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Peroxisome proliferator-activated receptor gamma (PPAR�) coactivator 1� (PGC-1�) and PGC-1� have been shown to be inti-
mately involved in the transcriptional regulation of cellular energy metabolism as well as other biological processes, but both
coactivator proteins are expressed in many other tissues and organs in which their function is, in essence, unexplored. Here, we
found that both PGC-1 proteins are abundantly expressed in maturing erythroid cells. PGC-1� and PGC-1� compound null
mutant (Pgc-1c) animals express less �-like globin mRNAs throughout development; consequently, neonatal Pgc-1c mice exhibit
growth retardation and profound anemia. Flow cytometry shows that the number of mature erythrocytes is markedly reduced in
neonatal Pgc-1c pups, indicating that erythropoiesis is severely compromised. Furthermore, hematoxylin and eosin staining re-
vealed necrotic cell death and cell loss in Pgc-1c livers and spleen. Chromatin immunoprecipitation studies revealed that both
PGC-1� and -1�, as well as two nuclear receptors, TR2 and TR4, coordinately bind to the various globin gene promoters. In ad-
dition, PGC-1� and -1� can interact with TR4 to potentiate transcriptional activation. These data provide new insights into our
understanding of globin gene regulation and raise the interesting possibility that the PGC-1 coactivators can interact with TR4
to elicit differential stage-specific effects on globin gene transcription.

The transcriptional coactivator PPARGC1A (PGC-1�) was
originally identified based on its functional interaction with

the nuclear receptor peroxisome proliferator-activated receptor
gamma (PPAR�) in brown fat (1, 2). Subsequently, a second
closely related family member, PPARGC1B (PGC-1�), was iden-
tified that shares a similar structure with PGC-1� (3). Both
PGC-1� and PGC-1� can activate a cascade of genes involved in
mitochondrial biogenesis and respiratory function in adipocytes,
cardiac myocytes, and myogenic cells (3–6). In addition, the
PGC-1 coactivators control hepatic gluconeogenesis and lipopro-
tein metabolism, skeletal muscle fiber determination, circadian
clock function, and angiogenesis, as well as macrophage polariza-
tion (6–16).

PGC-1� and PGC-1� exert their effects on the transcription of
target genes through their interactions with a variety of nuclear
receptors (e.g., PPAR�, PPAR�, and ERR�) and the recruitment
of chromatin-remodeling complexes (1, 17–19). Recently, we re-
ported that PGC-1� can potentiate transcriptional activation of
the orphan nuclear receptor TR4 (NR2C2) in a cell-based trans-
fection assay (20). TR4 and its evolutionarily related homolog,
TR2 (NR2C1), have been shown to play key roles in regulating the
embryonic and fetal globin genes in erythroid cells and may prove
to be useful for identifying therapeutic targets for sickle cell disease
and �-thalassemia (21–25). Recently, we discovered that the ex-
pression of some erythroid genes was lower after short hairpin
RNA (shRNA)-mediated TR4 mRNA knockdown, which indi-
cated that TR4 also functions as a transcriptional activator (L. Shi,
Y. X. Lin, M. C. Sierant, F. Zhu, S. Cui, Y. Guan, S. Maureen, O.
Tanabe, K. C. Lim, and J. D. Engel, submitted for publication).
Moreover, in humanized sickle cell model mice, TR2 and TR4
overexpression significantly induced fetal HbF synthesis, thereby
mitigating sickle cell disease phenotypes (25). However, the mo-
lecular mechanisms that convert TR2 and/or TR4 from transcrip-

tional repressor complexes to transcriptional activation and vice
versa are unknown. The observation that transcription can be po-
tentiated by PGC-1� through TR4 suggested that the PGC-1 co-
activators function as transcriptional coactivators in erythroid
cells (20).

Here, we investigated the expression of the �- and �-like globin
genes in mice bearing individual or combined deficiencies in germ
line loss-of-function mutations in the Pgc-1� or Pgc-1� gene. The
results show that compound mutant Pgc-1��/�:Pgc-1��/� (re-
ferred to here as Pgc-1c) mice exhibit significantly reduced embry-
onic Hbb-y (εy), Hbb-bh1 (�h1), and Hba-x (�), as well as adult
Hbb-b1 (�maj) and Hba-a1 (�) globin gene expression in the em-
bryonic day 10.5 (e10.5) yolk sac. The expression of these same
globin genes is also compromised in the fetal livers of e14.5 em-
bryos and in the spleens of pups at birth (p0). In addition, neona-
tal Pgc-1c mice exhibit anemia, and their peripheral blood smears
and flow-cytometric profiles reveal erythroblastosis, thrombocy-
topenia, and leukopenia, demonstrating multilineage hematopoi-
etic defects in Pgc-1 mutant animals. Hematoxylin and eosin
(H&E) staining revealed necrotic cell death and cell loss in Pgc-1c

livers and spleens, both of which accumulated lipid-filled adi-
pocytes.

Here, we show that coactivator PGC-1� is only able to stably
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interact with orphan nuclear receptor TR2, while both PGC-1�
and PGC-1� can form stable complexes with, and potentiate tran-
scriptional activation by, TR4. Chromatin immunoprecipitation
studies further revealed that PGC-1� and -1�, together with TR2/
TR4, bind to the promoters of the embryonic εy- and �h1-globin
genes in e11.5 erythrocytes but are bound only at the εy promoter
by e14.5.

