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The Mediator complex forms the bridge between transcriptional
activators and the RNA polymerase IIl. Med1 (also known as PBP or
TRAP220) is a key component of Mediator that interacts with
nuclear hormone receptors and GATA transcription factors. Here,
we show dynamic recruitment of GATA-1, TFIIB, Mediator, and
RNA polymerase Il to the p-globin locus in induced mouse erythoid
leukemia cells and in an erythropoietin-inducible hematopoietic
progenitor cell line. Using Med1 conditional knockout mice, we
demonstrate a specific block in erythroid development but not in
myeloid or lymphoid development, highlighted by the complete
absence of f-globin gene expression. Thus, Mediator subunit
Med1 plays a pivotal role in erythroid development and in $-globin
gene activation.

blood | hematopoiesis | erythropoiesis | transcriptional regulation | globin

tudies of globin gene regulation have served as a useful par-

adigm to dissect the molecular mechanism of gene expression
in higher eukaryotes (as reviewed in ref. 1). Several transcription
factors like GATA-1, EKLF, and NF-E2 have been found to be
essential for adult globin gene expression (2). Mice deficient in
GATA-1 succumb to fatal anemia and do not produce any
B-globin transcript (3). Efforts to better understand the molecular
mechanism, how this master regulator GATA-1 acts, have iden-
tified a number of additional transcription factors such as SCL/
TAL-1, EKLF, PU.1, Spl, Rb (reviewed in refs. 2 and 4), and
recently p53 (5). In addition, several GATA-1 cofactors, FOG-1,
CBP/p300, PIASy the SWI/SNF (subunit Brgl), and the Mediator
complex (subunit Med1/TRAP220/PBP), have been shown to play
crucial roles in GATA-1-mediated transcriptional control (refs.
6-10 and as reviewed in refs. 2 and 4).

The Mediator complex was first discovered in yeast and is
required for RNA polymerase II (RNAP II)-dependent gene
transcription. In the past decade, several studies on mammalian
Mediator demonstrated the central role of Mediator as a bridg-
ing factor between transcriptional regulators and the RNA
polymerase II itself (reviewed in refs. 11-13). Mediator is
recruited to the promoter independently of RNAP II and resides
at enhancer elements rather than at core promoters (14, 15).

The mammalian Mediator complex consists of 31 subunits (11,
13). The best-studied subunit is Medl/PBP/TRAP220 (also
termed ARC/DRIP205 or Med220). Med1 was first discovered
as a coactivator for nuclear receptors (16, 17 and as reviewed in
ref. 18). Consistent with an important role in mouse de-
velopment, ablation of Med1 leads to lethality at midgestation,
day 11.5 postcoitum (19, 20). Using a conditional null mutation
of Medl (PBP), it was demonstrated that Med1 is an essential
cofactor for PPAR« in the liver (21).

Here, we demonstrate the central role of the Mediator com-
plex in pB-globin gene activation. Using time-course chromatin
immunoprecipitation (ChIP) experiments, we identified the se-
quence of events controlling p-globin gene activation: Following
the initial binding of the GATA-1 transcription factor and the
presence of histone acetylation, dynamic recruitment of TFIIB,
Mediator, and subsequently RNAP II was observed. In addition,
the use of Medl-conditional knockout mice allowed us to ad-
dress the physiological relevance of Medl/TRAP220 during
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adult hematopoiesis as these mice showed a specific block in
adult erythropoiesis whereas lymphopoiesis and myelopoeisis
remained unaffected. Although the Mediator subunit Med1 is
not required for global gene transcription per se, it is an essential
cofactor for the activation of B-globin gene expression.

