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Introduction

Transcription is the first step of gene expression and can be 
strictly regulated to ensure appropriate levels of the gene product. 
Understanding which factors work together to achieve correct 
regulation of transcription is critical for a complete understand-
ing of gene regulation. Transcription of protein-coding genes 
and most small nuclear (sn) RNA genes is performed by RNA 
polymerase II (RNAP II). Synthesis of pre-mRNA by RNAP II 
involves assembly of a transcription preinitiation complex (PIC) 
at the promoter followed by initiation, elongation and termina-
tion.1,2 The PIC comprises RNAP II and a set of general tran-
scription factors (GTFs) that include TFIIA, TFIIB, TFIID, 
TFIIE, TFIIF and TFIIH. Formation of the PIC usually begins 
with TFIID binding to the TATA box, if one is present. TFIID 
is a multiprotein complex comprised of the TATA-binding pro-
tein (TBP) and an associated set of 13 evolutionarily conserved 
TBP-associated factors (TAFs), and plays a critical role in 
transcription initiation. TAFs have been subjected to intensive 
study over the last decade. TAFs from S. cerevisiae, S. pombe, 

Initiation of transcription of most human genes transcribed by RNA polymerase II (RNAP II) requires the formation of a 
preinitiation complex comprising TFIIA, B, D, E, F, H and RNAP II. The general transcription factor TFIID is composed of 
the TATA-binding protein and up to 13 TBP-associated factors. During transcription of snRNA genes, RNAP II does not 
appear to make the transition to long-range productive elongation, as happens during transcription of protein-coding 
genes. In addition, recognition of the snRNA gene-type specific 3' box RNA processing element requires initiation from 
an snRNA gene promoter. These characteristics may, at least in part, be driven by factors recruited to the promoter. For 
example, differences in the complement of TAFs might result in differential recruitment of elongation and RNA processing 
factors. As precedent, it already has been shown that the promoters of some protein-coding genes do not recruit all the 
TAFs found in TFIID. Although TAF5 has been shown to be associated with RNAP II-transcribed snRNA genes, the full 
complement of TAFs associated with these genes has remained unclear. Here we show, using a ChIP and siRNA-mediated 
approach, that the TBP/TAF complex on snRNA genes differs from that found on protein-coding genes. Interestingly, the 
largest TAF, TAF1 and the core TAFs, TAF10 and TAF4, are not detected on snRNA genes. We propose that this snRNA gene-
specific TAF subset plays a key role in gene type-specific control of expression.
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C. elegans, D. melanogaster and H. sapiens have been identified 
and their primary sequences show strong conservation.3 Some 
TAFs are also present in distinct human transcriptional regu-
latory multiprotein complexes such as the SPT3-TAF9-GCN5 
containing complex (STAGA; human SAGA), the TBP-free 
TAF-containing complex (TFTC) and the p300/CBP associ-
ated factor complex (PCAF) (see Table 1).4-8

X-ray crystallography and biochemical experiments have 
shown that nine TAFs contain a sequence motif homologous to 
a motif found on histones, the histone fold domain (HFD).9,10 
The histone fold-containing TAFs form heterodimers TAF6/9, 
TAF4/12, TAF 8/10, TAF3/10 and TAF11/13. The histone-like 
heterodimers associate with TAF5 to form the core subcomplex, 
which interacts with a subcomplex composed of TAF1, TAF2, 
TAF7 and TBP to form TFIID.11-13

The structure of TFIID appears to be dynamic, and it has 
been shown that differences in subunit composition affect TFIID 
conformation. For example, the incorporation of TAF4b, a TAF4 
paralogue, into TFIID induces an open conformation at the lobe 
involved in interaction with TFIIA and various transcriptional 
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transcription of protein-coding genes.26 In addition, the 3' box 
is only recognized if transcription is initiated from a RNAP 
II-dependent snRNA gene promoter.20 These gene type-specific 
properties may, at least in part, be due to differences in factors 
recruited by the promoter, including TAFs.

In order to better understand the molecular basis for the dif-
ferential control of transcription and RNA processing in expres-
sion of snRNA and protein-coding genes, we have performed a 
comparative analysis of the TAF association with the well-char-
acterized U2 snRNA and β-actin protein-coding genes in HeLa 
cells. Our studies provide evidence that the TBP-TAF complex 
on snRNA genes differs from that found on a typical protein-
coding gene. TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and 
TAF12, which are present on β-actin gene, are absent from the 
U2 snRNA gene.

