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The ordered assembly of a functional preinitiation complex (PIC), composed of general transcription factors (GTFs), is a
prerequisite for the transcription of protein-coding genes by RNA polymerase II. TFIID, comprised of the TATA binding
protein (TBP) and 13 TBP-associated factors (TAFs), is the GTF that is thought to recognize the promoter sequences allowing site-specific PIC assembly. Transcriptional cofactors, such as SAGA, are also necessary for tightly regulated transcription initiation. The contribution of the two TAF10-containing complexes (TFIID, SAGA) to erythropoiesis remains elusive.
By ablating TAF10 specifically in erythroid cells in vivo, we observed a differentiation block accompanied by deregulated
GATA1 target genes, including Gata1 itself, suggesting functional cross talk between GATA1 and TAF10. Additionally, we
analyzed by mass spectrometry the composition of TFIID and SAGA complexes in mouse and human cells and found that
their global integrity is maintained, with minor changes, during erythroid cell differentiation and development. In agreement with our functional data, we show that TAF10 interacts directly with GATA1 and that TAF10 is enriched on the
GATA1 locus in human fetal erythroid cells. Thus, our findings demonstrate a cross talk between canonical TFIID and
SAGA complexes and cell-specific transcription activators during development and differentiation.

I

nitiation of RNA polymerase II (RNA pol II) transcription in
eukaryotes is a process involving the stepwise recruitment and
assembly of the preinitiation complex (PIC) at the core promoter
of a transcriptional unit. Transcription factor TFIID, comprised
of the TATA binding protein (TBP) and a series of TBP-associated
factors (TAFs), is the general transcription factor (GTF) that, by
recognizing the promoter sequences and surrounding chromatin
marks, allows the site-specific assembly of the PIC (see reference 1
and references therein). Binding of the TFIID complex is aided by
TFIIA and is followed by the remainder of the general transcription machinery, including TFIIB, RNA pol II/TFIIF, TFIIE, and
TFIIH complexes. Additional cofactors, including the Mediator
complex, histone modifiers, and chromatin remodelers, facilitate
the communication between gene-specific transcription factors
and the general transcription machinery.
The TFIID complex binds not only to TATA box-containing
promoters but also to TATA-less promoters, and this led to the
idea that TAFs could provide TFIID with additional functional
features (2, 3). Indeed, 9 out of 13 TAFs contain a histone fold
domain (HFD) (4) favoring the formation of TAF heterodimers.
For instance, the TAF6-TAF9 heterodimer has been found to bind
promoter elements downstream of the TATA box (5–7) and is a
direct target of transcriptional activators (8, 9). Moreover, it has
been shown that TAF knockouts (KOs) and in vitro TAF-knockdown experiments result in both the down- and upregulated expression of subsets of genes (10, 11). All these results together
suggest that TFIID is a highly flexible regulator of transcription,
functioning both in gene activation and in repression.
Additionally, coactivator complexes with histone acetyltransferase (HAT) activity, responsible for gene activation-associated
interactions, including the ATAC (Ada-two-A-containing) and
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SAGA (Spt-Ada-Gcn5-acetyltransferase) complexes, appear to
have distinct functional roles by targeting either promoters or
enhancers, or both (see reference 12 and references therein).
TAF10 is a subunit of both the TFIID and the SAGA coactivator HAT complexes (13). The role of TAF10 is indispensable for
early embryonic transcription and mouse development, as
TAF10-KO embryos die early in gestation (between embryonic
day 3.5 [E3.5] and E5.5), at about the stage when the supply of
maternal protein becomes insufficient (14). However, when analyzing TFIID stability and transcription, it was noted that not all
cells and tissues were equally affected by the loss of TAF10. For
example, ablation of TAF10 in keratinocytes impaired skin barrier
formation and deregulated a subset of related genes when inactivated during the fetal stage but resulted in no detectable effect in
adult keratinocytes (15). Moreover, studies in which TAF10 was
conditionally ablated in fetal or adult liver demonstrated the essential role of TAF10 in liver development, revealing the necessity
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MATERIALS AND METHODS
Mice. The TAF10lox/KO mice (14) and EpoR-Cre mice (24) used in this
study have been described previously. TAF10lox/KO:EpoR-Cre⫹/⫺ mice
(here called TAF10KOcEry mice) and mice with single genetic modifica-
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tions were maintained in a C57BL/6 mouse background. All experiments
described in this article have been approved and conducted according to
the guidelines of the Animal Welfare Committee of Erasmus MC, Rotterdam, The Netherlands.
Human material. Samples of fetal liver and buffy coats from peripheral blood were provided by the clinic and the Sanquin Blood Bank in The
Netherlands, in compliance with the guidelines of the Erasmus MC Ethical Guidelines Committee.
Flow cytometry. Fetal livers were dissected from embryos at E11.5,
E12.5, and E13.5 and resuspended in phosphate-buffered saline (PBS)
supplemented with 1% bovine serum albumin (BSA) as single-cell suspensions. Cells were stained on ice for 20 min and washed twice with
PBS–1% BSA before acquisition on a FACSAria II instrument (Becton
Dickinson [BD]). Antibodies used for staining included TER119-peridinin chlorophyll protein-Cy5.5 (BD), KIT (CD117)-phycoerythrin
(PE)-Cy7 (BD), and CD71-PE (BD). Since the EpoR-Cre allele includes a
green fluorescent protein (GFP) reporter (24), EpoR-driven Cre expression was followed by GFP expression in the fluorescein isothiocyanate
channel. Dead cells were excluded by Hoechst staining (Invitrogen), and
analysis was performed with FlowJo software (Tree Star, Inc.).
Extract preparation and IP assays. Nuclear extracts were prepared as