Results

Mediator Complex Plays a Central Role in -Globin Gene Activation.
To dissect the spatial and temporal cofactor recruitment to the
B-globin locus, we took advantage of the mouse erythroid leu-
kemia (MEL) cell line as previously done by other investigators
(22, 23). MEL cells are arrested at the proerythroblast stage and
express high levels of GATA-1 but not p-globin mRNA unless
differentiation is further induced by DMSO treatment. ChIP
experiments using anti-GATA-1 antibody show that GATA-1 is
already found at both the locus control region (LCR) and 50 kb
away at the p-major promoter (Fig. 1 A and B) even before
DMSO induction. The H3K9ac histone mark was also found at
both of these regulatory elements before induction (Fig. S1 4
and B). Most importantly, Mediator (Fig. 1 E and F and Fig. S2)
and the general transcription factor TFIIB (Fig. 1 C and D) were
detected only at the LCR and not at the p-major promoter in
noninduced MEL cells whereas RNAP II (Fig. 1 G and H) re-
cruitment could not be detected at any of these sites. RNAP II
was first detected at the LCR 24 h after induction and 4 h later at
the promoter. The dynamic appearance of RNAP II at the
B-globin gene locus was further confirmed by the detection of
noncoding RNA transcripts first at the LCR (Fig. 1/) and then at
the p-major promoter (Fig. 1J). The observation that Mediator
binds first to the LCR and then at the p-globin promoter before
the recruitment of RNAP II is reminiscent of what we previously
reported in yeast (15). Thus, Mediator is found at enhancer
elements independently of RNAP II.

To investigate the recruitment of transcription factors in
B-globin gene activation in a more physiological setting, we
established a hematopoietic progenitor cell line in which differ-
entiation along the erythroid lineage is controlled by erythro-
poietin (EPO). On the basis of the work of independent groups
on bone marrow and embryonic stem cells (24, 25), transduction
of the homeobox factor HoxB4 led to the isolation of progenitor
cells that could be differentiated into erythroid cells ex vivo. We
observed that the erythroid potential of HoxB4-transduced
progenitor cells was lost when the culture was maintained over
an extended period. Therefore, we transduced HoxB4 together
with AMLI1-ETO fusion protein. As expected, addition of EPO
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to HoxB4/AML1-ETO-expressing progenitor cells down-regu-
lated the genes typically expressed in stem/progenitor cells such
as c-Kit and GATA-2 (Fig. 2 4 and B). The expression of ery-
throid-specific transcription factors such as EKLF (Fig. 2D) and
globin B-major (Fig. 2C) was induced. c-Kit down-regulation was
further confirmed at the protein level by a decrease in cell sur-
face expression as seen by FACS analysis (Fig. 2E, Left). In
contrast, the erythroid surface marker CD71 (transferrin re-
ceptor) was up-regulated upon EPO induction (Fig. 2E, right).
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Fig. 1. Dynamic recruitment of GATA-1, Mediator, TFIIB, and
RNAP Il at the p-globin locus in differentiating MEL cells. ChIP
was performed at the p-globin LCR and p-major promoter at
several time points after DMSO induction. GATA-1 is already
bound at the hypersensitive site 2 (HS2) of the LCR (A) and at the
B-major promoter (B) in noninduced MEL cells. Association of
TFIIB occurs before induction only at the LCR (C) and after in-
duction at the promoter (D). Mediator behaves similarly to TFIIB
and is first found at the LCR (E) and only upon induction at the
core promoter (F). However, RNAP Il is not present at the LCR or
at the p-major promoter before induction (G and H). The ChIP
data for RNAP Il are supported by measuring noncoding tran-
scripts by RT-PCR at the LCR (/) and at the p-globin promoter (J).
The y axis represents the absolute enrichment (mean + SD, four
to seven independent experiments) normalized to input. Back-
ground is defined as the unspecific binding of each individual
antibody to an unrelated control sequence (—106 kb upstream
in the GATA-1 locus).
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In ChIP experiments, transcription factor GATA-1 was
detected at the p-major promoter at low levels even before in-
duction (Fig. 3B). TFIIB and Mediator were also detected at a
low level in noninduced HoxB4/AML1-ETO cells (Fig. 3 C and
D) but not RNAP II (Fig. 3E). After EPO induction, occupancy
of TFIIB, Mediator, and RNAP II at the globin-promoter region
increased significantly. We could not detect Mediator or RNA
Pol II above background at the LCR in HoxB4/AMLI1-ETO
cells; occupancy or looping between LCR and p-major promoter
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Fig. 2. HoxB4/AML1-ETO-transduced hematopoietic progenitor cells as
a model system to study erythroid differentiation. RT-PCR of c-Kit (4), GATA-
2 (B), B-globin (C), and EKLF (D) expression before and 24, 48, or 72 h after
EPO induction of HoxB4/AML1-ETO-transduced hematopoietic progenitors.
(E) FACS analysis of c-Kit and CD71 protein expression before and 24 or 48 h
after EPO induction.

is possibly significantly lower in HoxB4/AMLI-ETO cells com-
pared with MEL cells.

