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MED1/TRAP220, a subunit of the transcriptional Mediator/TRAP complex, is crucial for various biological
events through its interaction with distinct activators, such as nuclear receptors and GATA family activators.
In hematopoiesis, MED1 plays a pivotal role in optimal nuclear receptor-mediated myelomonopoiesis and
GATA-1-induced erythropoiesis. In this study, we present evidence that MED1 in stromal cells is involved in
supporting hematopoietic stem and/or progenitor cells (HSPCs) through osteopontin (OPN) expression. We
found that the proliferation of bone marrow (BM) cells cocultured with MED1 knockout (Med1�/�) mouse
embryonic fibroblasts (MEFs) was significantly suppressed compared to the control. Furthermore, the number
of long-term culture-initiating cells (LTC-ICs) was attenuated for BM cells cocultured with Med1�/� MEFs.
The vitamin D receptor (VDR)- and Runx2-mediated expression of OPN, as well as Mediator recruitment
to the Opn promoter, was specifically attenuated in the Med1�/� MEFs. Addition of OPN to these MEFs
restored the growth of cocultured BM cells and the number of LTC-ICs, both of which were attenuated by the
addition of the anti-OPN antibody to Med1�/� MEFs and to BM stromal cells. Consequently, MED1 in niche
appears to play an important role in supporting HSPCs by upregulating VDR- and Runx2-mediated tran-
scription on the Opn promoter.

The specialized microenvironmental niches in the bone mar-
row (BM), namely, the osteoblastic (or endosteal) and vascular
niches, host and interface with hematopoietic stem cells
(HSCs) and are the sites where their size and fate are strictly
regulated (15, 29; reviewed in references 1, 16, 28, 30, and 34).
HSCs and their niches produce diverse molecules, whose in-
teractions control HSC self-renewal and differentiation. In the
osteoblastic niche, almost 75% of the HSCs are in a quiescent
(slowly cycling or G0) state. In a physiological condition, HSCs
migrate from the osteoblastic niche toward the vascular niche,
enter the cell cycle, and undergo symmetric cell division or
asymmetric division, accompanied by differentiation and final
maturation. In this manner, a defined set of mature differen-
tiated progeny is continuously produced without HSC deple-
tion.

The transcriptional Mediator complex, originally isolated as
a thyroid hormone receptor-associated protein (TRAP) com-
plex and subsequently identified as a mammalian counterpart
of the yeast Mediator complex (i.e., a subcomplex of the RNA
polymerase II holoenzyme), appears to serve as a bridge be-

tween diverse activators and the general transcriptional ma-
chinery (reviewed in references 4, 13, 18, and 21). This com-
plex contains approximately 25 polypeptides, among which the
MED1/TRAP220 subunit is responsible for specific binding of
the complex to several activators, which include nuclear recep-
tors (13), GATA family members (22, 27), C/EBP� (20), and
BRCA1 (33). Mediator conveys the specific signals of the ac-
tivators to the recruited general transcriptional machinery to
activate transcription by direct communication between MED1
and the activators (5).

Through the interaction with MED1, nuclear receptors are
involved in various hematocytic differentiations. For example,
the vitamin D receptor (VDR) and retinoic acid receptor
(RAR) are members of the nuclear hormone receptor super-
family, whose interaction with MED1 is crucial for ligand-
dependent monopoiesis and granulopoiesis, respectively, as
well as for peroxisome proliferator-activated receptor �
(PPAR�)-mediated adipogenesis (7, 31). GATA-1, for which
MED1 was recently shown to be a specific coactivator, medi-
ates erythropoiesis through its interaction with MED1 (27).
However, as Med1 null mice die early during embryogenesis
(12, 22), it is difficult to determine the physiological role of
MED1 in BM hematopoiesis in vivo.

Osteopontin (OPN), an acidic glycosylated phosphoprotein
present in the bone extracellular matrix, is synthesized by os-
teoblasts, osteoclasts, and monocytes or macrophages. It has a
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well-described role in cell adhesion, inflammatory responses,
angiogenesis, and tumor metastasis (reviewed in references 1,
10, 16, and 34). In the BM, it exists either as full-length OPN
(flOPN) or as thrombin-cleaved truncated N-terminal OPN
(trOPN), both of which appear to be restricted to the endosteal
surface (9, 23). OPN is bound by CD44 and diverse integrins
that include �v�3, �v�5, �v�6, �v�1, and �5�1, which recognize
the RGD-binding sequence of OPN. Among these receptors,
�v�3 integrin and CD44 are responsible for bone cell attach-
ment to the bone surface through the interaction with OPN. In
contrast, trOPN, unlike flOPN, is a specific ligand for �9�1 and
a much better ligand for �5�1 than flOPN (23, 35). The recep-
tors, including CD44, �5�1, and �9�1, are also expressed on
HSCs and mediate the adhesion of these cells to OPN, which
possibly regulates HSC self-renewal, quiescence, and differen-
tiation. Two independent studies utilizing Opn null mice have
suggested a role for OPN in restricting the excessive expansion
of the HSC pool that may result from niche activation (23, 26).
However, in view of the existence of different forms of OPN,
whose functions might differ, and the altered gene expres-
sion in Opn null mice, which might affect niche function, the
precise role of OPN in the osteoblastic niche remains to be
elucidated.

