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The intense physiologic demand to generate vast numbers of red blood cells requires the establishment of a complex genetic net-
work by the master regulatory transcription factor GATA-1 and its coregulators. This network dictates the genesis of enucleated
erythrocytes by orchestrating the survival, proliferation, and differentiation of progenitor cells. In addition to the crucial
GATA-1 coregulator Friend of GATA-1 (FOG-1), a component of the Mediator complex, Med1, facilitates GATA-1-dependent
transcription at select target genes and controls erythropoiesis. It is not known to what extent Med1 contributes to GATA-1
function or whether Med1 controls a large or restricted cohort of genes that are not regulated by GATA-1. Using a genetic com-
plementation assay in GATA-1-null erythroid cells, we demonstrate that Med1 and another Mediator component, Med25, regu-
late a restricted cohort of genes that are predominantly not controlled by GATA-1. Most of these genes were not regulated by
Med1 in fibroblasts. Loss-of-function analyses with GATA-1-independent Med1 target genes indicate that Rrad, which encodes a
small GTPase induced during human erythropoiesis, conferred erythroid cell survival. Thus, while Med1 is a context-dependent
GATA-1 coregulator, it also exerts specialized functions in erythroid cells to control GATA-1-independent, cell-type-specific
genes, which include candidate regulators of erythroid cell development and function.

Members of the GATA transcription factor family (GATA-1 to
GATA-6) regulate a wide range of fundamental biological

processes, including the development and homeostasis of the car-
diovascular, vascular, neural, and hematopoietic systems (1–11).
In the context of hematopoiesis, GATA-1 is essential for the de-
velopment of erythrocytes, mast cells, megakaryocytes, and plate-
lets (12, 13). GATA-1 knockout mice die at embryonic day 10.5
(E10.5) of severe anemia (14), and human GATA-1 mutations
cause leukemias and anemias (15).

GATA proteins have a highly conserved dual zinc finger mod-
ule that contains determinants for sequence-specific DNA bind-
ing and protein-protein interactions (16). The GATA-1 C-termi-
nal zinc finger binds GATA motifs with a consensus of (A/
T)GATA(A/G) within naked DNA (17–19) and (C/G)(A/
T)GATA(A)(G/C/A)(G/A/C) in cells (20). The N-terminal finger
binds the cell-type-restricted coregulator Friend of GATA-1
(FOG-1) (21–23) and broadly expressed coactivators CREB bind-
ing protein/p300 (24) and Med1 (25). Med1 is a component of the
30-subunit Mediator complex (26, 27), which is required for tran-
scriptional activation in select contexts. Besides FOG-1, which
mediates GATA-1-dependent activation and repression of most
of its target genes (21, 23), the relative importance of other co-
regulators for establishing and maintaining the GATA-1-depen-
dent genetic network is unclear. The coregulator requirements for
the control of transcription by GATA-1 are locus specific, since
FOG-1 has little to no role in the regulation of a small subset of
GATA-1 target genes (23, 28). Although it is reasonable to assume
that distinct ensembles of coregulators are operational at different
GATA-1 target genes, depending on parameters such as the local
chromatin environment and the subnuclear neighborhood (29,
30), the combinatorial usage of coregulators by GATA factors is
not understood.

Given the GATA-1–Med1 interaction (25) and the broad im-
portance of Mediator for controlling diverse cellular processes
(31, 32), it is instructive to consider how Mediator might function

in the context of GATA factor mechanisms/biology. Unlike many
coregulators, Mediator subunits lack intrinsic chromatin-remod-
eling and -modifying activities (26, 27). However, many questions
remain regarding the mechanisms underlying Mediator function
and its role in establishing and maintaining cell-type-specific ge-
netic networks.

Loss-of-function analyses have highlighted vital cell-type-spe-
cific Med1 functions in the control of development (25, 33–37).
Med1 knockout mice die during embryogenesis, at E11.5. Ho-
mozygous mutant embryos are severely anemic and exhibit car-
diac failure and hypervascularization (25, 34). These phenotypes
imply that Med1 exerts essential functions only in select cell types.
Med1-null murine hematopoietic precursors have strongly re-
duced erythroid and megakaryocytic differentiation potential in
vivo and a reduced capacity to generate erythroid burst-forming
units (BFU-E) in a colony assay (25). Myeloid colony generation is
unaffected, suggesting that the erythropoiesis defect is cell auton-
omous. A rigorous erythroid-lineage-specific Med1 knockout
confirmed this cell-autonomous activity (37).

The phenotypes of Med1-null mice resemble select phenotypes
of mice deficient in GATA-1 (14), GATA-2 (1, 34), and GATA-3
(5, 38), which led to the proposal that Med1 is a GATA factor
coactivator (34). Med1 binds GATA-1 and other GATA factors in
a glutathione S-transferase (GST) pulldown assay, and Med1
overexpression enhances GATA-1-dependent reporter activity in
a transient-transfection assay in mouse embryonic fibroblasts
(MEFs) (25). Since physiological GATA-1 functions are often not
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FIG 1 Med1 regulates a novel gene ensemble in erythroid cells. (A) Heat map of genes up- or downregulated �2.2-fold by Med1. Results are mean fold changes
calculated from normalized signals from three Agilent 4�44K mouse whole-genome arrays hybridized to aRNAs isolated (in three independent experiments)
from control and Med1-knockdown G1E-ER-GATA-1 cells induced to undergo erythroid maturation with �-estradiol. (B) Major Gene Ontology terms that are
significantly overrepresented in the Med1 target gene cohort. GO term categories are presented in order of statistical significance along the x axis, while the
number of enriched genes per category is shown along the y axis (56). (C) qRT-PCR validation of Med1 target genes. Levels of mRNA in G1E-ER-GATA-1 cells
treated with 240 pmol control or Med1 siRNA for 48 h and 1 �M �-estradiol for 24 h were quantified. Results are means � standard errors for six independent
experiments. (D) Quantitative ChIP analysis of Med1 occupancy at Med1-regulated genes in G1E-ER-GATA-1 cells either left untreated or treated with 1 �M
�-estradiol for 24 h. Results are means � standard errors for three independent experiments. (E) Quantitative ChIP analysis of Med1 occupancy at Med1-
regulated genes in Ter119� primary mouse bone marrow cells. Results are means � standard errors for three technical replicates.
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recapitulated in transient assays, we had assessed endogenous
Med1 function in a genetic complementation assay in GATA-1-
null erythroid cells (39). G1E-ER-GATA-1 cells, derived from
Gata1-null embryonic stem cells (40), stably express GATA-1
fused to the ligand-binding domain of the estrogen receptor (ER-
GATA-1) and resemble normal proerythroblasts (41, 42). �-Es-
tradiol activates ER-GATA-1, inducing a physiologically relevant
erythroid genetic network and erythroid maturation (42). Since
estradiol does not affect G1E cells lacking ER-GATA-1, these cells
represent a powerful system for studying GATA-1 mechanisms.
Previously, we demonstrated that Med1 is recruited to regulatory
sites at all GATA-1-activated loci tested and is evicted upon
GATA-1-mediated repression (39). GATA-1 recruited Med1 and
FOG-1 with similar kinetics, although chromatin immunopre-
cipitation (ChIP) studies in Zfpm1�/� cells indicated that FOG-1
is not required for the recruitment of Med1 to GATA-1-bound
sites (39). While FOG-1 knockdown nearly abolished GATA-1-
mediated activation and repression and prevented maturation,
Med1 knockdown only modestly impaired GATA-1 activity at
select loci and did not affect erythroid maturation, based on
Wright-Giemsa staining and the induction of genes encoding ery-
throid markers (39). These results raised the question of whether
Med1 functions in erythroid cells principally to amplify GATA-1
activity or whether GATA-1-independent functions of Med1 con-
tribute to its requirement for erythropoiesis.