Med1 Conditional Knockout Mice. It was previously shown that
Med1 knockout mice die during embryogenesis before the fetal
liver stage. To directly investigate the role of Med1 in hemato-
poiesis, we crossed mice with a conditional knockout allele
(Med1™) to a strain containing a Cre-recombinase gene con-
trolled by the IFN-inducible Mx! promoter (Mx-Cre) (26), leading
to inducible expression of the Cre recombinase and excision of the
floxed DNA elements after injection of poly-1:C. To trace the cells
in which Cre is expressed, we crossed this compound mouse with
the ROSA26-tdRFP Cre-reporter mouse (27). Red fluorescent
protein (RFP) is expressed only upon Cre-mediated deletion of
a floxed neomycin gene, and progeny of these cells are perma-
nently RFP*. Five weeks after poly-IC injection, total bone
marrow cells and splenocytes were isolated to examine the effect
of Medl deletion in different hematopoietic subsets by flow
cytometry (Fig. 4). Overall, RFP expression in splenocytes cor-
responded well with efficient deletion of Medl as measured by
RT-PCR with primers for the Cre-excised Med1 exons (Fig. 5B,
Left, and Fig. S34) and by RT-PCR detecting Med1 mRNA levels
(Fig. 5B, Right, and Fig. S3B). Efficient Cre recombination, in-
dicated by RFP expression, could be detected in 30% of total
splenocytes in Med1**/RFP¥"X!/Mx-Cre* mice. Cell surface
expression of defined sets of markers was analyzed on stem/pro-
genitor cells (Fig. 44), myeloid cells (Fig. 4B), B lymphocytes (Fig.
4 C and D), and T lymphocytes (Fig. 4 E and F) from either
Med1V/RFP*K/Mx-Cre* mice (Med1™, Fig. 4, R{ght panels)
or Medl WT/RFP*®I/Mx-Cre* littermates (Med1™", Fig. 4,
Left panels).
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Fig. 3. ChlIP analysis at the p-globin locus using EPO-inducible hematopoi-
etic progenitor cells. (A) RT-PCR of globin p-major at different time points
after EPO induction. (B-E) ChIP analysis was performed at the p-globin
promoter at different time points after EPO induction. GATA-1 (B), TFIIB (C),
and Mediator (D) are found before induction and occupancy increases upon
EPO induction. RNAP Il (E) is not present before induction but is found at the
promoter upon EPO induction. The y axis represents the absolute enrich-
ment (mean + SD, two independent experiments) normalized to input.
Background is defined as the unspecific binding of each individual antibody
to an unrelated control sequence (—106 kb upstream in the GATA-1 locus).

Lymphopoiesis Remains Unaffected in Med1 Conditional Knockout
Mice. Deletion of Med1 did not affect thymocyte development as
seen in immature CD4/CD8 double-negative pre-T-cell subsets
(Fig. 4F) and CD4/CD8 double- and single-positive thymocytes
(Fig. 4F). B-lymphoid lineage differentiation was also unaffected
as reflected by normal numbers and frequencies of mature
splenic B cells (Fig. 4D) and immature pre- and pro-B cells
found in the bone marrow (Fig. 4C). In addition, by analyzing the
myeloid compartment using flow cytometry, we detected equal
numbers of Gr-1*/Mac-1*—positive cells in either Med1 wild
type or Medl1-deficient bone marrow cells (Fig. 4B). Thus, we
show that Medl deficiency does not affect T-cell, B-cell, or
myeloid cell development.