described previously (10, 26). TAF10 immunoprecipitations (IPs) were
performed as previously described for mouse cells (10) and human cells
(27). Mouse monoclonal antibodies 23TA 1H8 (28) and 6TA 2B11 (14)
were used for human (29) and mouse TAF10 IPs, respectively, and a mix
of monoclonal antibodies 6TA 2B11 and 6TA 4G2 (27) (dilution, 1/1,000)
against the TAF10 protein was used for the assessment of IP efficiency by
Western blotting. Mock IP was performed using a glutathione S-transferase (GST) antibody (sc-80004 antibody; Santa Cruz) according to the
manufacturer’s recommendations.
Mass spectrometry was performed as described before (30) on an
LTQ-Orbitrap mass spectrometer (Thermo).
Purification of proteins. GST-GATA1 and GST proteins (pGEX expression vectors) were expressed in Escherichia coli BL21 upon IPTG (isopropyl-␤-D-thiogalactopyranoside; 0.4 mM) induction for 3 h at 30°C.
Bacteria were lysed (50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 5% glycerol,
1 mM glutathione, 2.5 mM phenylmethylsulfonyl fluoride, 50 g/ml
DNase, 1 mM MgCl2, complete protease inhibitor cocktail [Roche]) and
passed through a pressure plunger three or four times. After centrifugation at 20,000 rpm for 20 min at 4°C, the extract was incubated with
preequilibrated (with wash buffer without glutathione) glutathione beads
(glutathione-Sepharose 4B; GE Healthcare) for 1 h at room temperature.
After three washes (50 mM Tris-HCl, pH 8.0, 1 M NaCl, 5% glycerol, 1
mM glutathione, complete protease inhibitor cocktail), the proteins were
eluted (50 mM glutathione, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl,
complete protease inhibitor cocktail).
ChIP. Preparation of chromatin from human erythroid progenitor
cell (HEP) cultures was previously described (10). Fetal liver and adult
HEPs were cultured (31) and used for chromatin immunoprecipitation
(ChIP) reactions, which were performed as described previously (32) with
the 23TA 1H8 antibody clone against the human TAF10 protein, the
GATA1 antibody (ab11852), and a CD71 antibody (347510; BD Biosciences) as a negative control. Quantitative PCR (qPCR) was performed on
the input and immunoprecipitated samples using primers for the HS2
binding site (a palindromic GATA1 binding site) or a more proximal
GATA1 binding site at the GATA1 promoter. The relative fold enrichment was calculated using the ⌬⌬CT threshold cycle (CT) method (33),
setting the relative fold enrichment of CD71 background binding
equal to 1. The primers used were Hs GATA1 palindromic binding site
forward (Fw) primer 5=-AGACTTATCTGCTGCCCCAG-3=, Hs
GATA1 palindromic binding site reverse (Rev) primer 5=-CCAGGCT
AAGCCTGCAGGC-3= or Rev primer 5=-TAGAGCCTGTGGGATACC
TTG-3=, Hs GATA1 binding site at kb ⫺3 Fw primer 5=-GGGATGAGG
GAATAGTGGTG-3=, and Hs GATA1 binding site at kb ⫺3 Rev primer
5=-GCTCTTTGTCTCTGTGTCTCTGTC-3=.
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of TAF10 for TFIID stability to repress specific genes in the liver in
postnatal life (10). These findings together confirm that TAF10,
probably as a subunit of TFIID and/or SAGA, is essential during
mouse development and suggest that TAF10 plays an important
role during embryonic development and homeostasis in a tissuedependent manner. Understanding the interplay of TAF10-containing TFIID and SAGA complexes with developmentally important and tissue-specific transcription factors is crucial to obtain a
more comprehensive view of cell differentiation throughout development.
Erythropoiesis is the process by which red blood cells are
formed (16). There are two waves of erythropoiesis in mammals,
primitive and definitive. Definitive erythropoiesis starts in the fetal liver and later during gestation moves to the spleen and bone
marrow, which in mice remain the sites of erythropoiesis during
adulthood. The fetal and adult stages of definitive erythropoiesis
differ at the transcriptional level, exemplified in humans by the
type of beta-hemoglobin chain expressed. Many tissue-specific
transcription factors have been studied in order to provide mechanistic clues to this process of developmental stage-specific hemoglobin expression (17). GATA1 is one of them; it is expressed in
lineage-committed cells (erythroid, megakaryocytic, eosinophilic,
mast, and dendritic cells) and plays an important role in the regulation of differentiation and survival of these lineages (18, 19).
Embryos lacking Gata1 die at approximately embryonic day 11.5
due to the maturation arrest of primitive erythroid cells (20),
while conditional knockout of Gata1 in adults leads to red blood
cell aplasia and severe thrombocytopenia (21). However, the composition of general transcription complexes, such as TFIID and
SAGA, and the role of TAFs during developmental erythropoiesis
have not been investigated yet.
Alternative TFIID and other GTF complexes have been implicated in providing alternative pathways leading to gene regulation during differentiation (22, 23). To gain insight into the
role of GTF in mouse erythropoiesis, we carried out the specific
inactivation of TAF10, a cornerstone subunit of the TFIID and
SAGA complexes (10), in the erythroid cell compartment by
crossing TAF10lox mice (14) with EpoR-Cre mice (24). We
found that TAF10 ablation results in a block of erythropoiesis,
leading to severe anemia, which is lethal at E13.5. Several
GATA1 target genes, including Gata1 itself, were deregulated
when TAF10 was ablated. We also analyzed by mass spectrometry (MS) the composition and stoichiometry of the TAF10containing transcription complexes TFIID and SAGA in proliferating erythroid cell precursors (proerythroblasts) and
synchronously differentiated erythroid cells of mouse and human origin. Interestingly, we found that TAF10 interacts physically with the master regulator of erythroid cell differentiation, the GATA1 transcription factor, and we observed
enrichment of TAF10 binding to the GATA1 locus in human
erythroid cells. Collectively, these data suggest that the interaction of TAF10 with GATA1 is important to facilitate the recruitment of TFIID and/or SAGA to GATA1-responsive promoters and that the autologous control of GATA1 expression
(25) requires the presence of TAF10 in these complexes.

