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The transcription factor TFIID components TAF7 and
TAF1 regulate eukaryotic transcription initiation. TAF7 regu-
lates transcription initiation of TAF1-dependent genes by
binding to the acetyltransferase (AT) domain of TAF1 and in-
hibiting the enzymatic activity that is essential for transcrip-
tion. TAF7 is released from the TAF1-TFIID complex upon
completion of preinitiation complex assembly, allowing tran-
scription to initiate. However, not all transcription is TAF1-
dependent, and the role of TAF7 in regulating TAF1-inde-
pendent transcription has not been defined. The IFN�-
induced transcriptional co-activator CIITA activates MHC
class I and II genes, which are vital for immune responses, in a
TAF1-independent manner. Activation by CIITA depends on
its intrinsic AT activity. We now show that TAF7 binds to
CIITA and inhibits its AT activity, thereby repressing acti-
vated transcription. Consistent with this TAF7 function,
siRNA-mediated depletion of TAF7 resulted in increased
CIITA-dependent transcription. A more global role for TAF7
as a regulator of transcription was revealed by expression pro-
filing analysis: expression of 30–40% of genes affected by
TAF7 depletion was independent of either TAF1 or CIITA.
Surprisingly, although TAF1-dependent transcripts were
largely down-regulated by TAF7 depletion, TAF1-independent
transcripts were predominantly up-regulated. We conclude
that TAF7, until now considered only a TFIID component and
regulator of TAF1-dependent transcription, also regulates
TAF1-independent transcription.

Transcription depends on the temporal and spatial integra-
tion of preinitiation complex assembly, initiation, elongation,
and termination. Precise regulation of the transition from
preinitiation complex (PIC)2 assembly to initiation and then
from initiation to elongation is necessary to assure proper
rates of productive transcription. The transcription factor
component TAF7 plays a critical role in this regulation. PIC
assembly is nucleated by TFIID, a complex composed of the
TATA-binding protein (TBP) and a series of TBP-associated

factors (TAFs). TAF1, the largest TAF, has an intrinsic acetyl-
transferase (AT) activity that is required for transcription (1,
2). TAF7 regulates TAF1 by inhibiting the TAF1 AT activity
necessary for transcription initiation until PIC assembly is
complete (3). Release of TAF7 from TFIID results in tran-
scription initiation (4). Thus, TAF7 plays a critical role in reg-
ulating TFIID-dependent transcription initiation by prevent-
ing premature transcription initiation (4).
Importantly, TAF7 also functions independently of the

TFIID complex. It binds to and inhibits the kinase activities of
the general transcription factor TFIIH and the elongation fac-
tor P-TEFb, which are required for Ser-5 and Ser-2 phos-
phorylation, respectively, of the polymerase II C-terminal do-
main, thereby regulating promoter clearance and elongation
(5). Consistent with TFIID-independent functions, TAF7 is
found in both TFIID and non-TFIID complexes in both B and
T cell lines (5). Because not all transcription is TAF1-depen-
dent, the occurrence of TAF7 complexes without TAF1 raised
the question of whether TAF7 regulates transcription initia-
tion that does not require the AT activity of TAF1.
MHC class I and II molecules are cell-surface glycoproteins

that play critical but distinct roles in the development and
function of immunity. Both MHC class I and II molecules
serve as receptors for processed antigens. However, MHC class
I molecules bind peptides derived from processed intracellular
antigens, thereby providing immune surveillance against intra-
cellular pathogens such as viruses. In contrast, MHC class II mol-
ecules present peptides derived from extracellular antigens, trig-
gering immune responses to extracellular pathogens such as
bacteria. Consistent with their distinct roles in immune surveil-
lance, class I proteins are constitutively expressed on all somatic
tissues, whereas expression of class II molecules is normally re-
stricted to professional antigen-presenting cells (6–8). Aberrant
expression ofMHC genes is associated with tumorigenesis (9)
and autoimmune diseases (10).
In the absence of infection or inflammation, constitutive

transcription of MHC class I genes is dependent on the TFIID
component TAF1 and its AT activity (2, 3). In response to
inflammatory signals, the inflammatory mediator IFN� in-
duces the transcriptional co-activator CIITA. CIITA mediates
increases class I transcription and induction of de novo tran-
scription of MHC class II genes. In contrast to constitutive
MHC class I transcription, IFN�-activated transcription of
class I and II genes is independent of TAF1 (11, 12). Instead,
the intrinsic AT activity of CIITA allows it to bypass the re-
quirement for TAF1 AT activity (12). CIITA AT activity is
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necessary for transcription initiation because inactivation of
the AT activity renders CIITA incapable of inducing tran-
scription of MHC class II genes (12). Thus, in contrast to con-
stitutive transcription, CIITA-activated MHC transcription is
independent of TAF1 AT function.
The parallels between CIITA and TAF1 (both have intrin-