These data demonstrate that PGC-1� and -1� together play an
essential role in erythropoiesis and globin gene regulation. The
data are consistent with the hypothesis that PGC-1� and PGC-1�
exert direct effects on transcriptional activation of the globin
genes, perhaps acting through the orphan nuclear receptor TR2
and/or TR4, and that the mutation of these coactivator genes
significantly reduces globin gene expression, thereby leading to
anemia.

MATERIALS AND METHODS
Mice. Compound heterozygotes (Pgc-1��/�:Pgc-1��/�) bred from Pgc-
1��/� and Pgc-1��/� singly null mutant mice (26) (27) were used to
generate compound homozygous mutants (Pgc-1c) in addition to all other
anticipated genotypes. All procedures described were approved by the
Animal Care and Use Committee of the University of Michigan.

Quantitative real-time PCR. cDNA was synthesized from total RNA
using Superscript cDNA synthesis kits (Invitrogen) (28), and quantitative
real-time reverse transcription-PCR (RT-PCR) was performed on an ABI
Prism 7000 instrument (Applied Biosystems) as previously described
(29). The abundance of target gene mRNAs in each population was deter-
mined based on cycle threshold (CT) values of the quantitative RT-PCR
and the experimentally determined amplification efficiency of each
primer set (see Table S1 in the supplemental material) and normalized to
the abundance of 18S rRNA or glycophorin A (GPA) as internal controls.
Gpa encodes an erythroid-specific protein that is expressed in both prim-
itive and definitive erythroid cells.

Hematologic and histological analysis. Neonatal p0 pups were sacri-
ficed, peripheral blood was collected, and counts were quantified as pre-
viously reported (25). Peripheral blood smears were stained with Wright-
Giemsa (Sigma). Tissue preparations from the organs were fixed in 70%
alcoholic formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E) (25).

Flow cytometry. Bone marrow, spleen, and liver cells from p0 pups
were stained with anti-mouse CD71, Ter119, CD8, or Mac1 (from Bio-
Legend), CD19 or CD4 (from BD Biosciences), or B220 or Gr1 (from
eBioscience) antibody on ice for 15 min in the dark. Cells were washed
twice and resuspended in phosphate-buffered saline (PBS) plus 0.5% bo-
vine serum albumin (BSA). Analytical flow cytometry was performed us-
ing a FACSCanto II instrument (BD Biosciences) (30).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed as previously described (24). Circulating blood cells from
e11.5 embryos and fetal liver cells from e14.5 embryos and neonatal p0
pups were harvested for ChIP assays. Rabbit sera recognizing PGC-1�
(sc-13067; Santa Cruz Biotech), PGC-1� (sc-67285; Santa Cruz Biotech),
and TR2 and TR4 (22) were used for immunoprecipitation. Primers used
for real-time PCR in ChIP assays are listed in Table S1 in the supplemental
material.

Immunoprecipitation and Western blotting. PGC-1�, PGC-1�,
TR2, and TR4 antibodies were coupled to protein G-Dynabeads (Invitro-
gen) and then incubated with nuclear extracts prepared from mouse
erythroleukemia (MEL) cells. Immunoprecipitated proteins were eluted
from the beads and then subjected to SDS-PAGE and immunoblotting.
The proteins were transferred to a nitrocellulose membrane and probed
with specific primary antibodies, followed by fluorescence-conjugated
secondary antibodies (Li-Cor). The proteins were visualized on an Odys-
sey infrared imaging system (Li-Cor).

Luciferase assays. HEK293T cells were transfected using Lipo-
fectamine 2000 (Invitrogen) with an equal amount of DNA reporter (DR-
pGL3-luc) (20) and expression plasmid (TR2, TR4, PGC-1�, or PGC-1�)
(3, 21). A Renilla luciferase vector (Promega) was cotransfected as an
internal control. Dual-luciferase assays were performed according to the
manufacturer’s instructions.

RESULTS
PGC-1� and PGC-1� are both expressed in erythroid cells dur-
ing development. To understand the roles that PGC-1� and
PGC-1� might play in erythroid gene regulation, we examined
their expression in differentiating erythroid cells during mouse
development (Fig. 1). Total RNA and protein lysates were pre-
pared from sorted wild-type (WT) Ter119� (erythroid) cells on
e10.5 and e14.5, at birth (p0), and 6 weeks after birth from both
Ter119� (w6) and Ter119� (w6�) cells. Quantitative RT-PCR
and Western blotting were performed to document mRNA and
protein expression, respectively, of PGC-1� and PGC-1� during
erythroid differentiation.