TAF10 Controls Mouse Erythropoiesis

RESULTS

Erythroid cell-specific knockout of TAF10 shows its requirement for erythropoiesis. To better understand the role of TFIID
and SAGA in erythroid cell differentiation, we generated mice in
which TAF10 was specifically ablated in erythroid cells. TAF10⫹/⫺
mice are normal (14); therefore, we generated mice bearing a
TAF10-knockout allele and a TAF10 LoxP-flanked allele in order to reduce the recombination requirements to one allele
when generating conditional knockout mice. In order to study
the TAF10 loss of function specifically in erythroid cells, we generated TAF10lox/KO animals bearing the erythroid cell-specific
EpoR-Cre allele (24), and we refer to them as TAF10KOcEry mice.
The expression of EpoR starts at E8.0 in yolk sac erythroid progenitor cells (43) and increases during definitive erythropoiesis in
BFU-E (burst forming unit- erythroid) progenitors, while reach-
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ing maximal levels in CFU-E (colony forming unit-erythroid)
progenitors.
Definitive erythropoiesis starts at E10.5 in the fetal liver, but
definitive erythroid cells are detected in the circulation after E11.5
and reach an approximate 1:1 ratio with still circulating primitive
erythroid cells derived from the yolk sac only at E13.5 (44, 45). In
order to analyze this developmental transition period, we performed an analysis of TAF10KOcEry and control embryos at E11.5,
E12.5, and E13.5. From E12.5 onwards, TAF10KOcEry embryos
were paler than control or heterozygous littermates, and all
TAF10KOcEry embryos were dead by E13.5. A representative picture of E12.5 embryos is shown in Fig. 1A. Gross morphological
analysis revealed that the fetal liver size was considerably reduced
at E12.5 in TAF10KOcEry embryos compared to the size of the
livers of control littermates (Fig. 1A). The fetal liver size and total
blood cell counts were significantly reduced at E13.5 (Fig. 1B).
Flow cytometry analysis of fetal liver cells showed a decrease in live
cells at E13.5 (Fig. 1C and Table 1), in concordance with the apoptotic phenotype that has previously been shown in other cell types
lacking TAF10 (10, 14). This decrease started to be noticeable at
E12.5 and was accompanied by reduced differentiation, as measured by flow cytometry (see below). In summary, the erythroid
cell-specific loss of TAF10 dramatically affected the erythroid cell
compartment between E12.5 and E13.5.
We next aimed to determine the differentiation stage at which
TAF10 is essential during the fetal erythroid cell differentiation
process. Thus, we analyzed E11.5, E12.5, and E13.5 fetal livers by
flow cytometry. Despite the fact that gross morphological analysis
of embryos at E11.5 revealed no significant differences, the distribution of the early erythroid cell markers KIT and CD71 was altered in TAF10KOcEry fetal livers compared to that in the livers of
the control littermates and expression of Ter119 was significantly
lower (Table 1). At this stage, the frequency of KIT-positive
(KIT⫹) early progenitors was higher and the frequency of KIT⫹
CD71⫹ committed erythroid progenitor cells as well as that of the
more mature CD71⫹ cell population was reduced (Fig. 2A), but
the difference was not as significant as that observed at E12.5 (Table 1). By E12.5, both KIT⫹ early erythroid progenitor cells and
KIT⫹ CD71⫹ committed erythroid progenitor cells had accumulated at the detriment of the more mature KIT-negative CD71⫹
cells. By E13.5 there was an almost complete loss of KIT⫹ CD71⫹
cells. These data demonstrate a block in the differentiation of the
erythroid progenitor cells in the fetal liver throughout development. In addition, by E12.5 the KIT mean fluorescence intensity
(MFI) was higher in TAF10KOcEry fetal livers than in the livers of
the control littermates, although the difference not statistically
significant (Fig. 2C and Table 1). The CD71 MFI was reduced at
E11.5 and was significantly lower at E12.5 and E13.5, further supporting the notion of a differentiation defect. The maturation delay and the reduction of mature cells (the percentage of KIT⫹,
CD71⫹, and Ter119-positive [Ter119⫹] cells; Table 1) by E12.5
coincided with the maximum expression of EpoR-Cre, as measured by determination of the expression of the GFP reporter of
EpoR-Cre mice by flow cytometry (Fig. 3) (24). Furthermore,
analysis of CD71 and Ter119 expression as markers of maturation
in erythroid cells revealed a significant reduction in the fraction of
mature CD71⫹ Ter119⫹ cells by E12.5 and a dramatic decrease by
E13.5 (Fig. 2B). The MFI of Ter119 was reduced throughout development, as measured from E11.5 to E13.5 (Fig. 2C and Table
1). These data strongly suggest that erythroid cell development
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Gene expression (RNA-seq and quantitative reverse transcriptionPCR [qRT-PCR]). The transcriptome sequencing (RNA-seq) library was
generated according to the Illumina protocol using a TruSeq RNA sample
preparation kit (version 2). Five hundred nanograms of total RNA was
initially extracted with the TRIzol reagent (Invitrogen) from the livers of
TAF10KOcEry and wild-type (WT) mouse embryos at E12.5. The quality of
the RNA was checked with a NanoDrop analyzer and on an Agilent Technologies Bioanalyzer 2100 apparatus. Sequencing was performed on an
Illumina HiSeq 2000 instrument. The reads were aligned by use of the
Tophat (version 2.0.8) program (34) on a UCSC mm10 reference genome
using the Ensembl (version 75) gene models (35).
qRT-PCR. cDNA synthesis was performed from 1 g of RNA with a
DyNamo cDNA synthesis kit (F-470; Finnzymes), cDNA was diluted to a
10-ng/l concentration, and 10 ng of cDNA was used per reaction mixture with a 20-l total volume. The conditions of the qRT-PCR and the
primer sequences used have already been described (10), and reactions
were performed in Applied Biosystems thermal real-time PCR instruments (ABI 7900).
RNA-seq analysis. Raw counts were measured with the htseq-count
(version 0.6.0) tool using ⫺m union ⫺s no ⫺a 20 as settings (36). The
counted data were normalized by the size factor of the libraries, and subsequently, the number of fragments per kilobase of exon per million fragments mapped (FPKM) was calculated (GEO accession number
GSE68083). The differentially expressed genes were called using a generalized linear negative binomial model that controlled for the effect of the
RNA sample preparation date. The calculations were performed by the
DESeq2 R package (37). The false discovery rate (FDR) was calculated by
the method of Hochberg and Benjamini (38), and the threshold value was
set equal to 0.01. Gene ontology (GO) gene enrichment analyses were
carried out with the GO-stat package (39) using a conditional hypergeometrical test for overrepresented Ensembl gene identifiers using a threshold P value of 1 ⫻ 10⫺6. Principal component analysis (PCA) was carried
out using Pearson’s correlation matrix after blind variance stabilizing
transformation of the normalized counts (37).The RNA-seq data were
joined with the GATA1 ChIP sequencing (ChIP-seq) data (40) and plotted in a Venn diagram. The statistical package R was used for calculations
and plotting of the data (41).
Culture of erythroid cells. Erythroid cell culture conditions have been
described for mouse (42) and human erythroid progenitor cells (31). Cells
were kept under proliferation or differentiation conditions, and they were
followed by cell density and size monitoring with a Casy instrument (Innovatis, Roche Diagnostics GmbH).
Proteomics data accession number. The mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository with the data set identifier PXD000729 (http://www.ebi.ac.uk
/pride/archive/projects/PXD000729).
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FIG 1 Developmental analysis of TAF10KOcEry. (A) Representative pictures of control and TAF10KOcEry embryos at E12.5. TAF10KOcEry embryos are pale, and
the fetal livers of TAF10KOcEry embryos are much smaller than those of the control embryos. (B) Cell counts at E13.5 from fetal liver and embryonic blood of
control and TAF10KOcEry embryos. (C) Flow cytometry analysis of single-cell suspensions of fetal liver from control and TAF10KOcEry embryos at different
developmental stages (E11.5, E12.5, and E13.5). Numbers on the right indicate the percentages of live cells (Hoechst negative).