These results shed new light on the composition of TAF com-
plexes on two different types of gene transcribed by RNAP II. 
TBP-TAF complexes might therefore make important contribu-
tions to the differences in control of transcription elongation and 
RNA processing between snRNA and protein-coding genes.

Results

RNAP II and TBP association with the β-actin and U2 snRNA 
genes. The β-actin protein-coding gene is a single copy gene with 
a transcription unit of up to 5 kb, encoding transcripts that are 
spliced and polyadenylated (Fig. 1A).27 Approximately 20 U2 
snRNA genes are clustered in 6.2 kb tandem repeats on chro-
mosome 17q21-q22 (Fig. 1B).28,29 The essential PSE is located 
50 bp upstream of the transcription start site of the U2 snRNA 
gene and this element recruits the snRNA-specific PSE-binding 
transcription factor PTF (also known as SNAPc and PBP).30 The 
DSE, located 220 bp upstream of the start site of transcription, 
functions as an enhancer-like element to activate transcription 
and comprises binding sites for the trans-activating factors Oct-1 
and Sp1.31-33 The 3' box, the snRNA gene-specific RNA 3' end 
processing element, is located 9-19 nucleotides downstream of 
the 3'end of the region encoding the mature snRNA.34

We have analyzed the association of RNAP II and TBP with 
the human β-actin and the U2 snRNA genes by high-resolution 
chromatin immunoprecipitation (ChIP), coupled with quan-
titative real-time PCR (qPCR) analysis. ChIP localizes RNAP 
II across the transcribed region of both genes with the highest 
levels at the promoter region as previously published in refer-
ence 26. RNAP II levels remain high over the RNA-encoding 
region of the U2 snRNA gene (Fig. 1B), whereas the levels 
across the β-actin gene steadily reduce toward the poly(A) site 
(Fig. 1A). Interestingly, a second peak of RNAP II is detected 
on the β-actin gene downstream of the poly(A) site (Fig. 1A and 
regions 7 and 8), as already described by Gromak et al.27 This 
may be diagnostic of polymerase pausing,27 looping between this 
region and the promoter35 or the presence of a downstream pro-
moter. TBP is highest at the start of transcription on both genes, 
as expected (Fig. 1A and B). Interestingly, a second peak of TBP 
is detected just upstream of the second peak of RNAP II on the 
β-actin gene (Fig. 1A, region 6).

activators.14 TAF2 may not always be present in TFIID and, in 
its absence, significant domain reorganization within TFIID is 
observed.15 Therefore, it has been suggested by Cler et al.11 that 
TFIID has a plastic structure that can be reorganized in response 
to activator signals, which would help TFIID to stably associate 
with a wide variety of promoters.

Interestingly, studies using ts13, a hamster cell line with a tem-
perature-sensitive TAF1, demonstrated that mutation of TAF1 
has a gene-specific effect. In ts13, an amino acid substitution in 
TAF1 causes G

1
-S cell cycle arrest at the non-permissive tempera-

ture. It has been demonstrated that transcription directed by the 
cyclin D1 promoter, but not the c-Fos promoter, is temperature-
sensitive.16 In recent years, biochemical, genetic and molecular 
strategies have contributed to uncovering many activities of indi-
vidual TAFs. It has been demonstrated that they can function as 
determinants of promoter selectivity and co-activators to mediate 
transcriptional activation.17 Some TAFs can be critical for sta-
bility of the complex.18 Yankulov et al.19 propose that different 
compositions of TFIID respond differently to regulatory signals.