In this study, we investigated the previously unexamined role
of MED1 in stromal cells by using mouse embryonic fibroblasts
(MEFs) and BM stromal cells as a niche model. We show that
MED1 in stromal cells is involved in supporting hematopoietic
stem and/or progenitor cells (HSPCs) and that OPN, the
downstream direct target of MED1, is responsible for this
action.

MATERIALS AND METHODS

Mice. Med1�/� mice were described previously (12). Mice backcrossed at least
10 times with C57BL6 were used for experiments. All animal experiments were
performed according to the institutional guidelines of the Animal Research
Center, Kobe University, Japan.

Cell culture. Stable lines of Med1�/� p53�/� and Med1�/� p53�/� MEFs were
established from embryonic day 10.0 (E10.0) embryos derived from a single
crossing of Med1�/� p53�/� male and Med1�/� p53�/� female mice in the
C57BL6 background. Two lines of these MEFs were analyzed in all experiments.
The MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37°C. The osteoblast-like
MC3T3-E1 cells and OP-9 BM stromal cells, distributed by RIKEN BRC
through the National Bio-Resource of the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT), and MS-5 cells (14) were
maintained in �-modified Eagle’s medium (�MEM) supplemented with 10%
FBS, 20% FBS, and 20% horse serum, respectively.

BM culture and colony-forming cell assay. MEFs and MS-5 and OP-9 cells
(2 � 105), treated with 100 �g/ml mitomycin C (MMC) to arrest the cell cycle,
were plated on 0.1% gelatin-coated 12-well plates. On the next day, 1 � 106 BM
cells, harvested from the femurs of congenic wild-type mice, were added to each
well and cultured in Myelocult M5300 (Stem Cell Technologies, Canada) or
Iscove’s MDM (IMDM) supplemented with 20% BIT9500 (Stem Cell Technol-
ogies) and 0.222% low-density lipoprotein (Calbiochem) in the absence or pres-
ence of various amounts of recombinant mouse flOPN (R&D Systems), 0.2
�g/ml anti-mOPN (N terminus) rabbit polyclonal IgG (P-18; Santa Cruz Bio-
technology), or normal rabbit IgG (Sigma) at 33°C.

For long-term culture, one-half of the medium was replaced with fresh me-
dium each week. After a 6- to 8-week culture period, trypsinized cells containing
HSPCs (adherent and nonadherent) were collected and cultured in complete
methylcellulose medium (Methocult M3434; Stem Cell Technologies) for all
types of colonies, methylcellulose medium without erythropoietin (EPO)
(Methocult M3534) for myeloid colonies, or methylcellulose medium with EPO
but without other cytokines (Methocult M3334) for erythroid colonies at 37°C
for 10 days, and the colonies were counted.

Cell growth, DNA content, MTT assay, and DNA synthesis. For cell growth,
the cells (1 � 106) on 24-well plates were counted after trypsinization. For
quantitation of genomic DNAs, high-molecular-weight DNAs were extracted
and optically quantitated. For the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] assay to measure mitochondrial function of live cells,
the cells were purged with 0.5 mg/ml MTT for 3 h. Then 0.15 volume of acid
isopropanol (0.04 M HCl in isopropanol) was added, and the optical density at
570 nm (OD570) was measured. For DNA synthesis, the incorporation of bro-
modeoxyuridine (BrdU) into the cells in 24-well plates, after purging for 6 h, was
measured by using a cell proliferation enzyme-linked immunosorbent assay
(ELISA) for BrdU (chemiluminescence) (Roche).

Apoptosis assay. For quantitation of apoptosis, after the BM cells were cocul-
tured with MMC-treated MEFs for a week, the incorporation of fluorescein
isothiocyanate (FITC)-dUTP into floating cells by terminal deoxynucleotidyl-
transferase (TdT) was measured using the Mebstain Apoptosis Kit Direct (MBL
International). Floating cells were also treated with annexin V-FITC and pro-
pidium iodide (PI), and the incorporation of annexin V was measured by using
an annexin V-FITC apoptosis detection kit (Sigma).

Stable transfection. For stable transfection, Med1�/� p53�/� MEFs (5 � 105)
were transfected with 100 ng of human MED1 (hMED1) cDNA in the
pIREShyg2 expression vector (Clontech) and Lipofectamine (Invitrogen) on a
6-cm dish and cultured in DMEM with 10% FBS and 180 �g/ml hygromycin B
(Wako Chemicals) for 4 weeks. The resultant colonies were harvested and mixed.