PGC-1� expression was dynamically differentially regulated
during erythroid cell development. PGC-1� was most abundantly
expressed during embryonic stages, peaking at around e14.5
shortly after the primitive-to-definitive erythroid switch occurs,
going from yolk sac to fetal liver erythropoiesis (31). After birth,
PGC-1� expression in definitive erythroid cells (w6) and myeloid
cells (w6�) diminished. In contrast, PGC-1� expression varies by

FIG 1 Expression of PGC-1� and PGC-1� during erythroid cell development.
(A) Total RNA was extracted from flow-sorted wild-type Ter119� cells recov-
ered from e10.5 yolk sacs (primitive erythrocytes), e14.5 fetal livers (definitive
erythroid cells), p0 fetal livers, and the circulating blood of w6 postnatal ani-
mals. Ter119� cells of w6 animals were used as a nucleated nonerythroid blood
cell control. The diagram depicts the mRNA abundance of PGC-1� and
PGC-1� as determined by reverse transcription and real-time quantitative
PCR, normalized to 18S rRNA. (B) Western blotting was performed using the
cell lysates from the samples described for panel A to show the expression of
PGC-1� and PGC-1� at the protein level during erythroid cell differentiation.
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less than 2-fold throughout erythroid development (Fig. 1A). Ac-
cumulation of the PGC-1� and PGC-1� proteins was generally
consistent with their mRNA expression (Fig. 1B). The specificity
of the anti-PGC-1� and anti-PGC-1� antibodies was validated
(see Fig. S1 in the supplemental material).

PGC-1 loss affects expression of the globin genes at all devel-
opmental stages. To investigate the effects of Pgc-1� or Pgc-1�
loss of function on globin gene expression, quantitative RT-PCR
was performed to measure the abundance of accumulated globin
mRNAs in the yolk sacs of e10.5 embryos, the site of primitive
erythropoiesis at this stage. Compared to WT mice, a significant
reduction in the embryonic εy-, �h1-, �-, and adult �-globin genes
was observed in compound mutant Pgc-1c mice (no �maj-globin
mRNA was detected at e10.5) (Fig. 2A). Loss of function in either
Pgc-1��/� or Pgc-1��/� animals individually affects the expres-
sion of these same genes, but the consequences are more severe in
the compound mutants (Fig. 2B, left) at e10.5, suggesting that
Pgc-1� and Pgc-1� have complementary, compensatory activities
at this stage. In addition, the expression of the εy- and �h1-globin
genes was also statistically different in Pgc-1c compound mutants
compared to single Pgc-1� or Pgc-1� mutants. The data indicate
that Pgc-1� and Pgc-1� interact genetically in primitive erythroid
cells at e10.5 and that both genes are required for full mouse �-like
and �-like globin gene expression in primitive erythroid cells.

At e14.5, the site of erythropoiesis shifts to the fetal liver, where
definitive erythropoiesis ensues. PGC-1� and PGC-1� loss simi-
larly results in diminished �-like and �-like globin transcript ac-
cumulation in the fetal livers of individual null mutant and in
compound mutant Pgc-1c embryos (Fig. 2A). Curiously, and in

contrast to what was observed in primitive erythropoiesis, there
appeared to be no significant difference in globin gene expression
between the individual Pgc-1 mutants and the compound mutant
mice in definitive erythroid cells (Fig. 2B).

Loss of function in the Pgc-1��/� or Pgc-1��/� mice also sig-
nificantly affected the expression of the adult �maj- and �-globin
genes in definitive p0 spleen erythroid cells (Fig. 2), but as in the
fetal liver, there was no evidence for genetic interaction between
the two coactivators at this stage of definitive erythropoiesis.
These data indicate that PGC-1� and PGC-1� play stage-spe-
cific roles in mouse �-like and �-type globin gene expression,
and that their activities differ during primitive and definitive
erythropoiesis.

PGC-1 loss affects neonatal hematopoiesis. To investigate the
effect of PGC-1� and PGC-1� deficiencies on hematologic prop-
erties, complete blood counts were performed using peripheral
blood from neonatal p0 pups, since the compound mutants ex-
hibited growth retardation (see Fig. S2 in the supplemental mate-
rial) and survived for only 1 or 2 days after birth. Compared to WT
mice, single null mutant (Pgc-1��/� or Pgc-1��/�) newborns did
not display significant differences in cellular phenotypes, while
compound mutant Pgc-1c mice exhibited moderate anemia ac-
companied by a slightly lowered hematocrit, lower than average
total hemoglobin, and fewer red blood cells (Table 1). White
blood cells and platelet counts in the Pgc-1c mice were both signif-
icantly reduced, suggesting that the hematopoietic defects engen-
dered on Pgc-1c dual loss of function were not restricted to eryth-
ropoiesis and anemia (Table 1).

Reticulocyte counts in WT, singly null mutant (Pgc-1��/� or

FIG 2 Developmental stage-specific Pgc-1� and Pgc-1� loss-of-function effects on murine �- and �-globin gene expression. (A) The relative abundances of
�-globin and �-globin transcripts (compared to glycophorin A mRNA abundance) was determined in e10.5 yolk sacs, e14.5 fetal livers, and p0 spleens of WT and
compound mutant Pgc-1c mice. (B) The individual globin mRNA levels, normalized to the abundance of GPA, was set at 100% for each WT transcript. The values
for expression of the same genes in various Pgc-1 mutant backgrounds are shown. Four embryos of each genotype were used to determine the mean globin/GPA
mRNA ratio. Statistically significant differences in expression of the mutant embryos compared to the WT are indicated (*, P � 0.05; **, P � 0.01). Error bars
represent standard deviations (SD).
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Pgc-1��/�), and compound mutant Pgc-1c pups were next exam-
ined by flow cytometry using thiazole orange for reticulocyte
staining of whole peripheral blood (25). Reticulocyte counts were
reduced in individual Pgc-1��/� or Pgc-1��/� pups and even
more so in the compound mutant Pgc-1c pups compared to WT
controls (Table 1; also see Fig. S3 in the supplemental material).