The snRNA genes transcribed by RNAP II, which include 
the genes for the U1 and U2 spliceosomal RNAs, are structur-
ally different from protein-coding genes. These genes are short, 
the transcripts are intronless and 3' end formation is directed by 
the snRNA gene-specific 3' box RNA 3' end processing element 
rather than by a poly(A) signal. The promoters of these genes 
minimally comprise an essential Proximal Sequence Element 
(PSE), with some properties of a TATA box and an enhancer-like 
Distal Sequence Element (DSE).20

The GTFs TFIIA, TFIIB, TFIIF, TFIIE and TFIIH are 
implicated in transcription of snRNA genes.21,22 So far, only 
TAF5 was shown to be present at the promoter of snRNA genes23 
and the complement of TAFs associated with these genes is 
unclear. Interestingly, recombinant TBP is necessary for in vitro 
transcription from these TATA-less promoters but cannot be sub-
stituted by TFIID.24 In addition, the efficiency of in vitro tran-
scription of snRNA genes is very low, particularly in light of their 
robust transcription in vivo.25 The complement of factors that 
make up the PIC at snRNA promoters is therefore only partially 
understood. Interestingly, during expression of snRNA genes, 
RNAP II does not appear to make the transition to productive 
elongation during transcription of these genes, as happens during 

Table 1. TAF composition in hSTAGA, hTFTC, hPCAF and snTAFc5,75-77

COMPLEXES

hSTAGA hTFTC hPCAF snTAFc

TAF5L 
TAF6L 
TAF9 

TAF10 
TAF12

TAF2 
TAF4 
TAF5 

TAF5L 
TAF6 

TAF6L 
TAF9 

TAF9b 
TAF10 
TAF12

TAF5L 
TAF6L 
TAF9 

TAF10 
TAF12

TAF5 
TAF6 
TAF8 
TAF9 
TAF11 
TAF13

Comparison between the complement of TAFs in TBP-free complexes.
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region 7 (data not shown). TAF11 is also present at a high level 
close to the U2 snRNA gene 3' box, suggesting that this TAF 
interacts differently with the β-actin and U2 snRNA genes. 
TAF6 forms a heterodimer with TAF9 and TAF11 forms a het-
erodimer with TAF13.10,13,36 TAF11 and TAF13 do not show 
the same profile on the U2 snRNA gene (Fig. 2B). Whereas 
TAF11 is equally high on regions 2 and 3 of the U2 snRNA 
gene, TAF13 peaks on region 2. This indicates that, although 
these TAFs normally heterodimerize, they do not interact with 
U2 snRNA gene promoter in exactly the same way.

TAF6, TAF9, TAF11 and TAF13 are associated with the 
promoters of the β-actin and U2 snRNA genes. TAF6, TAF9, 
TAF11 and TAF13 are detected by ChIP on both the U2 and 
β-actin genes (Fig. 2A and B). TAF6, TAF9, TAF11 and 
TAF13 on the β-actin gene and TAF6, TAF9 and TAF13 on 
the U2 gene have a similar profile to TBP on these genes, i.e., 
they peak at the promoter region. Interestingly, all four of these 
TAFs also show an increase in association with region 6 of the 
β-actin gene, which is where the second peak of TBP is located 
(Fig. 2A) and TAF9 and TAF13 decrease again downstream on 

Figure 1. RNAP II and TBP association with the β-actin and U2 snRNA genes. (A) A diagram of the β-actin gene is shown at the top of this and sub-
sequent figures. The arrow represents the transcription start site and exons are denoted by boxes. The results of qPCR analysis of the output of ChIP 
using anti-RNAP II or anti-TBP antibodies is shown under the diagram. Error bars indicate the standard deviation from at least three independent 
experiments in this and subsequent figures. Horizontal lines underneath the gene schematics mark the position of the quantitative real-time PCR 
(qPCR) primer pairs. Primer pairs indicated here were used in all further analyses. (B) A detailed diagram of the U2 snRNA gene is shown at the top of 
this and subsequent figures. Above this, is shown a schematic of the U2 snRNA gene on the same scale as the β-actin gene schematic in (A). The arrow 
represents the transcription start site. The distal sequence element (DSE), the proximal sequence element (PSE) in the promoter, the snRNA-encoding 
region (U2) and the 3' box processing element are denoted by boxes. The results of qPCR analysis of the output of ChIP using anti-RNAP II or anti-TBP 
antibodies is shown under the diagram. Error bars indicate the standard deviation from at least three independent experiments in this and subse-
quent figures. Horizontal lines underneath the gene schematics mark the position of the quantitative real-time PCR (qPCR) primer pairs. Primer pairs 
indicated here were used in all further analyses.
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TAF1 and TAF7 are also detected at the promoter of the β-actin 
gene by ChIP-Seq (data accessed through ENCODE),37 in accor-
dance with our results. There are no obvious peaks at region 6 
in this data set, which may be due to differences in experimental 
conditions or due to limitations of ChIP-Seq in this region.