requires TAF10 and that erythroid cells are blocked in differentiation upon TAF10 ablation. Since by E13.5 ⬎80% of the fetal liver
cells are mature erythroid cells (CD71⫹ Ter119⫹) in control embryos (Table 1), it is not surprising that TAF10KOcEry embryos do
not survive beyond this stage.
RNA-seq analysis of E12.5 TAF10KOcEry fetal liver cells
shows deregulation of several GATA1 target genes, including
Gata1 itself. To better characterize the TAF10-regulated genes in
erythroid cells, we analyzed global gene expression levels by sequencing of mRNA from E12.5 fetal liver cells from two homozygous TAF10KOcEry, two heterozygous TAF10KOcEry, and three
WT embryos. By using a principal component analysis (PCA), we
observed a separate clustering of the homozygous TAF10KOcEry
fetal liver samples from the fetal liver samples from the heterozygous TAF10KOcEry and WT controls at E12.5 (Fig. 4A). At this
stage, when live erythroid cells are still present in the fetal liver, the
gene expression analysis revealed about 300 deregulated genes,
including the Taf10 gene itself, with a minimum of a 1.5-fold
change (Fig. 4B and D). TAF10 levels, as expected, were reduced
by more than 50% in TAF10KOcEry fetal livers compared to those
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in the controls, which corresponds approximately to the percentage of erythroid cells (approximately 50%) beyond the KIT⫹
CD71⫹ committed erythroid progenitor cell stage in the KO fetal
livers (Fig. 2A and Table 1), when EpoR expression (and, therefore, Cre expression) reaches its maximum levels (as shown in Fig.
3). Gene ontology (GO) analysis revealed that major metabolic
pathways, the cellular response to stress, cell-type-specific apoptosis, and cell death-related processes were among the most affected ones (Fig. 4C). The expression levels of TFIID subunits
were not significantly changed, consistent with the findings of a
previous analysis of TAF10-KO trophoblast and mouse fetal liver
(10, 14), suggesting that the composition of the TFIID core complex containing five TAFs (TAFs 4, 5, 6, 9, and 12) (46) does not
change upon TAF10 loss. Similarly, the expression of the majority
of the SAGA subunits was not affected, with the exception of the
expression of the Trrap and Atxn7l1 genes, which showed modest
upregulation.
Initially, the expression levels of the Gata1, Gata2, Myb, Klf1,
and Spi1 genes were measured by qRT-PCR (Fig. 4D), and only
Gata1 and Klf1 displayed a significant change in their expression
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Control
Taf10KOcEry

TAF10 Controls Mouse Erythropoiesis

TABLE 1 Flow cytometry analysis of fetal livers
Result for:
Control mice

Taf10KOcEry mice

P valuea

% live cells

E11.5
E12.5
E13.5

39.55 ⫾ 7.51
63.39 ⫾ 5.94
60.69 ⫾ 3.21

38.20 ⫾ 22.49
52.53 ⫾ 4.16
6.55 ⫾ 6.13

NS
⬍0.005
⬍0.001

% c-Kit-positive cells

E11.5
E12.5
E13.5

22.45 ⫾ 5.99
5.61 ⫾ 0.98
3.85 ⫾ 0.43

35.15 ⫾ 4.60
11.47 ⫾ 1.24
0.35 ⫾ 0.40

NS
⬍0.001
⬍0.001

% c-Kit- and CD71-positive cells

E11.5
E12.5
E13.5

37.78 ⫾ 6.96
16.30 ⫾ 2.84
8.03 ⫾ 1.10

20.95 ⫾ 15.20
26.43 ⫾ 5.67
0.05 ⫾ 0.03

NS
⬍0.05
⬍0.001

% CD71-positive cells

E11.5
E12.5
E13.5

17.10 ⫾ 5.85
69.48 ⫾ 3.19
82.92 ⫾ 2.09

7.79 ⫾ 6.38
50.95 ⫾ 6.16
14.50 ⫾ 6.85

NS
⬍0.01
⬍0.001

% CD71- and Ter119-positive cells

E11.5
E12.5
E13.5

29.00 ⫾ 9.29
78.15 ⫾ 1.99
89.99 ⫾ 1.64

14.95 ⫾ 10.54
55.93 ⫾ 7.21
14.57 ⫾ 8.79

NS
⬍0.01
⬍0.001

c-Kit MFI

E11.5
E12.5
E13.5

11,121.63 ⫾ 1,768.39
2,645.51 ⫾ 126.30
1,440.50 ⫾ 331.33

10,149.00 ⫾ 2,604.98
3,331.04 ⫾ 618.45
221.98 ⫾ 188.65

NS
NS
⬍0.001

CD71 MFI

E11.5
E12.5
E13.5

41,095.75 ⫾ 5,407.63
36,305.74 ⫾ 2,721.79
43,745.10 ⫾ 2,266.78

19,293.50 ⫾ 12,581.55
31,207.59 ⫾ 1,445.95
3,034.50 ⫾ 1,274.59

NS
⬍0.001
⬍0.001

Ter119 MFI

E11.5
E12.5
E13.5

1,312.75 ⫾ 250.17
3,175.30 ⫾ 215.79
3,734.50 ⫾ 339.00

647.50 ⫾ 7.78
2,194.38 ⫾ 323.44
359.75 ⫾ 92.00

⬍0.001
⬍0.005
⬍0.001

Parameter

a
Statistical analysis derived from the flow cytometry analysis of fetal livers of Taf10KOcEry and control embryos at E11.5, E12.5, and E13.5. At least 3 embryos were analyzed per
genotype per stage. NS, no significant difference.

