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The multisubunit TFIID plays a direct role in transcription initiation by binding to core promoter elements and
directing preinitiation complex assembly. Although TFIID may also function as a coactivator through direct
interactions with promoter-bound activators, mechanistic aspects of this poorly defined function remain unclear.
Here, biochemical studies show a direct TFIID-E-protein interaction that (1) is mediated through interaction of
a novel E-protein activation domain (activation domain 3 [AD3]) with the TAF homology (TAFH) domain of TAF4,
(2) is critical for activation of a natural target gene by an E protein, and (3) mechanistically acts by enhancing
TFIID binding to the core promoter. Complementary assays establish a gene-specific role for the TAFH domain in
TFIID recruitment and activation of a large subset of genes in vivo. These results firmly establish TAF4 as a bona
fide E-protein coactivator as well as a mechanism involving facilitated TFIID binding through direct interaction

with an E-protein activation domain.
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Transcription of protein-coding genes by RNA polymer-
ase I (Pol IT) is a multistep process that involves activator-
dependent recruitment of chromatin remodeling/modi-
fying coactivators (Roeder 2005; Li et al. 2007) followed
by activator-dependent assembly/function of the tran-
scription preinitiation complex (PIC) through additional
coactivators (Naar et al. 2001; Roeder 2005). The latter
group of coactivators includes the multisubunit Mediator
and a variety of general and gene- or cell-specific coac-
tivators. As bridging proteins, these coactivators transmit
signals directly from activators to the basal transcription
machinery, thereby stimulating the formation and/or
function of the PIC. The PIC includes, in addition to Pol
II, the general transcription factors (GTFs) TFIID, TFIIA,
TFIB, TFIIE, TFIIF, and TFIIH (Roeder 1996; Thomas and
Chiang 2006). Of special interest here, TFIID is a multi-
subunit complex composed of the TATA box-binding
protein (TBP) and 13-14 evolutionarily conserved TBP-
associated factors (TAFs). TFIID is the primary core
promoter recognition factor, through TBP binding to
the TATA box and/or TAF interactions with other core
promoter elements (Juven-Gershon et al. 2008), and thus
plays the major role in directing PIC assembly, through
interactions with other GTFs, for subsequent transcrip-
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tion by Pol II (Burley and Roeder 1996; Roeder 1996).
Consequently, TFIID binding to the core promoter has
been widely believed to contribute a critical rate-limiting
step at which enhancer-bound activators can regulate
transcription activation, and genetic studies in yeast have
provided support for this idea (Chatterjee and Struhl
1995).

Beyond the original studies (Hoffmann et al. 1990; Pugh
and Tjian 1990), many in vitro transcription studies with
naked DNA template have shown that whereas TBP
suffices for basal transcription from TATA-containing
promoters, robust activator-dependent transcription is
dependent on TFIID, thus suggesting important coacti-
vator functions for TAFs (Albright and Tjian 2000; Green
2000; Naar et al. 2001; Thomas and Chiang 2006).
Although TAFs in the TFIID complex play important
roles in modulating transcriptional activity, their specific
functions and mechanisms of action are complex and, in
many cases, poorly understood. On the one hand, specific
metazoan TAFs can recognize and interact with non-
TATA core promoter elements, such as Initiator (Inr) and
downstream promoter elements (DPE), and show core
promoter-specific functions (Juven-Gershon et al. 2008).
On the other hand, and consistent with gene-selective
coactivator functions through activator-TFIID interac-
tions, a number of earlier studies showed direct interac-
tions of diverse activators with specific isolated TAFs
(references in Burley and Roeder 1996; Liu et al. 2009).
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Adding support to this idea, recent studies have shown
direct interactions of several activators with specific
TAFs in the more physiological context of intact TFIID
complexes in both metazoans (Liu et al. 2009) and yeast
(Garbett et al. 2007). Genetic analyses have provided
further support for gene-selective TAF coactivator func-
tions (Albright and Tjian 2000; Green 2000), including
roles for specific activation domain-TAF interactions in
TFIID recruitment (Garbett et al. 2007; Layer et al. 2010).
However, these genetic studies are intrinsically limited
due to their inability to establish direct effects of activa-
tors that, through broadly used activation domains, may
recruit other factors (e.g., chromatin remodelers or other
GTFs) that in turn facilitate or stabilize TFIID binding.
In this regard, early in vitro studies with purified factors
established direct qualitative and quantitative effects
of activators on TFIID and/or TFIIA-TFIID binding
to model promoters (Abmayr et al. 1988; Horikoshi
et al. 1988; Lieberman and Berk 1994; Chi and Carey
1996) as well as a stabilizing effect of TFIID on activator
binding (Sawadogo and Roeder 1985}, although possible
roles of specific activator-TAF interactions were not
investigated.

TAF4, of interest here, plays an essential role in main-
taining the stability and integrity of the TFIID complex
(Wright et al. 2006). TAF4 is also the first individual TAF
for which a coactivator function was reported and has
been shown, as an isolated protein, to interact with many
activators, including Spl, CREB, RAR, CBF, NFAT, and
c-Jun (references in Garbett et al. 2007). Although the
mechanism by which TAF4 exerts its coactivator func-
tion is unknown, TAF4 and its paralog, TAF4Db, contain
an ~100 amino acid TAF homology (TAFH) domain
that is also present in MTG/ETO family proteins and
highly conserved in TAF4 homologs from Drosophila to
humans (Zhang et al. 2004). Regarding TAF4 functions,
disruption of the murine Taf4 gene leads to lethality on
embryonic day 9.5, and microarray analyses of derived
Taf4~'~ murine embryonic fibroblasts (MEFs), which
retain an intact TAF4b-containing TFIID complex, re-
vealed deregulation of a large set of genes in the null
cells (Mengus et al. 2005). These results suggest that
TAF4- and TAF4b-containing TFIID complexes are dif-
ferentially required for the transcription of certain genes.
Indeed, TAF4b is selectively expressed in B-lineage
and gonadal cells and required for the development
and differentiation of ovarian granulocytes (Goodrich and
Tjian 2010).

E proteins, which include E2A (E12 and E47), E2-2, and
HEB, are a ubiquitously expressed basic helix-loop-helix
(bHLH) family of transcription factors that play impor-
tant roles in embryonic patterning, cell fate determina-
tion and differentiation, regulation of cell proliferation,
and programmed cell death (for review, see Quong et al.
2002; Kee 2009). E-protein dimers activate target genes,
including p21 (Prabhu et al. 1997), by binding to E boxes
(canonical sequence CANNTG) at enhancer and/or pro-
moter regions (Quong et al. 2002). In many cell types,
E proteins also regulate gene expression in a tissue-
specific manner by forming functional heterodimers with

TAF4 coactivator function for E proteins

tissue-specific bHLH proteins such as MyoD. In addition
to the bHLH domain, E proteins contain two conserved
activation domains, termed activation domain 1 (ADI)
and AD2 (Quong et al. 2002; Kee 2009). Previous studies
have shown that the N-terminal AD1 can directly in-
teract with p300/CBP histone acetyltransferase coactiva-
tors in gene activation (Bayly et al. 2004) or with co-
repressors AML1-ETO/ETO in gene silencing through
a putative a-helical domain (Zhang et al. 2004). AD2, also
termed the loop-helix domain, is located midway be-
tween the AD1 and bHLH domains and has been reported
to interact with CBP (Bayly et al. 2004) and SAGA
(Massari et al. 1999) histone acetyltransferases.