Luciferase reporter assay and mammalian two-hybrid assay. The cDNAs for
activators (20 ng of hVDR, 100 ng of hRunx2) and wild-type or mutant hMED1
(100 ng), cloned into cytomegalovirus (CMV) promoter-driven mammalian ex-
pression vector pcDNA3.1 (Invitrogen) or pIRESneo (Clontech), and the Opn
promoter (�793 to �79), amplified from genomic DNA by using KOD FX
(Toyobo, Japan) and cloned into firefly luciferase reporter pGL4.10 (300 ng;
Promega), were transfected together with the Renilla control luciferase vector (5
ng) into MEFs using Lipofectamine. After 48 h, the reporter activities were
measured by using the dual-luciferase reporter assay system (Promega) and
normalized to the control Renilla luciferase activity (25, 31). Mammalian two-
hybrid assays were similarly performed by transfection with the Gal4-fused
hMED1 expression vector, the VP16-fused hVDR or hRunx2 expression vector,
and the reporter (pGL3; Promega) containing five Gal4 binding sites (100 ng
each).

Quantitation of mRNA. For the genome-wide gene expression analysis by
microarray, the GeneChip Mouse Genome 430A 2.0 array (Affymetrix) was used
for comparison of expression profiling between Med1�/� p53�/� and Med1�/�

p53�/� MEFs.
For semiquantitative PCR and quantitative PCR (qPCR), total RNAs (1 �g)

were used to prepare cDNAs with the ReverTra Ace qPCR reverse transcription
(RT) kit (Toyobo). The expression of various mouse genes was identified by
either semiquantitative PCR or qPCR (7300 real-time PCR system; Applied
Biosystems). Mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the reference marker. The sequences of the primers used and the
condition of PCR for amplification are available upon request.

For Northern blot analysis, total RNAs (10 �g) were electrophoresed, trans-
ferred onto a nitrocellulose membrane, and probed with [32P]dCTP-labeled
cDNA probes (12).

Western blot analysis and ELISA. For the Western blot analysis, total cell
lysates were separated by SDS-PAGE, blotted onto a nitrocellulose membrane,
and probed with polyclonal antibodies (12). For quantitation of mouse OPN
(mOPN), ELISA was performed by using the Quantikine mouse osteopontin
immunoassay (R&D Systems).

ChIP assay. For the chromatin immunoprecipitation (ChIP) assay, MEFs in
10-cm dishes, with or without transient transfection with FLAG-tagged
hMED10/NUT2 in the pIREShyg2 expression vector, were fixed with 1% for-
malin for 10 min and used to prepare chromatin by enzymatic shearing according
to the ChIP-IT Express manual (Active Motif). The samples were immunopre-
cipitated with anti-FLAG (M2; Sigma), -mVDR (C-20), and -mRunx2 (M-70)
antibodies (Santa Cruz) and used to amplify the following Opn regions: promoter
region, �211 to �79; 5� remote region, �5781 to �5583.

Assay of ALP activity. For alkaline phosphatase (ALP) activity, cell homoge-
nates were incubated in 0.1 M 2-amino-2-methy-1-propanol, 1 mM MgCl2, and
8 mM p-nitrophenylphosphate disodium at 37°C for 30 min. Then the reaction
was stopped with 0.1 M NaOH and the OD405 was measured. A standard curve
was prepared with p-nitrophenol.

Statistical analysis. The significance of differences between independent
means was assessed by Student’s t test. We considered a P value of 	0.05 to be
statistically significant.
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Microarray data accession number. The raw microarray data have been de-
posited in a minimum information about a microarray experiment (MIAME)-
compliant database (GEO) under accession number GSE22471.

RESULTS

MEFs as an in vitro niche model. Since the use of Med1�/�

BM stromal cells was unfeasible (12), MEFs were employed as
an in vitro model to analyze the role of MED1 in the niche.
MEFs are mesenchymal cells with features reminiscent of
osteoblastic precursors and are known to support HSPCs and
thus mimic the osteoblastic niche. Stable MEF lines prepared
from Med1�/� p53�/� and Med1�/� p53�/� embryos derived
from a single female were used for the subsequent experiments
unless otherwise specified.

The Med1�/� and Med1�/� MEFs (p53�/�), as well as
MC3T3-E1 and OP-9 cells, expressed comparable levels of
mRNAs for the osteoblastic markers, including ALP and type
1 collagen �1 (COLI) (Fig. 1A). The ALP activities of both the
Med1�/� and Med1�/� MEFs were also comparable to that of
the MC3T3-E1 cells (Fig. 1B). The primary MEFs of each
genotype prepared by Med1 heterozygous crossing (p53�/�)
exhibited similar mRNA expression patterns (data not shown).
Thus, the Med1�/� and Med1�/� MEFs showed expression
signatures attributable to the osteoblastic lineage.

MEF MED1 mediates the mitogenic signal(s) to BM cells. If
MED1 in MEFs is required for hematopoietic support in cul-
ture, the maintenance or proliferation of BM cells on Med1�/�

MEFs might be affected. To test this possibility, we first per-
formed short-term BM coculture on Med1�/� and Med1�/�

MEFs.
When normal mouse BM cells were cocultured on MMC-

treated Med1�/� or Med1�/� MEFs for 2 weeks, the numbers
of cells on the Med1�/� MEFs were lower than the numbers of
cells on the Med1�/� MEFs but were higher than the number
of cells cultured without MEFs (Fig. 2A). The DNA content of
the total BM cells on the Med1�/� MEFs was less than that of
cells on the Med1�/� MEFs but more than that of the cells
grown without MEFs, confirming the influence of MEFs and
MED1 on the number of BM cells (Fig. 2B). The MTT assay

disclosed attenuation of live cells on the Med1�/� MEFs (Fig.
2C). Thus, it appeared that the MEFs conveyed a signal(s) to
the BM cells that either enhanced cell growth or inhibited cell
death and that the putative signal(s) mediated by the Med1�/�

MEFs was stronger than that by the Med1�/� MEFs.
To assess the reason for the difference in the numbers of BM

cells on the Med1�/� and Med1�/� MEFs, DNA synthesis and
cell death were measured. The incorporation of BrdU into the
BM cells was lower on the Med1�/� MEFs than on the
Med1�/� MEFs after 1 week and prominently decreased on
both types of MEFs after 2 weeks, possibly due to terminal
differentiation and/or senescence of (most of) the dividing cells
(Fig. 2D). TdT-mediated dUTP incorporation demonstrated
that the amount of apoptosis of BM cells on the Med1�/�

MEFs was less than that of BM cells on the Med1�/� MEFs
(8.3% versus 18.6%) (Fig. 3A). Annexin V and PI double
staining revealed that the amounts of both apoptotic cells
(9.37% versus 11.70%) (Fig. 3B, lower right quadrant) and
necrotic cells (11.40% versus 20.91%) (Fig. 3B, upper right
quadrant) were less on the Med1�/� MEFs than on the
Med1�/� MEFs. These results indicated that the BM cells on
the Med1�/� MEFs, in contrast to those on the Med1�/�

MEFs, actively proliferated and subsequently died as a result

FIG. 1. MEFs express molecules attributable to the osteoblastic
lineage. (A) Both Med1�/� and Med1�/� MEFs (p53�/�), as well as
MC3T3-E1 and OP-9 cells, express mRNAs of ALP, osteocalcin
(OCN), and COLI. (B) The ALP activities of Med1�/� and Med1�/�

MEF lysates are comparable to those of MC3T3-E1 cells. The values
are means 
 standard deviations (SD) of a representative experiment
performed in duplicate.

FIG. 2. MED1 in MEFs mediates mitogenic stress to cocultured
BM cells. (A and B) The numbers (A) and DNA content (B) of the
total BM cells cultured on the Med1�/� MEFs are less than those of
cells cultured on Med1�/� MEFs but more than those of cells cultured
without MEFs. (C and D) The number of live BM cells, measured by
the MTT assay (C), and the level of BM cell DNA synthesis, measured
by BrdU incorporation (D), were less when cells were cocultured on
Med1�/� MEFs than when they were cultured on Med1�/� MEFs. The
values are means 
 SD of a representative experiment performed in
triplicate (*, P 	 0.05; **, P 	 0.01).
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of the mitogenic signal(s) that the MEFs transmitted to the
BM cells.

MEF MED1 mediates support of long-term culture-initiat-
ing cells. We next conducted a long-term BM culture. After
BM coculture on Med1�/� or Med1�/� MEFs for 6 weeks,
long-term culture-initiating cells (LTC-ICs), which quantified
HSPCs and had the ability to form discrete colonies, were
counted by colony-forming cell (CFC) assays using methylcel-
lulose differentiation medium.

There were fewer CFCs on the Med1�/� MEFs than on the
Med1�/� MEFs (p53�/�) after BM coculture in both the
Myelocult M5300 (Fig. 4A)- and BIT9500-based (Fig. 4B)
long-term culture media. To exclude the possibility that the
p53�/�-based MEFs might be affected by the additional phe-
notype(s) caused by p53 deficiency, we repeated the same
experiments thrice by using primary MEFs prepared from a
Med1�/� (p53�/�) crossing and confirmed the results (Fig.
4C). Therefore, the decreased number of LTC-ICs on the
Med1�/� MEFs was attributed to the intrinsic MED1 defi-
ciency. Moreover, the numbers of both the myeloid and the
erythroid CFU on the Med1�/� MEFs were profoundly atten-
uated (Fig. 4D and E). However, the numbers of colonies on
the Med1�/� MEFs into which MED1 was reintroduced (Rev-
Med1�/� MEFs) (Fig. 4F and G) were restored to the control
level (Fig. 4H). These results strongly indicated that MED1 in
MEFs has a crucial role in activating the transcription of an
mRNA-encoding molecule(s) having the potency of HSPC
support.

Attenuated expression of Opn mRNA in Med1�/� MEFs. A
microarray analysis of mRNA comparing the Med1�/� and

Med1�/� MEFs disclosed approximately 15 genes whose ex-
pression levels were profoundly attenuated (data deposited in
GEO, accession number GSE22471). Among the molecules
encoded by these genes, only OPN was a known molecule that
has activity in niche (2, 16). The level of Opn mRNA was high
in Med1�/� MEFs, similar to that in the MC3T3-E1 and OP-9
cells; it was significantly downregulated in the Med1�/� MEFs
and restored to the control level in the Rev-Med1�/� MEFs
(Fig. 5A and B). The transcripts of Runx2 and VDR, which
activate transcription on the Opn promoter (25), were compa-
rable. Western blot analysis of the Med1�/� MEFs using a
polyclonal antibody that recognized the N terminus of mOPN
disclosed abundant expression of flOPN (�70 kDa), which was
much less in the Med1�/� MEFs. In contrast, trOPN was
barely visible in both types of MEFs (Fig. 5C). The quantity of

FIG. 3. BM cells on Med1�/� MEFs are less susceptible to cell
death. (A) Incorporation of FITC-dUTP into BM cells by TdT. Nor-
mal BM cells were used as the negative control. (B) Annexin V-FITC
and PI double staining. Cells treated with 50 nM camptothecin for 4 h
were used as the positive control. BM cells cocultured for a week on
Med1�/� MEFs are more susceptible to apoptosis (A and B; LR) and
necrosis (B; UR).