levels. Subsequently, in the RNA-seq analysis, we found that many
of the differentially expressed genes were transcription factors and
other erythroid cell-specific genes which have recently been identified to be direct GATA1 targets by chromatin immunoprecipitation followed by sequencing (ChIP-seq) using E12.5 mouse fetal
liver cells (40). We observed the downregulation of genes encoding relevant transcription factors during erythropoiesis, such as
Gata1, Klf1, Nfe2, Zptba7, Bcl2l1, and other metabolically crucial
erythroid cell-specific genes, including Slc4a1, Gypa, Alas2, and
Car2 (Fig. 5A and C). The genes encoding the TFDP22 coregulator, recently reported to be an essential factor during terminal
erythropoiesis (47), and the E2F2 transcription factor, together
with two E2F2 target genes (Dhfr and Ccna2), were significantly
downregulated in TAF10KOcEry fetal livers. We also found a subset
of upregulated genes (Spi1, Gata2, Runx1, Cux1, Car1, Rb1, Cbp/
p300, and Myc), most of which are erythroid cell-related genes
(Fig. 5B and C). Of note, Ddit3 and Trib3, which were recently
reported to be coinduced during erythroid cell differentiation
(47), and the Ern1 gene, which has been linked to endoplasmic
reticulum (ER) stress and induced apoptosis, were found to be
significantly upregulated in the TAF10-KO embryos (48–50).
Genes important for erythroid cell differentiation, such as Myb,
Tal1, Cdk6, and the recently described Exosc2 gene, which is part
of the exosome complex (51), did not show any change in their
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expression levels (q value, ⬎0.4). Most of the aforementioned
genes were found to be bound by GATA1 in their regulatory sequences but in many cases were bound at different developmental
stages (40, 47, 51, 52). Specifically for Myb, Cdk6, and Exosc2, the
GATA1 peaks were found to present at levels below the cutoff level
in the E12.5 fetal liver (40).
The expression of globin genes (Hbb-bh1, Hbb-y, Hbb-bt, Hbbbs, Hba-a2, and Hba-x) was also lower in TAF10KOcEry fetal liver
cells, and especially, the Hbb-y, Hba-a2, and Hba-x genes were
found to be downregulated with a high statistical power (Fig. 5A
and C). Among the affected globin genes, the Hbb-bh1 gene was
the only one with no peaks for GATA1 binding at E12.5.
Interestingly, the expression of eight out of nine genes coding
for the DNA-binding proteins (KRAB zinc finger proteins
[KRAB-ZFPs]) shown earlier (53) to be expressed in CD71⫹
TER119⫹ and/or TER119⫹ erythroid cells (Zfp689, Zfp13, Zfp661,
Zfp92, Zfp641, Zfp551, Zfp583, and Zfp872) appeared to be unaffected (q value, ⬎0.55). The ninth of these genes, Zfp667 (q value,
0.02), was expressed only in TER119⫹ cells, no GATA1 peak was
identified for this gene at E12.5, and it was downregulated (Fig.
5A). In addition, the expression of TRIM28, which was recently
reported to lead to a block in erythroid cell differentiation (53)
when deleted, did not change, suggesting that it is not implicated
in the phenotype of the embryos. Most of these genes had no peak
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FIG 2 Flow cytometry of TAF10KOcEry fetal liver cells during gestation. Representative flow cytometry analysis of single-cell suspensions from the livers of
control and TAF10KOcEry embryos at E11.5, E12.5, and E13.5 following the differentiation of erythroid cells. (A) Staining with KIT and CD71 markers (numbers
indicate the percentages of gated live cells); (B) staining with CD71 and Ter119 markers (numbers indicate the percentages of gated live cells); (C) MFIs of KIT,
CD71, and Ter119 populations expressed during development of erythroid cells of control and TAF10KOcEry fetal liver cells.

or, exceptionally, one peak (i.e., Zfp689) for GATA1 binding in
their regulatory sequences (locations at a ⫾10-kb range around
the transcription start site [TSS]) at E12.5.
These results indicate that TAF10 ablation does not affect
global expression, as observed before in hepatocyte-specific
TAF10-KO cells (10). In addition, about half of the deregulated
genes in the TAF10KOcEry embryos are potential GATA1 target
genes, with many of them being known to play a role during erythropoiesis (Fig. 5D). In contrast, the expression of genes that have a
role in erythroid cell differentiation but that are not bound by
GATA1 at this developmental stage (Zfp689, Zfp13, Myb, and
Exosc8) is not affected. Thus, GATA1 targets are among the primary affected genes due to the loss of TAF10 in the TAF10KOcEry
embryos in vivo, suggesting an important requirement for cross
talk or an interaction between GATA1 and TAF10.
The composition of TAF10-containing complexes during
erythroid cell differentiation and development. As several recent
studies suggested that the composition of general transcription
factor or coactivator complexes may change during differentiation and development (22, 23), we sought to analyze the compo-
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sition of the TAF10-containing TFIID and SAGA complexes during erythroid cell differentiation. To this end, protein extracts
were prepared from mouse fetal liver cell lines (mFLcl) at the proerythroblast stage (immature). These cells are able to differentiate
into mature erythroblasts in a synchronous manner upon an increase in the dose of erythropoietin. TAF10-containing complexes
were isolated by anti-TAF10 IPs from immature and differentiating (mature) but still nucleated erythroid cells and analyzed by
MS. The relative abundance (exponentially modified protein
abundance index [emPAI]) values of the different subunits in the
isolated complexes were first normalized by comparing all abundance values of the subunits of TFIID to those of TAF1 or all the
emPAI values of the subunits of SAGA to those of TRRAP, as
TAF1 and TRRAP are the largest subunits in each complex (Fig.
6A and B). Interestingly, when comparing the composition of the
TFIID complexes between proerythroblasts and mature erythroblasts, we noticed that TAF4b completely disappeared from the
TFIID complex of mature cells and also that less TAF4 was associated with the TFIID complex in mature erythroid cells. In agreement with the observation that TAF12 is the histone fold partner
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FIG 3 Analysis of EpoR-Cre transgenic expression. Fetal liver cells were analyzed by flow cytometry following the expression of GFP in frame with Cre

recombinase in EpoR-Cre mice. Expression of GFP confined to the erythroid cell compartment was detected initially in KIT⫹ CD71⫹ cells at E11.5 (green
population, controls; red population, TAF10KOcEry erythroid cells). Erythroid cells were affected in TAF10KOcEry embryos, and that is why the percentage (the
numbers shown in the graphs) of CD71⫹ GFP⫹ cells is lower than that of control cells at E12.5. By E13.5 most of the cells were dead.