Impairment of Erythroid Development in Med1 Conditional Knockout
Mice. Hematopoietic stem/progenitor cells were found in equal
numbers in Medl-deficient or wild-type littermates as stained by
surface markers c-Kit and Sca-1 (Fig. 44). In both Med1*'* and
Med1"® mice, we found comparable numbers of Lin /tdRFP ™ stem/
progenitor cells. To investigate the functional consequences of Med1
deletion, we performed methylcellulose colony assays (Fig. 54).
When assayed for erythroid colony-forming ability, we identified
a threefold decrease in erythroid CFUs and an eightfold decrease
in erythroid burst-forming units (BFUs) in Med1-deficient cells
compared with Med1*/* cells. Erythro-myeloid colonies were only
slightly reduced compared with Med1*/*, and myeloid colony for-
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Fig. 4. Development of stem/progenitor cells, lymphocytes, and myeloid
cells is normal in the absence of Med1. FACS analysis reveals equal numbers
of stem/progenitor cells (A), monocytes and granylocytes (B), B lymphocytes
in the bone marrow (C) and spleen (D), and T lymphocytes in the thymus (E
and F) in Med1 conditional knockout (Med1 fl/fl: floxed Med1 alleles; ROSA-
RFP: Cre reporter; Mx-Cre: inducible Cre-transgene) and wild-type mice (lit-
termates but not floxed).

mation was completely unaffected (Fig. 54), further supporting our
previous flow cytometry analysis.

As previously published (27), expression of the tdRFP reporter
could not be detected in mature erythrocytes, possibly due to
enucleation (Fig. S44 and B). Thus, we cannot investigate whether
Med1-deficient cells are able to progress to the final reticulocyte
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stage. However, the Cre reporter expression in the proerythroblast
and erythroblast stage allowed us to compare these populations in
Med1-deficient mice and littermate controls (Fig. 5 and Fig. S4).
We identified that Med1 deficiency resulted in a 1.4-fold increase
of proerythroblasts and in an almost 2-fold decrease in erythro-
blasts compared with Med1™* littermates (Fig. S4F).

When measuring gene expression of p-globin at the pro-
erythroblast or erythroblast stage, we observed a complete ab-
rogation in Medl-deficient cells (Fig. 5D). In addition, the
expression of the key transcription factors GATA-1, EKLF, and
NF-E2 was also severely impaired (Fig. 5E). Interestingly, the
progenitor-specific genes GATA-2, c-Kit, and c-Myb are slightly
up-regulated in Med1-deficient cells as measured by RT-PCR
(Fig. 5F).

To circumvent the essential positive feedback loop of GATA-1
itself, we performed Med1 knockdown experiments in G1E cells
reconstituted with GATA1-ER (Fig. S5). This GATA-1 knock-
out erythroid cell line was reconstituted with GATA-1 fused to
the estrogen receptor ligand-binding domain. Although Medl
can be efficiently knocked down as seen in Western blotting
experiments (Fig. S5 4 and B), Med1 is not essential for in-
duction of p-globin in the GATAL-ER cell line (Fig. S5C, Left)
and for GATA-1 target gene Band3 (Fig. S5C, Right). One
possible scenario is that immediate high levels of nuclear GATA-
1 make these cells Medl-independent.

In summary, conditional Med1-deficient mice display a surpris-
ingly specific block in erythroid development but not in other he-
matopoietic lineages. This indicates that certain Mediator subunits
are specialized to interact with specific transcription factors.

Discussion

Med1 as a Cofactor for GATA Factors. In the present study, we
showed that Mediator subunit Med1 is essential for erythroid
development and correct induction of B-globin gene expression.
As shown previously by others and us, Medl is an important
coactivator for the master regulator GATA-1 (9, 10, 28).
Whereas other GATA factors have been shown to be essential
for T-cell development (GATA-3) or hematopoietic stem cells
(GATA-2) (as reviewed in ref. 2), conditional deletion of the
Med1 subunit did not substantially affect either of these cell
populations. It is likely that GATA protein levels play an im-
portant role in cofactor requirements. Other known cofactors
such as p300/CBP or FOG may substitute for Med1 in T cells,
but Medl is essential in the erythroid context. Alternatively, it is
possible that GATA-3 not only interacts with Med1 but also can
complex with other Mediator subunits.