Knockdown of TAF6 and TAF13 affects the level of RNAP 
II on the β-actin and U2 snRNA genes. In order to determine 
whether TAF6 and TAF13 association with the β-actin and U2 
snRNA genes reflects a functional role in expression of both 
genes, we have knocked down the level of TAF6 and TAF13 
using siRNAs (Fig. 5A) and assayed RNAP II occupancy by 
ChIP (Fig. 5B and C). Knockdown of TAF6 has the surprising 
effect of increasing the level of RNAP II on both genes. This 
result indicates that TAF6 plays an important role in transcrip-
tion of both protein-coding and snRNA genes, but appears to 
inhibit, rather than favor, recruitment of RNAP II. In contrast, 
knockdown of TAF13 causes a decrease in the association of 
RNAP II with the β-actin and U2 snRNA genes, indicating 
that this TAF is required for transcription of both genes.

Knockdown of TAF4 or TAF7 specifically affects the level 
of RNAP II on the β-actin gene. In order to test the possibil-
ity that some TAFs are not recruited to the U2 snRNA gene 

TAF5 and TAF8 peak at different regions of the β-actin and 
U2 snRNA genes. TAF5 and TAF8 peak at the promoter of the 
β-actin gene, as expected (Fig. 3A). They also show an increase 
in association with region 6 of the β-actin gene. As noted for 
TAF11, TAF5 and TAF8 show a different distribution on the U2 
snRNA gene and instead peak at the 3' box, suggesting that these 
TAFs also interact differently with the β-actin and U2 snRNA 
genes (Fig. 3B), possibly due to differences in the conformation 
of the complex.

TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12 are 
absent from the U2 snRNA gene. Although TAF1, TAF2, TAF3, 
TAF4, TAF7, TAF10 and TAF12 are readily detected peaking at 
the β-actin gene promoter or, in the case of TAF3, just down-
stream, none of these TAFs is detected on either the promoter or 
the transcribed region of the U2 snRNA gene (Fig. 4A and B). 
This may indicate that these TAFs are absent from the PIC on the 
U2 snRNA gene or that their conformation precludes crosslink-
ing to the gene. Interestingly, TAF1, TAF2, TAF3, TAF4, TAF10 
and TAF12, in common with TBP, show an increase in associa-
tion with region 6 of the β-actin gene. However, TAF7 does not. 
In common with TAF9 and TAF13, TAF10 levels decrease again 
on region 7 (data not shown).

Figure 2. TAF6, TAF9, TAF11 and TAF13 are associated with the promoters of the β-actin (A) and U2 snRNA (B) genes. The results of qPCR analysis of the 
ChIP output using anti-TAF6, anti-TAF9, anti-TAF-11 or anti-TAF13 antibodies are shown.
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TAF5, TAF7 and TAF12 interact strongly with CPSF160.38 The 
transcripts from snRNA genes are not polyadenylated and 3' 
box-dependent 3' end formation requires the Integrator complex 
rather than the factors involved in poly(A) site-dependent cleav-
age and polyadenylation.39-41 Although TAF5 is detected on the 
U2 snRNA genes, TAF7 and TAF12 are not (Figs. 3B and 4B). 
Accordingly, we have analyzed the association of CPSF160 with 
both the β-actin and snRNA genes (Fig. 7).

CPSF160 is readily detected by ChIP associated with the 
β-actin gene, close to the position of the poly(A) signal at +3,560 
as would be expected since cleavage is generally co-transcrip-
tional (Fig. 7A).42 CPSF160 is, however, not detected at the 
promoter region of the β-actin gene, indicating either that inter-
action between CPSF and TFIID on this gene is not stable or 
that crosslinking of CPSF160 in this region is not efficient due to 
lack of contact with or proximity to promoter DNA. In contrast, 
CPSF73 has been shown to be associated both with the poly(A) 
site and promoter regions of the c-myc and GAPDH protein-
coding genes.43 CPSF160 is not detected at any region of the U2 
snRNA gene (Fig. 7B). These results are consistent with a gene-
type-specific role of TAF7 and TAF12 in helping to recruit CPSF 
to protein-coding genes and indicate that TAF5 alone is not suf-
ficient. In line with these results, CPSF73 is not detected on the 
U2 snRNA gene.43