of TAF4 (54, 55), the TAF4/TAF4b decrease in mature erythroid
cell TFIID was accompanied by a reduction of TAF12. Note that
TAF9, but not TAF9b, was also significantly decreased in TAF10
IPs from mature erythroid cell extracts. When comparing the
composition of the SAGA complex at these two differentiation
stages after normalizing the abundance to that of TRRAP, we observed a slight reduction in several subunits of the SAGA complex
in TAF10 IPs from mature erythroid cell extracts (Fig. 6B). Out of
the two homologous SAGA HATs (GCN5 and PCAF), which have
been reported to be mutually exclusive in the corresponding
SAGA complexes (56), the abundance of GCN5 was reduced
about three times in mature erythroid cells, while that of PCAF
was not reduced. Moreover, in the deubiquitination (DUB) module of SAGA, ATXN7 and its orthologue, ATXN7L2, appeared to
be replaced by the orthologous ATXN7L1 at the mature stage. We
note that the absence of TAF13 from TFIID and of ENY2 from
SAGA in these analyses may be due to the very small sizes of these
proteins.
Next, we sought to analyze the composition of human TAF10containing complexes during development (i.e., fetal and adult
stages). Although the human erythroid cells are at the proerythroblast stage at both developmentally different niches (fetal and
adult) and should not be directly compared to the mouse situation, we have made similar observations regarding the slight stoichiometric changes that occur in the corresponding subunits of
TFIID and SAGA. Our analyses demonstrate that all of the subunits of the two complexes are present in the corresponding complexes at these two developmental stages (Fig. 6C and D).
Importantly, these results together indicate that the canonical
composition of the two analyzed TAF10-containing complexes,
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TFIID and SAGA, does not change dramatically during mouse
and human erythroid cell differentiation and development. However, especially in mouse complexes, we often observed significant
stoichiometric changes of those specific subunits that have orthologues (TAF4/TAF4b, GCN5/PCAF, TAF9/TAF9b, and ATXN7/
ATXN7L1/ATXNL2), which may slightly affect the function of
these transcription complexes.
TAF10 and GATA1 interact in mouse and hFL cells. As our
TAF10-KO experiments suggested a functional cross talk between
GATA1 and TAF10, we next analyzed whether specific erythroid cell
transcription factors, such as GATA1, would coimmunoprecipitate
with TAF10 from human fetal liver (hFL) or human peripheral blood
(hPB) erythroid progenitor cell cultures and mouse fetal liver cell
lines. Importantly, GATA1, together with other previously reported
activators and cofactors, such as LDB1 and TAL1, which are components of the so-called pentameric complex (57), was identified by MS
to be a TAF10 interactor in hFL cells (Table 2).
We also analyzed GATA1 interactors by carrying out an antiGATA1 IP and subsequent MS in murine erythroleukemia (MEL)
cells. Endogenous TAF10 together with other TAFs and SAGA
subunits were identified in the MS analysis (Table 3). Consequently, immunoprecipitation of GATA1 from MEL cells revealed
that endogenous TAF10 coimmunoprecipitated with GATA1 and
the friend of GATA1 (FOG1) cofactor (Fig. 7A). In addition, the
interaction of endogenous TAF10 and GATA1 was verified by immunoprecipitating TAF10 from nuclear extracts prepared from MEL
cells, and the coimmunoprecipitated GATA1 was analyzed by Western blotting (Fig. 7B). Similar IP assays were performed with E12.5
fetal liver cells or MEL cells that express biotinylated GATA1 (bioGATA1) (Fig. 8). The results of these experiments further confirmed
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mice [KO], heterozygous TAF10KO mice [Het], and WT mice) analyzed by RNA-seq. The variance explained by each component is depicted in parentheses on
the axes. (B) MA plot of the mean normalized gene count versus the log2 fold changes in gene expression in TAF10KOcEry mice compared with that in WT and
heterozygous TAF10KO mice. Genes are plotted as black circles. Genes with an adjusted P value (FDR) of ⬍0.01 are colored red. Genes that fall out of the window
boundaries of ⫺2 or 2 log2 fold change are plotted as open triangles. (C) GO analysis of the upregulated genes in the TAF10KOcEry fetal livers. Metabolic pathways,
cell-type-specific apoptotic and cell death-related processes, and proliferation were among the most affected and are indicated in boldface and with arrows. (D)
qRT-PCR of total mRNA of fetal liver cells at E12.5. The expression levels of transcription factors and globin genes are depicted. Bars represent standard errors
of the means (SEMs). RFE, relative fold enrichment.

the interaction between TAF10-containing complexes and GATA1
previously identified from the MS data.
We further investigated whether the GATA1-TAF10 interaction is
direct by in vitro protein-protein interaction experiments. First, ei-
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ther TAF10 alone or the TAF8-TAF10 heterodimer was immune purified using an anti-TAF10 antibody from SFf9 cell extracts, in which
the corresponding proteins were overexpressed using the baculovirus
system. Next, purified GST-GATA1 protein or GST alone was added
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FIG 4 Analysis of gene expression in TAF10KOcEry fetal livers at E12.5. (A) PCA plot of the first two components of the fetal liver samples (from TAF10KOcEry
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FIG 5 Analysis of expression of transcription factor, erythroid cell-related, and globin genes. (A) Expression levels (in number of FPKM), determined by
RNA-seq, of downregulated erythroid cell-related genes with q values of ⬍0.05 and GATA1 binding peaks found within 10 kb of their TSSs. CTRL, control. (B)
Expression levels (in number of FPKM), determined by RNA-seq, of upregulated genes with q values of ⬍0.05 and GATA1 binding peaks found within 10 kb of
their TSSs. (C) Deregulated genes with q values of ⬎0.05 and GATA1 binding peaks found within 10 kb of their TSSs. (D) Venn diagram of deregulated genes.
Upregulated, genes upregulated in TAF10KOcEry fetal liver cells identified by RNA-seq analysis (q value, ⬍0.05); Downregulated, genes downregulated in
TAF10KOcEry fetal liver cells identified by RNA-seq analysis (q value, ⬍0.05); Gata1, GATA1 target genes described previously (40). Half of the deregulated genes
have at least one GATA1 binding peak at locations within 10 kb of their TSSs.

to TAF10- or TAF10-TAF8-bound beads (Fig. 7C). After several
washing steps with high-salt buffer, the bead-bound proteins were
denatured, resolved on an SDS-polyacrylamide gel, and analyzed by
Western blotting using an anti-GST antibody. Our in vitro results
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indicate that GST-GATA1 bound to both TAF10- and TAF8-TAF10containing beads but GST alone did not (Fig. 7D). These results together support a direct interaction between the key erythroid cell
transcription factor GATA1 and TAF10.
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FIG 6 Mass spectrometry of TFIID and SAGA complexes in mouse and human erythroid cells. (A and B) TAF10-containing TFIID (A) and SAGA (B) complexes were
isolated by TAF10 immunoprecipitation from protein extracts prepared from immature and differentiating (mature) mouse erythroid cells and analyzed by mass
spectrometry. The relative abundance (emPAI) values of the different subunits in the isolated complexes were first normalized by comparing the abundance values of all
the subunits of TFIID to those for TAF1 or the abundance values of all the subunits of SAGA to those of TRRAP. TAF1 and TRRAP are the largest subunits in each
complex. (C and D) Similarly, TAF10-containing TFIID (C) and SAGA (D) complexes were isolated by TAF10 immunoprecipitation from protein extracts prepared
from hFL and hPB cells and analyzed by mass spectrometry. The emPAI values presented were normalized as described for the mouse samples.

TAF10 is bound to GATA1 sites in the GATA1 locus. In light
of the downregulation of GATA1 mRNA levels, we wished to determine whether TAF10 would be present and thus possibly regulate the expression of the GATA1 gene. We looked specifically at
a palindromic GATA1 binding site known to be required for norTABLE 2 Selected activators and cofactors found in TAF10 IPs by MSa
Protein
mouse{m }/human{hFL,hPB}
/HELA TAF10IP
TAF10

5.1/8.68(h ),4.29(h )/8.68

5/5(hFL),5(hPB)/5

GATA-1#,$
TAL-1#
LDB-1#
CNOT1
CNOT3
CNOT9
CNOT10
TRIM28
CBX3
CCAR1$
MED1$

0.08/0.1(hFL)
0.1(hFL)
0.24(hFL)
0.54/0.03(hPB)
0.04
0.34/0.12
0.04/0.15(hFL)
0.35/0.4(hFL),0.44(hPB)/0.45
2.01/0.88(hFL)
0.05/0.14(hFL)/0.26
0.04(hFL)/0.04

1/1(hFL)
1(hFL)
3(hFL)
31/2(hPB)
1
3/1
FL
1/1(h )
8/7(hFL),8(hPB)/9
5/4(hFL)
2/5(hFL)/9
2(hFL)/3