FIG. 4. MED1 in MEFs mediates support of LTC-ICs. (A and B)
After a 6-week coculture, the numbers of CFCs on Med1�/� MEFs
(p53�/�) in M5300 medium (A) and BIT9500-based medium (B) are
higher than the numbers of CFCs on Med1�/� MEFs (p53�/�). (C) Af-
ter a 6-week coculture, the number of CFCs on primary Med1�/�

MEFs (p53�/�) is higher than numbers of CFCs on primary Med1�/�

MEFs (p53�/�). (D and E) The numbers of myeloid (D) and erythroid
(E) colonies on Med1�/� MEFs (p53�/�) in M5300 medium are higher
than the numbers of colonies on Med1�/� MEFs (p53�/�). (F and G)
Northern (F) and Western (G) blot analyses of the Med1�/�, Med1�/�,
and Rev-Med1�/� MEFs. GAPDH (F) and TATA-binding protein
(TBP) (G) were used as a control. (H) The CFCs on the Rev-Med1�/�

MEFs recovered to the level on the Med1�/� MEFs. The values are
means 
 SD of a representative experiment performed in triplicate (*,
P 	 0.05; **, P 	 0.01).
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OPN secreted to the culture media by the Med1�/� MEFs was
also much less (Fig. 5D). These data indicated that MED1
might act as a positive cofactor on the Opn promoter and that
OPN might play a role in niche function in MEFs.

Next, the expression levels of various OPN receptors in
both MEFs and BM cells were analyzed. Semiquantitative
PCR analyses disclosed that MEFs express both �v�1 and
�v�5 integrins and CD44, while BM cells express mainly
CD44 (Fig. 5E).

MEF OPN-mediated mitogenicity of BM cells. We next
asked whether OPN is responsible for the phenotypes of the
Med1�/� MEFs. To answer this question, we first analyzed the
effect of OPN on the mitogenicity of cocultured BM cells.

When BM cells on Med1�/� MEFs were cocultured in the
presence of either anti-OPN IgG or control IgG, the number
of BM cells cultured with anti-OPN IgG was significantly lower
than the control (Fig. 6A). Prompted by this observation,
which could be interpreted to have resulted from a specific
blocking effect of the antibody, we employed a BM culture on

Med1�/� MEFs in the presence or absence of recombinant
murine OPN (rmOPN). As expected, the number of BM cells
increased in an rmOPN dose-dependent manner (Fig. 6B).
Taken together, these data strongly suggested that OPN pro-
duced by MEFs had mitogenic activity on the cocultured BM
cells.

OPN in MEFs mediated LTC-IC support. To verify the
possibility that OPN produced by MEFs plays a role in HSPC
support in BM culture, we first cultured BM cells on Med1�/�

MEFs in Myelocult M5300 medium in the absence or presence

FIG. 5. Expression of flOPN is attenuated in Med1�/� MEFs. (A
and B) Semiquantitative (A) and quantitative (B) PCR. Opn mRNA is
suppressed in the Med1�/� MEFs but recovers in the Rev-Med1�/�

MEFs. (C) Western blot analysis. Expression of flOPN is reduced in
the Med1�/� MEFs; trOPN is invisible. (D) ELISA of OPN. OPN
concentrations in culture media during LTC-IC assays were measured.
OPN produced by the Med1�/� MEFs is reduced. (E) Expression of
various receptors for OPN in MEFs and BM cells was analyzed by
semiquantitative PCR.

FIG. 6. OPN mediates mitogenicity of BM cells on MEFs. (A) The
number of BM cells cocultured on Med1�/� MEFs in the presence of
the anti-mOPN antibody (Ab) is attenuated. �, anti. (B) The number
of BM cells cocultured on Med1�/� MEFs increases in an rmOPN
dose-dependent manner. PBS, phosphate-buffered saline. The values
are the means 
 SD of a representative experiment performed in
triplicate (*, P 	 0.05; **, P 	 0.01).
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of rmOPN for 8 weeks and counted the resulting LTC-ICs by
colony formation assay. The cells on the Med1�/� MEFs were
scarce when rmOPN was not present but increased to the
control level when it was present (Fig. 7A). Trypan blue stain-
ing showed that these BM cells were viable. More importantly,
the number of LTC-ICs increased in an rmOPN dose-depen-
dent manner (Fig. 7B). A similar BM culture conducted on
Med1�/� MEFs in the absence or presence of either rabbit
anti-mOPN IgG or whole IgG disclosed the attenuation of
LTC-ICs specifically in the presence of anti-mOPN IgG, pos-
sibly through its blocking effect on OPN secreted by MEFs
(Fig. 7C). Together, these results confirmed the role of OPN in
HSPC support in a MEF-based long-term BM culture.