To test these mechanistic issues and to identify Med1 targets
with important erythroid cell functions, we conducted a loss-of-
function analysis coupled with transcriptional profiling in G1E-
ER-GATA-1 cells. These studies established the Mediator target
gene ensemble, which includes candidate regulators of erythroid
cell maturation and function. One member of this ensemble,
Rrad, encodes the small G protein “Ras associated with diabetes,”
which has important cardiovascular and metabolic functions but
has not been studied in hematopoietic cells (43–47). Our studies
revealed a new mode of Rrad function to confer erythroid cell
survival, thus demonstrating the utility of mining erythroid Med1
genomic data sets in order to gain functional insights into ery-
throid cell biology.

MATERIALS AND METHODS
Cell culture. G1E cells expressing ER-GATA-1 (48) were cultured in Is-
cove’s modified Dulbecco’s medium (Gibco) containing 1% antibiotic-
antimycotic (penicillin–streptomycin–amphotericin B [Fungizone])
(Gemini Bioproducts), 2 U/ml erythropoietin (Epo), 120 nM monothio-
glycerol (Sigma), 0.6% conditioned medium from a Kit ligand-producing
Chinese hamster ovary (CHO) cell line, 15% fetal bovine serum (FBS)
(Gemini Bioproducts), and 1 �g/ml puromycin (Sigma). Mouse erythro-
leukemia (MEL) cells (49) were cultured in Dulbecco’s modified Eagle’s
medium (Gibco) containing 5% bovine serum (Gibco) and 5% FBS
(Gemini Bioproducts) (50). Mouse embryonic fibroblasts (MEFs) were
cultured in Dulbecco’s modified Eagle’s medium (Gibco) containing 10%
FBS (Gemini Bioproducts) and 1% penicillin-streptomycin. Zfpm1�/�

hematopoietic precursor cells (51) were maintained in Iscove’s modified
Dulbecco’s medium (Gibco) containing 15% FBS (Gemini), 1% antibi-
otic-antimycotic (Gibco), and 10 ng/ml interleukin 3 (IL-3) (R&D Sys-
tems).

Quantitative RT-PCR (qRT-PCR). RNA was isolated using TRIzol
(Invitrogen), and cDNA was prepared from 1 �g RNA as described pre-
viously (52). cDNAs were diluted to 150 �l, and 1 �l of cDNA was ampli-
fied in a 15-�l reaction volume by real-time PCR using Power SYBR green
PCR master mix (Applied Biosystems) and the appropriate primers in the
ABI 7900 system (Applied Biosystems). To determine relative enrich-

FIG 2 Med1 target genes in erythroid cells are predominantly GATA-1 inde-
pendent. (A) qRT-PCR validation demonstrating that Med1 targets are pre-
dominantly not regulated by GATA-1. qRT-PCR was used to quantify mRNA
in G1E-ER-GATA-1 cells treated with 1 �M �-estradiol for 24 h. Results are
means � standard errors for three independent experiments. *, P � 0.05. (B)
Table of Med1–GATA-1-coregulated genes. GATA-1 or Med1 regulation is
presented as the average fold change in gene expression in treated cells (1 �M
�-estradiol for 24 h or 240 pmol Med1 siRNA for 48 h, respectively) from that
in untreated cells or cells treated with control siRNA, respectively, as measured
by aRNA hybridization to Agilent 4�44K mouse whole-genome arrays (3
arrays each for GATA-1 induction and Med1 knockdown) (20). (C) Venn
diagram indicating the degree of overlap between Med1 and GATA-1 target
genes. (D) Venn diagram indicating the overlaps between Med1 target genes in
the top (highest level of regulation) and bottom (lowest level of regulation)
50% and GATA-1.
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ment, specific cDNA sequences were compared with a DNA standard by
using the comparative cycle threshold method. All data were normalized
to 18S mRNA levels. Real-time PCR (RT-PCR) primer sequences are
available upon request.

RNA interference. Knockdown experiments with small interfering
RNA (siRNA) were conducted in G1E-ER-GATA-1 and MEL cells and in
MEFs by using siGENOME SMARTpool siRNAs from Dharmacon, Inc.,
as described previously (30, 53). SMARTpools targeting Med1 (M-

040964-02), Med25 (M-062635-01), Rrad (M-045857-01), Paqr3 (M-
050471-01), Nme4 (M-049846-00), Pilrb2 (M-068412-00), Tnfrsf19
(M-051420-01), and 2310046K01Rik (M-045779-01), as well as individual
Rrad siRNAs (MU-049536-01), were compared to a nontargeting control
pool (Non-Targeting siRNA Pool 1 [D-001206-13-05]; Dharmacon). To
ensure maximal transfection efficiency, siRNAs were electroporated into
cells twice, allowing 24 h between transfections, using Amaxa Nucleofec-
tor II (Lonza Cologne AG). G1E-ER-GATA-1 and MEL cells were trans-
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FIG 3 Med25 is highly expressed in erythroid cells and is upregulated upon human erythroid maturation. (A) Mediator complex subunits (26, 27). (B) Levels
of expression of Mediator subunits during erythropoiesis ex vivo. Data were mined from the Human Erythroblast Maturation Database (59) and are expressed
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FIG 4 Similar Med1 and Med25 requirements for transcriptional regulation in erythroid cells. (A) Potential mechanisms of Med1 function. Model 1 depicts
Med1 acting independently of Mediator, while model 2 depicts Med1 bound to and utilizing Mediator (including Med25) to regulate genes. (B) (Top)
Knockdown strategy. Cells were electroporated twice, allowing 24 h between electroporations, and were treated with �-estradiol (shaded rectangle) for 24 h.
(Bottom) Knockdown of Med1 and Med25 proteins by siRNA transfection as measured by semiquantitative Western blotting. The asterisk indicates a nonspe-
cific band. (C) siRNA-mediated knockdown of Med1 and Med25 mRNA and influence on GATA-1 target genes, as quantitated by qRT-PCR in G1E-ER-GATA-1
cells treated with 240 pmol control, Med1, Med25, or Med1 and Med25 siRNAs for 48 h with or without 1 �M �-estradiol for 24 h. Data are means � standard
errors for four independent experiments. *, P � 0.05. (D) Med1-regulated genes. qRT-PCR was used to quantify mRNA in G1E-ER-GATA-1 cells treated with
240 pmol control, Med1, Med25, or Med1 and Med25 siRNAs for 48 h with or without the presence of 1 �M �-estradiol for 24 h. Results are means � standard
errors for four independent experiments.
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fected using program G-016 and Nucleofector kit R (Lonza Cologne AG),
and MEFs were transfected using program A-23 and Nucleofector kit V
(Lonza Cologne AG). A total of 3 � 106 cells were resuspended in 100 �l
Nucleofector solution with 240 pmol of siRNA for single knockdowns or
480 pmol total for double knockdowns, electroporated, and transferred to
the appropriate medium (4 ml) lacking an antibiotic-antimycotic in
6-well plates (Fisher). Twenty-four hours posttransfection, cells were iso-
lated by centrifugation, transfected again, and treated with 1 �M �-estra-
diol for an additional 24 h if applicable. Cells were counted, harvested, and
used either for the preparation of total RNA or protein or for flow cytom-
etry, or both.