FLcl

a

emPAI
FL

Unique pept
PB

Nuclear extracts from hFL (green) and hPB (red) erythroid progenitor cells and mouse
fetal liver cell lines (mFlcl [purple]) were used. Parameters of MS (emPAI and number
of unique peptides [Unique pept]) for each protein in different colors indicating the
species of origin and cell type are given. Symbols: #, proteins found in the same
complex; $, proteins reported to interact with each other.
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mal GATA1 transcription and an additional GATA1 binding site
which locates next to a TATA box at kb ⫺3 relative to the TSS (58,
59) (Fig. 9A). We performed ChIP of TAF10 and GATA1 in hFL
and hPB cells, representing cells from two distinct developmental

TABLE 3 MS of GATA1 IP from MEL cells
TFIID or SAGA
subunita

emPAI

No. of unique
peptides

TAF1b
TAF4ab
TAF6b
TAF5Lc
TAF9d
TAF9bd
TAF10d
TBPb
PCAFc (KAT2B)
ADA3c (TADA3L)
Spt20c (Fam48)
Spt3c (Supt3)

0.02
0.1
0.23
0.46
3.34
0.94
0.17
0.35
0.12
0.25
0.06
0.19

4
2
5
8
12
6
1
4
5
5
2
3

a
TFIID and SAGA subunits were identified by mass spectrometry after GATA1 IP (bioGATA1) of MEL cell nuclear extracts. Subunits that were found in BirA (control) cells
after streptavidin pulldown were subtracted from the list.
b
TFIID subunit.
c
SAGA subunit.
d
TFIID and SAGA shared subunits.
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stages, as defined by the expression of fetal and adult hemoglobin,
respectively. We found that TAF10 and GATA1 binding was more
enriched at both GATA1 binding sites at the human GATA1 locus
in the fetal liver than in adult blood proerythroblasts (Fig. 9B and
C). However, while GATA1 bound at both binding sites examined
at both developmental stages, TAF10 was clearly not bound at the
palindromic GATA1 binding site in the adult stage and was significantly less enriched than GATA1 at the binding site at kb ⫺3
relative to the TSS in the fetal stage (Fig. 9C).
GATA1 autoregulates its expression by binding to its own promoter and enhancers. We detected the TAF10-GATA1 proteinprotein interaction mainly in hFL cell extracts, and ChIP results
showed the selective binding of TAF10 at the palindromic GATA1
site during fetal stages. Collectively, these results support the notion that TAF10 has a role in the developmental regulation of
GATA1 expression.
DISCUSSION

Erythropoiesis is a process that is controlled tightly by the regulated expression of erythroid cell-specific transcription factors
and their interactions with cofactors. General transcription factors also have an active role; i.e., they have a function more cell
type specific than was originally thought (60). Whether the TAF10
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component of TFIID and SAGA exerts such a role by shaping the
interactions with activators in erythroid cell differentiation and
development was the topic of this study.
TAF10 was specifically ablated to disrupt the canonical TFIID
and SAGA complexes in erythroid cells from early stages of development (E8.0) in mice by crossing TAF10lox mice with EpoR-Cre
mice. This resulted in a block in erythropoiesis, leading to embryonic death at about E13.5. A progressive delay in the differentiation kinetics through development, which had already started at
E11.5, was more pronounced at E12.5, with an accumulation of
CD71⫹ TER119⫹ cells at the expense of mature TER119⫹ erythroid cells being found. Expression analysis by mRNA sequencing (RNA-seq) showed that the erythroid cell transcription factor
genes Gata1, Klf1, Nfe2, Zbtb7a, and Bcl2l1 were within the downregulated group of genes and expression of Gata2, Spi1, and Myb
did not change significantly, while Runx1, Rb1, Myc, and Cited2
were upregulated, following the opposite gene expression pattern
that characterizes the transition from the CD71⫹ TER119⫹ toward to TER119⫹ mature erythroid cells (61). Along the same
lines, the TFDP2 coregulator and E2F2 transcription factor were
also found to be downregulated, and both genes were under the
regulatory control of GATA1. Normally, these two genes are in-
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FIG 7 Immunoprecipitation of TAF10 and GATA1 in MEL cells. (A) GATA1 immunoprecipitation in MEL cells. Anti-GATA1 antibody (N6) was used for
Western blot analysis. TAF10 and FOG1 are coimmunoprecipitated. (B) TAF10 immunoprecipitation in MEL cell nuclear extracts using the 6TA 2B11 antibody
clone. IgG antibody was used as a control. GATA1 is detected in the IP fraction, confirming the MS results. Sup, supernatant. (C) TAF10 alone or a TAF8-TAF10
heterodimer was immunopurified using an anti-TAF10 antibody from SFf9 cell extracts and tested by Western blotting (WB) using the indicated antibodies. The
GST-GATA1 protein or GST was also purified and tested by Coomassie brilliant blue (CBB) staining. (D) The purified proteins were combined as indicated above
the gel and incubated, and after several washes the bead-bound proteins were denatured, resolved on an SDS-polyacrylamide gel, and analyzed by Western
blotting using an anti-GST antibody. The antibody heavy chain (AbHc) and antibody light chain (AbLc) are indicated.
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FIG 8 Immunoprecipitation of TAF10 and GATA1 in MEL cells and mouse
fetal liver at E12.5. (A) MEL cells and mouse fetal liver nuclear cell extracts
were used to immunoprecipitate GATA1 endogenous protein or bio-GATA1
overexpressed in MEL cells. GATA1 (N6) IP or streptavidin pulldown (pd)
coimmunoprecipitates GATA1/bio-GATA1 and TAF10 protein, as detected
by Western blotting assays using M20 (GATA1) and 6TA 2B11 (TAF10) antibodies. BirA MEL cells were used as controls. (B) TAF10 (6TA 2B11) IP in
MEL cells in which bio-GATA1 is overexpressed coimmunoprecipitate
GATA1 in the reverse IP. HRP, horseradish peroxidase.