BM stromal cell OPN-mediated growth of BM cells and
LTC-IC support. To exclude the possibility that the pheno-
types described so far are specific to MEFs, we performed
similar experiments by using MS-5 and OP-9 mouse BM stro-
mal cells, established independently from the mouse BM
stroma, because these cells are considered to represent a BM
niche and have the capability for long-term HSPC support in
vitro (6, 14).

As expected, when BM cells were cocultured with MMC-
treated MS-5 or OP-9 BM stromal cells for 2 weeks, the addi-
tion of the anti-OPN antibody to these cells attenuated the
growth of the cocultured BM cells and the addition of rmOPN
to the MS-5 cells enhanced growth (Fig. 8A, B, and C). Sim-
ilarly, when BM cells were likewise cocultured for 6 weeks, the
number of LTC-ICs was attenuated by the addition of the
anti-OPN antibody to these stromal cells (Fig. 8D and F).

These data further supported the MEF-based conclusion that
OPN has a role in BM cell growth and HSPC support in vitro.

MED1-mediated transcription initiation on the Opn pro-
moter. To assess the role of MED1 on the Opn promoter,
luciferase reporter assays were employed using the Opn pro-
moter (�793 to �79), which includes consensus sequences for
two well-described activators: a VDR-responsive element
(VERE; �757 to �743) and a binding site for Runx2 (�136 to
�130) (25). As both VDR and Runx2 are known to play an
important role in Opn transcription within osteoblasts and
bone biology, we hypothesized that these activators also have a
role in niche function and analyzed the coactivation function of
MED1 on the Opn promoter in the context of these activators.

The reporter assays showed that the basal level of transcrip-
tion in the Med1�/� MEFs in the presence of VDR but in the
absence of its ligand was one-half of the level in the Med1�/�

MEFs (Fig. 9A). After the addition of 10�7 M 1,25-dihy-
droxyvitamin D3 [1,25(OH)2D3], approximately 4-fold activa-

FIG. 7. OPN mediates the support of LTC-ICs on MEFs. (A) The
number of BM cells on Med1�/� MEFs in the presence of rmOPN
recovers to the control level. (B) The number of CFCs on Med1�/�

MEFs increases in the presence of rmOPN in a dose-dependent man-
ner. (C) The number of CFCs on Med1�/� MEFs is reduced in the
presence of the anti-mOPN antibody. The values are the means 
 SD
of a representative experiment performed in triplicate (*, P 	 0.05; **,
P 	 0.01).

FIG. 8. OPN depletion attenuates the mitogenicity of BM cells and
LTC-ICs cocultured on BM stromal cells. (A to C) BM cells on MS-5
(A and B) and OP-9 (C) BM stromal cells during a 2-week period were
counted in the presence of the anti-mOPN antibody (A and C) or
rmOPN (B). (D to F) CFCs after a 6-week coculture on MS-5 (D and
E) and OP-9 (F) BM stromal cells were counted in the presence of the
anti-mOPN antibody (D and F) or rmOPN (E). The numbers of BM
cells and CFCs on stromal cells are reduced in the presence of the
anti-mOPN antibody, and the number of BM cells increases in the
presence of rmOPN. The values are the means 
 SD of a represen-
tative experiment performed in triplicate (*, P 	 0.05; **, P 	 0.01).
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tion of reporter activity was observed in the Med1�/� MEFs
whereas only a little (2-fold, one-fourth of the control level)
activation was observed in the Med1�/� MEFs. Thus, both
ligand-dependent and -independent activation exists in VDR-
and MED1-mediated transcription on the Opn promoter. The
introduction of exogenous hMED1 into the Med1�/� MEFs
rescued ligand-dependent activation in a hMED1 dose-depen-
dent manner (Fig. 9A). Various hMED1 mutants were co-
transfected to dissect the MED1 domain(s) responsible for
ligand-dependent and -independent activation (Fig. 9B).
MED1 has two closely located LXXLL nuclear receptor rec-
ognition motifs (NR boxes) (13). Mutant I [MED1(1-602)],
lacking NR boxes, was capable of restoring basal transcription
to the level of that in the wild-type control but lacked recovery
of ligand-dependent activation. In contrast, mutant II, having
NR boxes [MED1(1-703)] showed full recovery of both basal
activity and ligand-induced activation. However, mutant III
[MED1(592-1587)], incapable of complex formation (8), was
unable to recover any activity. Finally, mutant IV, the full-

length MED1 with two inactivated NR boxes (LXXLL to
LXXAA), did recover basal transcription but not ligand de-
pendency. These data suggested that the basal level of Opn
transcription depends on MED1(1-602) and that ligand-de-
pendent activation is critically dependent on the NR boxes.