We next examined differentiation and developmental markers

for the erythroid and other hematopoietic lineage cells in the bone
marrow, spleen, and livers of WT and compound mutant Pgc-1c

p0 pups (Fig. 3). Within the hematopoietic lineages, various stages
of differentiation as well as differentiated cell types can be readily
assessed by interrogation of a large variety of stage- and lineage-
specific cell surface markers which can then be resolved by flow
cytometry. The differentiation profile of WT and compound mu-
tant erythroid cells was examined by staining for the transferrin
receptor CD71, which is induced during the first two divisions
after generation of erythroid CFU (32), and Ter119, which is sta-
bly incorporated into erythroid cell membranes during later
stages of differentiation (33). Erythroid progenitor cells undergo
several rounds of division to produce progeny that first express
CD71, followed by expression of Ter119 (34); finally, CD71 is lost
from the surface of mature erythroid cells.

When we examined the Pgc-1 mutants for possible erythroid
maturation defects using the CD71 and Ter119 surface markers
(Fig. 3A), we found that the number of mature red cells (found in
the CD71� Ter119� quadrant) was dramatically reduced in com-
pound mutant pups in both the bone marrow and spleen, while
the double-negative (CD71� Ter119�) population (containing
early erythroid progenitors) was elevated in both tissues. Further-
more, the number of proerythroblasts (CD71� Ter119�) was el-
evated in the compound mutants, compared to levels for WT
pups, in the bone marrow, spleen, and liver (Fig. 3A). Interest-
ingly, there was no significant difference between the individual
Pgc-1 mutants and the WT mice in any of the three tissues. Thus,
the data clearly demonstrate that compound Pgc-1 loss of function

TABLE 1 Blood count results

Blood count
parametera

Value by cell typeb

WT Pgc-1��/� Pgc-1��/� Pgc-1c

RBC (	106 cells/
l) 4.8 � 0.2 4.67 � 0.2 4.9 � 0.2 3.4 � 0.2*
HGB (g/dl) 11.5 � 1 12 � 0.6 11 � 0.6 7.2 � 0.5*
HCT (%) 50.5 � 2.9 50.33 � 1.2 48 � 2.5 40 � 1.8*
MCV (fl) 106.625 � 1 107.98 � 2.4 98.9 � 2.2 119.7 � 6
MCH (pg) 24.95 � 0.8 25.63 � 0.4 23.1 � 1.2 21.6 � 0.7*
MCHC (g/dl) 23.4 � 0.6 23.78 � 0.6 23.3 � 0.7 18.2 � 0.7*
Retic (%) 29.2 � 0.4 21.5 � 0.7 22.8 � 0.9 12.9 � 2.3*
RDW (%) 18.9 � 1.1 20.2 � 1.8 17.3 � 0.8 23.1 � 3.1
PLT (	103 cells/
l) 500 � 73 370 � 88 520 � 114 320 � 63*
WBC (	103 cells/
l) 4.5 � 0.9 4.2 � 0.9 6.2 � 1.3 2.88 � 0.5*
Neut (	103 cells/
l) 1.27 � 0.4 1.02 � 0.1 0.6 � 0.3 0.65 � 0.1
Lymph (	103 cells/
l) 1.36 � 0.3 0.87 � 0.2 0.9 � 0.5 0.79 � 0.1
a RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; Retic, reticulocyte count; RDW, red cell distribution width; PLT, platelet
count; WBC, white blood cells; Lymph, lymphocyte count.
b *, P � 0.05.

FIG 3 Differentiation profiles of hematopoietic lineage cells in the bone marrow (BM), spleen, and liver of WT and mutant p0 pups. Cells were stained with
anti-mouse CD71 and Ter119 (A) or Gr1 and Mac1 (B) to assess the erythroid differentiation profiles in WT versus Pgc-1 singly or compound mutant mice. The
numbers in each quadrant represent the fractional percentages (means � SD from at least 3 pups of each genotype) of cells in that quadrant. Statistically
significant differences in numbers for comparisons of the mutant embryos to the WT are indicated (*, P � 0.05).
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leads to a quite severe erythroid maturational deficiency not seen
in either individual Pgc-1 mutant.