sic AT activities that are required for MHC gene transcrip-
tion) led us to predict that like TAF1, CIITA may be regulated
by TAF7. Here, we report that TAF7 binds to CIITA and in-
hibits its AT activity. We show that TAF7 regulates CIITA-
mediated activation of MHC class I and II transcription and
that this regulation is independent of functional TAF1. These
findings demonstrate that TAF7 regulates both CIITA-acti-
vated and constitutive transcription of MHC class I genes.
Importantly, TAF7 regulates a larger set of TAF1-indepen-
dent promoters as evidenced by our finding that �40% of
transcripts affected by the silencing of TAF7 are not affected
by TAF1 silencing. Thus, TAF7 has a broad role in regulating
transcription that extends beyond its role as a TFIID compo-
nent, with functions independently of TAF1.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture—HeLa cells, HeLa/CIITA, CHO,
and tsBN462 cells were grown as described previously (4, 13).
Drosophila Sf9 cells were grown in TNM-FH insect medium
(Pharmingen) and maintained at 27 °C.
Plasmid Constructs—The MHC class I promoter used in

these studies was derived from the swine class I gene PD1
(14). The MHC class I core promoter construct (�313CAT)
was described previously (15). TAF7 in the pcDNA3 vector
(3) and GST- and FLAG-tagged full-length TAF7 and frag-
ments of TAF7 for recombinant protein expression (4) have
been described previously. Full-length FLAG-WT CIITA,
proline/serine/threonine domain (positions 132–301) and AT
domain (positions 27–222) deletion mutants, and CIITA
truncation mutant 1–148 in the baculovirus transfer vector
pVL1393 have also been described previously (12).
Preparation of Recombinant Proteins—Recombinant

CIITA, TAF7, and their respective mutants were prepared as
described before (4, 12). FLAG-WT CIITA and mutant pro-
teins were expressed in Sf9 cells using baculovirus-mediated
transfection according to the manufacturer’s protocol (BD
Pharmingen). Recombinant FLAG-tagged protein was immu-
noprecipitated using anti-FLAGM2-agarose beads (Sigma)
and eluted with 100 �g/ml FLAG peptide. GST-TAF7 protein
was expressed in a BL21 bacterial expression system and puri-
fied using a GST column according to the manufacturer’s
protocol (Thermo Scientific).
Immunoprecipitation and Immunoblotting—Cell lysates of

HeLa or Sf9 cells transfected with the appropriate plasmid
construct were made in 2� lysis buffer (50 mM Tris-HCl (pH
8.0), 5 mM MgCl2, 150 mM KCl, 0.1% Nonidet P-40, 10% glyc-
erol, and protease inhibitors). Anti-FLAGM2-agarose beads
were activated according to the manufacturer’s protocol. For
immunoprecipitation, the cell lysate was incubated with the
activated M2-agarose beads at 4 °C overnight; protein was
eluted with SDS sample buffer. For immunoblotting, eluted
protein was resolved on 10% SDS-polyacrylamide gels and

transferred to nitrocellulose. The primary antibody used was
mouse anti-FLAG antibody M2 (10 �g/ml; Sigma). The sec-
ondary antibody used was horseradish peroxidase-conjugated
anti-mouse antibody. Proteins were detected by chemilumi-
nescence with SuperSignal substrate (Pierce).
Histone Acetyltransferase Assay—The histone acetyltrans-

ferase (HAT) assay was done as described previously with
minor changes (12). Purified CIITA or control TAF1 was in-
cubated with 1 �g of histone H4 (New England Biolabs), 70
nCi of [3H]acetyl-CoA (10 Ci/pmol), and 15 nCi of
[14C]acetyl-CoA (60 mCi/pmol) in the presence of HAT
buffer (10 mM butyric acid, 50 mM Tris (pH 8.0), 1 mM DTT,
and 0.1 mM EDTA) at 30 °C for 30 min. TAF7 was included in
the reaction mixture where indicated. The reaction was
stopped with SDS sample buffer, and the samples were run on
15% SDS-polyacrylamide gels, which were fixed overnight,
dried, and exposed to a tritium phosphorimaging screen. His-
tone acetylation was analyzed using a Storm PhosphorImager
with ImageQuant software.
Transient Transfections—Transient transfections were

done using the CaPO4 technique described (14). Briefly, CHO
cells were transfected with theMHC promoter-reporter con-
struct, TAF7, or CIITA expression vectors as detailed in individ-
ual experiments. The tsBN462 cells were transfected in a similar
manner but in two sets. After 24 h, one set was moved from 32 to
39 °C (restrictive temperature), whereas the other was left at
32 °C (permissive temperature). All cells were harvested 48 h
after transfection and assayed for chloramphenicol acetyltrans-
ferase (CAT) activity as described previously (15). CAT activity
was normalized to total protein concentration.
In Vitro Transcription—In vitro transcription reactions

were done by incubating 100 �g of nuclear extract from HeLa
(Promega) or stable HeLa/CIITA cells with varying amounts
of TAF7 as indicated in the figure legends. The samples were
preincubated at 23 °C for 15 min in the presence of 0.8 mM

