed a long-term culture system to produce B lymphocytes
from human CD34* cells purified from umbilical cord blood using human mesenchymal stem
cells (hMSC) as stroma. We evaluated the effects of several low molecular weight inhibitors,
recombinant proteins, and neutralizing antibodies (Abs) as potential regulators of B-lympho-
cyte development.

Results, Our cocultures of 2000 CD34" cells in the presence of stem cell factor and Flt3-ligand
produced 1-5 x 10° CD10" cells after 4 weeks of culture, Surface IgM”* immature B cells be-
gan to appear after 4 weeks, We evaluated the negative-regulatory effects of the transforming
growth factor (TGF)-p superfamily on human B lymphopoiesis, and found that adding an
anti-activin A antibody enhanced generation of CD10" cells two- to three-fold. As well, the
proportion of CD10" cells in the generated cells increased markedly, indicating that activin
A downregulated B Iymphopoiesis more efficiently than myclopoiesis, Addition of TGF-p1
suppressed B-lymphocyte production by 20% to 30%, while addition of an anti-bone morpho-
genetic protein (BMP)-4 antibody or recombinant BMP-4 had no effect. Therefore, the
strength of ability to suppress human B lymphopoiesis seemed to be activin A > TGF-
B1 > BMP-4. None of these three factors influenced the emergence of IgM” cells,
Conclusions. hMSC coculture supported human B lymphopoiesis. Activin A selectively sup-
pressed B lymphocyte production. © 2008 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.

B lymphocytes develop from hematopoietic stem cells
within bone marrow (BM), and play an essential role in im-
mune system function. B-lymphocyte production is regu-
laled by an elaborate scheme involving many different
soluble or adhesion molecules; failure to control production
adequately can promote the development of diseases with
quantitative and/or qualitative B-lymphocyte abnormalities

Offprint requests to: Kenji Oritami, M.D., Department of Hematology
and Oncology, Osaka University G School of Medicine, 2-2 Yama-
daoka, Suita City, Osaka 565-0871 Japan, E-mail: oritani @bldon.med.
osaka-u.ac.jp

[1]. A variety of murine assay systems are used to evaluate
the mechanisms of B-lymphocyte regulation, such as Whit-
lock-Witte-type long-term BM cultures, cocultures of mu-
rine BM cells on stromal cell lines, and colony assays.
Studies utilizing these culture systems have elucidated
many regulatory mechanisms of B-lymphocyte develop-
ment in mice. For example, CD44 [2], vascular cell adhe-
sion molecule-1, and very-late activation antigen-4 [3] are
adhesion molecules essential for B lymphopoiesis. We
have also reported that a novel interferon-C/limitin sup-
pressed colony formation of B-lymphocyte progenitors
[4,5] and that an adipocyte-specific protein, adiponectin,
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inhibited stroma-dependent B-lymphocyte growth through
induction of prostaglandins (PGs) [6]. In addition, members
of the TGF superfamily [7], the Wnt family [8], and the
Notch family [9] are known to regulate proliferation, differ-
entiation, and survival, depending on the developmental
stage of the B lymphocytes. Although early B-lymphocyte
development was believed to require direct interactions
with supportive stromal layers, in previous work we gener-
ated CD45SRACD19" B lymphocytes from murine Lin c-
kit"®" and Lin7c-kit'™ cells in the presence of stem cell
factor (SCF). Flt3-ligand (FL), and interleukin (IL)-7, in
the absence of stromal cells [10,11].

In contrast to mice, systems to evaluate human B-lym-
phocyte developmental biology are not fully established be-
cause of a lack of appropriate human stromal materials,
Several culture systems for human hematopoietic cells
have utilized murine stromal cell lines as supportive
microenvironment [ 12-15]. Although murine stromal cells
produce cytokines that could potentially affect human B-
lymphocyte development, some of these molecules have
no interspecies cross-reactivity [16]. As well, there are
some mechanistic differences between murine and human
B-lymphocyte development. For example, signaling
through the IL-7 receptor (IL-7R) is critical for adult
murine B-lymphocyte development [17,18]. However, in
humans, disrupting IL-7R does not induce arrest of B
lymphopoiesis [19,20]. In addition, human B-lymphocyte
progenitor cells cannot expand without stroma [12],
whereas murine progenitor cells can [10,11]. Therefore,
assay systems more relevant 1o human biology are needed.
A previous study reported the establishment of a serum-free
human BM stromal cell culture; however, the investigators
isolated cellular components from fetal BM, which is cur-
rently unavailable for research purposes [21.22].