Earlier studies from our laboratory showed that the
E protein HEB interacts not only with p300/CBP (via AD1),
but also with the TFIID complex (Zhang et al. 2004).
However, the failure by us and others to observe an
interaction of AD1 or AD2 with any component of the
general transcription machinery (including TFIID) sug-
gested the possible involvement of a distinct E-protein
activation domain in the TFIID interaction. Here, in
a major extension of previous studies, we first define
a novel E-protein activation domain, designated AD3. We
then employ rigorous biochemical analyses, involving
TAF4-mutated forms of TFIID, to show that ADS3,
through interactions with the TAFH domain of TAF4,
mediates a direct E-protein-TFIID interaction, is neces-
sary for E-protein-dependent transcription from a natural
target gene, and acts by stimulating the stable binding
of TFIID to the natural promoter. Complementary cell-
based assays with Taf4-null cells expressing ectopic
wild-type versus TAFH-deleted forms of TAF4 confirm
the physiological relevance of the AD3-TAFH inter-
action for selective E-protein target gene activation
through TAF4-dependent recruitment of TFIID. In addi-
tion, genome-wide gene expression profiles also suggest
that ~400 genes require the TAFH domain for TFIID
recruitment and gene activation. Altogether, these stud-
ies provide an unprecedented documentation of a TAF
coactivator function on a natural promoter as well as an
underlying mechanism of action both in vitro and in
vivo.

Results

E proteins interact directly with TFIID through
the TAF4 subunit

We previously reported that corepressor ETO and the
leukemogenic AMLI1-ETO fusion protein can repress
E-protein-mediated transcription through a strong inter-
action between the ETO TAFH (eTAFH) domain and the
AD1 domain of E proteins (Zhang et al. 2004). This result,
the strong homology between the eTAFH domain and the
TAFH domain (dTAFH) of TAF4 (Fig. 1A; Supplemental
Fig. S1), and our demonstration of TFIID and p300/CBP
(in unfractionated nuclear extract) binding to recombi-
nant HEB (Zhang et al. 2004) suggested the possibility that
TFIID might likewise interact with E proteins through
TAF4 as part of an E-protein-mediated activation path-
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Figure 1. The TAF4 subunit in the TFIID complex is directly
targeted by E proteins. (A) Schematic representation of human
TAF4 protein. (Q-rich) Glutamine-rich; (HFD) histone fold
domain. See also Supplemental Figure S1. (B) Coimmunopre-
cipitation assays showing an endogenous interaction between
HEB and TAF4/TFIID. HeLa nuclear extract was immunopre-
cipitated (IP) with antibodies against HEB or TAF4. Bound
proteins were visualized by immunoblotting with indicated
antibodies. (C) GST pull-down assays showing the binding of
the purified f-TBP-TFIID complex (silver stained, left) to GST-
HEB or GST-p53 proteins. (D) Specific interaction of HEB with
the TAF4 subunit in the context of the TFIID complex. HeLa
nuclear extracts were incubated with f-HEB protein immobi-
lized on anti-Flag M2 beads. Interacting complexes were washed
with binding buffer (lanes 2,3) or treated with cross-linking
reagent DSP and washed extensively with 8 M urea buffer (lanes
4,5). After cross-link reversal by boiling in sample buffer, bound
proteins were visualized by immunoblotting with the indicated
antibodies. TFIIEa served as a control.

way. In approaching this question, we first established
anatural intracellular association of E proteins and TFIID.
Thus, reciprocal immunoprecipitation assays with anti-
HEB and anti-TAF4 antibodies each resulted in the coim-
munoprecipitation of TFIID (monitored by TBP and TAF4
immunoblots) and HEB (Fig. 1B).

To establish that the intracellular TFIID-HEB associa-
tion reflects a direct interaction rather than an association
dependent on other unknown factors in the nuclear extract,
we assessed the binding of affinity-purified TFIID (Fig. 1C,
left) to purified GST-HEB and GST-p53 (as a positive
control) fusion proteins. In clear confirmation of a direct
interaction, TFIID bound strongly to both GST fusion
proteins but not to GST (Fig. 1C, right). To determine
whether, as expected, this interaction reflected an interac-
tion of HEB with TAF4, we used dithiobis[succinimidyl
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propionate] (DSP), a reversible bifunctional cross-linker
that cross-links proteins in close proximity, in a pull-
down/cross-linking assay (details in the Supplemental
Material). As shown in Figure 1D, CBP (which binds AD1
directly) (Zhang et al. 2004) and TAF4, but not TBP or
other representative TAFs, were detected in the DSP/
urea-treated immune complex, whereas other subunits of
TFID were detected in the immune complex without
DSP/urea treatment. These results clearly establish a di-
rect interaction of HEB with TFIID through the TAF4
subunit.

The dTAFH domain of TAF4 interacts with a newly
identified HEB transcriptional activation domain
(AD3) that acts synergistically with AD1 and AD2

The above results, the homology between the TAFH do-
mains, and the prior demonstration of an eTAFH in-
teraction with HEB ADI led us to predict that the TAF4
dTAFH domain would also interact with HEB through
the AD1 domain. An initial analysis showed, as pre-
dicted, that HEB (predominant E protein in HeLa cells)
and E2A (predominant E protein in Namalwa B cells) both
interact with the isolated dTAFH domain (Fig. 2A). To
test the interaction domains within HEB, we carried out
binding assays with purified GST-fused dTAFH and
eTAFH domains and in vitro-generated HEB fragments
(Fig. 2B, left). Surprisingly, the dTAFH domain showed
a strong selective interaction with an HEB fragment
spanning residues 100-306, whereas the e TAFH domain
interacted strongly (as expected) with a fragment (amino
acids 1-99) containing AD1 and weakly with a fragment
(amino acids 100-306) containing AD3 (Fig. 2B, right).
Since the HEB region spanning residues 100-306 was
specifically recognized by the dTAFH domain of TAF4/
TFIID and in light of subsequent functional data (below),
it was designated AD3.

To establish the relevance of the dTAFH-HEB activa-
tion domain interactions (above) to TFIID-HEB activa-
tion domain interactions, we assessed the binding of
endogenous TFIID in HeLa nuclear extracts (Fig. 2C)
and purified TFIID (Fig. 2D) to GST fusion proteins
containing HEB AD1, AD2, or AD3. Notably, endogenous
TFIID (nuclear extract) and purified TFIID bound selec-
tively to AD3, whereas CBP (nuclear extract) bound
selectively to AD1. These results are in complete agree-
ment with data (above) indicating that AD3 is recognized
by the dTAFH domain and confirm AD3 as the HEB
domain that specifically and directly interacts with the
TFIID complex.

The ability of HEB AD3 to interact with the TAF4/
TFID complex suggested that it is likely to possess
a transcriptional function. To examine this possibility,
the activation potentials of Gal4-HEB fragments were
tested in a Gal4-based reporter assay involving trans-
fection of 293T cells. Notably, the AD3 domain showed
both an independent transcriptional activity that was
greater than the previously reported AD1 and AD2 activi-
ties and a strong synergy with ADI that was modestly
enhanced by AD2 (Fig. 2E). A further investigation of this
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previously unrecognized activation domain in similar
reporter assays revealed (1) delocalization (based on
additional N-terminal and C-terminal truncations) of
the AD3 transcriptional activity to residues 221-300
(Supplemental Fig. S2A), (2) sequence conservation of
the HEB AD3 domain in E-protein family members E2-2
(69% identical) and E2A (32% identical) (Supplemental
Fig. S2B), (3) a corresponding conservation of the tran-
scriptional function in E2A AD3 (Supplemental Fig. S2C),
and (4) strong synergistic functions of AD3 with ADI
and/or AD2 (Supplemental Fig. S2D). Because the shorter
HEB (residues 221-300) and corresponding E2A AD3
domains both showed higher activities than the broader
domains (Supplemental Fig. S2C), the shorter AD3 do-
main was used in the following experiments.