rNTPs, 6 mM MgCl2 and 250 �M trichostatin A. The reaction
was initiated by the addition of 2 �g of �313CAT DNA and
then incubated for 1 h. Transcripts were revealed by primer
extension of �313CAT.
Gene Expression Profiling of TAF7 and TAF1 Knockdown-

affected Transcripts—Transfections with siRNA, RNA purifi-
cation, and array analysis are described in detail in the supple-
mental data. Briefly, RNAwas isolated from 293T cells
transfected with control scrambled siRNA or TAF7 or TAF1
siRNA (20 nM; Dharmacon). Total RNA extracted was used for
microarray analysis with the oligonucleotide microarray HG-
U133 Plus 2.0 (Affymetrix, Santa Clara, CA) according to the
manufacturer’s recommendations. Aminimum of five replicates
were analyzed for each condition at each time point. Data were
analyzed using the Genomatix ChipInspector program; up- and
down-regulated genes were defined by significance analysis of
microarray (SAM) analysis with false discovery rate (FDR) �
0.7% and aminimal ratio of 0.2. The data were also analyzed by
MAS5 analysis; probe sets with p� 0.01 were excluded. The
microarray results were validated by RT-PCR of bothMHC class
I genes and randomly selected genes that were observed to be
either up- or down-regulated on themicroarrays (supplemental
Table S3). The results were concordant.
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RESULTS

TAF7 Interacts with CIITA in Vitro and in Vivo—We have
shown previously that TAF7 binds to the TFIID component
TAF1 and inhibits its essential AT activity (3). Because the
IFN�-induced co-activator CIITA bypasses the requirement
for TAF1, we considered the possibility that TAF7 also inter-
acts with and regulates CIITA. To test this hypothesis, we
first assessed the ability of TAF7 to interact with CIITA in a

pulldown assay using purified recombinant proteins. As
shown in Fig. 1A, immobilized TAF7, like P-TEFb but not the
control p58 protein, specifically and efficiently pulled down
CIITA. Thus, recombinant CIITA forms a complex with
TAF7 that is sufficiently stable to be pulled down in vitro.
CIITA is a 135-kDa protein composed of a series of struc-

tural and functional domains. Its AT domain is located be-
tween amino acids 94 and 135 (12). To identify the TAF7-
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interacting domain, CIITA proteins with various truncations
or deletions were examined for their ability to interact with
TAF7. In pulldown assays with immobilized TAF7, a CIITA
fragment spanning amino acids 1–148 bound most efficiently,
whereas a CIITA mutant with a deletion between amino acids
27 and 222 did not bind at all (Fig. 1B). CIITA mutants with
deletions between amino acids 94 and 135 or between amino
acids 132 and 301 bound only weakly to TAF7. Taken to-
gether, these data map the TAF7 interaction site on CIITA
between amino acids 27 and 148, a region that completely
overlaps the AT domain located between amino acids 94–135
but also extends both N- and C-terminal to it. Thus, TAF7
binding encompasses, but is not restricted to, the AT domain
of CIITA.
TAF7 is a 55-kDa protein consisting of 349 amino acids. To

map the CIITA-interacting domain of TAF7, we performed
pulldown assays of full-length CIITA protein with immobi-
lized GST-tagged TAF7 peptide fragments. CIITA bound
most efficiently to a TAF7 fragment spanning the mid-do-
main (amino acids 103–203) (Fig. 1C,MID). In contrast, nei-
ther a TAF7 N-terminal fragment consisting of amino acids
1–109 (Fig. 1C, AD) nor a TAF7 fragment derived from the
C-terminal end (amino acids 204–349) (Fig. 1C, C) interacted
with CIITA. Additionally, a mutant TAF7 protein lacking the
mid-domain was also incapable of interacting with CIITA
(Fig. 1C). A pulldown assay of TAF7 fragments with immobi-
lized CIITA showed complementary results (supplemental
Fig. S1) Thus, the mid-domain segment of TAF7 spanning
amino acids 103–203 is responsible for binding CIITA. Inter-
estingly, the mid-domain region of TAF7 that binds to CIITA
is the same region that binds TAF1, encompassing their re-
spective AT domains (3).
To determine whether CIITA interacts with TAF7 in vivo,

native HeLa cells or HeLa cells stably expressing CIITA were
transfected with either an expression vector for TAF7 or a
control empty vector. Nuclear extracts were immunoprecipi-
tated with either anti-TAF7 or anti-CIITA antibody and im-
munoblotted with the reciprocal antibody. Anti-TAF7 anti-
body co-immunoprecipitated CIITA from TAF7-transfected
and control nuclear extracts of HeLa/CIITA cells but not na-
tive HeLa cells, reflecting the ability of both exogenous and
endogenous TAF7 to specifically interact with CIITA (Fig.
1D). Similarly, anti-CIITA antibody co-immunoprecipitated
TAF7 from HeLa/CIITA (but not native HeLa) cell nuclear

extracts. Taken together, these results demonstrate that TAF7
interacts with CIITA both in vivo and in vitro.
TAF7 Inhibits the AT Activity of CIITA—Our finding that