because they are not required for transcription (Fig. 4), we have 
performed siRNA-mediated knockdown of TAF4 and TAF7 
(Fig. 6). Western blot analysis confirmed that siRNA knock-
down of TAF4 and TAF7 was efficient (Fig. 6A and B). In 
TAF4 and TAF7 KD cells the levels of RNAP II on the β-actin 
gene decrease when compared with the levels observed in con-
trol cells (Fig. 6C). In contrast, there is no significant drop of 
RNAP II on the U2 snRNA genes when either TAF4 or TAF7 
are knocked down (Fig. 6D). These results indicate that neither 
TAF4 nor TAF7 is involved in transcription of the U2 snRNA 
gene. Interestingly, when TAF4 is lost, there appears to also be 
some reduction in the level of TAF6 (Fig. 6A). This is consistent 
with the effect of TAF4 knockdown in Drosophila cells, which 
leads to degradation of several other TAFs.12 However, the reduc-
tion is not sufficient to affect transcription of the U2 snRNA 
gene (Fig. 6B).

Taken together, these results support the notion that, in con-
trast to the β-actin gene, there is only a subset of the full TFIID 
TAF complement on U2 snRNA genes. The novel snRNA-TAF 
complex, which we term snTAFc, comprises only TAF5, TAF6, 
TAF8, TAF9, TAF11 and TAF13.

CPSF is specifically associated with the β-actin gene. TAFs 
are implicated in the recruitment of the cleavage-polyadenylation 
specificity factor, CPSF to protein-coding genes through TFIID. 

Figure 3. TAF5 and TAF8 show different profiles on the β-actin (A) and U2 snRNA (B) genes. The results of qPCR analysis of the ChIP output using anti-
TAF5 or anti-TAF8 antibodies are shown.
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enzymatic modifiers of other proteins. Some are important for 
the stability of complexes they form. Interestingly, the impor-
tance of these functions may vary from promoter to promoter.

Our data suggest that a subcomplex of TFIID, containing 
TBP, TAF5, TAF6, TAF8, TAF9, TAF11 and TAF13 is loaded 
onto snRNA genes (Fig. 8B). Alternatively, TFIID may exist in 
different conformations on both the U2 and β-actin genes, with 
different cross-linking efficiencies for some TAFs. However, the 
existence of a novel subcomplex on the snRNA genes is supported 
by the finding that knocking down TAF4 and TAF7 only affects 

Discussion

TAFs are critical components of the machinery responsible for the 
regulated transcription of eukaryotic genes transcribed by RNAP 
II, and their biological significance has made them the target of 
extensive study. Understanding the interplay between TAFs and 
other components of the transcription machinery provides impor-
tant insights into how transcriptional regulation helps direct the 
growth and development of eukaryotic organisms. TAFs can 
function as promoter recognition factors, as co-activators and as 

Figure 4. TAF1, TAF2, TAF3, TAF4, TAF7, TAF10 and TAF12 are detected on the β-actin (A) but not on the U2 snRNA (B) gene. The results of qPCR analysis 
of the ChIP output using anti-TAF1, anti-TAF2, anti-TAF3, anti-TAF4, anti-TAF7, anti-TAF10 or anti-TAF12 antibodies are shown. The results for TAF4/TAF12 
and TAF3/TAF10 are merged as those TAFs form heterodimers.
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acetylates histone H3 and H4 44 also acts as a histone-specific 
ubiquitin-activating/conjugating enzyme to mediate monoubiq-
uitination of histone H1 in vitro.45,46 These activities contrib-
ute to the importance of this TAF in gene transcription. For 
example, transcription of the MHC class I genes is dependent 
on the HAT activity of TAF1.47-49 TAF7 binds to TAF1 and 
negatively regulates its HAT activity.49 It has been reported that 
TAF7 dissociates from the TFIID complex upon recruitment 
of RNAP II to the assembling PIC. This release is concomi-
tant with phosphorylation of TAF1, which reduces the binding 
of TAF1 to TAF7. Additional studies have shown that TAF7 
functionally interacts with the TFIIH and elongation factor 
P-TEFb and inhibits their kinase activities. Accordingly, it was 

β-actin and not U2 snRNA gene transcription. TAFs exist as 
components of a number of distinct complexes but, interestingly, 
the proposed snTAFc does not contain the classical core TAFs 
(TAF4 and TAF10) and lacks the highest-molecular weight TAFs, 
TAF1 and TAF2 (Fig. 8A and B). A complete TFIID complex 
does not appear to be required for transcription initiation from 
snRNA gene promoters since knockdown of key TFIID subunits 
does not arrest transcription of the U2 snRNA gene (Fig. 6). Our 
ChIP analysis of a complete set of TAFs on the U2 snRNA and 
β-actin genes therefore provides further evidence for different 
TFIID compositions at different promoters.