The interaction of TFIID with HEB AD3 is dependent
on the dTAFH domain of TAF4

The above results, showing that the TAF4 dTAFH do-
main interacts with HEB and E2A (Fig. 2A,B) and, re-
ciprocally, that HEB AD3 directly binds TFIID (Fig. 2D),
clearly suggested that the TAF4 dTAFH domain mediates
the observed HEB/AD3-TFIID interactions. To test this
hypothesis, we generated TFIID complexes containing
either TAF4 wild type (TAF4wt) or TAFH-deleted TAF4
(TAF4A). To this end, HeLa lines that stably express Flag-
tagged TAF4wt or TAF4A were established, and derived
nuclear extracts were directly subjected to anti-Flag immu-
nopurification. Consistent with a previous study (Guermah
et al. 2001), mass spectrometric analyses revealed that
TBP and all of the other normal TAF subunits were pres-
ent in both f-TAF4-TFIID preparations (data not shown).

TAF4 coactivator function for E proteins

Figure 2. The novel HEB activation domain
AD3 directly interacts with TFID. (A) GST
pull-down assays showing that the dTAFH do-
main of TAF4 interacts with E2A or HEB in
Namalwa or HeLa nuclear extract, respectively.
TFIB and TFIIH served as controls. (B) The
e€TAFH and dTAFH domains are differentially
recognized by HEB AD1 and AD3 domains,
respectively. GST pull-down analyses of in vitro
transcribed/translated HEB fragments (shown at
Ileft) binding to the GST-fused eTAFH or dTAFH
domain. (C,D). HEB AD3 directly interacts with
TFID. HeLa nuclear extract (C) or the highly
purified f-TBP-TFIID complex (D) was subjected
to GST pull-down assays with GST-fused HEB
AD1, AD2, and AD3. (E) HEB AD3 is a novel
transcriptional activation domain that acts syn-
ergistically with AD1. Luciferase reporter assays
of the activities of Gal4-fused HEB fragments (as
indicated in the left panel of B) on the pGL3-
5xGal4-E1B template; results were normalized
to Renilla luciferase activities from a TK pro-
moter and are presented relative to Gal4-DBD
activity. Means + SD from triplicate experiments
are shown. See also Supplemental Figure S2.
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SDS-PAGE silver stain (Fig. 3A) and immunoblot (Fig. 3B)
analyses also revealed comparable levels of TFIID sub-
units in both preparations. One potential complication
with this approach is that human TFIID contains two
copies of TAF4 (Guermah et al. 2001). However, since
TAF4A migrates faster than the endogenous (untagged)
TAF4wt, it was possible to rule out any significant
incorporation of endogenous TAF4 in these preparations
(Fig. 3A,B). This exclusive incorporation of exogenous
f-TAF4 proteins (both wt and A) into TFIID complexes
likely reflects their overexpression relative to the endog-
enous TAF4 but, in any case, simplifies the interpretation
of subsequent experiments.

We next examined interactions of the purified {-TAF4—
TFIID complexes with an immobilized his-tagged Gal4-
AD3 fusion protein (h-Gal4-AD3) that contains the min-
imal AD3 domain. Consistent with the results of the
binding assays with GST-HEB AD3 (amino acids 100~
306) (Fig. 2D) and the functional studies with Gal4-AD3
derivatives (Supplemental Fig. S1), the minimal HEB AD3
domain (residues 221-300) also interacts with the purified
TFIID complex containing the TAF4wt subunit (Fig. 3C).
Most importantly, however, HEB AD3 (22.1-300) shows no
detectable interaction with the TAF4A TFID complex
lacking the TAF4 dTAFH domain (Fig. 3C). Therefore, we
conclude that HEB AD3 interacts directly with the TFIID
complex through the dTAFH domain of TAF4.

The TFIID interaction is required for transcriptional
activation by HEB AD3

The results described above showed that HEB AD3
exhibits a strong transcription activity in cells (Fig. 2E;
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Figure 3. The TFIID interaction with HEB AD3 is dependent
on the TAF4 dTAFH domain. (A,B) Comparable levels of TFIID
subunits are detected in purified f-TAF4 complexes. Silver
staining (A) and immunoblots of selected TAF subunits (B) of
M2 affinity-purified {-TAF4 complexes from HeLa cells express-
ing Flag-tagged wild-type (wt) or dTAFH-deleted (A) TAF4. The
identities of the TFIID subunits were also confirmed by mass
spectrometry (data not shown). The asterisks denote contami-
nants bound to M2 beads. (C) Direct TFIID interaction with
AD3 is dependent on the dTAFH domain of TAF4. Pull-down
analyses of purified f-TAF4-TFIID complexes (as shown in A) by
Ni bead-immobilized his-Gal4-HEB AD3 (221-300). Note that
the minimal HEB AD3 fragment that shows activation was used
here and in the following figures.

Supplemental Fig. S1C) and interacts directly with the
TFIID complex through the TAF4 dTAFH domain (Fig.
3C). To test the hypothesis that AD3 exerts its transcrip-
tion function through its dTAFH-dependent interaction
with the TFIID complex, we next established Gal4-AD3-
and ectopic TFIID-dependent in vitro transcription assays
according to the protocol in Figure 4A. Consistent with
the demonstrated activity of HEB AD3 in the luciferase
reporter assays (Fig. 2D; Supplemental Fig. S2), the newly
identified HEB AD3 domain showed strong transcrip-
tional activity in the in vitro transcription assay (Fig. 4B).
This activation is dependent on the TFIID interaction,
since addition of an increasing amount of a dTAFH poly-
peptide gradually diminished the Gal4-AD3-mediated
transcription but had no effect on transcription activation
by Gal4-VP16 (Fig. 4B), which is thought to act through
interactions with TAF6 and TAF12 (Liu et al. 2009). The
latter result further attests to the overall structural in-
tegrity of the f-TAF4-TFIID complex. To more directly
establish that the HEB AD3 activity is dependent on the
TAF4 dTAFH domain, we carried out in vitro transcription
assays using TFIID-depleted HeLa nuclear extract and
supplementation with purified f-TAF4wt and {-TAF4A
TFHID complexes (Fig. 3A). As expected, {-TAF4Awt-TFIID
supported both Gal4-AD3- and Gal4-VP16-dependent
transcription (Fig. 4C, lanes 5,6). In contrast, f-TAF4A—
TFIID failed to support Gal4-AD3-mediated transcrip-
tion (Fig. 4C, lane 5 vs. lane 6) but maintained full
support of both Gal4-VP16-mediated and basal (activa-
tor-independent) transcription (Fig. 4C, lane 9 vs. lane 6,
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basal transcript from pMLA53) as well as transcription by
full-length p53 (Supplemental Fig. S3). These data in-
dicate strongly that the dTAFH domain of the TAF4/
TFID complex is selectively required for HEB AD3-
mediated transcription.