TAF7 binding spans the AT domain of CIITA led us to exam-
ine the effect of TAF7 on CIITA AT activity. As shown in Fig.
2A, the addition of increasing amounts of TAF7 in a HAT
assay resulted in a substantial reduction in the ability of
CIITA to acetylate a histone H4 substrate. The magnitude of
inhibition was similar to the previously documented inhibi-
tion of TAF1 AT activity by TAF7. We have previously re-
ported that the AT activity of yeast HAT1 is not affected by
TAF7 (3), indicating that TAF7 is neither a histone deacety-
lase nor a nonspecific inhibitor. The effect of TAF7 was not
due to competitive inhibition because TAF7 itself was not
acetylated (data not shown), and the histone substrate was in
molar excess relative to TAF7. The inhibitory domain of
TAF7 mapped to the mid-domain (amino acids 103–203), the
segment that binds to CIITA, and was as efficient as full-
length TAF7 in inhibiting CIITA AT activity (Fig. 2B). In con-

FIGURE 1. A, TAF7 binds to CIITA in vitro. FLAG-CIITA (1 �g) was incubated with either GST-TAF7 (1 �g) or the negative control GST-p58 (1 �g) immobilized
on beads or on beads alone (left panel) or with His-tagged P-TEFb (1 �g), as a positive control, immobilized on beads (right panel). Bound CIITA was resolved
by gel electrophoresis and subjected to immunoblotting with anti-FLAG antibody. B, TAF7 binding overlaps the AT domain of CIITA. Full-length FLAG-
tagged CIITA (2 �g) and equimolar amounts of mutant CIITA proteins (upper panel) were incubated with or without FLAG-tagged TAF7 protein (2 �g) im-
mobilized on protein G beads with monoclonal anti-TAF7 antibody. Bound protein was resolved on a 15% acrylamide gel, which resolves CIITA from TAF7
but does not resolve the different CIITA deletion proteins from each other or from native CIITA. Following transfer, the filter was subjected to immunoblot-
ting with anti-FLAG antiserum, which reveals both CIITA proteins and TAF7. CIITA proteins are identified by arrows; a degradation product of CIITA is de-
noted with an asterisk (lower left panels). In the TAF7-bead pulldown lanes, the anti-FLAG antiserum revealed the TAF7 band common to all the lanes (f) in
addition to the CIITA proteins. The results are representative of two independent experiments. The graph (right panel) quantitates the relative binding effi-
ciencies of the various CIITA proteins corrected for the inputs. C, CIITA binds to the mid-domain of TAF7. Recombinant FLAG-tagged CIITA protein (1 �g)
was incubated with GST-tagged full-length (FL) TAF7 (1 �g) and equimolar amounts of truncated TAF7 proteins (upper panel) immobilized on GST-Sepha-
rose beads. Bound protein was detected with anti-CIITA antibody as described above. The relative binding efficiencies of CIITA for the TAF7 proteins are
graphically represented corrected for input (right panel). AD, activation domain; MID, mid-domain; C, C-terminal end. D, TAF7 binds to CIITA in vivo. Nuclear
extracts were prepared from HeLa cells and HeLa cells stably expressing CIITA either directly or following transfection with a TAF7 expression vector. Recip-
rocal immunoprecipitations (IP) and immunoblotting (IB) were performed with anti-TAF7 and anti-CIITA antibodies using these nuclear extracts, as indi-
cated. Control beads were coated with normal IgG. It is important to note that the input of the HeLa/TAF7 extract was half of the HeLa-alone extract; all
other inputs were equivalent.

FIGURE 2. A, TAF7 inhibits the AT activity of CIITA and TAF1. AT assays of
CIITA and TAF1 were performed in the presence or absence of recombinant
TAF7 using histone H4 as a substrate. Approximately molar equivalents of
TAF1 (250 ng) and CIITA (150 ng) were used in the reactions. The effect of
increasing levels of TAF7 (250 and 500 ng) on the acetylation of histone H4
was quantitated by densitometric analysis of the autoradiograms. These
results are representative of two independent experiments. The results are
graphically represented with all the values relative to acetylation in the ab-
sence of TAF7. Error bars represent S.E. (n � 3). B, the TAF7 mid-domain in-
hibits CIITA AT activity. AT assays were done with CIITA as described above
either alone or without increasing amounts of full-length (FL) TAF7 (250 and
500 ng), the TAF7 mid-domain (MID), and the C-terminal end fragment (C).
Molar equivalents of full-length TAF7 and TAF7 fragments were used in the
assay. The results are expressed relative to the level of histone H4 acetyla-
tion in the absence of TAF7 or TAF7 fragments.
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trast, the C-terminal domain of TAF7 neither bound stably to
CIITA nor inhibited its AT activity. Taken together, these
results clearly demonstrate that TAF7 binds to the AT do-
main of CIITA and inhibits its AT activity.
TAF7 Represses Transcriptional Activation by CIITA in