We next asked whether loss of Pgc-1 exclusively affected eryth-
ropoiesis or if other hematopoietic lineages also are altered.
Myeloid cell differentiation was examined by flow cytometry, in
this case staining cells for expression of granulocyte differentia-
tion antigen 1 (Gr1) (35) and macrophage antigen 1 (Mac1), ex-
pressed on the surface of macrophages, granulocytes, and den-
dritic cells (DC) (36). Double-positive (Mac1� Gr1�) cells
represent mature granulocytic cells as well as immature myeloid
cells (37). The number of Mac1� Gr1� cells was, like that for
mature erythroid cells, dramatically reduced in the spleens and
livers of Pgc-1c pups versus levels in WT or single-mutant p0 pups,
but they were only slightly reduced in their bone marrows (Fig.
3B). Interestingly, there was an enormous increase in the number
of Mac1� Gr1� cells in the bone marrows of Pgc-1c p0 pups
(22.6% versus 2.8%) (Fig. 3B), reminiscent of observations in an-
imals that exhibit impaired immune reactivity and increased in-
flammation and infection (38).

The differentiation of lymphoid cells was also examined by
staining for B220 and CD19 (to identify different stages of B cell
differentiation) or CD4 and CD8 antigens (for T cell lineage
markers). In both populations, there were no detectable differ-
ences in the development of either the B (see Fig. S4A in the sup-
plemental material) or T (see Fig. S4B) cell lineages in single or
compound Pgc-1 mutants versus WT p0 pups. These data are also
consistent with the complete blood cell counts shown in Table 1,
where only modest changes were detected in the lymphocytes of
Pgc-1c versus WT p0 pups.

Histological and pathological analysis of PGC-1 mutant
newborns. To examine the histological characteristics of PGC-1
mutant neonatal whole blood, peripheral blood was examined on
glass slides after fixation with Wright-Giemsa stains. Erythroblasts
were detected only in the peripheral blood of Pgc-1c newborns;
this erythroblastosis is not detectable in either WT or singly mu-
tant (data not shown here) neonates (Fig. 4A). Erythroblasts (nor-
moblasts) appeared to be immature, nucleated primitive red cells
that are not normally found in the peripheral blood. Their appear-
ance in the periphery usually (but not always) indicates that leu-
koerythroblastic anemia, hemolysis, hypoxia, and bone marrow
infiltration or extramedullary hematopoiesis has been activated
(39).

We next performed pathological analysis of the livers and
spleens recovered from WT and Pgc-1c p0 pups. Compared to
those from the WT, H&E-stained liver sections of p0 Pgc-1c mice
revealed diminished cellularity and significant necrotic cell death.
Simultaneously, the number and size of adipocytes in Pgc-1c livers
was increased and exhibited abundant accumulation of large lipid
droplets (Fig. 4B), a feature commonly associated with impaired
thermogenic function (40). H&E-stained spleen sections from the
Pgc-1c mice also exhibited cell loss and fat accumulation com-
pared to WT spleens (Fig. 4B).

PGC-1�, PGC-1�, and TR2/TR4 are associated selectively
with globin gene promoters. To address the underlying mecha-
nism(s) that might regulate globin gene expression mediated
through PGC-1� or PGC-1�, ChIP assays were performed on cells
isolated from WT e11.5 murine embryonic peripheral blood
(primitive red blood cells) or from e14.5 fetal livers and p0 spleens
(definitive red blood cells). Equivalent cells isolated from the
compound mutants served as negative controls (see Fig. S5 in the

supplemental material). The data revealed a complex pattern of
association of the two cofactors throughout erythroid develop-
ment.

At e11.5, εy- and �h1-globin transcripts are abundantly ex-
pressed at around the time when �maj-globin transcription initi-
ates. Both PGC-1� and PGC-1� are bound at the e11.5 εy- and
�h1-globin gene promoters, while only PGC-1� associates with
the e11.5 adult �maj-globin promoter (Fig. 5, left); neither of the
cofactors is found associated with an irrelevant control sequence
located 5.9 kbp 5= to the �maj-globin gene promoter (�maj5.9) (Fig.
5). By e14.5, εy-globin is still being expressed, while �h1-globin is
no longer transcribed (41). Consistent with this expression pat-
tern, PGC-1� and PGC-1� remain bound to the εy-globin gene
promoter but are no longer bound at the �h1 promoter (Fig. 5,
center), consistent with the hypothesis that the two cofactors are
dynamically promoting gene activation.

By the time of birth, εy-globin transcription has completely
ceased (41). In agreement with this observation, neither PGC-1�
nor PGC-1� is still bound to any embryonic or adult globin gene
promoters in p0 (definitive) erythroid cells (Fig. 5, right). These
differential patterns of PGC-1� and PGC-1� association with the
individual globin promoters suggest that PGC-1� and PGC-1�
can drive often overlapping, but occasionally distinct, globin tran-
scriptional regulatory programs.

In close correlation of the stage-specific association of PGC-1�

FIG 4 Histological and pathological analysis of PGC-1 mutant mice at birth.
(A) Wright-Giemsa staining of peripheral blood smears of wild-type (WT) or
PGC-1 compound mutant (Pgc-1c) newborns at p0. Arrows indicate erythro-
blasts (primitive nucleated erythrocytes). (B) Hematoxylin and eosin (H&E)-
stained liver or spleen sections from WT and Pgc-1c mice revealed necrotic cell
death and cell loss in Pgc-1c livers and spleens. Additionally, Pgc-1c livers and
spleens accumulated abnormal numbers of adipocytes, displaying abundant
accumulation of large lipid droplets.
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and PGC-1� to the various globin gene promoters, we observed
that both TR2 and TR4 bind to the e11.5 εy- and �h1-globin
gene promoters but not to other sequences in the globin locus
(Fig. 5, left). By e14.5, TR2 and TR4, like the PGC-1 coactiva-
tors, are found in association only with the εy-globin promoter
but no longer with the �h1 promoter (Fig. 5, center). At the
time of birth, there appears to be either no or marginal binding
of either of these orphan nuclear receptors to any of the mouse
�-globin promoters (Fig. 5, right). In summary, the data pro-
vide correlative evidence supporting the hypothesis that the
PGC-1 coactivators are bound by the nuclear receptors TR2
and/or TR4, and that these complexes play a role in positively
regulating the expression of the embryonic globin genes during
erythroid cell development.