HEB AD3 enhances TFIID binding to the core
promoter dependent on the dTAFH domain of TAF4

Whereas several studies have suggested roles for specific
activator/activation domain-TAF interactions in TAF-
dependent transcription (see above), there is scant in-
formation on the underlying mechanisms. Among sev-
eral possibilities, an enhanced recruitment of TFIID to
the core promoter, a key rate-limiting step in gene ac-
tivation, is an attractive and readily testable possibility.
Therefore, to assess the mechanistic consequences
of the HEB AD3-dTAFH/TFIID interaction, we carried
out magnesium-agarose electrophoresis mobility shift
(Mg-EMSA) (Lieberman and Berk 1994) and immobilized
template (Black et al. 2006) assays using a DNA template
containing five Gal4-binding sites upstream of the E1B
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Figure 4. Transcriptional activation by HEB AD3 is dependent
on the TAF4 dTAFH domain. (A) Schematic protocol for in vitro
transcription assays. (B) A dTAFH polypeptide selectively in-
hibits transcription activation by HEB AD3. Transcription from
the Gal4-HM template by Gal4-HEB AD3 or Gal4-VP16 in
the presence of increasing amounts of dTAFH polypeptide. (C)
The dTAFH domain of TAF4/TFIID is essential for HEB AD3-
mediated transcription activation. Transcription reactions were
performed in TFIID-depleted HeLa nuclear extract (ANE) sup-
plemented with equal amounts of f-TAF4-TFID complexes
containing either wild-type (wt) or dTAFH-deleted (A) TAF4.
Transcriptions from the Gal4-HM template with Gal4-HEB AD3
(221-300) or Gal4-VP16 and a control DNA template (pMLA53)
are indicated. See also Supplemental Figure S3.



core promoter (Fig. 5A). In the EMSA assay, TAF4wt and
TAF4A TFIID complexes showed equivalent levels of
weak binding to the DNA probe in the absence of Gal4-
AD3. Importantly, the DNA binding of TAF4wt-TFIID
was significantly enhanced by the addition of Gal4-AD3
(Fig. 5B, lane 5 vs. lane 3), whereas the binding of
TAF4A-TFIID was only feebly enhanced (Fig. 5B, lane
4 vs. lane 6), clearly indicating that the Gal4-AD3-
enhanced binding is a direct result of the AD3-dTAFH
interaction. Also of note, a parallel analysis with a tem-
plate containing a mutated (TATA to GAGA) TATA box
showed that the TATA box is absolutely required for
basal and Gal4-AD3-enhanced TFIID binding (Fig. 5B,
right panel), indicating the specificity of the TFIID-
promoter complexes and that Gal4-AD3 facilitates
TFIID binding only at the core promoter. The enhance-
ment of TFIID binding by Gal4-AD3 was also observed
with a template containing only one Gal4-binding site
(data not shown). To further confirm this result and
show enhanced binding of an intact TFIID complex by
Gal4-AD3, we also carried out immobilized template
assays using the same DNA template. Consistent with
the above results, we observed comparable levels of
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Figure 5. HEB AD3 enhances TFIID binding to DNA depend-
ing on the TATA box and the dTAFH domain of TAF4. (A)
Schematic representation of the DNA probe containing five
Gal4 binding sites upstream of an E1B TATA box. (B) Mg-EMSA
with DNA probes containing either wild-type (left) or mutated
(right) TATA boxes, Gal4-AD3, and purified f-TAF4-TFID
complexes (TAF4wt or TAF4A) as indicated. Protein-DNA
complexes were resolved by agarose gel electrophoresis and
autoradiography. (C) Immobilized template analyses of purified
f-TAF4-TFIID complexes (TAF4wt or TAF4A) binding to the
DNA probe in the presence or absence of Gal4-HEB AD3. DNA-
bound proteins were visualized by immunoblots of indicated
TAF subunits, TBP, and His tag (for Gal4-HEB AD3).
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activator-independent binding of the TAF4wt and TAF4A
TFID complexes (monitored by TAF4, TAF5, TAF6, and
TBP immunoblots) as well as a significant Gal4-AD3-
enhanced binding of TFIID that was selective for TAF4wt
TFIID relative to TAF4A TFIID (Fig. 5C). Overall, these
results indicate (1) an HEB AD3-enhanced binding of
TFID that likely contributes to the AD3-enhanced tran-
scription and (2) a significant role for the AD3-dTAFH
interaction in the activator-enhanced TFIID binding to the
core promoter.

HEB-mediated transcriptional activation of the natural
p21 promoter is dependent on the TAFH-dependent
coactivation function of TAF4

As an extension of the above-described studies that
established a function and an underlying mechanism for
the AD3-dTAFH/TAF4/TFIID interaction on a model
promoter, it was also important to analyze this inter-
action in the more physiological context of full-length
HEB-mediated activation of a natural promoter. For this
objective, we used the human p21 gene-proximal pro-
moter that contains three E-box sites (Fig. 6A) and that
was shown to be regulated by E2A in a reporter assay
(Prabhu et al. 1997). Consistent with this observation, our
studies of the endogenous p21 gene in 293T cells revealed
(1) that ectopic expression of E proteins (HEB, E12, E47,
and E2-2) enhances both p21 mRNA and p21 protein
levels (Supplemental Fig. S4A,B), (2) that depletion of HEB
by shRNA treatment reduces the level of p21 mRNA
(Supplemental Fig. S4C,D), and (3) based on chromatin
immunoprecipitation (ChIP) assays, that HEB binds near
the p21 transcription start site (TSS) and that HEB de-
pletion results in decreased TFIID (monitored by TAF1)
recruitment (Supplemental Fig. S4E).

Based on these results, we then selected p21-proximal
promoter and cognate activator HEB as a native model
system for the following studies. In functional studies,
we established a modified in vitro transcription assay
(see the Materials and Methods for details) using a 5’
linearized DNA template containing the p21 promoter
(nucleotide positions —133 to +42) upstream of a G-less
cassette (Fig. 6B, top). Remarkably, purified recombinant
HEB significantly enhanced transcription on the p21
template in reactions with normal HeLa nuclear extract
(Fig. 6B, bottom, lane 1 vs. lane 2). This result confirmed
a direct function for HEB in activation of the p21 gene.
To further examine the predicted role of the dTAFH
domain in TFIID-dependent transcription activation by
HEB, we used TFIID-depleted nuclear extracts, which
showed no basal or HEB-dependent activity (Fig. 6B,
lanes 3,4), in conjunction with exogenous purified f-TAF4—
TFIID complexes. In these assays, TAF4wt-TFIID and
TAF4A-TFIID restored equivalent levels of basal tran-
scription from the pMLA53 template (Fig. 6B). Strikingly,
however, HEB-dependent transcription was nearly fully
restored by TAF4wt-TFIID but not by TAF4A-TFIID.
These results clearly indicate the specificity and essen-
tial role of the dTAFH domain in HEB function on
a natural promoter.
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Figure 6. The dTAFH domain is important
for HEB-mediated TFIID binding and tran-
scription of the human p21 promoter in vitro.
(A) Schematic of the human p21 core promoter
region. (B) In vitro transcription assays with
the p21 core promoter template (shown at the

= top), full-length HEB, and purified f-TAF4-

TFID complexes (TAF4wt of TAF4A) as in-
dicated in normal (lanes 1,2) or TFIID-depleted