Vitro and in Vivo—CIITA-mediated transactivation of MHC
genes depends on the AT activity of CIITA (12). In light of
our finding that TAF7 inhibited the AT activity of CIITA (Fig.
2A), we investigated the effect of TAF7 on CIITA-mediated
activation of both MHC class I and II transcription. We have
previously demonstrated that class II transcription is CIITA-
dependent and TAF1-independent, whereas class I transcrip-
tion is regulated by both, but independently (11, 16, 17).
Furthermore, overexpression of TAF7 represses TAF1-depen-
dent constitutive transcription (3).
To examine the effect of TAF7 on CIITA-activated tran-

scription, its effect on in vitro transcription of the MHC class
I promoter was examined in nuclear extracts either from na-
tive HeLa cells or from HeLa cells stably transfected with
CIITA (Fig. 3A). Under both constitutive and activated condi-
tions, MHC class I transcription initiates at multiple sites
both in vitro (11) and in vivo (18). The addition of increasing
amounts of TAF7 to native HeLa extract reduced the overall
extent of in vitro transcription from the class I promoter (Fig.
3A), as reported previously. Importantly, TAF7 also reduced
transcription of the class I promoter in extracts from HeLa
cells stably transfected with CIITA and in native HeLa nuclear
extract supplemented with recombinant CIITA protein.
The effect of TAF7 overexpression on CIITA activation of

transcription in vivo was assessed by transfection of CHO
cells, which express no endogenous CIITA. CHO cells
were cotransfected with a CIITA expression vector, increas-
ing concentrations of a TAF7 expression vector, and either
MHC class I or II DRA promoters/reporters. In the absence of
TAF7, CIITA induced de novo expression of the class II pro-
moter and enhanced transcription of the class I promoter
above the control level of its constitutive TAF1-dependent
transcription (Fig. 3B). Importantly, increasing amounts of
TAF7 increasingly repressed the CIITA-activated transcrip-
tion of both promoters. (Exogenous TAF7 did not affect the
level of de novo CIITA protein expressed, even at the highest

FIGURE 3. A, TAF7 represses transcription in vitro in the presence of CIITA. In
vitro transcription reactions utilized either commercially prepared HeLa nu-
clear extracts (NE; Promega) alone (upper panel, lanes 1– 4) or supplemented
with 150 ng of purified recombinant CIITA (lanes 9 and 10) or nuclear ex-
tracts from HeLa cells stably transfected with CIITA (lanes 5– 8). The in vitro
transcription reactions were done in the absence or presence of increasing
amounts of TAF7 as indicated. Total transcriptional activity was assessed
from band intensities of transcripts initiating between positions �1 and
�40 in each sample (multiple transcription start sites (TSS)). The graph in

the lower panel represents results from four independent experiments, and
error bars represent S.E. It should be noted that the HeLa/CIITA cells express
cell-surface MHC class II molecules, indicative of functional CIITA; neverthe-
less, the in vitro activity of the HeLa/CIITA nuclear extracts prepared in the
laboratory was consistently lower than that of the commercially prepared
extract. B, TAF7 represses CIITA-mediated transcriptional activation in vivo.
CHO cells were transfected with 5 �g of an MHC class I (MHCI) core pro-
moter construct or an MHC class II DR� promoter ligated to CAT reporters
either alone (basal control) or with a CIITA expression vector (activated con-
trol) or CIITA (25 ng) in combination with 2.5 and 5.0 �g of TAF7 expression
vector, respectively. The total amount of DNA in all transfections was kept
constant, adjusting with the empty vector. CAT activity is expressed normal-
ized to total protein concentration. Error bars represent S.E. (n � 3). C, the
TAF7 mid-domain is sufficient to repress CIITA-mediated transcriptional
activation. CHO cells were transfected as described above with the MHC
class I core promoter construct either alone or with CIITA in combination
with vectors expressing full-length (FL) TAF7, the TAF7 activation domain
(AD), the TAF7 mid-domain (MID), or the C-terminal end fragment (C). CAT
activity is expressed normalized to total protein concentration. Error bars
represent S.E. (n � 3).
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concentration.) Thus, TAF7-mediated repression of MHC
class I and II transcription was not due to nonspecific repres-
sion of transcription or to decreased CIITA protein levels
(supplemental Fig. S2). Interestingly, TAF7 repressed tran-
scription of the class I promoter to a level below the basal
TFIID-dependent level, consistent with the interpretation
that TAF7 repressed both CIITA-activated transcription and
TAF1-dependent constitutive expression.
To map the functional domain(s) of TAF7 responsible for