PGC-1� and PGC-1� both form stable complexes with or-
phan nuclear receptor TR4. To determine whether the coactiva-
tors PGC-1� and PGC-1� can biochemically interact with either
or both nuclear receptors TR2 and TR4, we performed coimmu-
noprecipitation assays using nuclear extracts prepared from rep-
licating (untransfected) MEL (adult murine erythroleukemia)
cells, where TR2 and TR4 were previously shown to be expressed
(23). PGC-1�, PGC-1�, TR2, and TR4 were individually immu-
noprecipitated from MEL cell nuclear extracts and then interro-
gated on immunoblots to detect the expression of PGC-1 coacti-
vators in those cells and their possible interactions with TR2
and/or TR4.

In immune complexes recovered using either the anti-PGC-1�
or anti-PGC-1� antibody, TR4 was clearly coprecipitated, while
TR2 was only detected in coprecipitate complexes with PGC-1�
(Fig. 6). In the reciprocal experiment, when anti-TR2 or anti-TR4
antibody was used for the initial immune precipitation, both
PGC-1� and PGC-1� were readily detected in complex with TR4,
while only PGC-1� could be detected as a coprecipitate with TR2
(Fig. 6). These data confirm that a bona fide biochemical interac-
tion takes place between coactivator PGC-1� or PGC-1� with
nuclear receptor TR4, although the data do not provide further
insight into the nature of this interaction or whether it is or is not
direct. The data also demonstrate that TR2 is capable of interact-
ing only with PGC-1�.

PGC-1� and -1� interact with TR4 to potentiate transcrip-
tional activation. In order to define the interactions between
PGC-1� and PGC-1� with TR2 and/or TR4 in vivo using cell-
based cotransfection assays, we performed transient cotransfec-
tion of full-length TR2 or TR4 expression constructs to direct the
expression of a luciferase reporter gene that was regulated by a
promoter bearing five direct-repeat (DR1) sequences (AGGTCA
NAGGTCA [the repeated sequence is underlined]) correspond-
ing to the optimal TR2/TR4 binding site (23). After cotransfection
of either PGC-1� or PGC-1� with either TR2 or TR4 (or both)
into HEK 293T cells (Fig. 7A), forcibly expressed PGC-1� or
PGC-1� along with TR4 significantly enhanced reporter gene ac-
tivity compared to the transfection of the individual factors, while
forcibly expressed PGC-1� or PGC-1� plus TR2 quite modestly
induced reporter activity (Fig. 7B). Compared to PGC-1� plus
TR4 alone, which elicited maximum reporter stimulation,
PGC-1� plus TR2 and TR4 modestly repressed reporter gene ac-
tivity (by less than 2-fold), possibly because of competition for

FIG 5 Differential PGC-1�, PGC-1�, TR2, and TR4 binding in the murine �-globin locus. The binding of PGC-1�, PGC-1�, TR2, and TR4 to select murine
�-like globin gene promoters (as well as to an irrelevant control sequence located 5.9 kbp 5= to the �maj promoter) in e11.5 circulating blood cells (left), e14.5 fetal
liver cells (center), or p0 fetal liver cells (right) was analyzed in ChIP experiments. Statistically significant enrichment of the orphan receptors and/or the
coactivators at the promoters is indicated compared to the control IgG values (*, P � 0.05). Error bars represent standard errors.

FIG 6 Naturally occurring interactions between TR2, TR4, PGC-1�, and
PGC-1� in erythroid cells. Nuclear extracts prepared from untransfected MEL
cells were incubated with protein G beads coupled to antibodies that recognize
each of the proteins shown at the top or with control (nonspecific) IgG. A total
of 150 
g of nuclear extract protein was electrophoresed on each lane. Each
immunoprecipitate (IP) was subjected to SDS-PAGE in duplicate lanes, fol-
lowed by immunoblotting and detection with the antibodies recognizing the
protein indicated at the left.
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binding between TR2/TR4 heterodimers versus TR4 homodimers
(TR2 homodimers bind only weakly to the DR1 sequence [22]).
PGC-1� plus TR2/TR4 displayed reporter gene activity similar to
that of PGC-1� plus TR4 alone, possibly reflecting the fact that

TR2 does not interact with PGC-1� (Fig. 7B). These results sug-
gested that both PGC-1� and PGC-1� are capable of significantly
(e.g., �8-fold) potentiating transcription by TR4 in cell-based
reporter assays (Fig. 7B, compare transfection of TR4 alone to TR4
plus PGC-1�). We also performed similar reporter gene assays
using constructs directed by the ε-globin gene promoter (bearing
two DR1 elements [22]) or the thymidine kinase (tk) promoter
(no DR sequence). Activation patterns similar to those revealed
using a synthetic 5	 DR1 reporter were observed in assays em-
ploying the ε-globin gene promoter (Fig. 7C). In contrast, there
was no activation of a tk promoter-directed construct (Fig. 7D). In
summary, the data provide evidence that PGC-1� and PGC-1�
exert direct transcriptional effects on the globin genes, possibly
through their interaction with the orphan nuclear receptors TR2
and TR4.