A +1 B p21 template
p21 —— EE’— 133 -
-200 +27
E3 TATA E2ZE1 CTRL TFliD-depleted NE
f-TAF4-TFIID: - - . - wtwt A A
f-HEB: . + - + -
C
Input Bound pp21 —» -
f-TAF4-TFID: wt A wtA wt A pMLAS3—> | & & eBes
TFIA: _ . 4+ + + +
PEST - Lo o b 5 12 3 45678
L | .« |TAF4
i et f-TAF4-TFID: - - wt i
—— e d—— | TBP TFIA: - -
HEB: - +

12 3 4 5 6

E
f-TAF4-TFIID: wt A
TFHIA: + +
EA4T: + + +

0 51530 0 51530 0 515 30 (min)

- -, . TAF4
--— - TBP

12 34 5 67 8 9 10 1112

HEB-mediated enhancement of TFIID binding
to the natural p21 promoter is dependent
on the TAFH domain of TAF4

To assess the mechanistic basis of the above-described
effect of HEB on transcription of the p21 promoter, we
assessed the effect of HEB on TFIID binding by two
independent methods. Since the p21 promoter contains
a weak TATA relative to that in the model promoter used
in the analyses in Figure 5 and given many earlier studies
indicating a stabilizing role of TFIIA on TFIID binding to
such sites (Lieberman and Berk 1994), TFIIA was included
in these analyses. In an initial immobilized template-
based assay, TAF4wt-TFIID and TAF4A-TFIID showed
equivalent levels of basal (HEB-independent) binding (Fig.
6C, lanes 3,4). In contrast, HEB enhanced the binding of
TAF4wt—TFIID but not TAF4A-TFIID (Fig. 6C, lane 8 vs.
lane 6). These results are consistent with the selective
effects of Gal4-AD3 on TAF4wt versus TAF4A TFIID
binding and transcription.

To confirm and analyze in more detail the HEB- and
dTAFH-dependent binding of TFIID to the p21 promoter,
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(lanes 3-8) HeLa nuclear extract. (C,D) Immo-
bilized template (C) and DNase I footprinting
(D) assays showing that HEB-enhanced TFIID
binding to the human p21 core promoter is
dependent on the dTAFH domain of TAF4. (E)
Immobilized template assay showing coopera-
tive binding of TFIID and E47 on the p21 core
promoter. After an initial incubation at 4°C to
allow binding, reactions were further incu-
bated at 20°C to allow dissociation of DNA~
protein complexes. Bead-immobilized tem-
plates were further washed at the indicated
times, and bound proteins were monitored by
immunoblot. See also Supplemental Figure S4.

ViVL

we next carried out DNase I footprinting assays using the
same DNA template. Consistent with the results of
functional studies of the p21 E boxes in luciferase assays
(Prabhu et al. 1997), HEB bound directly to the two
downstream E-box sites (Fig. 6D, lane 2 vs. lane 1) but
not to the upstream E box (region not shown). Impor-
tantly, whereas neither TAF4wt-TFIID nor TAF4A-TFIID
showed any DNA binding in the absence of HEB (Fig. 6D,
lanes 3,5), HEB markedly enhanced the binding of
TAF4wt-TFIID (evidenced by the strong protection over
the TATA and downstream sequences), but not TAF4A—
TFIID, to the promoter (Fig. 6D, lanes 3-6). Interestingly,
a cooperative binding between HEB and TAF4wt-TFIID
was also apparent, as evidenced by the enhanced pro-
tection over the E-box regions with HEB plus TAF4wt-
TFIID versus HEB alone (Fig. 6D, lane 4 vs. lane 2). To
determine quantitatively the effect of this cooperative
binding on E-protein binding, an immobilized template
assay was performed using E2A/E47, an E protein that
binds more weakly to the p21 promoter and rapidly
dissociates from the p21 template after incubation at



20°C (Fig. 6E). Notably, the temperature-dependent dis-
sociation of E47 was significantly delayed by the addition
of TAF4wt-TFIID (Fig. 6E, lanes 5-8) but not by TAF4A-
TFIID (Fig. 6E, lanes 9-12). As expected, the temperature-
dependent loss of E47 binding in the presence TAF4A-
TFIID was accompanied by a corresponding loss of TFIID
binding, whereas the delayed dissociation of E47 in the
presence of TAF4wt-TFIID was accompanied by a re-
duced dissociation of TFIID (Fig. 6E). In summary, the
above results firmly establish an E-protein-enhanced
TFID binding to the natural p21 core promoter that
involves a direct interaction of the E-protein AD3 domain
with the TAF4 dTAFH domain and that correlates pre-
cisely with the dTAFH-dependent enhancement of tran-
scription of p21 by E proteins.

The dTAFH domain of TAF4 is selectively required
for TFIID recruitment and gene activation in vivo

Having established a gene-selective TAF4 coactivator
function and underlying mechanistic principles for HEB-
mediated activation of the p21 promoter in vitro, we
next examined the function of the TAF4 dTAFH domain
in TFIID recruitment and function in a natural cellular
context. These analyses used four cell lines based on
the Taf4'°*’~ and Taf4~'~ fibroblast lines that were
established from day 9.5 mouse embryos (Mengus et al.
2005). The Taf4~/~ line was used to establish stable
lines that express ecither Flag-tagged human TAF4wt
(Tafq=/— ' TAF4Wt) or TAFAA (Taf4~'~ '8 TAF44) by trans-
fection with corresponding TAF4 expression vectors. For
our analyses, we selected cell lines that were shown by
immunoblot to express ectopic human TAF4 proteins at
levels comparable with that of the endogenous murine
TAF4 (Fig. 7A). Importantly, reciprocal immunoprecipi-
tation assays (with anti-TAFl and anti-TAF4) showed
efficient and comparable incorporation of exogenous
{-TAF4wt and {-TAF4A into the murine TFIID complexes
(Fig. 7A).

To identify TAFH/TAF4-dependent gene activation,
genome-wide RNA sequencing (RNA-seq) analyses were
executed in these stable MEF lines and confirmed the
deletion of exons 11 and 12 of the Taf4 gene in the Taf4 '~
MEF (Mengus et al. 2005) and its derived lines (Supple-
mental Fig. S5). Since clonal selection could result in
variation of gene expression in cultured cells, we focused
on the differentially expressed genes that were commonly
dependent on endogenous or exogenous TAF4. We found
401 genes with a greater than twofold up-regulation and
81 genes with a greater than twofold down-regulation
that were dependent on endogenous or exogenous wild-
type TAF4 but only 10 up-regulated and 15 down-regu-
lated genes whose TAF4 dependence was restored by
TAF4A (Fig. 7B). Correlation clustering of all differentially
expressed genes also suggests a high degree of correlation
between f-TAFwt-expressing cells and Taf4'®~ cells,
whereas f-TAF4A-expressing cells are similar to Tafd /'~
cells (Supplemental Fig. S6). It is noteworthy that the
RNA-seq analysis also showed a requirement of TAFH/
TAF4 for p21 gene activation (Fig. 7C). However, among
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TAF4-regulated genes, we could not identify any signifi-
cant cellular pathways by gene ontology analysis or any
consensus motifs for transcription factor binding by
analysis of corresponding promoter regions (up —1 kb
relative to the TSS). These results are consistent with
those of an earlier study of TAF4 function by microarray
profiling (Mengus et al. 2005). Collectively, these results
strongly suggest that the TAFH domain is globally re-
quired for TAF4 function in vivo and that TAFH functions
may involve interactions with diverse activators.