regulating CIITA activity in vivo, expression vectors with
fragments of TAF7 comprising the activation domain, mid-
domain, and C-terminal domain of TAF7 were tested for their
ability to repress MHC class I promoter/reporter activity. The
mid-domain of TAF7 was almost as efficient as full-length
TAF7 in repressing transcription, whereas the activation and
C-terminal domains had no effect (Fig. 3C). These results are
consistent with the in vitro results showing that the TAF7
mid-domain is responsible for binding to CIITA (Fig. 1C) and
regulating its AT activity (Fig. 2B).
To further confirm the effect of TAF7 on CIITA-mediated

transcription in vivo, HeLa/CIITA cells, which express endog-
enous MHC class II genes, were depleted of TAF7 by siRNA
knockdown. As shown in Fig. 4, the steady-state levels of two
CIITA-dependent class II genes, DRA and DRB, were in-
creased in the absence of TAF7. However, the expression of
CIITA remained constant. Thus, the increased expression of
DRA and DRB resulted from the derepression of CIITA AT
activity by the removal of TAF7. (Endogenous levels of TAF7
and CIITA were comparable in untreated HeLa/CIITA cells
(supplemental Fig. S3).) Thus, TAF7 inhibits CIITA-mediated
transcriptional activation in vivo.

Repression of CIITA-activated Transcription by TAF7 Does
Not Depend on Functional TAF1—The above results sug-
gested that TAF7-negative regulation of CIITA-mediated ac-
tivation of transcription occurs through its repression of the
essential CIITA AT activity. Although it has been shown pre-
viously that CIITA-activated transcription bypasses the re-
quirement for functional TAF1 (12), the possibility remained
that TAF7 repression of CIITA activation might require
TAF1 AT activity. Therefore, we next examined whether
TAF7 repression of CIITA-activated transcription depends on
functional TAF1.
The hamster cell line tsBN462 (19) has a temperature-sen-

sitive mutation in TAF1: AT activity is abrogated at the re-
strictive temperature (39 °C). Using tsBN462 cells, we have
shown previously that CIITA activates MHC class I transcrip-
tion at both permissive and restrictive temperatures, demon-
strating that CIITA-mediated activation is TAF1-independent
(13). Therefore, we examined the effect of TAF7 on CIITA
activation of the class I promoter construct in tsBN462 cells
(Fig. 5). As observed previously, constitutive class I promoter
activity depended on functional TAF1. In contrast, CIITA
activated class I promoter function at both the permissive and
restrictive temperatures. At the permissive temperature,
TAF7 repressed class I transcription, consistent with its inhi-
bition of both TAF1- and CIITA-dependent transcription.
Importantly, TAF7 repressed CIITA-activated transcription
at the restrictive temperature, at which TAF1 is inactive (Fig.
5). Therefore, TAF7 repression of CIITA-activated transcrip-
tion is independent of TAF1 function, suggesting that TAF7
independently regulates constitutive and activated expression
of MHC class I genes.
TAF7 Regulates a Set of Transcripts Distinct from That of

TAF1—The above findings show that TAF7 independently
regulates CIITA and TAF1 in the context of MHC promoters.

FIGURE 4. CIITA-dependent MHC class II gene expression is affected by
TAF7 knockdown. HeLa cells stably expressing CIITA were transfected with
either control scrambled or TAF7-specific siRNA (20 nM). Expression of TAF7,
CIITA, and MHC class II genes DRA and DRB was quantified by real-time PCR
at day 5. Gene expression in TAF7 siRNA-transfected samples is graphically
represented as -fold change compared with expression in cells transfected
with control siRNA, which is expressed as 1. Error bars represent S.E. (n � 4).
The graph is representative of two independent experiments, each per-
formed in duplicate.