Protein analysis. Whole-cell lysates were prepared from 1 � 106 cells
boiled for 10 min in 100 �l SDS sample buffer (50 mM Tris [pH 6.8], 2%
�-mercaptoethanol, 2% sodium dodecyl sulfate [SDS], 0.1% bromophe-
nol blue, 5% glycerol). Med1 and Med25 were resolved by SDS-polyacryl-
amide gel electrophoresis on 7.5% acrylamide gels, while Rrad proteins
were resolved on 10% acrylamide gels. Proteins were analyzed by Western
blotting with anti-Med1 (M-255; sc-8998; Santa Cruz), anti-Med25 (N-
15; sc-161112; Santa Cruz), anti-Nfkb1 (p105 and p50) (C-19; sc-1190;
Santa Cruz), anti-Rrad (a gift from C. Ronald Kahn [43]), and anti-�-
tubulin (CP06; Calbiochem) antibodies using ECL� (GE Healthcare).

Transcriptional profiling. Knockdowns for gene expression analysis
were conducted by electroporation of Med1 siRNA into G1E-ER-GATA-1
proerythroblasts, followed by �-estradiol-dependent ER-GATA-1 activa-
tion and erythroid maturation. mRNA was isolated, and aminoallyl RNA
(aRNA) was synthesized from the isolated mRNA, labeled, and hybridized
to 4�44K mouse whole-genome arrays (Agilent) with a sample size of
three. Arrays were read utilizing a G-2505C DNA microarray scanner with
SureScan high-resolution technology (Agilent). Data were analyzed using
EDGE3 Web-based two-color microarray analysis software (54) and Mi-
crosoft Excel, and heat maps were generated utilizing Java TreeView soft-
ware.

Quantitative ChIP. G1E-ER-GATA-1 cells were seeded at 2 � 105/ml
and were either left untreated or treated with 1 �M �-estradiol (Ster-
aloids, Inc.) for 24 h. Ter119� mouse primary bone marrow cells were
separated by a magnetic cell-sorting system (Miltenyi Biotec) by using
anti-Ter119 microbeads (Miltenyi Biotec) as described previously (20).
Cells were cross-linked with 1% formaldehyde (Sigma) immediately after
harvest, frozen, and stored at �80°C. Chromatin immunoprecipitation
(ChIP) was conducted as described previously (55). The anti-Med1 anti-
body (M-255; sc-8998) was from Santa Cruz Biotechnology. DNA was
quantitated by real-time PCR in the StepOnePlus instrument (Applied

FIG 5 The functions of Med1 and Med25 in mouse erythroleukemia cells recapitulate their functions in G1E-ER-GATA-1 cells. (A) Knockdown of Med1 and
Med25 in MEL cells. qRT-PCR was used to quantify Med1, Med25, and select GATA-1 target mRNAs in MEL cells transfected with 240 pmol control siRNA,
Med1 siRNA, or Med25 siRNA for 48 h. Results are means � standard errors for four independent experiments. *, P � 0.05. (B) Influence of Med1 or Med25
knockdown on Med1-activated genes. qRT-PCR was used to quantify mRNAs in MEL cells transfected with 240 pmol control, Med1, or Med25 siRNA for 48 h.
Results are means � standard errors for four independent experiments. (C) Influence of Med1 or Med25 knockdown on Med1-repressed genes. qRT-PCR was
used to quantify mRNAs in MEL cells transfected with 240 pmol control, Med1, or Med25 siRNA for 48 h with or without 1 �M �-estradiol for 24 h. Results are
means � standard errors for four independent experiments.
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Biosystems). Primers amplified 50- to 150-bp amplicons; the specific
product was measured by SYBR green fluorescence; the product was
quantified relative to a standard curve of input chromatin; and dissocia-
tion curves showed that PCR yielded single products. ChIP primer se-
quences are available upon request.

Flow cytometry and analysis. Cells (100,000) were isolated by centrif-
ugation (6 min, 168 � g), washed with ice-cold phosphate-buffered saline
(PBS), and resuspended in 100 �l annexin V binding buffer (V-13246;
Invitrogen). Cells were incubated with 5 �l Alexa Fluor 350-conjugated
annexin V (A23202; Invitrogen) at room temperature for 15 min in the
dark, and then ice-cold annexin V binding buffer (400 �l) was added,
followed by 30 �l of a 150-�g/ml propidium iodide (PI) solution in PBS.
Samples were kept on ice and were analyzed with a BD LSR II flow cytom-
eter. Alexa Fluor 350-conjugated annexin V was detected with the UV
laser (laser at 355 nm; detector filter wavelengths, 450/50 nm), while PI
was detected with the green laser (laser at 561 nm; detector filter wave-
lengths, 710/50 nm). Data were analyzed with FlowJo, version 9.5.2.

Statistical analysis. Statistical significance was calculated by a paired
Student t test with a Web-based tool (http://www.physics.csbsju.edu/stats
/ttest.html). Statistical analysis of microarray data was conducted with
EDGE3 analysis software (54). Statistical analysis of Gene Ontology (GO)
terms was conducted with the online NIH DAVID tool (http://david.abcc
.ncifcrf.gov/) (56).

RESULTS AND DISCUSSION
GATA-1-dependent and -independent modes of Med1 tran-
scriptional control. Med1 knockout mice exhibit defective eryth-
ropoiesis and megakaryopoiesis (25, 34, 37). Knockdown studies
in G1E-ER-GATA-1 cells demonstrated that Med1 amplifies (in-
crease, 20 to 30%) GATA-1-mediated activation of select target
genes (39). The hematopoietic defects arising from Med1 loss in
vivo may result from altered expression of a restricted gene cohort
or broad remodeling of the erythroid and/or megakaryocytic cell
genetic network. To test these possibilities, we conducted tran-
scriptional profiling in G1E-ER-GATA-1 cells undergoing ery-
throid maturation driven by ER-GATA-1 after siRNA-mediated
knockdown of Med1 (�95% reduction of Med1 protein levels).
This analysis revealed 163 genes regulated �2-fold by Med1, of
which 82 were regulated �2.2-fold (Fig. 1A). Of the 163 genes, 102
were downregulated �2-fold and 48 were downregulated �2.2-
fold, while 61 were upregulated �2-fold and 34 were upregulated
�2.2-fold. These results indicate that a large reduction in Med1
levels alters the expression of a restricted gene cohort in G1E-ER-
GATA-1 cells.