Interestingly, TAF1 is not present on the U2 snRNA gene 
(Fig. 4). TAF1 has histone acetyltransferase (HAT) activity that 

Figure 5. Knockdown of TAF6 and TAF13 affects the β-actin and U2 gene RNAP II level. (A) Western blot analysis of HeLa whole-cell extracts from 
control cells or cells transfected with an siRNA specific for TAF6 and TAF13. Antibodies used are noted on the right. Actin is used as a loading control. 
The results of qPCR analysis of the output of ChIP using anti-RNAP II antibodies before or after TAF6 knockdown (KD) and TAF13 knockdown (KD) for 
the β-actin (B) and U2 snRNA gene (C) are shown.
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be necessary for transcription of the U2 snRNA genes as the 
transcription unit is nucleosome depleted.26

TAF composition is, at least partially, core promoter depen-
dent.52 The core promoter of genes is defined as the minimal 
DNA sequence required for accurate transcription initiation in 
vitro.53 One of the common core promoter elements in human 
protein-coding genes is a TATA box located approximately 25 bp 
upstream of the transcription start site. The consensus sequence 

proposed that TAF7 acts as a checkpoint regulator and delays 
transcription until the PIC complex is assembled.50,51 As both 
TAF1 and TAF7 are absent from the U2 snRNA gene, neither 
the enzymatic activities of TAF1 nor the kinase interactions of 
TAF7 are required for expression of this gene. The acetylation 
of H3 detected at the promoter of the U2 snRNA gene26 must 
therefore be dependent on other HAT activities and no TAF7-
dependent checkpoint can occur on these genes. TAF1 may not 

Figure 6. Knockdown of TAF4 or TAF7 specifically affects the level of RNAP II on the β-actin gene. (A) Western blot analysis of HeLa whole-cell extracts 
from control cells or cells transfected with a siRNA specific for TAF4 as indicated. Antibodies used are noted at the right. (B) Western blot analysis of 
HeLa whole-cell extracts from control cells or cells transfected with a siRNA specific for TAF7. Antibodies used are noted at the right. The results of 
qPCR analysis of the ChIP output using anti-RNAP II antibodies before or after TAF4 or TAF7 knockdown (KD) for the β-actin (C) and U2 snRNA gene (D) 
are shown.
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different signals from different activators. Interestingly, VP16 
and p53 activate transcription of protein-coding genes but not 
snRNA genes,69 although TAF6 and TAF9 are present on U2 
snRNA genes (Fig. 2). In addition, Sp1 can activate transcription 
of snRNA genes69 although TAF4 and TAF7 are absent. This 
indicates that not all activators are compatible with snRNA gene 
promoters, that TAF6 and TAF9 are not sufficient to mediate 
activation by VP16 and p53 and that activation by Sp1 occurs in 
the absence of interaction with TAF4 and TAF7.

It is particularly striking that TAF4 and TAF10 are miss-
ing from the U2 snRNA gene promoter, as these play primary 
roles in TFIID assembly. Knockdown of Drosophila TAF4 leads 
to degradation of most of the TAFs12 and TAF10 gene disrup-
tion in mice leads to disassembly of TFIID.70 TAF5, which 
is associated with the U2 snRNA genes, is also implicated in 
TFIID structure. Thus, snTAFs must not require TAF4 and 
TAF10 for assembly and stability. TBP is recruited to snRNA 
genes by PTF—as an integral part of SNAPc.71 The snTAFc 
may be recruited as a new TBP-free complex, with a different 
composition from TFTC, STAGA, PCAF/GCN5 (see Table 1). 
Alternatively, snTAFc may not be stable off DNA and may 
assemble on the snRNA gene promoter through interactions 
with PTF and TBP. Recognition of the snRNA gene-specific 
3' box RNA 3' end processing element only occurs if transcrip-
tion is initiated from a RNAP II-dependent snRNA gene pro-
moter,26,72 implicating specialized transcription complexes in 
the processing reaction. In addition, RNAP II initiated at the 
promoter of snRNA genes does not appear to make the transi-
tion to productive elongation and lack the H3K36me3 mark of 
productive elongation.26 The selective recognition of the 3' box 
and the lack of processivity of RNAP II transcribing snRNA 
genes might therefore be, in some way, connected to the specific 
TAF composition of the PIC.