FIGURE 5. TAF7 represses CIITA-activated transcription in the absence
of functional TAF1. The MHC class I core promoter-CAT reporter construct
(5 �g) was cotransfected with CIITA alone (75 ng) or with TAF7 (1.0, 2.5, and
5.0 �g). The total amount of transfected DNA was held constant by adjust-
ing with empty vector. Replicate transfections were incubated at the per-
missive temperature (32 °C) or at the nonpermissive temperature (39 °C).
CAT activity is as described in Figure 3. Error bars represent S.E. (n � 3).
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This raised the possibility that TAF7 may regulate other pro-
moters independently of either CIITA or TAF1. To assess this
possibility, the spectrum of transcripts affected by knockdown
of TAF7 was compared with transcripts affected by TAF1
knockdown in 293T cells, which do not express CIITA. In this
way, we would be able to identify any transcripts affected by
TAF7 but not by either TAF1 or CIITA. siRNAs specific for
either TAF1 or TAF7 were transfected into 293T cells; total
RNA and protein were isolated 3, 4, and 5 days post-transfec-
tion and analyzed for levels of TAF7 and TAF1. Both genes
were knocked down substantially by 3 days and continued to
decrease through day 4 (supplemental Fig. S4). Unlike the
HeLa/CIITA cells, 293 cells transfected with either siRNA
showed evidence of significant cell death by day 5. Therefore,
although the TAF7 and TAF1 RNA levels continued to de-
crease at day 5, transcript analysis was limited to days 3 and 4.
Knockdown of TAF7 or TAF1 affected expression of 65.2 and
54.4% of all transcripts, respectively, after 4 days (supplemen-
tal Fig. S5 and Table S1). Among the transcripts most affected
by TAF7 depletion were those involved in cell growth and
proliferation (supplemental Table S2). This is consistent with
our previous finding that TAF7 depletion inhibits cell growth
(5). Importantly, a comparison of the transcripts affected by
TAF7 and TAF1 knockdown after 4 days revealed that 42.9%
of the transcripts affected by TAF7 knockdown were not
affected by TAF1 knockdown; similarly, 31.1% of TAF1-de-
pendent transcripts were not affected by TAF7 (Fig. 6). Sur-
prisingly, TAF7 knockdown differentially affected TAF1-inde-
pendent and TAF1-dependent transcripts. Thus, similar to
class II genes, TAF1-independent genes were predominantly
up-regulated, whereas like class I genes, TAF1-dependent
genes were largely down-regulated (Table 1). In addition, the
molecular functions of transcripts affected by the knockdown
of the two factors, although similar, were distinct (supple-
mental Table S2). Interestingly, the effects of TAF7 or TAF1
knockdown on expression were not correlated with whether
the promoters were TATA or non-TATA. Taken together,

these results indicate that TAF7 regulates the transcription of
a subset of genes that are not affected by either CIITA or
TAF1.

DISCUSSION

The TBP-associated factor TAF7 was originally isolated as
an integral (and presumed structural) component of TFIID.
TAF7 was shown subsequently to function as a “checkpoint
regulator” for each of the steps in constitutive TFIID-depen-
dent transcription initiation (4). Within TFIID, TAF7 binds to
and inhibits the essential AT activity of TAF1, which is re-
quired for the formation of the first phosphodiester bond (3).
In addition, TAF7 also inhibits the critical kinase activities of
TFIIH and P-TEFb, which are necessary for the recruitment
of capping and splicing complexes, respectively, and are criti-
cal for proper transcription initiation and the transition to
elongation (5).
Remarkably, TAF7 also interacts with the IFN�-inducible

transcriptional co-activator CIITA, binding to its AT domain
and inhibiting its intrinsic AT activity. Overexpression of
TAF7 inhibits CIITA-activated transcription, and this inhibi-
tion is independent of TAF1. Thus, TAF7 regulation of tran-
scription initiation is not restricted to TAF1-dependent
transcription.
Furthermore, we found that 10–30% of transcripts in 293

cells are TAF1-independent, which is within the range re-
ported in yeast (20, 27). Of the TAF1-independent transcripts,
between 30 and 40% are TAF7-dependent. These findings
fundamentally alter our understanding of the roles of TAFs in
transcription by demonstrating that TAF7 plays a critical role
in regulating TAF1-independent transcription initiation.
The finding that TAF7 functions independently of a TAF1-

TFIID complex significantly extends the growing body of evi-
dence that TAFs contribute to transcriptional regulation out-
side of their assembly in the intact TFIID complex. For
example, we have observed TAF7 in non-TFIID complexes in
vivo (5). Also, during myogenesis, TBP and all TAFs are lost
with the exception of TAF3, which, together with TRF3, sup-
ports transcription (21). TAF1 has been reported to interact
with and ubiquitinate the androgen receptor during prostate
cancer (22). TAFs are also associated with a variety of non-
TFIID transcription complexes. A number of TAFs are found
in SAGA/PCAF complexes (23, 24). The TFTC transcription
initiation complex consists of a subset of TAFs but lacks
TAF1 and TBP (25). Furthermore, it has been reported that
robust transcription initiation occurs even with a severe dis-
ruption of the TFIID complex (26), providing further evi-
dence that TAFs can function independently.
We propose that TAF7 performs the same function in

TAF1-independent CIITA-activated transcription as it does
in constitutive transcription. Because TAF7 inhibits the AT
activity of CIITA during CIITA-activated transcription, it
appears to function as a checkpoint regulator of activated
transcription, ensuring that initiation does not occur until the
PIC recruited by CIITA is completely assembled. Because
CIITA recruits TFIIH and P-TEFb to the transcription ma-
chinery (27, 28), we speculate that TAF7 functions to regulate
their activities in the context of both activated and constitu-

FIGURE 6. TAF7 and TAF1 depletions affect distinct subpopulations of
transcripts. 293T cells were transfected with siRNA specific for TAF7 or
TAF1 or with control scrambled siRNA (20 nM). Cells were harvested after
days 3 and 4; the relative abundance of transcripts was assessed by hybrid-
ization to an Affymetrix array. Data were analyzed using the Genomatix pro-
gram, and the numbers represent total genes affected. The effects of se-
lected transcripts were verified by RT-PCR (supplemental Table S2).