DISCUSSION

Differential �-globin gene expression during erythropoiesis is a
complex process employing tissue-, lineage-, and developmental
stage-specific transcription factor utilization during mammalian
embryogenesis, with both coactivators and corepressors function-
ing as requisite effectors to elicit gene-specific transcriptional re-
sponses. The human �-globin locus has been extensively studied
as a paradigm for genetic regulation of lineage- and stage-specific
gene expression (42), as well as for its clinical relevance to �-glo-
bin disorders. Elucidation of the molecular basis for �-globin gene
silencing during definitive erythropoiesis in particular has been
the focus of intense investigation, since coinheritance of genetic
conditions that confer elevated �-globin synthesis alleviates many
symptoms and at least some of the pathology associated with in-
herited �-globin disorders (43, 44).

Over the past decade, a growing number of transcription fac-
tors (e.g., Ikaros [45], GATA1 [46], BCL11A [47], KLF1 [48, 49],
FOP [50], and Myb [51]), as well as nuclear receptors COUP-TFII
(52) and TR2/TR4 (22, 53, 54), have been implicated in adult-
stage �-globin gene transcriptional repression. Forced erythroid-
specific transgenic expression of TR2 and TR4 led to induction of
the fetal �-globin genes in definitive erythroid cells of yeast artifi-
cial chromosome (YAC) transgenic mice (22), suggesting that
TR2 and TR4 can elicit transcriptional activating responses under
some experimental conditions. Consistent with that observation,
forced TR2/TR4 expression in a humanized sickle cell mouse leads
to elevated �-globin expression, HbF synthesis, and alleviation of
hematological and pathological indications of sickle cell disease
without apparent adverse effects (25).

In this study, we detailed a new stage-specific role for the
PGC-1 coactivators in erythropoiesis and globin gene regulation,
with evidence that these effects are mediated through interaction
with nuclear receptor TR4. In Pgc-1 germ line mutant animals,
complete PGC-1 depletion reduces expression of the globin genes
at all stages. PGC-1� and PGC-1� appear to act in a compensatory
manner during primitive erythropoiesis, since the compound
Pgc-1c mutants exhibit a more severe phenotype than either of the
individual loss-of-function mutations. In contrast, in definitive
erythroid cells there is no significant difference in globin expres-
sion in the singly versus compound mutant mice, suggesting that
there is both gene and developmental stage specificity in PGC-1
coactivator function (Fig. 2). Furthermore, the Pgc-1 compound
mutant mice had significantly lower erythroid cell hemoglobin
content and the animals exhibited anemia, thrombocytopenia,

FIG 7 PGC-1 coactivators functionally complex with nuclear receptors TR2
and/or TR4. (A) Diagram depicting the interaction of PGC-1 and TR4 binding
on a DR element. HEK293T cells were cotransfected with a luciferase reporter
gene directed in cis by 5 copies of a synthetic DR1 sequence (B), the ε-globin
gene promoter (containing 2 DR1 elements) (C), or the thymidine kinase
(tk) gene promoter (bearing no DR1 sequences) (D) and all possible combi-
nations of PGC-1�, PGC-1�, and TR2 or TR4 expression plasmids. The values
for firefly luciferase activity were normalized to cotransfected Renilla luciferase
activity. The standard errors were calculated from six independent determina-
tions.
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and leukopenia, together suggesting multilineage myeloid hema-
topoietic deficiencies (Table 1) without affecting lymphopoiesis.
Interestingly, the reticulocyte number in PGC-1 compound mu-
tant mice was also reduced (see Fig. S4 in the supplemental mate-
rial), suggesting that the effects of Pgc-1 compound loss of func-
tion in mature red cell production were not compensated for by
increased erythropoiesis in order to produce more new red blood
cells.

Flow-cytometric studies confirmed that while both erythropoiesis
and myelopoiesis were affected by Pgc-1 loss, lymphopoiesis ap-
peared to be normal (Fig. 3; also see Fig. S3 in the supplemental
material). The number of mature erythroid cells (CD71� Ter119�)
was significantly reduced, while the number of double-negative
cells, the compartment containing the most immature erythroid
progenitors, increased in Pgc-1c mutants. The number of imma-
ture intermediate erythroid cells (CD71� Ter119�) also increased
in the Pgc-1c mutant mice (Fig. 3A). The data indicated that Pgc-1
loss blocks the terminal differentiation of erythroid cells, and that
the number of Mac1� Gr1� cells (a mixture of immature and
mature granulocytes) was reduced in the hematopoietic organs of
Pgc-1c mutant animals. In addition, the number of Mac1 single-
positive cells (Mac1� Gr1�) increased in the bone marrow of
Pgc-1c mutant mice, a condition that is often associated with in-
flammation and impaired immune response (Fig. 3B), suggesting
that PGC-1 activation is anti-inflammatory by reducing macro-
phage synthesis of proinflammatory cytokines (55).