TATA(A/T)A(A/T)(A/G) is recognized directly by TBP.54 Other 
core promoter elements, such as the initiator (Inr), the down-
stream promoter element (DPE), and the downstream core 
element (DCE) may also be present.55-58 TAFs are thought to sig-
nificantly widen the range of promoter recognition by TFIID. 
First, TAF association with TBP helps to overcome chromatin 
barriers.17 Second, contacts between TAFs and Inrs, DPEs and 
DCEs can facilitate promoter recognition.59 TAF1/TAF2 rec-
ognizes the Inr sequence.60 In addition, UV photo-crosslinking 
results demonstrate that TAF1 interacts with the DCE sub-ele-
ment in a sequence-dependent manner.57 Thus, the absence of 
TAF1 and TAF2 may reflect the absence of an Inr sequence in 
addition to the lack of functional requirement for these TAFs. In 
contrast, TAF6 and TAF9, which are found on the U2 snRNA 
gene, exhibit DPE-binding specificity,61,62 although there is no 
DPE in U2 snRNA promoter. Thus, TAFs may be differentially 
required for transcription of the snRNA and β-actin genes or 
differentially recruited due to differences in the DNA sequence, 
chromatin structure at the promoters and the complement of 
other factors at the promoter.

A number of reports demonstrate that some TAFs directly 
interact with activators. For example, human TAF4 interacts 
with Sp1 and CREB,63 TAF7 interacts with Sp1, YY1, USF, 
CTF, adenovirus E1A protein and HIV-1 Tat,2,17 NTF-1 inter-
acts with TAF2,64 TAF9 interacts with the activation domain of 
Herpes viral protein 16 (VP16) 65 and TAF1, TAF3, TAF6 and 
TAF9 interact with the tumor suppressor protein p53.66,67 Those 
interactions suggest that TAFs can function as co-activators to 
bridge DNA-bound activators and the PIC. In agreement with 
this model, it has been demonstrated that mutations of Sp1 that 
disrupt interaction with TAFs affect activation of transcrip-
tion.68 Thus, activators may target different TAFs to recruit 
TFIID to promoters. In addition, holo-TFIID may integrate 

Figure 7. CPSF160 is specifically associated with the β-actin gene. The results of the qPCR analysis of the ChIP output using anti-CPSF160 antibody on 
the β-actin (A) and U2 snRNA gene (B) are shown.
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Figure 8. Recruitment of a U2 snRNA gene-specific TBP-TAF complex is essential for proper snRNA gene expression. (A) On the β-actin gene, the 
histone fold-containing TAFs (TAF3, TAF4, TAF6, TAF8, TAF9, TAF10, TAF11, TAF12 and TAF13) form heterodimers and interact with TAF1, TAF2, TAF5, TAF7 
and TBP to form TFIID. Some of the TAFs, e.g., TAF10 may be present in more than one copy.11 (B) On the U2 snRNA gene, TAF5, TAF6, TAF8, TAF9, TAF11 
and TAF13 associate to form an snRNA gene-specific-TAF complex (snTAFc). (C) On the snRNA gene, TBP associates with PTF and with snTAFc. This may 
facilitate specific recruitment of the Integrator complex and plays a role in setting the elongation properties of RNAP II, possibly due to the lack of 
recruitment of key elongation factors.
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Materials and Methods