TABLE 1
TAF7 depletion differentially affects TAF1-dependent and
TAF1-independent transcripts

Effect of TAF7 depletiona

Up-regulated Down-regulated Total Up-regulated

n n n %
TAF1-independent 4712 3405 8117 58
TAF1-dependent 1958 8838 10,796 18.1
a Day 4 p value was �2.2e–16 by Fisher’s exact test.
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tive transcription. Because transcriptional events are ex-
tremely transient and frequently overlapping, it is not possible
to clearly distinguish between the effects of TAF7 on CIITA,
P-TEFb, and TFIIH. Therefore, the possibility that transcrip-
tional inhibition caused by TAF7 might be an overlapping
response of its interactions with all three factors cannot be
excluded.
Although TAF7 inhibits the AT activity of both CIITA and

TAF1, the mechanisms involved appear to differ. Whereas
TAF7 interacts with the AT domain of both proteins, the
mid-domain of TAF7 is sufficient to bind CIITA and to in-
hibit its AT activity, but both the mid-domain and N-terminal
inhibitory domain of TAF7 are required to suppress TAF1 AT
activity. This is consistent with our earlier finding that the
CIITA AT domain is homologous to the AT domain of CBP
(cAMP-response element-binding protein-binding protein)
but has no homology to the TAF1 AT domain (12).
Earlier studies have shown that CIITA nucleates an enhan-

ceosome consisting of a series of DNA-binding transcription
factors such as RFX5, cAMP-response element-binding pro-
tein, and NF-Y and associated chromatin-modifying enzymes
that target upstream enhancer elements, including a cyclic
AMP-response element (12, 29–34). The interaction of TAF7
with CIITA raises the intriguing possibility that CIITA also
assembles a TFIID-like complex that is capable of substituting
for TAF1 function. Indeed, previous studies have demon-
strated that CIITA binds TAF6, TAF9, TBP, TFIIH, and P-
TEFb (27, 35, 36). In this way, the functions of CIITA would
parallel those of TFIID, integrating the effects of the upstream
elements on the promoter. The existence of a CIITA-an-
chored TFIID-like complex will be the focus of future studies.
The possibility that CIITA may assemble a TFIID-like com-

plex further suggests that there may be a variety of TFIID-like
complexes responsible for mediating transcription initiation.
Our finding that in 293T cells, which do not contain CIITA,
TAF7 depletion affects the expression of a subset of genes
that are not affected by TAF1 depletion supports the model
that TAF7 regulates TAF1-independent transcription com-
plexes. This conclusion is supported further by earlier studies
of essential TAFs in yeast, where only 9–14% of genes depend
on TAF1, whereas 24% depend on TAF7 (20). Our analysis of
the effects of depletion of TAF7 and TAF1 on gene expression
also revealed that distinct gene ontology functions were tar-
geted, further suggesting that TAF7 plays a regulatory role in
transcription that is distinct from TAF1.
Surprisingly, depletion of TAF7 differentially affected

TAF1-dependent and TAF1-independent transcription:
TAF1-dependent transcripts decreased, whereas TAF1-inde-
pendent transcripts increased. We speculate that this differ-
ence may be related to interactions downstream of PIC as-
sembly. We have proposed that in TAF1-dependent
transcription, TAF7 acts as a checkpoint regulator, ensuring
an orderly progression through the different steps of tran-
scription initiation, pausing, and transition to efficient elonga-
tion (5). In this context, TAF7 prevents premature transcrip-
tion initiation by inhibiting the TAF1 AT activity until the
PIC is fully assembled. Depletion of TAF7 could relieve the
inhibition of TAF1 AT activity, resulting in premature initia-

tion. As in the case of HIV Tat, this could lead to abortive
transcripts. In contrast to TAF1, which is not known to inter-
act with other PIC components, CIITA functionally interacts
with P-TEFb (27). We speculate that this interaction might
stabilize initiated transcripts and support productive elonga-
tion. In the absence of TAF7, both the AT activity of CIITA
and the kinase activity of P-TEFb would be derepressed, lead-
ing to an increase in the steady-state levels of RNA. This dif-
ference in the interactions of TAF1 and CIITA with down-
stream factors could explain the different effects of TAF7
depletion. Similar explanations might be adduced for other
mechanisms of TAF1-independent transcription. However,
the mechanism(s) responsible for the differential effect re-
mains to be determined.
In conclusion, this study demonstrates that the role of

TAF7 extends beyond canonical TFIID-dependent transcrip-
tion because it also plays a critical role in regulating CIITA-
dependent transcription. Importantly, in defining the regula-
tion of CIITA-dependent transcription by TAF7, this study
elucidates a critical regulatory mechanism of the immunologi-
cal repertoire in terms of MHC I and II gene expression. This
first report of a TFIID component regulating a key non-TFIID
transcriptional activator emphasizes the importance of TAF7
as a critical regulator of transcription initiation.
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