To gain insight into the function of the Med1-dependent ge-
netic network, we conducted Gene Ontology analysis utilizing
NIH DAVID (56). All significantly (P � 0.01) enriched gene cat-
egories were related to the cytoskeleton (Fig. 1B). These GO terms
do not characterize GATA-1 target genes in erythroid cells (20).
The changes in expression of the top 5 upregulated (Fig. 1C, right)
and downregulated (Fig. 1C, left) genes were validated by qRT-
PCR. To determine if these Med1-regulated genes are direct Med1
targets, we conducted quantitative chromatin immunoprecipita-
tion (ChIP) analysis with an anti-Med1 antibody in �-estradiol-

treated G1E-ER-GATA-1 cells containing active ER-GATA-1 and
in untreated cells containing inactive ER-GATA-1. Med1 occu-
pancy at the promoters of the validated Med1 target genes in G1E-
ER-GATA-1 cells was quantitated (Fig. 1D). Med1 occupancy was
detected at all 10 promoters, with signals considerably higher than
that for the inactive Necdin promoter, suggesting that these genes
are direct targets. To determine if Med1 occupies the promoters of
these genes in primary erythroid cells, we conducted Med1 ChIP
in Ter119� cells isolated from adult mouse bone marrow. Statis-
tically significant levels of Med1 occupancy were detected at the
Med1-regulated genes and �-globin HS2 but not at the inactive
Necdin promoter, indicating that Med1 occupies these genes in
primary mouse erythroid cells (Fig. 1E).

Comparison of Med1 and GATA-1 target gene ensembles re-
vealed that the dysregulated genes in the analysis described above
do not include hallmark erythroid genes. Although loss-of-func-
tion studies in mice revealed that an important Med1 function is
to regulate erythropoiesis (25, 34, 37), and although Med1 ampli-
fies the GATA-1-mediated transcriptional activation of select loci
(39), it is not clear whether Med1 regulation of erythropoiesis
involves principally or exclusively GATA-1-dependent or -inde-
pendent mechanisms. qRT-PCR was used to quantitate the ex-
pression of the top 10 Med1-regulated genes in �-estradiol-in-
duced and uninduced G1E-ER-GATA-1 cells (Fig. 2A). This
analysis revealed that in addition to the known GATA-1-regulated
gene Hbb-bh1, GATA-1 activated the Med1-regulated genes Nme4
and 2310046K01Rik 4- to 5-fold (P � 0.05). The remaining 7 genes
were not significantly affected. In principle, the GATA-1–Med1-
coregulated genes identified here might represent genes occupied
by both GATA-1 and Med1, while the GATA-1-insensitive Med1-
regulated genes might represent genes occupied solely by Med1.
By utilizing published GATA-1 ChIP-seq (ChIP followed by se-
quencing) data sets from murine G1E-ER-GATA-1 cells (57), hu-
man K562 erythroleukemia cells (20), and primary human
CD34� cell-derived erythroblasts (58), GATA-1 occupancy was
interrogated at GATA-1-sensitive (Nme4 and 2310046K01Rik)
and -insensitive (Pilrb2, Rrad, and Vil1) genes. Although Med1
occupied the promoters of all Med1-regulated genes, GATA-1 oc-
cupancy did not uniquely demarcate the GATA-1–Med1-coregu-
lated gene cohort.

To extend this analysis to the full Med1 target gene ensemble,
we compared genes dysregulated by Med1 knockdown to ER-
GATA-1-regulated genes defined by our additional array analyses,
conducted utilizing the Illumina Sentrix BeadChip platform (15)
and the Agilent SurePrint G3 Mouse Gene Expression 8�60K
microarray platform (unpublished data), in G1E-ER-GATA-1
cells. This comparison yielded an ensemble of Med1–GATA-1-
coregulated genes (Fig. 2B). Of the 163 Med1-regulated genes and
the 2,358 GATA-1-regulated genes, only 35 genes (22% of the
Med1-regulated genes, consistent with the qRT-PCR analysis)
were coregulated by GATA-1 and Med1 in a qualitatively identical

FIG 6 Evidence for cell-type-specific Med1 functions. (A) siRNA-mediated knockdown of Med1 mRNA (left) and protein (right), quantitated by qRT-PCR and
semiquantitative Western blotting, respectively, in samples from MEFs and G1E-ER-GATA-1 cells transfected with 240 pmol of control or Med1 siRNA. Results
are means � standard errors for four independent experiments. *, P � 0.05. (B and C) The top 10 Med1-regulated genes in erythroid cells were analyzed in MEFs
and G1E-ER-GATA-1 cells. qRT-PCR was used to quantify mRNA from G1E-ER-GATA-1 cells transfected with 240 pmol control or Med1 siRNA for 48 h, in the
presence of 1 �M �-estradiol for 24 h, and from MEFs transfected with 240 pmol control or Med1 siRNA for 48 h. qRT-PCR was performed by running both sets
of samples on the same (G1E-ER-GATA-1) standard curve, allowing for comparison of mRNA levels between cell types. Results are means � standard errors for
four independent experiments. (D) Expression of genes from the middle of the Med1 target gene list upon Med1 knockdown in MEF and G1E-ER-GATA-1 cells.
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manner (Fig. 2C). Gene ontology analysis of these 35 genes re-
vealed “primary metabolic process” to be the sole significant clas-
sifier, with 16 genes assigned to this category. To further dissect
the functional overlap between Med1 and GATA-1 regulation, the
ensemble of statistically significantly Med1 regulated genes was
subdivided into two groups consisting of the top 50% and the
bottom 50%, based on the magnitude of Med1 regulation. We
asked whether the most highly Med1 regulated genes were more
or less likely to be coregulated by GATA-1 (Fig. 2D). Seventeen of
the 35 GATA-1–Med1-coregulated genes reside in the top 50% of
Med1-regulated genes, while 18 of the 35 reside in the bottom
50%. This analysis indicates that this small cohort of 35 GATA-1–
Med1-coregulated genes exhibits various degrees of Med1 respon-
siveness.

The GATA-1–Med1-coregulated gene cohort was also com-
pared to the limited number of established FOG-1-independent
GATA-1 target genes (Lyl1, Epb49, Rgs1, Rgs13, Rgs18, Treml2,
Clec4d, Adamts5, Tmem44, Klf1, HRI, Tac2, and Zfpm1) (28). The
cohort of 35 GATA-1–Med1-coregulated genes contained only 1
FOG-1-independent gene, Rgs18, indicating that FOG-1 indepen-
dence does not correlate with Med1 regulation. Although the
Med1 target gene Nme4 was implicated as a GATA-1 target gene
by RT-PCR analysis, Nme4 fell below the cutoff for statistical sig-
nificance used for the microarray data analysis and therefore is not
presented in Fig. 2B. In summary, the majority of Med1-regulated
genes were not GATA-1 regulated and were not direct GATA-1
target genes. As such, Med1 function in this system is predomi-
nantly GATA-1 independent.