Chromatin immunoprecipitation. ChIP analysis was per-
formed as described previously in reference 73. DNA was soni-
cated to give fragments of less than 500 bp. PTFγ ChIP on 
the U2 snRNA gene was used to determine that the resolution 
was within 200 bp as described in reference 26. ChIP samples 
were analyzed by qPCR using QuantiTect SYBR Green PCR 
(Qiagen) using the primers indicated in Table 2. Antibodies 
against RNAP II (N-20), TBP (sc-421), TAF1 (sc-735), TAF4 
(sc-736), TAF7 (sc-101167), TAF10 (sc-102125), TAF13 (sc-
15264) and CPSF160 (sc-28872) were obtained from Santa Cruz 
Biotechnology. Antibodies against TAF2 (NBP1-21371) and 
TAF3 (A302-360A) were obtained from Novus Biologicals and 
Bethyl laboratories, respectively. Anti-TAF5, anti-TAF6, anti-
TAF8, anti-TAF9, anti-TAF11 were produced in the laboratory 
of RGR and anti-TAF6, anti-TAF8, anti-TAF9, anti-TAF11 have 
been previously described in reference 74.

siRNA-mediated knockdown. siRNAs targeting TAF4, 
TAF6, TAF7 and TAF13 were purchased from Dharmacon 
and transfected into HeLa cells using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions.

Western blot analysis. Western blotting was performed as 
described previously in reference 75, using antibodies against 
TAF4 (sc-736, Santa Cruz), TAF6 (Roeder), TAF7 (sc-101167, 
Santa Cruz), TAF13 (sc-15264) and actin (sc-1615, Santa Cruz).

Transcripts from snRNA genes, in contrast to mRNA genes, are 
not polyadenylated. Dantonel et al.38 showed that cleavage-polyad-
enylation specificity factor CPSF associates with the PIC through 
TFIID. Neither TAF7 nor TAF12, which interact strongly with 
CPSF-160, is recruited to the U2 snRNA gene promoter (Fig. 7). 
The snRNA gene-specific TAF complex may therefore play a cen-
tral role in facilitating gene-type-specific RNA processing.

Based on our results, we propose a model in which recruit-
ment of a subset of TAFs to snRNA genes underpins a cascade of 
events critical for proper gene expression (Fig. 8C). PTF binding 
to the PSE facilitates stable recruitment of TBP, which in turn 
helps to recruit an snRNA gene-specific subset of TAFs (snTAFc) 
involved in specific recruitment of, for example, the Integrator 
complex. In addition, snTAFc may lack TAFs involved in recruit-
ing elongation factors, thereby helping to determine the elonga-
tion potential of RNAP II.

The significance of the presence of the second peak of TBP 
and several TAFs within the gene but upstream of the poly(A) site 
of the β-actin gene is not clear. This may be diagnostic for a gene 
loop. However, loops are generally found between the promoter 
and the pol(A) site/region of transcription termination.35 In addi-
tion, the second peak of RNAP II does not coincide with the 
second peak of TBP and TAFs. Thus, the second peak of RNAP 
II may reflect pausing at the end of the gene and the TBP/TAF 
peak may mark the position of a second promoter where an inac-
tive PIC lacking TAF7 has assembled.

Table 2. Sequence or primers used for qPCR analysis

Name β-actin gene

Forward Reverse

1 GCT GCG GCT GGG TAG GTT TG CAC TTA GAA GTC GCA GGA CC

2 CCA ATC AGC GTG CGC CGT TCC GA GGT GTG GAC GGG CGG CGG ATC

3 GGG CAA CCG GCG GGG TCT TT ACG CAG TTA GCG CCC AAA GG

4 CAC AGC GCG CCC GGC TAT TC AGC CAG CTC CCC TAC CTG GT

5 CCC CAT CGA GCA CGG CAT CGT C CAC CTG GGT CAT CTT CTC GCG GT

6 CAT TGC TCC TCC TGA GCG CAA GTA TTG CGG TGG ACG ATG GAG GGG CC

7 GGG ACT ATT TGG GGG TGT CT TCC CAT AGG TGA AGG CAA AG

8 TGG GCC ACT TAA TCA TTC AAC CCT CAC TTC CAG ACT GAC AGC

Name U2 gene

Forward Reverse

1 GGA GCG GAG CGT TCT CTG TCT CCC C AGA GTG TGA GCC CTC ATT CAC GCC C

2 ATG AGA GTG GGA CGG TGA CAC TTG ATC TTA GCC AAA AGG

3 ACG AGT CCT GTG ACG CGC CGG CTT G CTC CGG GTG GGT CCC ATT CCT TTA A

4 CCT CCC CGC CTC TCC CTC GCT C GGA CAA ATA GCC AAC GCA TGC GG
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