VDR and Runx2 cooperate in Opn transcription (25). We
next analyzed the role of Runx2 on the Opn promoter in the
context of VDR by luciferase reporter assays. Both the basal
level of transcriptional activation and 1,25(OH)2D3-dependent
transcriptional activation were prominently promoted in a
Runx2 dose-dependent manner in the Med1�/� MEFs. How-
ever, in the Med1�/� MEFs, Runx2-driven activation was sig-
nificantly attenuated in the presence of VDR (Fig. 9C). A
ChIP assay of MEFs proved that Mediator recruitment was
attenuated in the Med1�/� MEFs but was recovered in the
Rev-Med1�/� MEFs (Fig. 10A), confirming MED1 (or Medi-
ator) as a bona fide coactivator on this promoter. These data
suggested that VDR and Runx2 cooperate to regulate Opn
transcriptional activation and that MED1 is crucial for this
activity.

FIG. 9. MED1 mediates VDR- and Runx2-mediated transcription
on the Opn promoter. Luciferase reporter assays were performed in
the presence of VDR. (A) Ligand-dependent activation is attenuated
in the Med1�/� MEFs but recovers in a MED1 dose-dependent man-
ner. (B) Reintroduction of mutants I [MED1(1-602)]) and IV (MED1
with NR box mutations) into Med1�/� MEFs recovers the basal level
of transcription but not ligand-dependent activation, whereas reintro-
duction of mutant II [MED1(1-703)] recovers both basal transcription
and ligand-induced activation. Mutant III [MED(592-1587)] has no
effect. (C) Addition of Runx2 activates both ligand-independent and
-dependent activation in the Med1�/� MEFs but not in the Med1�/�

MEFs. The values (means 
 SD of a representative experiment per-
formed in triplicate) are plotted as a fold increases against the value
for Med1�/� MEFs without a ligand.

FIG. 10. Recruitment of MED1, VDR, and Runx2 on the Opn
promoter. (A and B) ChIP assays. (A) FLAG-MED10 was transiently
expressed, and sheared chromatin was immunoprecipitated with anti-
FLAG (M2) IgG or mouse IgG as the control. On the Opn promoter
proximal to the transcription initiation point, Mediator recruitment is
attenuated in the Med1�/� MEFs but recovered in the Rev-Med1�/�

MEFs. Mediator is not recruited to the 5� remote region. Mediator
recruitment on the Tbp promoter is comparable. (B) VDR and Runx2
recruitment is attenuated in the Med1�/� MEFs but recovers in the
Rev-Med1�/� MEFs. (C) Mammalian two-hybrid assays. Luciferase
activities of the reporter with 5 Gal4-binding sites were measured.
Gal4-fused MED1 interacts with VP16-fused VDR in a ligand-depen-
dent manner, but not with VP16-fused Runx2.
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The binding of VDR and Runx2 to the Opn promoter and to
the MED1 complex in these MEFs was then examined. ChIP
assays confirmed the recruitment of both these activators onto
the Opn promoter (Fig. 10B). Mammalian two-hybrid assays
using Med1�/� MEFs disclosed the direct interaction of MED1
with VDR in a ligand-dependent manner, but not with Runx2,
in these cells (Fig. 10C).

MED1 domain that is responsible for BM cell growth. We
then aimed to determine whether the attenuated cell growth
stress on the Med1�/� MEFs (above) can be rescued by rein-
troducing MED1 as well, and if so, which MED1 domain is
responsible for this function. To address this issue, we stably
transfected Med1�/� MEFs expressing either full-length
hMED1 (Rev-Med1�/�) or its mutant I or II (Fig. 11A and B).

The Rev-Med1�/� MEFs mediated more growth of BM cells
compared to the Med1�/� MEFs to which the empty expres-
sion vector was transfected (Fig. 11C). More intriguingly, re-
covery of BM cell growth was observed when the cells were
cultured on the Med1�/� MEFs to which mutant I or II was
transfected (Fig. 11C). These data indicated that N-terminal
MED1 in MEFs is sufficient for BM cell growth in this setting.

DISCUSSION

We determined the role of MED1 in a hematopoietic niche
model. Our findings suggest that MED1 in stromal cells may
have activity to support HSPCs, that Opn is the target gene of
MED1, and that OPN may be responsible for the activity of
MED1. This is the first demonstration that the general tran-

scriptional coactivator complex Mediator has a role in niche
cells for maintenance of stem cells.

OPN as a candidate for mitogenic stress of BM cells and
support of HSPCs. Although HSPCs in the endosteal niche are
maintained in the G0 or slowly cycling state by various cell
adhesion molecules and chemokines in a physiological setting
(28), they must enter the cell cycle under conditions where the
reservoir of HSPCs becomes smaller. The osteoblastic niche
might have a mechanism for producing (symmetric) prolifera-
tive stress on HSPCs in such a situation. The attenuated BM
cell growth and LTC-ICs on the Med1�/� MEFs suggest that
MED1 in MEFs is involved in the proliferation of HSPCs by
producing some molecule(s) that promotes cell cycling of
HSPCs either directly or indirectly through another mole-
cule(s) in a paracrine or autocrine manner. OPN might be a
candidate molecule for this action. OPN is significantly down-
regulated in the Med1�/� MEFs, whereas other niche mole-
cules, including angiopoietin-1, Jagged-1, N-cadherin, Wnt,
and BMP-4, remain unchanged (data not shown). This con-
trasts with the Opn knockouts, where angiopoietin-1 and
Jagged-1 are overexpressed and the number of HSPCs in-
creases. The fact that flOPN in the niche both potentiates BM
cell growth and supports HSPCs in vitro (this study) indicates
that OPN can induce mitogenic stress for differentiating both
BM cells and more immature (stem/precursor) cells either
directly or indirectly. The candidate direct target on BM cells
may be CD44, while CD44 and some integrins expressed on
MEFs might function in an autocrine or paracrine manner.