Recruitment of GATA1, Mediator, and RNA Polymerase Il. As shown
by ChIP experiments, binding of transcription factors increases
upon induction first at the LCR and subsequently at the p-major
promoter in line with the generation of intergenic transcripts at
these sites as shown by others (29) and us. This is consistent with
previous studies showing that acetylated lysine-9 on histone H3,
which is associated with active transcription, is first detected at
the LCR, and to a lesser extent at the promoter of the silent
B-globin locus, and then increases upon transcriptional activa-
tion. This is mainly due to the enhanced GATA-1 binding, CBP/
p300 recruitment, and the SWI/SNF chromatin-remodeling
complex at these sites (30-32). By varying the temperature of the
culture of the G1E cells, Bresnick and colleagues have also de-
scribed different GATA-1-triggered events and have determined
that the initial events were mainly found at the LCR and not at
the p-major promoter (22). In addition, mice with transgenes
lacking the LCR are capable only of recruiting the inactive form
of RNA Pol II, which lacks Ser-5 phosphorylation (33). Our data
together with these reports imply that Mediator is required for
the initial events of transcription initiation at the LCR, acting
after CBP/p300 and the SWI/SNF complex. Using a system
where GATA-1 knockout cells were functionally complemented
with a GATA-1/estrogen receptor fusion transgene, Pope and
Bresnick (34) came to a different conclusion. In this context,
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Med]1 is required for maximal GATA-1 activity but not for
GATA-ER-induced erythroid maturation. We do not know the
cause of the discrepancy observed between Medl-knockdown
experiments using the GATA1-ER cell line and the phenotype
observed in Med1 conditional knockout mice. One possibility is
that the remaining Med1 levels in the Medl knockdown are
sufficient for GATA-1 function. Alternatively, it could be that
nuclear GATA-1 levels are so high in the GATA1-ER cell line
upon induction with tamoxifen that Med1 is dispensable.

Mediator Recruitment at Enhancer Elements. Biochemical data from
several laboratories (12, 13, 35) show that Mediator is found in
a complex with RNAP II as confirmed by electron microscopic
studies. This would suggest that Mediator is found at the core
promoter similarly to RNAP II. However, in the present study at
the B-globin locus as well as in previous work performed in yeast
(14, 15), we demonstrate that Mediator is clearly found at en-
hancer elements in vivo. It is plausible that Mediator acts as
a scaffold factor or molecular bridge that initiates the re-
cruitment of canonical transcription factors and RNAP II. In
addition, Mediator could be involved in the looping process
between LCR and a core promoter, as shown for FOG-1 (36).
However, this question should be addressed using another sys-
tem rather than Medl conditional knockout mice because we
have shown that GATA-1 levels are already down-regulated in
Med1-deficient erythroid precursors.

Med1 Presence in Different Mediator Complexes. Several laborato-
ries provided evidence for mammalian Mediator complexes that
differ in composition (37-39). Med1 deficiency clearly does not
lead to the disintegration of the Mediator complex (38). One can
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speculate that Medl-containing Mediator is crucial for the re-
cruitment of other Mediator subunits and RNAP II. Alternatively,
Med1-containing Mediator complexes could have a special con-
formation that would act as a scaffold for the enhanceosome at
the B-globin gene locus.

Using conditional knockout mice, we could show that Medi-
ator subunit Medl1 is essential for erythroid development. Thus,
Medl is a unique, essential cofactor for the activation of the
gene expression of the well-studied p-globin locus. Mediator sub-
unit Medl recruitment to B-globin promoter elements is tem-
porally and spatially regulated: Medl1 is recruited after GATA-1
but before RNAP II, first at the LCR and then at the p-major
globin promoter. In the future, genome-wide mapping of Me-
diator, RNAP II, and active RNAP II phosphorylated at Ser-5
could be used to validate whether Mediator is found primarily at
enhancers and/or at core promoters and how it globally corre-
lates with gene activity.