In this study, we show that human mesenchymal stem
cells (hMSC) can support the commitment and differentia-
tion of human CD34™ cells into B lymphocytes. Our cocul-
tures of 2000 human CD34 " cells on hMSC in the presence
of SCF and FL produced 1-5 x 10° CD10* B lymphocytes
after 4 weeks. Using this coculture system, we determined
that members of the transforming growth factor-p (TGF-f)
superfamily, activin A and TGF-pB1, were negative regula-
tors for early onset of human B lymphopoiesis. The TGF-
B superfamily has more than 20 members, including three
TGF-Ps, two inhibins, three activins, seven bone morphoge-
netic proteins (BMPs), and nodal [23]. There are two types
of receptors for the TGF-B superfamily, type I (activin
receptor-like kinase [ALK]-1-7) and type II receptors [24].
Their specific ligand—receptor interactions induce critical
effects on a wide range of physiological and pathological
processes, such as immune responses, angiogenesis, tumor
development, and wound healing [25]. In addition, TGF-
fs, activin A, and BMPs have been reported to influence
lymphohematopoiesis [7.26.27]. Here, we explore the
similarities and/or differences of functions of the TGF-B
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superfamily members between humans and mice by compar-
ing our results obtained from the human B-lymphocyte
coculture with data from several previous reports.

Materials and methods

Origin and isolation of cells

Cord blood (CB) cells were collected from healthy, full-term ne-
onates immediately after delivery by Cesarean section. All partic-
ipants provided prior informed consent. Mononuclear cells were
separated by Ficoll-Paque PLUS (GE Healthcare Bio-Science
AB. Uppsala, Sweden) centnfugation. CB CD34™ cells were puri-
fied using the Direct CD34 Progenitor Cell Isolation Kit (human;
Miltenyi Biotec, Aubum, CA, USA). BM-derived hMSC were
purchased from Cambrex Bio Science Walkersville (Walkersville,
MD, USA) and maintained in MSC Growth Medium (Cambrex
Bio Science Walkersville). Human umbilical vein endothelial cells
(HUVEC) were purchased from Cascade Biologics (Portland, OR,
USA), and maintained in Humedia-EG2 (Kurabo, Osaka, Japan).
The murine stromal cell line MS-5, kindly provided by Dr. Mon
(Niigata University), was maintained in ¢-minimum essential me-
dium (Gibeo, Grand Island, NY) supplemented with 10% fetal calf
serum (FCS),

Recombinant proteins and reagents

Recombinant human SCF, FL. IL-7, TGF-B1. activin A. and BMP-
4 proteins were purchased from Ré&D Systems (Minneapolis, NY,
USA). Granulocyte-colony stimulating factor (G-CSF) was gifted
from Kinn Brewery (Tokyo, Japan). N-acetylcysteine was pur-
chased from Sigma (St. Louis, MO, USA), DUP697 from Cayman
Chemicals (Ann Arbor, MI, USA), BIO from Calbiochem {Darm-
stadt, Germany), and SB431542 from TOCRIS Bioscience (Ellis-
ville, MO, USA). Neutralizing anubodies (Abs) against human
TGF-f1, activin A, and BMP-4 were purchased from R&D Sys-
tems. Follistatin was purchased from Calbiochem.

Cocultures for human B Iymphocyles

hMSC were seeded in 12-well tissue culture plates (Iwaki, Tokyo,
Japan) 1 or 2 days before coculture. Isolated CB CD34% cells
(2000 cells/well) were plated on subconfluent hMSC layers in
MSC growth medium in the presence of 10 ng/mL SCF and 5
ng/mL FL. Half of culture medium was replaced with fresh me-
dium containing the same cylokines twice per week, When appro-
priate, the cultured cells on hMSC were collected and their
phenotypes were analyzed with flow cytometry. In some experi-
ments, cultures were performed in medium containing low molec-
ular weight inhibitors or neutralizing Abs, as indicated. In other
experiments, HUVEC or MS-5 cells were used as stroma. [n co-
cultures contaiming HUVEC or MS-5 cells, the culture media
were Iscove's modified Eagle's medium (Gibco) supplemented
with 20% FCS and 2 mM glutamine or g-minimum essential me-
dium supplemented with 10% FCS, respectively.

Flow cytomerry and cell sorting

Flow cytometry analysis was performed with a FACSCalibur (BD
Biosciences Immunocytometry Systems. San Jose, CA, USA)
using standard mulucolor immunofluorescent staining protocols
[28]. Murine monoclonal Abs against the following human cell
surface molecules were purchased: phycoerythrin (PE)-CD3,

s
.2: .