Another explanation is that MEFs secrete into the microen-
vironment either a single molecule that has dual roles or mul-
tiple molecules that have two distinct roles, namely, roles in (i)
cell growth stress on differentiating BM cells and (ii) quies-
cence or maintenance of HSPCs. OPN might influence both
these roles either directly or indirectly through action on
MEFs in an autocrine manner and activation of another mol-
ecule(s) with these roles. Several chemokines and growth fac-
tors abundantly expressed in the presence of MED1, including
CXCL5, CXCL15, and fibroblast growth factor 7 (FGF7)
(GEO accession number GSE22471), might be responsible for
the mitogenicity. The action of these chemokines on BM cells
in the presence of OPN must be carefully examined in the
future.

The expression of both flOPN and trOPN is reportedly re-
stricted to the endosteal region and plays a critical role in
regulating the physical location and maintenance of HSCs (9,
23, 26). It is reported that trOPN, but not flOPN, has a re-
stricting effect on the number of LTC-ICs (9, 23). These forms
of OPN use distinct sets of receptors and probably have dif-
ferent biological outputs (9). For instance, production of more
quiescence molecules, such as angiopoietin-I, in Opn null mice
might reflect the lack of trOPN. In contrast, OPN is known to
underscore mitogenicity in other settings, particularly in tumor
biology. OPN produced by stromal cells serves as a niche
molecule, has mitogenic activity, and promotes preneoplastic
cell growth and tumorigenesis (3, 19, 24).

Another important question is the role of OPN produced by
osteoclasts and macrophages. Osteoclasts produce abundant
OPN and might partially contribute to the niche function,
possibly explaining the fact that genetic ablation of osteoblasts
does not deplete HSCs immediately (32).

FIG. 11. MED1(1-602) in MEFs is sufficient for the mitogenicity of
BM cells. (A) Primer positions for PCR. (B) Semiquantitative PCR
shows stable expression of the MED1 mutants in the Med1�/� MEFs.
(C) Mutants I and II as well as the Rev-Med1�/� MEFs recover the
mitogenicity of BM cells. The values are the means 
 standard errors
(SE) of a representative experiment performed in triplicate (*, P 	
0.05; **, P 	 0.01).

VOL. 30, 2010 MED1 SUPPORTS HSPCs THROUGH OPN EXPRESSION 4825



MED1 is a specific coactivator on the Opn promoter. The
findings of downregulated Opn mRNA in the Med1�/� MEFs
and the results of the luciferase and ChIP assays strongly
suggest the direct involvement of MED1 on the Opn promoter.
In terms of the mechanism, our data clearly show that (i)
MED1 is a bona fide important ligand-dependent coactivator
for VDR, (ii) Runx2 acts synergistically as an activator with
VDR in a MED1-dependent manner, and (iii) MED1(1-602),
missing the VDR interaction site, is a coactivator for a putative
activator(s) that maintains basal ligand-independent transcrip-
tion. A candidate molecule(s) for the putative activator(s)
might be CCAR1, which was recently reported to bypass nu-
clear receptor signaling (17), and/or an unknown activator(s);
the presence of such an activator might explain the role of
MED1(1-602) in MEFs in growth stress on BM cells (this
study). Further molecular and functional dissection may re-
solve this issue in the future. The next issue is whether MED1
has the same role in the osteoblastic niche within a living
animal. An osteoblastic-lineage-specific Med1 conditional
knockout model will help answer this question in the future.

Role of MED1 in hematopoiesis. MED1 plays an important
role in multiple lineages of hematopoietic cell differentiation,
namely, RAR-mediated myelopoiesis (31), VDR-mediated
monopoiesis (31), GATA-1-mediated erythropoiesis (27), and
megakaryopoiesis (22). MED1 interacts with GATA-3 as well
(22); therefore, it is reasonable to predict that MED1 also acts
as a coactivator for GATA-3 and plays a role in GATA-3-
meditated T-cell differentiation. In addition, a recent study has
defined MED1 as a specific coactivator for C/EBP�, which is
required for “emergency” granulopoiesis (11). Thus, MED1
apparently has a pivotal role in virtually all types of hemato-
poietic cell differentiation. In this regard our current study
suggests a conceptually novel role for MED1 in hematopoiesis,
namely, in the mitogenicity of hematopoietic cells and support
of HSPCs through the action of MED1 in stromal cells as a
coactivator on the Opn promoter. All these lines of evidence
suggest a novel model for transcriptional control of hemato-
poiesis: MED1 as a key coactivator for the regulation of he-
matopoiesis both in hematopoietic cells and the microenviron-
ment.
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