Mechanisms underlying Med1 function in erythroid cells.
Since Med1 is a key component of the broadly expressed Mediator
complex (Fig. 3A) (27), in principle, it may function as a Mediator
subunit in erythroid cells to regulate the genes identified in Fig. 1.
However, because Med1 interacts with various trans-acting fac-
tors (25, 31, 32, 34), its activity in erythroid cells may not rely
exclusively on Mediator. Since Mediator composition has not
been described in erythroid cells, we asked whether all Mediator
components are expressed and whether expression is regulated
during primary human erythroid cell maturation. Mining of the
Human Erythroblast Maturation (HEM) Database, a catalog of
gene expression at multiple stages of normal human erythropoie-
sis ex vivo, revealed that Med25 is the most highly upregulated

FIG 7 Rrad regulates select GATA-1 target genes in erythroid cells. (A) Pre-
dicted Rrad protein domain structure. (B) Levels of RRAD and �-globin ex-
pression during human ex vivo erythropoiesis. Data were mined from the
Human Erythroblast Maturation Database (59) and are expressed as array
signal intensities � standard errors for 3 arrays per maturation state. (C)
siRNA-mediated knockdown of Rrad mRNA, as measured by qRT-PCR quan-
tification of mRNA in G1E-ER-GATA-1 cells transfected with 240 pmol con-
trol or Rrad siRNA for 48 h with or without 1 �M �-estradiol for 24 h. Results
are means � standard errors for four independent experiments. *, P � 0.05.
(D) Influence of Rrad knockdown on GATA-1-repressed genes. qRT-PCR was
used to quantify mRNA in G1E-ER-GATA-1 cells transfected with 240 pmol
control or Rrad siRNA for 48 h with or without 1 �M �-estradiol for 24 h.
Results are means � standard errors for four independent experiments. (E)
Influence of Rrad knockdown on GATA-1-activated genes, as measured by
qRT-PCR quantification of mRNA in G1E-ER-GATA-1 cells transfected with
240 pmol control or Rrad siRNA for 48 h with or without 1 �M �-estradiol for
24 h. Results are means � standard errors for four independent experiments.
(F) Influence of Rrad knockdown on GATA-1-activated genes from panel E
(on a different scale to illustrate changes in basal activity) prior to the addition
of �-estradiol.
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Mediator component during human erythroid maturation (59)
(Fig. 3B). Med1 mRNA is downregulated 3-fold during late-stage
human erythroid maturation, but it remains expressed at measur-
able levels. Mining the Erythron database revealed that Med1
mRNA is upregulated during late-stage murine erythropoiesis
(60). Consistent with the human data set, Med25 is also upregu-
lated in late-stage murine erythroid maturation, while Med6 and
Med20 expression declines in both systems (60). Both Med1 and
Med25 are highly expressed in uninduced and induced G1E-ER-
GATA-1 cells (Fig. 4B and C), which recapitulate a window of the
normal maturation program (42).

Recent evidence suggests that Mediator can exist as cell-type-
specific subcomplexes (61). The induction of Med25 during hu-
man erythropoiesis suggests that it may have uniquely important
functions in erythroid cells. If Med1 functions in Mediator to
regulate the genes shown in Fig. 1, additional subunits of the com-
plex should share this activity (Fig. 4A). We knocked down Med25
mRNA and protein very efficiently in G1E-ER-GATA-1 cells, to
levels comparable to those achieved for Med1 (Fig. 4B and C).
Med25 knockdown significantly affected the expression of all 10 of
the highest-responding Med1 target genes (Fig. 4D). For 9 out of
10 genes, Med25 knockdown yielded a consequence qualitatively
identical to that of Med1 knockdown. The outlier, Paqr3, was
affected oppositely by the Med1 and Med25 knockdowns. These
results suggest that Med1 and Med25 function collectively to reg-
ulate a restricted gene cohort in erythroid cells, and this dual re-
quirement implies the involvement of Mediator. Although this
result suggests that Med1 and Med25 function as Mediator com-
plex components to regulate Med1 target genes, one cannot rule
out the possibility that Med1 and Med25 have additional func-
tions, since Med1 and Med25 differentially regulate several
GATA-1 target genes (Fig. 4C). The previously described �20%
reduction in �major expression resulting from Med1 knockdown
was not detected upon Med25 knockdown. The fetal/embryonic
globin gene Hbb-y was significantly upregulated (�2-fold) by
Med25 knockdown but not by Med1 knockdown. Similarly,
Slc4a1 expression was reduced only by Med25 knockdown
(Fig. 4C). Since the efficiency of Med1 knockdown was high, it
seems unlikely that a small amount of residual Med1 suffices in
certain contexts, although this cannot be formally ruled out.

To further assess how Med1 and Med25 regulate genes in ery-
throid cells, we knocked down Med1 and Med25 simultaneously
(Fig. 4C and D). To control for any potential nonspecific effects
due to transfection with an increased amount of siRNA (240 pmol
of Med1 siRNA plus 240 pmol of Med25 siRNA), we also con-
ducted individual Med1 and Med25 knockdowns with an addi-
tional 240 pmol of control siRNA. Transfection with 240 pmol of
Med1 plus 240 pmol of control siRNA, or with 240 pmol of Med25
plus 240 pmol of control siRNA, produced results quantitatively
and qualitatively identical to those obtained with 240 pmol of
specific siRNA alone (data not shown).

Med1 and Med25 mRNA levels were significantly reduced
from those in control cells, and the double knockdown was simi-
larly efficient (Fig. 4C). In cells transfected with both Med1 and
Med25 siRNAs, 9 out of 10 Med1-regulated genes exhibited be-
havior indistinguishable from that with the individual Med1 or
Med25 knockdown (Fig. 4D). The exception was Paqr3, which
exhibited opposite changes in expression with the individual
Med1 and Med25 knockdowns and was not significantly affected
by the simultaneous knockdown. Thus, Med1 and Med25 exert

qualitatively identical functions with the majority of Med1-regu-
lated genes analyzed.

To determine whether the Med1 and Med25 requirements for
transcriptional control are unique to G1E-ER-GATA-1 cells, we
evaluated their functions in a distinct erythroid cell model, MEL
cells (Fig. 5). Med1 and Med25 siRNAs specifically knocked down
their respective targets in MEL cells (Fig. 5A). Quantitation of
Med1 and Med25 target gene expression yielded results similar to
those in G1E-ER-GATA-1 cells, although the magnitude of cer-
tain changes was reduced (Fig. 5A, B, and C). In conjunction with
the G1E-ER-GATA-1 cell data, these results strongly suggest that
Med1 and Med25 function as Mediator components to control
the majority of Med1-regulated genes that we have evaluated in
two erythroid cell systems.