M. Ichii et al.! Experimental Hematology 2008,36:587-597 589

PE-CDI10, allophycocyanin (APC)-CD10, PE-CDI9, PE-CD20,
fluorescein isothiocyanate (FITC)-CD33, APC-CD33, PE-CD34.
APC-CD34, FITC-CD38, FITC-CD4S, and PE-glycophorin A
from BD Biosciences/BD Pharmingen; PC5-CD19 from Beckman
Coulter (Marseilles, France), FITC-IgM from Southern Biotech-
nology Associates (Birmingham, AL, USA). Cultured cells were
categorized as myeloid lineage cells (CD33™ and CD107), B lym-
phoid lineage cells (CD33™ and CD107/CD197), or immature B
cell (CD337, CDI0™, CD197, and IgM ™). In some expenments,
CD347CD38°, CD34CD387CDI10°, and CD34"CD387CD107
cells were sorted using a FACS Aria (BD Biosciences Immunocy-
tometry Systems).

Limiting dilution assays

Limiting dilution assays were performed in 96-well plates (Iwaki)
preseeded with hMSC. CB CD347 cells were plated at various
concentrations from 1 to 100 cells/well. Each well contained
200 pl. MSC Growth Medium with 10 ng/mL SCF and 5 ng/
mL FL, with or without 10 pM SB431542. Half of culture medium
was replaced with fresh medium containing the same cytokines
twice per week. After 28 days of coculture, wells with cell expan-
sion were scored. Individual expanded cells were analyzed by flow
cy y, and the ber of culture wells contaning CD10”
cells was determined.

Reverse mranscription polymerase chain reaction

Total RNA was extracted from CB cells and hMSCs using TRIzol
Reagent (Invitrogen. Carlsbad, CA, USA) according to manufac-
turer's instructions. RNAs were reverse transcribed and target
cDNAs were amplified by poly chain reaction using 0.5
LI Tag DNA polymerase (Applied Biosystems, Branchburg, NJ,
USA; pnmers sequences are available upon request) [29].

Enzyme-linked immunosorbent assay

TGF-p1 was detected using Immunoassay Kit (Biosource Interna-
tional, Camarillo, CA, USA; sensitivity 15.6 pg/mL). Activin A
was detected using DuoSet ELISA Development System (R&D
Systems; sensitivity 117.2 pg/mL). Each step of the reactions
was performed according to manufacturer's instructions.

Stanstical analysis
Student's t-test was used to analyze statistically significant differ-
ences between data sets. All results are reported as mean values =
standard deviation.

Results

hMSC support B-lymphocyte

development from human CB CD34" cells

The murine stromal cell line MS-5 is used widely to sup-
port murine and human lymphohematopoietic cells in
culture [12,13]. HUVECs express several adhesion mole-
cules, such as vascular cell adhesion molecule-1 [30],
that interact with B lymphocytes. hMSC have the ability
to support human hematopoietic stem cells in culture
[31], and can enhance engraftment of human hematopoi-
etic stem cell transplamation [32]. Therefore, we com-
pared the ability of these three cell types to support
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human B lymphopoiesis in coculture. When purified hu-
man CB CD347 cells were cultured on each different
monolayer, CD19" cells were generated within 4 weeks.
As shown in Figure 1, cocultures on hMSCs generated
many more CD19” cells than those on MS-5 or HUVEC.
In addition, similar supporting activity for human B lym-
phopoiesis was observed for two different lots of hMSC
{data not shown). Finally, HUVEC started to detach
from the culture wells within 3 weeks of culture, while
hMSC did not.

Therefore. hMSC appear to better support human B-
lymphocyte progenitor cell development than HUVEC or
MS-5,

SCF and FL enhance

human B lymphopoiesis in coculture

In mice, SCF, FL, and IL-7 are critical for early B-lympho-
cyte development [10.11]. Therefore, coculture of human
CB CD34" cells on hMSC included various combinations
of SCF, FL, and IL-7. Although the addition of SCF, FL,
or IL-7 individually to the cocultures enhanced production
of B lymphocytes slightly (data not shown), many more B
lymphocytes were recovered when these factors were added
in combination (Fig. 2A). Anti-CD33 Ab recognizes a 67-
kD type I transmembrane glycoprotein expressed mainly
on monocyles, granulocytes, and myeloid progenitors, but
not on lymphocytes and hematopoietic stem cells. Anti-
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Figure 1. Human mesenchymal stem cells (hMSC) have high supporting
activity of human B lymphocytes. Purified cord blood (CB) CD34™ cells
(2000 cellsiwell) were cultured on subconfluent of hMSC (A, B), MS-5
(A}, or human umbilical vein endothelial cells (B) in the absence of any
cytokines for 4 weeks. Total numbers of the generated cells were calcu-
lated. and surface phenotypes of the cells were analyzed with flow cytom-
etry. Data are shown as mean = standard deviation of the generated
CDI19" cell numbers in triplicated samples. Statistically differences from
control values are shown with two asterisks (p < 0.01). Similar results

were obtained in three experimenis