Materials and Methods

Animals and Tissue Preparation. C57BL/6 Med1 conditional knockout mice
(21), C57BL/6 Rosa26-tdRFP Cre-reporter mice (27), and Mx-Cre conditional
deleter mice (26) were generated previously. In the floxed-Med1 mice car-
rying the Mx-Cre transgene, deletion of the Med1 allele was performed by
i.p. injection of 250 ug poly I:C every other day over a period of 6 d. After
5wk, mice were killed and organs of interest were taken. Spleen and thymus
were mashed between glass slides, and bone marrow cells were obtained by
flushing femurs with PBS/5% FCS. Cells were filtered through a cell strainer
to obtain single-cell suspensions and kept under sterile conditions on ice
until further use.
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Flow Cytometry and Cell Sorting Analysis. Cells were blocked with 10 pg of rat
IgG antibody in PBS/5% FCS (Jackson ImmunoResearch) for 15 min on ice.
Cells were washed once with PBS/FCS and stained with fluorescently labeled
antibodies [CD4, CD8, CD11b, CD25, CD44, and IgM (Beckton Dickinson);
CD43, CD45R, CD117, Gr-1, and Ter119 (eBioscience/Natutec); and CD71 and
Sca-1 (Caltag)] to identify different hematopoietic lineages and progenitors.
Flow cytometry analysis and cell sorting were performed using the BD FACS
LSRII and Aria (Beckton Dickinson). Data were analyzed using FlowJo soft-
ware (Treestar).

ChIP Assays. Chromatin of 8 x 10° MEL or HoxB4/AML1-ETO cells was cross-
linked using a final concentration of 1% formaldehyde for 10 min at room
temperature. Ice-cold PBS (10 mL) was added to quench the reaction. Cells
were centrifuged for 10 min at 1,500 x g at 4 °C, and the resulting cell pellet
was washed three times in 10 mL cold PBS for 10 min on ice. Cell pellets were
resuspended in 600 pL of lysis buffer (1% SDS; 5 mM EDTA, pH 8.0; 50 mM
Tris-HCl, pH 8.0). Samples were then sonicated [seven times for 10 s, 50%
amplitude with a 45-s pause between pulses (Vibracell; Sonics)]. Resulting
chromatin fragments were ~600 bp on average. A total of 150-200 pL of
this preparation was diluted 1:10 with dilution buffer (0.5% Nonidet P-40;
200 mM Nacl; 5 mM EDTA; 50 mM Tris-HCl, pH 8.0) and precleared for 1-2 h
with proteinA Sepharose beads presaturated with salmon sperm DNA
(Amersham Biosience, Invitrogen). Precleared chromatin solution (60 L) was
used as “input” to normalize primer-binding efficiency. Immunoprecipitation
was done overnight at 4 °C using 2 pg antibody. Immunocomplexes were
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collected with proteinA Sepharose beads over 45 min at 4 °C. The resin was
washed four times with NaCl wash buffer (0.1% SDS; 1% Nonidet P-40; 2 mM
EDTA, pH 8.0; 500 mM NacCl; 50 mM Tris-HCl, pH 8.0) and three times with
TE buffer (10 mM Tris-HCl; 1 mM EDTA, pH 8.0). Elution was performed using
2% 50-pL elution buffer (1x TE, pH 8.0; 2% SDS) for 5 min at 1,200 x g at room
temperature. Reverse cross-linking was done over night at 65 °C. The fol-
lowing day DNA was isolated using a PCR purification kit (Qiagen) according
to the manufacturer’s procedure. In all buffers, except elution buffer, 20 uM
PMSF in isopropanol was added to inhibit protease activity. For the GATA-1
ChlP, preclearing of the chromatin was done with Sepharose-G beads over-
night at 4 °C, and the GATA-1 protein-DNA complexes were immunopreci-
pitated for 3 h in an additional step using an AffiniPure rabbit anti-rat
antibody (Jackson ImmunoResearch). Additional materials and methods are
described in S/ Materials and Methods.
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