Transcriptional profiling studies revealed that Mediator sub-
unit expression can differ considerably for different cell types and
upon cell differentiation (59, 61). We considered potential mech-
anisms of Med1 function in erythroid and nonerythroid cells.
Med1 recruitment by ubiquitous factors might underlie Med-1-
dependent transcriptional control of select genes in diverse cell
types (model 1). Knockdown of Med1 would therefore dysregu-
late these common Med1 target genes in distinct cell types. Alter-
natively, erythroid cell-specific factors might be required for
Med1 recruitment and/or function, and therefore, Med1 knock-
down would dysregulate these Med1 targets only in erythroid cells
(model 2). Of course, Med1 might regulate a subset of target genes
in a cell-type-specific manner and might regulate additional genes
in a pancellular, or “general,” manner.

To determine whether the novel Med1-regulated genes de-
scribed here are regulated by Med1 in diverse contexts, we con-
ducted siRNA-based loss-of-function analyses in primary MEFs.
Med1 siRNA substantially reduced Med1 mRNA and protein lev-
els in MEFs (Fig. 6A). However, Med1 knockdown did not alter
the expression of the majority of Med1-regulated genes identified
in G1E-ER-GATA-1 cells (Fig. 6B and C). Of the top 10 Med1-
regulated genes, only 2 genes, Vil1 and Nme4, were affected sig-
nificantly by the knockdown in MEFs (Fig. 6B); the remaining 8 of
the top 10 Med1-regulated genes measured were unaffected
(Fig. 6C). To determine if the erythroid specificity observed for
the majority of validated Med1-regulated genes reflected vast dif-
ferences in the expression levels of the genes in the two cell types,
we analyzed gene expression simultaneously in MEFs and G1E-
ER-GATA-1 cells using identical standard curves. No correlation
was observed between expression levels and regulation in the two
cell types. Since the top 10 Med1-regulated genes measured in the
erythroid cells could potentially overrepresent erythroid cell-spe-
cific genes, the expression of 8 additional genes from the middle of
the Med1 target gene list was quantitated (Fig. 6D). Of these, all
were significantly regulated in G1E-ER-GATA-1 cells, while only 1
gene, Pitpnc3, was regulated in MEFs, findings comparable to our
results for the top 10 Med1-regulated genes. This result is also
consistent with the data in Fig. 2D, since GATA-1-regulated
genes are evenly distributed throughout the ensemble of Med1-
regulated genes. Thus, most Med1-regulated genes discovered
by our erythroid transcriptional profiling exhibit cell-type-spe-
cific regulation. The distinct Med1 functions in G1E-ER-
GATA-1 cells and MEFs suggest that Med1 regulates cell-type-
specific (e.g., 2310046K01Rik, �H1, and Rrad) and “general”
(e.g., Nme4, Vil1, and Pitpnc3) target genes, in agreement with
models 1 and 2.
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The Med1 target gene Rrad regulates erythroid cell survival
and gene expression. Although Med1 controls erythropoiesis in
vivo (25, 34, 37), the Med1 target gene ensemble lacks prototypical
erythroid genes (Fig. 1A). Members of the ensemble therefore
represent candidate regulators of erythropoiesis and/or erythroid
cell function. Among the top 10 genes affected by Med1 knock-
down, only 1 is a known hematopoietic gene: Hbb-bh1, which
encodes an embryonic/fetal �-globin subunit (62). Mining of a
database of genes differentially expressed during normal human
erythropoiesis (59) revealed that 5 of the 9 additional Med1-reg-
ulated genes—Paqr3, Nme4, Pilrb2, Tnfrsf19, and Rrad—are dif-
ferentially regulated during erythroid maturation. siRNAs were
used to knock down these factors in order to assess their potential
contributions to G1E-ER-GATA-1 cell functions, specifically ery-
throid gene expression. This analysis implicated Rrad (Ras-related
associated with diabetes) in regulating the expression of several
GATA-1 target genes. Rrad is a small Ras-related GTPase in the
RGK family, implicated in diverse processes, including cardiac
hypertrophy, arrhythmia, insulin signaling in skeletal muscle, and
tumorigenicity (44, 46, 47, 63, 64). Rrad has a Ras family domain
and several regions of low compositional complexity (Fig. 7A)
(25). In contrast to other small G proteins, Rrad is poorly studied,
and its function in hematopoietic cells has not been described.
Mining of genomic data (59) revealed that RRAD mRNA was
upregulated 10-fold during late-stage human erythropoiesis,
analogously to �-globin (Fig. 7B).

Small GTPases regulate erythroid cell development and func-
tion (65–67), and by analogy, Rrad-dependent signaling pathways
might regulate fundamental erythroid cell processes. To assess
whether Rrad is important for the establishment and/or mainte-
nance of the erythroid cell genetic network, we knocked down
Rrad in G1E-ER-GATA-1 cells and quantitated the expression of
representative GATA-1 target genes. A 75% reduction in Rrad
mRNA levels (Fig. 7C) was associated with significantly altered
expression of several GATA-1-regulated genes (Fig. 7D, E, and F).
Rrad knockdown upregulated the GATA-1-repressed genes Gata2
and Lyl1 2-fold in uninduced G1E-ER-GATA-1 cells. However,
these genes were repressed to normal levels upon �-estradiol-me-
diated ER-GATA-1 activation (Fig. 7D). In addition, Rrad knock-
down upregulated the GATA-1-activated genes �major, 	-globin,
�H1, Alas2, Slc4a1, and Epb4.9 in uninduced cells. As with the
GATA-1-repressed genes, this Rrad activity was not observed
upon ER-GATA-1 activation; the genes were activated to normal
levels (Fig. 7E). A higher-resolution view of the expression data of
GATA-1-activated genes in uninduced cells is shown in Fig. 7F.

To probe the mechanism of Rrad function, we tested whether
lowering Rrad levels in G1E-ER-GATA-1 cells influences cell via-
bility and apoptosis (Fig. 8). Under conditions of Rrad mRNA and
protein knockdown by 75 to 90% (Fig. 8A), the rate of early apop-
tosis increased significantly (2.5-fold; P, �0.05), as measured by
flow cytometry of annexin V-positive, PI-negative cells (Fig. 8B
and C). The percentage of live cells, quantitated by the forward