The peripheral blood smears displayed erythroblasts (nucle-
ated primitive red cells) only in the PGC-1 compound mutant
animals (Fig. 4A). This same phenotype is observed in patients
with sickle cell disease. Erythroblasts in the peripheral blood of the
PGC-1 compound mutants indicates that the bone marrow has
been infiltrated or that extramedullary hematopoiesis has been
activated, conditions usually associated with ineffective erythro-
poiesis (39). In addition, significant necrotic cell death, cell loss,
and abnormal adipocyte accumulation was observed in liver and
spleen sections of Pgc-1c mutant pups (Fig. 4B). The abundant
accumulation of lipid droplets in the livers of Pgc-1c pups is prob-
ably related to their roles in the control of energy metabolism (40).

Finally, these experiments show that the binding of PGC-1�
and PGC-1� and the orphan nuclear receptors TR2 and TR4 to
the various murine globin gene promoters can be quite different at
different developmental stages, and that their DNA association
correlated well with the expression of the εy- and �h1-globin
genes. For example, the binding of the nuclear receptor orphans
and the two coactivators to the εy- and �h1-globin gene promot-
ers differed widely between e11.5 (primitive) and e14.5 (defini-
tive) erythroid cells (Fig. 5), indicating that activation of those
promoters by TR2 and TR4 with the PGC-1 coactivators was both
stage and gene specific. The sole exception to this strong correla-
tion is that PGC-1�, but not PGC-1�, was found bound to the
�maj promoter in primitive erythroid cells (at a time when �maj-
globin is not expressed), suggesting that PGC-1� plays a role in
initiating the expression of the �maj-globin gene, possibly in col-
laboration with a different partner (Fig. 5), or even that PGC-1�
plays an active role in adult �maj-globin gene repression in prim-
itive erythrocytes (a role that, if true, would be unique to PGC-1
cofactors). Since PGC-1� interacts only with TR2 while both co-
activators can form complexes that interact with TR4 (Fig. 6), it
seems possible that these differential associations alter the affini-
ties of the different transcription complexes for additional cofac-

tors (56, 57). Cotransfection assays showed that compared to the
expression of the individual orphan nuclear receptors, addition of
PGC-1� or PGC-1� to force-expressed TR4 activated a DR1-reg-
ulated reporter gene, while addition of either coactivator to forc-
ibly expressed TR2 induced reporter expression to a lesser extent
(Fig. 7). These differences could be attributable either to compet-
itive binding between TR2/TR4 heterodimers and the TR2 or TR4
homodimer and their different affinities for DR elements (23) or
to the specificity in their association with different coactivators
and corepressors.

The data described here show that (i) the PGC-1� and -1�
coactivator proteins differentially associate with the orphan nu-
clear receptors TR2 and TR4; (ii) their ability to stimulate reporter
gene transcription differs during erythroid development accord-
ing to developmental stage; (iii) their combined loss-of-function
effects result in anemia in vivo; (iv) their loss-of-function effects in
hematopoiesis are restricted to the myeloerythroid lineages; and
(v) they function as coactivators in cell-based cotransfection as-
says using either synthetic or natural DR-regulated promoters.
Taken together with previous observations in the literature show-
ing that TR2 and TR4 promote transcriptional activation (58–62),
the present studies provide an explanation for how these orphan
receptors can function as both activators (as shown here) and as
repressors (21–24) during development. This hypothesis suggests
that TR2 and/or TR4 serve as the scaffold for DNA binding to
specific recognition sites in DNA, and that the array of coactiva-
tors (e.g., PGC-1s) or corepressors (e.g., DNMT1, LSD1, NuRD,
and histone deacetylase 1 [HDAC1] to HDAC3) that differentially
bind to these nuclear receptors at different stages during develop-
ment or in different tissues are the true determinants of their
(positive or negative) regulatory activity. If, as suggested in recent
studies, TR4 is a typically ligand-regulated nuclear receptor (20),
this could provide a readily distinguishable substrate to differen-
tiate between liganded and unliganded, as well as activator or re-
pressor, complexes.

These findings fundamentally contribute to our understanding
of the molecular mechanisms that regulate the transcriptional ac-
tivity of the nuclear receptors TR2 and TR4, factors that are inti-
mately involved in the repression of the fetal �-globin genes in
adult erythroid cells (63). Nuclear receptor-mediated transcrip-
tional regulation is controlled by ligand-induced recruitment or
release of coactivators and corepressors. The balance between
these differential associations determines the transcriptional out-
put of target genes and the phenotypes associated with coactiva-
tor/corepressor binding. The work described here shows that
PGC-1� and PGC-1� can participate in globin gene regulation
through the nuclear receptors TR2 and TR4, suggesting that
PGC-1 coactivators represent new therapeutic targets (in addition
to the presumptive corepressors that we identified previously
[24]) for the treatment of sickle cell disease and �-thalassemias.
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