To assess TFIID recruitment to the TSS of p21, ChIP
assays were performed using an anti-TAF1 antibody. As
shown in Figure 7D for selected genes (from genome-wide
profiling), including p21, TFIID binding (monitored with
anti-TAFI1 antibody) was detected in cell lines expressing
endogenous murine TAF4 (blue bars) or exogenous hu-
man TAF4wt (green bars) but not in the TAF4-null line
(red bars) or the cell line expressing TAF4A (purple bars).
Consistent with the concept of TFIID as an essential
transcription initiation factor, the binding of Pol II tightly
correlated with the binding of TFIID to the p21 TSS (data
not shown). These results and the biochemical analyses
in Figure 6 clearly indicate that the dTAFH domain of
TAF4 is required for TFIID recruitment to the p21 core
promoter. Interestingly, this dTAFH-dependent TFIID
recruitment was also observed on other genes, including
Gata 6, Dcn, Pdgfr-a, and Serpinf1. In contrast, TFIID
recruitment to two of the examined genes, Itgall and
Mrpplf3, appeared TAF4-dependent but dTAFH-indepen-
dent. Moreover, among the examined genes, we also
found two, Fthl and Mif, for which TFIID recruitment
was TAF4-independent. Notably, for the genes analyzed,
the relative mRNA levels in the different cell lines
showed striking parallels to the levels of TFIID recruit-
ment, further confirming the function of dTAFH-depen-
dent TFIID recruitment in gene activation (Fig. 7E).
Collectively, these observations (1) confirm the physio-
logical relevance of the dTAFH-dependent physical and
functional interactions of TAF4/TFIID observed in the
biochemical analyses, (2) establish gene-selective TAF4-
and dTAFH-dependent functions, and, related, (3) raise
the possibility that dTAFH-dependent interactions may
have important roles in gene activation not only by
E proteins, but also by other activators.

Discussion

The activator-dependent recruitment of diverse tran-
scription coactivators to gene promoters is a central
theme in transcription activation. In the strict sense of
coactivator function emphasized here, this recruitment is
mediated by direct physical contacts between activators
and coactivators. Various biochemical and genetic ana-
lyses (see above] have shown that the TAFs within
initiation factor TFIID are required for activator-depen-
dent transcription and, in particular, are apparent direct
targets of an increasing number of activators. However,
interactions in the context of the TFIID complex and
corresponding functional relevance on natural promoters
have not been established in most cases, and even for the
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Figure 7. The dTAFH domain of TAF4 is crucial for TFIID recruitment and transcriptional activation in vivo. (A) Coimmunopre-
cipitation assays showing efficient incorporation of human TAF4 into the endogenous murine TFIID complex. Cell lysates of stable
MEF lines were subjected to immunoprecipitation with anti-TAF1 or anti-TAF4 antibodies. Immunoblots of immune complexes with
the indicated antibodies are shown. TFIIH p89 is a control. (tg) Transgene. (B) Venn diagrams showing the numbers of genes
differentially expressed with greater than twofold up-regulation (left) or down-regulation (right) in the indicated cell lines relative
to Taf4~'~ MEFs. Circle size is proportional to the number of genes. (C) Representative RNA-seq gene track at the p21 locus in stable
MEF lines. (D) ChIP analyses of TAF1 (representative of TFIID) recruitment at the TSSs of the indicated genes in stable MEF lines.
(E) Expression levels of the indicated genes in stable MEF lines. Means = SD from triplicate experiments are shown. (F) Working model
for E-protein activation domain-dependent recruitment of coactivators in transcriptional activation (see the Discussion for details).
Note that while the universal Mediator is likely involved in E-protein target gene activation as well, the model emphasizes only those
mammalian coactivators for which E-protein interactions are well documented. See also Supplemental Figures S5 and Sé6.

best documented cases of relevant activator-TFIID in-
teractions, mechanistic details—in particular, activator
effects on TFIID recruitment versus other aspects of
TFIID function—on natural target promoters have been
lacking.

Through a combination of rigorous biochemical and
cellular approaches, we show here (1) the presence of
a new and highly potent activation domain (AD3) within
E proteins; (2) a specific and direct interaction between
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HEB and TAF4 within the context of TFIID through an
HEB AD3-TAF4 dTAFH domain interaction; (3) that the
AD3-dTAFH interaction is essential for HEB- and HEB
AD3-mediated transcription activation; (4) mechanisti-
cally, that the AD3-dTAFH interaction contributes criti-
cally to AD3/HEB-enhanced TFIID binding to a natural
promoter; (5) that the dTAFH domain also plays an
important gene-selective role in TFID recruitment and
TAF4/TFIID-mediated transcription activation in vivo; and



(6) that TAF4 function on the large genomic group (~400) of
TAF4-dependent genes depends almost uniformly on the
TAFH domain, implying a common mechanism for TAF4
function. These results provide definitive evidence for the
long-standing but poorly documented hypothesis that
TAFs within the TFIID complex can function as bona
fide gene-selective coactivators through direct interac-
tions with promoter-bound activators on natural genes.
They also establish a clear mechanism of action for TAF4
coactivator function involving activator-dependent re-
cruitment of TFIID to cognate natural promoters. They
are also of major significance in relation to the key role
of E proteins in development—notably in lympho-
poiesis (Quong et al. 2002; Kee 2009) and leukemogen-
esis (Aspland et al. 2001; Seidel and Look 2001).

Activator- and gene-selective TAF4 coactivator
functions through the dTAFH domain and associated
activator-TFIID interactions

Our identification of the potent AD3 activation domain
(discussed below) in HEB and E2A and a corresponding
direct interaction domain (d{TAFH) in the TAF4 subunit
of TFIID allowed a critical test of the idea (see above)
that direct activator-TAF/TFIID interactions are in-
volved in TAF coactivator functions. In support of this
hypothesis, our biochemical analyses demonstrated (1)
a direct interaction of HEB or the isolated AD3 with
TFIID as well as a direct interaction of HEB with TAF4
in the context of TFIID, (2) an impaired interaction of
HEB/AD3 with a reconstituted TFIID complex lacking
the dTAFH domain in TAF4, and (3) a corresponding
loss of transcriptional activation by HEB on the natural
p21 promoter or by Gal4-fused AD3 on a model pro-
moter with the reconstituted TFIID complex lacking
the dTAFH domain in TAF4. Importantly, TFIID-de-
pendent transcriptional activation by p53 and Gal4-
VP16 was unaffected by deletion of the dTAFH domain
in TAF4. These in vitro results established a direct
TAF4 coactivator function (involving dTAFH-ADS3 in-
teractions) for transcriptional activation by HEB or
AD3 as well as activator-selective functions of the
dTAFH domain. In confirmation of these results, com-
plementation assays with Taf4~/~ fibroblasts revealed
restoration of transcription of the HEB/E2A-activated
TAF4-dependent p21 gene by intact TAF4 but not by
TAFH-deleted TAF4.

Of note, our genome-wide gene expression profiles
established that 97% (391 out of 401) of the TAF4-
dependent genes that were commonly activated by endog-
enous or exogenous wild-type TAF4 were also dTAFH
domain-dependent. These results strongly suggest that
the TAFH domain plays a crucial role in a broad range
of activator-TAF4/TFIID interactions. In support of this
notion, a recent phage display screen for dTAFH-inter-
acting peptides identified sequences resident in several
known activators (Wang et al. 2007), and a study in
Drosophila revealed that a broad region of TAF4 contain-
ing the dTAFH domain interacts with Pygopus and is
required by an unknown mechanism for Wingless-induced
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activation of the nkd gene by Pygopus (Wright and Tjian
2009).