scatter area (FSC-A) and lack of PI staining, decreased from
66% � 2.0% to 57% � 1.7% (Fig. 8B and C). Because Epo and
stem cell factor (SCF) are important determinants of G1E-ER-
GATA-1 cell survival and proliferation (41), reflecting their essen-
tial functions in erythroid cell biology (68), we eliminated either
Epo or a conditioned medium containing SCF from a Kit ligand-
secreting Chinese hamster ovary (CHO) cell line from the me-
dium and then knocked down Rrad. Knocking down Rrad in a
medium lacking Epo significantly increased the rate of early apop-
tosis 7.2-fold (from 1.0% � 0.1% to 7.2% � 0.5% [P � 0.05]).
Epo starvation reduced the percentage of live cells, which declined
further upon Rrad knockdown (from 37% � 3.5% [with control
siRNA] to 23% � 1.2% [with Rrad siRNA]) (Fig. 8B and C). The
influence of Rrad knockdown on apoptosis was more severe when
cells were cultured in a medium lacking SCF. Under conditions of
SCF starvation, the rate of apoptosis increased significantly, from
28% � 2.4% to 46% � 2.8% (P � 0.05), and the percentage of live
cells decreased significantly (
6-fold; from 32% � 3.2% to
4.8% � 1.5% [P � 0.05]), from those for controls (Fig. 8B and C).
These results indicated that Rrad confers G1E-ER-GATA-1 cell
survival, and the prosurvival activity is particularly important
when essential growth factors are limiting. To assess the specificity
of this phenotype, the four siRNAs constituting the Rrad siRNA
pool were analyzed individually. Three had qualitatively and
quantitatively identical effects on apoptosis (the percentages of
apoptosis were 1.9% � 0.2% with control siRNA, 4.8% � 0.4%
with Rrad siRNA 1, 2.7% � 1.0% with Rrad siRNA 2, 5.4% �
0.5% with Rrad siRNA 3, and 7.2% � 0.6% with Rrad siRNA 4 [P,
�0.05 for Rrad siRNAs 1, 3, and 4]). siRNA 2 failed to reduce Rrad
expression efficiently (30% reduction for siRNA 2 versus 
75%
reductions for siRNAs 1, 3, and 4).

Because cells cultured without exogenous SCF were most sus-
ceptible to Rrad knockdown, we evaluated the influence of varying
the SCF concentration on cell survival under normal and Rrad-
reduced conditions. Knocking down Rrad over a range of SCF
concentrations (Fig. 9A and B) revealed that relatively small
amounts of SCF attenuated the deleterious impact of Rrad knock-
down on apoptosis and cell death (Fig. 9A and B, respectively).
Since SCF was provided as a conditioned medium, we tested
whether purified SCF can substitute for the conditioned medium
in conferring G1E-ER-GATA-1 cell survival. Purified SCF pre-
vented cell death resulting from the removal of the conditioned
medium. The percentage of live cells increased significantly, from
34% � 3.8% (without the conditioned medium) to 55% � 5.7%
(with purified SCF) (P � 0.05), and the percentage of early apop-
totic cells decreased significantly, from 31% � 3.9% (without the
conditioned medium) to 1.7% � 0.4% (with purified SCF) (P �
0.01). In aggregate, these results indicate that endogenous Rrad
confers G1E-ER-GATA-1 cell survival when critical survival fac-
tors are limiting.

To test whether Rrad confers survival in other systems, we
analyzed FOG-1-null cells, which are hematopoietic precursor

FIG 8 Evidence for Rrad prosurvival activity. (A) siRNA-mediated knockdown of Rrad mRNA and protein, as measured by qRT-PCR and semiquantitative
Western blotting, respectively, in G1E-ER-GATA-1 cells transfected with 240 pmol control or Rrad siRNA for 48 h and cultured either in a normal medium or
in a medium lacking either Epo (�Epo) or SCF-containing conditioned medium (�SCF). Results are means � standard errors for three independent experi-
ments. *, P � 0.05. (B) Representative flow cytometric plots. Shown are the results of flow cytometry analysis of annexin V and propidium iodide (PI) staining
in G1E-ER-GATA-1 cells transfected with 240 pmol control or Rrad siRNA for 48 h and cultured in either a normal medium or a medium lacking either Epo or
SCF-containing conditioned medium. FSC-A, forward scatter area. (C) Quantitation of the influence of Rrad knockdown on apoptosis and cell viability. Results
are means � standard errors for three independent experiments.
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cells lacking competence to differentiate due to a deficiency of the
key GATA-1 coregulator FOG-1 (Fig. 10). These cells arrest prior
to the commitment to the erythroblast or megakaryocyte lineage
and at an earlier stage than G1E-ER-GATA-1 cells (38, 49). FOG-
1-null cells require IL-3 for survival and proliferation (51). While
knockdown of Rrad in FOG-1-null cells growing in a normal me-
dium (81% decrease in the level of Rrad mRNA [P � 0.05]) did
not significantly influence apoptosis or survival (Fig. 10A and C),
Rrad knockdown in a medium lacking IL-3 (82% decrease in the
level of Rrad mRNA [P � 0.05]) increased apoptosis 2.6-fold (P �
0.05). The knockdown also increased the rate of cell death, with
the percentage of live cells declining significantly from 18% �
1.9% to 6.1% � 1.4% (P � 0.05) (Fig. 10B and C). Thus, Rrad
confers survival under growth factor-limited conditions in two
distinct hematopoietic cell systems.

To investigate the mechanisms underlying the Rrad prosur-
vival activity, we interrogated a panel of genes encoding estab-
lished regulators of apoptosis (69) (Fig. 11). Rrad knockdown
altered the mRNA expression of three genes: Casp3, Cideb, and
Nfkb1 (Fig. 11A). We prioritized the analysis of these genes on the
basis of two criteria. Since the greatest effects on apoptosis and cell
survival occurred in cells grown without SCF-containing condi-
tioned medium, genes with altered expression under this condi-
tion were prioritized for further study. In addition, since the rate
of apoptosis increased significantly under all medium conditions
tested, genes with altered expression under all conditions were
also prioritized. Of the three genes differentially expressed upon
Rrad knockdown, Nfkb1 was the sole gene to meet these criteria
(Fig. 11A). Nfkb1 encodes the p105 subunit of NF-�B, which is
processed by the 26S proteasome to yield the NF-�B p50 subunit
(70). To determine if the reduction in Nfkb1 mRNA expression is

FIG 9 SCF concentration dependence of prevention of apoptosis and cell
death resulting from reduced Rrad levels. Shown are graphs of values derived
from flow cytometry analysis of apoptotic (A) or live (B) cells after siRNA-
mediated knockdown of Rrad in G1E-ER-GATA-1 cells transfected with 240
pmol control or Rrad siRNA for 48 h and cultured in media containing varying
concentrations of SCF-containing conditioned medium. Results are means �
standard errors for three independent experiments. *, P � 0.05.