duced upon erythroid cell differentiation, and it was shown that
the downregulation of Tfdp2 prevents proper erythroid cell differentiation (47). Although E2f2 was downregulated significantly,
the expression level of several E2F2 target genes (Dhfr, Ccna2) was
reduced, in contrast to what we would expect due to the repressive
role (47) of E2F2 on its targets. Globin genes were also downregulated, which is a clear sign of the differentiation block during erythroid cell differentiation. In contrast, genes with less well defined
roles in the erythroid cell lineage and no peaks for GATA1 in the
ChIP-seq analysis at this developmental stage (E12.5), i.e., KRABZFPs, did not change their expression levels in the TAF10KOcEry
fetal livers.
Nine of these KRAB-ZFPs are known to be expressed in erythroid progenitor cells, and two of them are required for proper
erythroid cell differentiation (ZFP689, ZFP13) (53). These results
suggest that TAF10 is required to stabilize PIC at certain loci,
explaining why the transcription of specific genes is affected upon
TAF10 loss. This finding is in agreement with the notion that
TAF10 loss does not affect general transcription, as would be expected for a cornerstone TAF of the TFIID (46). The specific gene
expression changes in TAF10-KO erythroid cells could explain
their progressive block in differentiation and subsequent apoptosis, as identified by our GO analysis in TAF10KOcEry fetal livers,
since GATA1-KO erythroid cells are unable to differentiate but
arrest their cell cycle and undergo apoptosis. In addition, three
genes linked to ER stress and induced apoptosis (Ddit3 [48], Trib3
[62], and Ern1 [50]) were found to be significantly upregulated in
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the TAF10KOcEry fetal livers, supporting the notion that apoptosis
is among the main causes of the phenotype observed at about
E13.5.
In parallel with the findings of in vivo studies, we defined the
composition of TAF10-containing complexes in erythroid cells in
order to investigate the dynamic changes that appear to be crucial
in other cell types during differentiation (63). We performed MS
analysis of human and mouse cultured erythroid progenitor cells
at an immature stage (proerythroblasts) and upon differentiation,
which revealed that most of the TFIID and SAGA subunits are
present in these complexes at all stages analyzed. Our data exclude
the possibility of a total rearrangement of the TFIID or SAGA
complexes in this differentiation system, in contrast to what was
reported for TFIID during liver hepatocyte (64) or myoblast (65)
differentiation. Nevertheless, during differentiation we observed a
dynamic reorganization of some TFIID and SAGA subunits, usually affecting those that have paralogues, such as TAF4/TAF4b,
TAF9/TAF9b, GCN5/PCAF, and ATXN7/ATXN7L1/ATXN7L2,
without affecting the core structure of these complexes. Interestingly, Pijnappel et al. (66) demonstrated that overexpression of
TAF4 with the pluripotency factors and, presumably, the incorporation of TAF4 into preexisting TFIID complexes lacking TAF4
can efficiently reprogram differentiated cells into induced pluripotent stem cells (iPSCs). The TFIID complexes that we purified
from differentiated mouse erythroid cells also had reduced TAF4/
TAF12 heterodimers and no TAF4b, whereas TAF4/TAF12 heterodimers and TAF4b were present at the immature stages of differentiation. This is in excellent agreement with results presented
previously (66) and suggests that the low level of TAF4 and/or the
lack of TAF4b is associated with a differentiated state, whereas at
an immature stage cells contain a TFIID complex with stoichiometric amounts of TAF4/4b.
The idea that developmental gene regulation is dependent on
protein interactions between TFIID, activators, and coactivators is
also supported by our results. GATA1 and its well-known partners
LDB1 and TAL1 were found to interact with endogenous TAF10
in the fetal liver cells of both mouse and human origin. This interaction was verified by reciprocal immunoprecipitation (antiTAF10 and anti-GATA1 IPs) in MEL cells and in vitro by using
purified GST-GATA1 and TAF10 (or TAF10-TAF8 heterodimer)
proteins. Similar interactions between KLF1 and TAF9 for activation of the ␤-globin gene (67) as well as GATA1 and MED1 (68,
69) have been reported in erythroid cells.
Other transcription factors and cofactors, including subunits
of the CCR4-NOT complex (e.g., CNOT3), CBX3 (a paralogue of
CBX1 [HP1␤]), and TRIM28, were also found to interact with
TAF10 by mass spectrometry (Table 2). CNOT3, CBX1, and
TRIM28 were previously reported to form a unique module involved in developmental processes (70), and TRIM28 in particular
has an important role in erythropoiesis (53, 71). Of note, CNOT3
and TRIM28 do not physically interact, while there have been
reports of interactions of TFIID with the CCR4-NOT complex
(72). Therefore, TFIID might be acting as a scaffold protein for the
assembly of the module and might play an important role in the
developmental processes controlled by this module, including
erythropoiesis, which would be interesting to investigate in the
future.
Interestingly, our observation that TAF10 binding was enriched at the promoter of the human GATA1 locus in fetal
erythroid cells compared to its level in adult erythroid cells,

TAF10 Controls Mouse Erythropoiesis

A Human Gata1 promoter
1000bp
GC Box

ATG


CAAT Box
Gata1 BS

IE

B Fetal Liver ChIP

1

 







Adult Blood ChIP


 



0.1

0.01

 
TAF10

1000
RFE (GST/IgG ChIP set to 1)

RFE (GST/IgG ChIP set to 1)

1000

10







100

10

1

0.1





 




0.01

 

 

GATA1

TAF10





 


 









Shape groups
experiment date
Color groups
chromatin source

GATA1

C Compilation ChIP
*

RFE (GST/IgG ChIP set to 1)

1000

100

10

1







*
 


 Fetal Liver
 Adult Blood

*

0.1

0.01

* p < 0.05

 
TAF10

 
GATA1

FIG 9 ChIP assays of TAF10 and GATA1 in the GATA1 locus in hFL and hPB cells. A TAF10 antibody (monoclonal antibody 23TA 1H8) and a GATA1 antibody
were used to immunoprecipitate the formaldehyde-cross-linked chromatin from hFL and hPB cells. (A) Primers for GATA1 binding sites of the human GATA1
locus, as indicated (the palindromic GATA1 binding site [BS] and GATA1 binding site at the kb ⫺3 region relative to the TSS), were used to estimate the relative
fold enrichment (RFE) of TAF10 and GATA1 binding by qRT-PCR. A CD71 antibody (isotype control) was used for the mock IP, and background enrichment
was set equal to a value of 1. IE, exon I erythroid. (B) Enrichment for TAF10 and GATA1 at both binding sites of interest is shown in independent experiments
for fetal liver and adult blood. (C) Overview of all ChIP experiments. See panel A for the positions of the primers.

together with the observed TAF10-GATA1 interaction, suggests that there is a role for TAF10 in the regulation of GATA1
transcription which contributes to the phenotype observed in
TAF10KOcEry embryos. This interaction preferentially occurs
during the fetal stages of erythropoiesis, indicating that it is a
developmental stage-specific event exerting its effect mainly,
but not exclusively, on GATA1 target genes, as observed in the
RNA-seq data from mouse fetal livers. We know that GATA1
expression levels do not change in human fetal and adult erythroblasts (73). However, there are dynamic changes in the occupancy of transcription factors and, consequently, in proteinprotein interactions involving master regulators that could
potentially activate, repress (74), or stabilize gene expression
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levels. When such interactions are disturbed, transcriptional
deregulation is not global but depends on the transcriptional
state of the gene at that developmental stage (10).
We propose that TFIID and/or SAGA contributes to this dynamic landscape of developmental stage-specific TAF10-GATA1
interaction network, thus contributing to development and differentiation of the erythroid cell lineage.
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