In relation to broader functions of TAF4 that may
involve other activation domains, it is notable that
TAF4 is the TFIID-associated TAF for which the largest
number of interacting activators has been identified
(see above). Furthermore, our complementation ana-
lyses of Taf4~/~ fibroblasts also revealed that dTAFH-
deleted TAF4, like TAF4, is able to fully rescue expres-
sion of 10 TAF4-dependent genes, clearly indicating
gene-selective functions for the TAFH domain. This
result is consistent with the idea, supported by studies
of Spl and CREB (Hoey et al. 1990; Saluja et al. 1998),
that TAF4 contains other (e.g., glutamine-rich) domains
that can be used by distinct regulatory factors. Consis-
tent with our genome-wide gene expression profiles, an
earlier microarray profiling showed that Taf4 deletion
in MEFs results in deregulated expression of at least
1000 genes (Mengus et al. 2005). These results also
suggest a broad range of TAF4 functions, although many
of the deregulated genes could be indirect targets of
TAFA4.

Mechanisms underlying transcriptional activation
by the HEB/AD3-dTAFH/TAF4 interaction

Core promoter-bound TFIID plays a key role in initiating
assembly of the PIC, such that recruitment and stabili-
zation of TFIID represents a key regulatory step. Mecha-
nisms for activator-independent binding and/or stabiliza-
tion of TFIID at the core promoter include (1) recognition
by TBP and TAFs of core promoter elements (Juven-
Gershon et al. 2008), (2) enhancement of TFIID bind-
ing by TFIIA (Thomas and Chiang 2006), and (3) recog-
nition of trimethylated H3K4 by TAF3 and acetylated
H3 and H4 by TAF1 (Thomas and Chiang 2006; Goodrich
and Tjian 2010). Direct activator interactions with
TFID offer a complementary means for TFIID recruit-
ment and stabilization. Indeed, very early studies showed
that activators can have both quantitative (enhanced
recruitment) and qualitative (extended downstream DNA
interactions) effects on TFID binding (Sawadogo and
Roeder 1985; Abmayr et al. 1988; Horikoshi et al. 1988).
Related early studies showed activator-enhanced forma-
tion of a rate-limiting TFIID-TFIA—promoter complex
involving extended downstream interactions (isomeriza-
tion) of TFIID on model promoters with multimerized
activator-binding sites (Lieberman and Berk 1994; Chi and
Carey 1996), although the effects may have been indirect
through activator-TFIIA interactions (Kobayashi et al.
1995). Along with later demonstrations of catalytic ac-
tivities in TAF1, these results suggested that activator—
TFIID interactions may act mechanistically to (1) en-
hance TFIID recruitment, (2) alter conformational/pro-
moter binding states of TFIID (isomerization) that affect
downstream steps in PIC formation/function (Roeder
1996), and (3) regulate the enzymatic functions of TAF1/
TFID (Thomas and Chiang 2006).

Here, our biochemical analyses demonstrated a clear
ability of HEB to enhance the level of TFIID binding to
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the natural p21 promoter. Although this enhanced TFIID
binding requires the presence of TFIIA because of the
weak p21 TATA element, it nonetheless must reflect
a direct HEB-TFIID interaction because of the depen-
dence on the AD3-interacting TAF4 dTAFH domain. This
idea is confirmed by our demonstration that AD3 en-
hances TFIID binding to the TATA-containing E1B pro-
moter in the absence of TFIIA but is dependent on the
TAF4 dTAFH domain. Thus, given the direct interac-
tions of HEB/AD3 with TFIID through the TAF4 dTAFH
domain and the dTAFH-dependent transcriptional acti-
vation by HEB/AD3 (discussed above), these results
clearly indicate that HEB/AD3-mediated transcriptional
activation involves an HEB/AD3-mediated enhancement
of TFIID recruitment/promoter binding. In strong support
of the physiological relevance of these observations, our
ChIP analyses in the Taf4/~ MEF complementation
assays showed a clear dTAFH/TAF4-dependent recruit-
ment of TFIID to endogenous dTAFH/TAF4-dependent
genes (including p21).

Whereas our data clearly indicate an effect of HEB on
transcription of the natural p21 gene through direct HEB-
TAF4/TFIID interactions that enhance TFIID binding,
the biochemical (DNase footprinting and immobilized
template) analyses also indicated a reciprocal effect of
TFIID on HEB/E47 binding. This result, which parallels
our earlier demonstration of highly cooperative binding of
USF and TFIID to the adenovirus major late promoter
(Sawadogo and Roeder 1985), suggests additional coacti-
vator functions for activator-interacting TAFs, as the
stabilized activator binding may facilitate activator in-
teractions with other cofactors (Naar et al. 2001; Roeder
2005) in the overall activation pathway.

Differential functions of the homologous TAF4 dTAFH
and ETO eTAFH domains

Our previous biochemical and structural analyses revealed
that the eTAFH domain strongly and directly binds an
LxxLL-containing motif of the AD1 domain of E pro-
teins (Zhang et al. 2004; Plevin et al. 2006). In this
study, surprisingly, we found that the homologous
dTAFH domain preferentially interacts with the AD3
domain and not, as anticipated, with the AD1 domain.
This result is consistent with the apparent absence of
an LxxLL-like motif in the AD3 domain (Supplemental
Fig. S2B). These results suggest that, despite their high
degree of similarity, eTAFH and dTAFH domains may
act mainly through distinct binding partners. In agree-
ment with these observations, the two TAFH domains
exhibit structural differences that likely affect their
binding specificity (Plevin et al. 2006; Wang et al. 2007).
Notably, in relation to alternative HEB interactions,
the AD1-eTAFH interaction facilitates repression of
HEB target genes by both blocking AD1-p300 interac-
tions (below) and effecting corepressor ETO (and asso-
ciated HDAC) recruitment to HEB target genes (Zhang
et al. 2004), while the AD3-dTAFH interaction facili-
tates activation of HEB target genes by TAF4/TFIID
recruitment.
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Multiple E-protein activation domains: functional
cooperativity and implications for biological functions
of E proteins

Although there has been substantial progress in under-
standing the biological context and pathways (including
specific target genes) in which E proteins function (Quong
et al. 2002; Kee 2009), mechanisms underlying E-protein
functions have been poorly understood. Previous studies
have revealed two conserved activation domains, ADI1
and AD2, with important roles in E-protein-mediated
transcription. Mechanistically, a direct interaction be-
tween ADI1 (through an N-terminal o« helix) and the
histone acetyltransferase p300/CBP (through the KIX
motif) has been shown (Bayly et al. 2004), whereas AD2
has been reported to interact (albeit only in yeast) with
the SAGA histone acetyltransferase complex (Massari
et al. 1999). In this study, we identified a novel activation
domain that, as discussed above, exhibits a robust tran-
scription function both in vivo and in vitro and appears to
contribute to E-protein function primarily through in-
teractions with TFIID. Although E2A AD3 shows only
modest homology with HEB AD3, it also showed (as
a Gal4 fusion protein) a robust transcription activity in
a reporter assay. These results indicate that AD3, like
ADI1 and AD2, is also highly conserved in E proteins and
also are consistent with the demonstration of partially
redundant E-protein functions (Kee 2009).