FIG 10 Rrad suppresses the apoptosis of FOG-1-null hematopoietic precur-
sor cells cultured without IL-3. (A and B) Representative flow cytometry plots
of annexin V and propidium iodide (PI) staining in FOG-1-null cells trans-
fected with 240 pmol control or Rrad siRNA for 48 h and cultured in a normal
medium (A) or in a medium lacking exogenous IL-3 (B). (C) Quantitation of
the influence of Rrad knockdown on apoptosis and cell viability. Results are
means � standard errors for three independent experiments. *, P � 0.05.
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accompanied by a reduction in Nfkb1 protein expression, semi-
quantitative Western blotting was conducted; it demonstrated re-
duced levels of the p105 and p50 proteins upon Rrad knockdown
(Fig. 11B). Because NF-�B regulates cell survival and apoptosis
(71), we knocked down Nfkb1 in cells growing in a normal me-
dium or in a medium lacking Epo or SCF. Although Nfkb1 mRNA
and protein levels were strongly reduced (data not shown), apop-
tosis was unaffected (the rates of apoptosis were 3.1% � 0.8% with
control siRNA and 3.4% � 1.1% with Nfkb1 siRNA in the normal
medium, 3.8% � 1.3% with control siRNA and 3.7% � 1.6% with
Nfkb1 siRNA in the Epo-depleted medium, and 32% � 6.9% with
control siRNA and 36% � 7.2% with Nfkb1 siRNA in the SCF-
depleted medium). Cell viability was also unaffected (the percent-
ages of live cells were 74% � 8.4% with control siRNA and 73% �
9.3% with Nfkb1 siRNA in the normal medium, 62% � 7.7% with
control siRNA and 61% � 6.4% with Nfkb1 siRNA in the Epo-
depleted medium, and 26% � 4.6% with control siRNA and
26% � 5.1% with Nfkb1 siRNA in the SCF-depleted medium).
These results indicate that while Rrad-mediated regulation of
Nfkb1 is insufficient for the observed prosurvival activity, further
investigation is required to establish the functional importance of
the intriguing Rrad requirement for p105 and p50 expression.

Since Epo and SCF strongly induced Cideb expression

(Fig. 11A), it is attractive to consider a potential role for Cideb in
the respective mechanisms. Cideb can promote caspase-indepen-
dent apoptosis (72) and is an important regulator of lipid metab-
olism (73, 74). However, Rrad knockdown did not significantly
affect Cideb expression in a normal medium or a medium lacking
SCF. Casp3 is a GATA-1 target gene and is downregulated 2.8-fold
by �-estradiol treatment based on the ER-GATA-1 microarray
analysis. Since its levels are unchanged in cells grown without
SCF-containing conditioned medium, reduced Casp3 expression
is not required for the cell death caused by knocking down Rrad.

Since Rrad confers G1E-ER-GATA-1 cell survival, the Med1
target genes noted previously, which are differentially regulated
during human erythroid maturation (Paqr3, Nme4, Pilrb2,
Tnfrsf19), were analyzed by flow cytometry with annexin V and PI
to assess whether they also regulate erythroid cell survival and
apoptosis. In addition, we analyzed a novel Med1-regulated gene,
2310046K01Rik, which was activated to the greatest extent by
Med1. This analysis revealed two genes that conferred survival.
siRNA-mediated knockdown of Pilrb2 or Nme4 increased the rate
of early apoptosis 2-fold in G1E-ER-GATA-1 cells cultured with-
out SCF-containing conditioned medium (Fig. 12A and B) (n �
2). Pilrb2 knockdown decreased the total numbers of live cells by

FIG 11 Rrad controls select apoptosis-regulatory genes. (A) siRNA-mediated knockdown of Rrad mRNA, and qRT-PCR quantitation of the expression of genes
encoding apoptosis regulators, in G1E-ER-GATA-1 cells transfected with 240 pmol control or Rrad siRNA for 48 h and cultured either in a normal medium or
in a medium lacking either Epo or SCF-containing conditioned medium. Results are means � standard errors for four independent experiments. *, P � 0.05. (B)
Protein levels of both mature (p50) and unprocessed (p105) Nfkb1 are reduced by Rrad knockdown, as measured by semiquantitative Western blotting. Asterisks
indicate nonspecific bands.
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30% (n � 2). These results indicate that multiple Med1 target
genes control the survival of G1E-ER-GATA-1 cells.

Insights into erythroid cell biology derived from the mining
of Med1 genomic data sets. Despite the established role of the
broadly expressed Mediator component Med1 as a pivotal regu-
lator of important biological processes (26, 27, 31, 32), many
questions remain regarding the underlying molecular and cellular
mechanisms. Here we describe an erythroid cell genetic network
in which Med1 regulates a restricted cohort of GATA-1-indepen-
dent genes and considerably fewer GATA-1-dependent genes.
These genes are also regulated by the Mediator component
Med25. This regulation occurs in two distinct systems and is ap-
parent when Med1 or Med25 is knocked down alone or when they
are knocked down concomitantly. Clearly, Med1 and Med25 exert
specialized functions in erythroid cells and are not required to

establish/maintain major components of the erythroid cell genetic
network.

The Med1 target genes include multiple new candidate reg-
ulators of erythroid cell maturation and function (Fig. 13). In
agreement with the notion that GATA-1-independent Med1
target genes can have important erythroid cell functions, the
Med1 target gene Rrad conferred survival and regulated genes
important for hematopoiesis, apoptosis, and survival. These
results constitute a proof of the principle that GATA-1-inde-
pendent Med1 targets can serve important regulatory func-
tions in erythroid cells. The mechanisms controlling erythroid
cell survival are complex, involving a multitude of regulatory
factors (68, 75), and our studies implicate a new factor, Rrad, in
this crucial process. Rrad was not essential for Epo- and SCF-
induced cell survival, based on the fact that a major reduction

FIG 12 Additional Med1 target genes confer G1E-ER-GATA-1 cell survival. (A) (Left two panels) siRNA-mediated knockdown of Pilrb2 and Nme4 mRNA
quantitated by qRT-PCR in G1E-ER-GATA-1 cells transfected with 240 pmol control, Pilrb2, or Nme4 siRNA for 48 h and cultured in a medium lacking
SCF-containing conditioned medium. Results are means � standard errors for three independent experiments. *, P � 0.05. (Right two panels) Quantitation of
the influence of Pilrb2 or Nme4 knockdown on apoptosis and cell viability. (B) Representative flow cytometry plots from two biological replicates of annexin V
and propidium iodide (PI) staining in G1E-ER-GATA-1 cells transfected with 240 pmol control, Pilrb2, or Nme4 siRNA for 48 h and cultured in a medium
lacking SCF-conditioned medium.
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in Rrad levels in the presence of these factors did not cata-
strophically impair cell viability and apoptosis. However, in the
absence of exogenous Epo or SCF, a condition deleterious to
cell viability, the prosurvival activity of Rrad was particularly
important. It is attractive to propose that Rrad exerts a protec-
tive function under conditions of cellular stress in which Epo
and/or SCF are limiting or when their signaling pathways are
impaired in pathological states.

A majority of the top Med1 target genes in erythroid cells,
including Rrad, were not regulated by Med1 in MEFs, demon-
strating that Med1 regulates its target gene ensemble in a cell-type-
specific manner. Distinct Mediator species may exist in different
cell types, and certain Mediator components may not be expressed
in all cell types (59, 61). Given the strong evidence supporting an
essential Med1 function in the regulation of erythropoiesis (25,
37), and given the 25 additional Mediator subunits, to many of
which no biochemical functions have been ascribed (26, 27, 32),
further elucidation of cell-type-specific Mediator mechanisms
and the function of GATA-1-independent Mediator targets will
almost certainly yield important biological and mechanistic in-
sights.
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