Notably, and consistent with apparent differences in
their primary mechanisms of action, reporter assays with
Gal4-HEB fusion proteins demonstrated that AD3 can act
synergistically with both AD1 and AD2, whereas the
joint deletion of all three activation domains completely
abrogates the transcription activity of Gal4-HEB. This
result is consistent with a recent study (Bhalla et al. 2008)
showing that an E2A mutant lacking both AD1 and AD2
retains the ability to promote B lymphopoeisis with
associated activation of B-lineage genes when ectopically
expressed in primary E2A /" fetal liver multipotent pro-
genitors. This likely reflects the activity of the residual
AD3 domain in the ectopic E2A, since expression of the
bHLH (DNA-binding) domain of E2A failed to support
B-cell development and gene activation. However, as
histone acetyltransferase recruitment by E proteins is
essential for activation of endogenous B-lineage genes,
the AD1/AD2-deficient E2A might use other domains,
including AD3, to directly or indirectly recruit an ace-
tyltransferase. Consistent with the residual activity of the
overexpressed AD1/AD2-deficient E2A in B-cell precur-
sors, the HEB AD3 domain (as a Gal4 fusion) is also
capable of activating a chromosomally integrated lucif-
erase reporter gene containing multiple Gal4-binding
sites in 293T cells (data not shown). Apart from the
possibility of a direct interaction of the AD3 domain
with an acetyltransferase, the AD3-recruited TFIID com-
plex might also contribute a histone acetyltransferase
activity through TAF1 (Mizzen et al. 1996). Collectively,
these results suggest that AD3 is functionally conserved
and plays an important role in the transcription regula-
tion by E proteins.



Model for regulation of E-protein-mediated
transcription by interacting cofactors

Based on previous and current results, we present a work-
ing model for the regulation of E-protein function by their
divergent activation domains and interacting coactiva-
tors (Fig. 7F). In this model, enhancer-bound E proteins
recruit the coactivators p300/CBP, the major histone
acetyltransferases implicated in E-protein function, through
a direct interaction between the E-protein AD1 domain and
the p300/CBP KIX domain (Bayly et al. 2004). Subsequent
p300/CBP-mediated acetylation of core histones leads to
destabilization of nucleosomes around the core promoter
region, with increased accessibility to core promoter
recognition factors such as TFIID and TFIIA. The direct
interaction of E-protein AD3 with the dTAFH domain of
TAF4, possibly after autoacetylation-mediated dissocia-
tion of p300 (Black et al. 2006), facilitates TFIID recruit-
ment and stabilization in conjunction with TFIID interac-
tions with core promoter elements. Finally, the reciprocal
TFIID-mediated stabilization of E-protein binding may
facilitate E-protein interactions with other coactivators.

Materials and methods

Antibodies, plasmids, and recombinant proteins

Details regarding the antibodies, plasmids, and recombinant
proteins used in this study are provided in the Supplemental
Material.

Cell lines

Taf4'**'~ and Taf4~'~ MEF cell lines (Mengus et al. 2005) were
generously provided by Drs. Gabrielle Mengus and Irwin Davidson
(Institut de Génétique et de Biologie Moléculaire et Cellu-
laire, Strasbourg). Stable lines were established by transfecting
HeLa S3 or Taf4~/~ MEF cells with pIRESneo vectors encoding
either f-TAF4wt or dTAFHA forms as indicated. Clonal cells
were selected by treatment with 500 pg/mL G418 for 2 wk and
screened by immunoblotting with anti-Flag M2 and anti-TAF4
antibodies for positive clones. HeLa S3 and MEF cell lines were
maintained in DMEM supplemented with 10% FBS.

Purification of TFIID complexes

The preparation of HeLa nuclear extracts and purification of the
f-TBP-TFIID complex from HeLa 3-10 cells were described
previously (Chiang et al. 1993). For purification of {~-TAF4-TFIID
complexes, nuclear extracts from f-TAF4 HeLa S3 lines were
incubated with anti-Flag M2 agarose in BC300, 0.1% NP40 for
4 h at 4°C and extensively washed with BC300 and 0.1% NP40.
The bound protein complexes were eluted in BC100 and 0.1%
NP40 supplemented with 0.15 mg/mL 3xFlag peptide (Sigma).
The TBP levels of eluted f-TAF4 complexes were determined by
TBP immunoblotting along with recombinant TBP as stan-
dards. The concentrations of TFIID complexes were adjusted to
5 ng/wL TBP.

In vitro transcription assays

The preparation of TFIID-depleted nuclear extracts and tran-
scription reactions for Gal4-HEB AD3 (221-300) and Gal4-VP16
were performed essentially as described (Oelgeschlager et al.
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1998) with some modifications. Briefly, the pG56HMC2AT tem-
plate was used for activator-dependent transcription, whereas
the pMLA53C2AT was used for activator-independent transcrip-
tion. Reactions were supplemented with f-TAF4-TFIID com-
plexes containing 25 ng of TBP as indicated. The pp21C2AT
template was constructed by cloning a fragment (—133 to +42) of
the human p21 promoter into the EcoRI/Eagl sites of the pC2AT
vector. For transcription reactions with HEB, EcoRI-digested
DNA templates were gel-purified and incubated with 100 ng of
f-HEB and f-TAF4-TFID complexes (25 ng of TBP) before
addition of nuclear extracts and NTPs (without 3'-O-Me-GTP).
RNA transcripts were digested with RNase T1, purified, and
analyzed by electrophoresis and autoradiography.

Mg-EMSA, immobilized template protein recruitment (ITA),
and DNase I footprinting assays

The Mg-EMSA (Lieberman and Berk 1994), ITA (Black et al.
2006), and DNase I footprinting assays (Guermah et al. 2001)
were performed as previously described. Details can be found in
the Supplemental Material.

Pull-down, coimmunoprecipitation, and reporter assays

Standard procedures were used and details can be found in the
Supplemental Material.

ChIP/RT-gPCR assays

Standard procedures for ChIP-qPCR and RT-qPCR were used.
ChIP results are shown as percentage of input DNA. Gene
expression levels were normalized against Hprt. Details and
primer sequences can be found in the Supplemental Material.

Genome-wide RNA-seq analysis

Total RNA from MEF lines (for Taf4"*/~ and Tafd~'~, two
biological replicates in each line; for f-TAF4wt and f-TAF4A,
two independent clones in each line) were extracted and sub-
jected to high-throughput sequencing. Illumina multiplexing
library construction, HiSeq 2000 SR50 sequencing, and raw data
generation were performed by the Epigenomics Core Facility at
Weill Cornell Medical College (New York, NY) according to the
manufacturer’s instructions. Raw image data were converted
into base calls and fastq files via the Illumina pipeline CASAVA
version 1.8 with default parameters. All 50-base-pair-long reads
were mapped to the reference mouse genome sequence mm9
using TopHat with the default parameters (Trapnell et al. 2009).
The mRNA level for each expressed gene/transcript was repre-
sented as FPKM (fragments per kilobase of transcript per million
fragments mapped), and differential expression levels between
cell lines were analyzed by Cuffdiff in Cufflinks software
(Trapnell et al. 2010). For a statistically significant difference,
a Q-value (false discovery rate) of <0.05 and a greater than
twofold change were used.

Data access

RNA-seq data (fastq, bigwig, and Excel tables for gene expression
profiles) have been deposited into the Gene Expression Omnibus
(GEO) database (accession no. GSE46807).
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