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TAF7

Traffic controller in transcription initiation

POINT-OF-VIEW

Anne Gegonne, Ballachanda N. Devaiah and Dinah S. Singer*
Experimental Immunology Branch; NCI; NIH; Bethesda, MD USA

Keywords: TAF7, T cells, transcriptional
regulation, proliferation, differentiation

Submitted: 10/09/12

Revised: 11/09/12

Accepted: 11/10/12
http://dx.doi.org/10.4161/trns.22842

*Correspondence to: Dinah S. Singer;
Email: dinah.singer@nih.gov

www.landesbioscience.com

AF7, a component of the TFIID

complex, controls the first steps
of transcription. It interacts with and
regulates the enzymatic activities of
transcription factors that regulate RNA
polymerase II progression. Its diverse
functions in transcription initiation are
consistent with its essential role in cell
proliferation.

Introduction

Productive transcription of RNA poly-
merase II (RNAP II)-dependent genes
requires an ordered series of events that
lead to initiation, elongation and termina-
tion. Transcription initiation is preceded
by the assembly of the RNAP IT machin-
ery into a preinitiation complex (PIC).!
PIC assembly begins with the binding of
the general transcription factor, TFIID, to
the core promoter, followed by the sequen-
tial recruitment of the general transcrip-
tion factors (GTFs) TFIIB, TFIIE, TFIIF
and TFIIH. PIC assembly is completed
by the association of Mediator, the bro-
modomain protein BRD4, the elongation
factor P-TEFb and RNAP IL."* Once the
PIC is fully assembled, transcription ini-
tiates with the incorporation of the first
NTPs. The transition from initiation to
productive elongation is accompanied by
the phosphorylation of the C-terminal
domain (CTD) of RNAP II by a series of
kinases: CDK7/TFIIH, which phosphor-
ylates Ser5 of the CTD heptad repeat,
BRD4, which phosphorylates Ser2 dur-
ing initiation and, finally, CDK9/PTEFb,
which phosphorylates Ser5/2 during elon-
gation.” These multiple phosphorylation
events generate a platform on the CTD
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for the recruitment of multiple complexes
necessary for the processing and matu-
ration of nascent RNA.”7 Whereas the
sequence of events necessary for produc-
tive transcription initiation and elonga-
tion have been extensively characterized,
litcle is known about the regulatory mech-
anisms that ensure that each step is suc-
cessfully completed before the next one
begins. Recent evidence indicates that the
transcription factor, TAF7, plays a critical
role in this regulation.

The TFIID complexes that bind to the
core promoter are composed of either the
TATA binding protein (TBP) or a TBP-
related protein (TRF1, TRF2, TREF3)
and over a dozen TBP Associated Factors
(TAFs).%1° One of the TAFs found in the
TFIID complex is TAF7, a 55 kD protein.
Although TAF7 was originally thought
to be solely a structural component of
TFIID, work from our lab has established
that it has a much broader role as a regula-
tor of the activities of the various enzymes
required for transcription initiation. The
following sections summarize our current
knowledge about TAF7, its interactions
with other transcription factors and its
role in regulating transcription initiation
and cellular proliferation.

TAF7 Regulates Transcription
Initiation

Within TFIID, TAF7 is bound to TAF1.
Among the TAFs, only the 250 kD TAF1
has enzymatic activities: two distinct
kinase activities, mapping to the amino-
and C-terminal domains, and an acetyl-

transferase activity.!"'? Substrates for the
TAF]I kinase activities include TAF1 itself
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and TAF7."""3 The intrinsic acetyl trans-
ferase (AT) activity of TAF1 is essential
for transcription, both in vitro and in vivo,
although its biological substrate has not
been fully characterized. Despite the find-
ing that the histone H3 associated with
the cyclin D1 promoter is acetylated on K9
and K14 by TAF1,"" histones may not be
the functionally relevant target of TAFI
AT activity. Indeed, TAF1 AT activity is
required for transcription of naked DNA
in vitro.'® The interaction of TAF7 with
TAF1 is through both its AT domain and
the RAPID domain, the region where the
TFIIF RAP70 subunit also binds. In our
early studies, we demonstrated that TAF7
binding to TAFI inhibits its essential AT
activity, thereby blocking transcription
initiation. Exogenous TAF7 repressed
expression of a TAFl-dependent gene,
an MHC class I gene, both in vitro and
in vivo."” These findings were confirmed
and extended in a recent report that TAF7
overexpression represses TAF1 AT activity
and inhibits cyclin D and cyclin A gene
expression.'®

The fact that TAF7 binding to TAFI
inhibits the AT activity that is required
for transcription means that the canoni-
cal TFIID holocomplex is transcription-
ally repressed. This raises the paradoxical
question: how does transcription initiate
if TFIID is inactive? There are two pos-
sibilities: i) TAF7 dissociates from TFIID
prior to PIC assembly or ii) TAF7 remains
associated with TFIID during PIC assem-
bly but is released subsequently. We have
shown that the latter is the case: TAF7 is
released from the PIC upon completion
of assembly and concomitant with initia-
tion." Thus, TAF7 acts as a negative reg-
ulator of the earliest step of transcription
initiation and may prevent premature,
abortive initiation until all components
necessary for transcription are in place.
A corollary to the finding that TAF7 is
released from TFIID is that TFIID is a
highly dynamic complex, rather than the
static, architectural one that it had been
considered previously.

Although TAF7 regulates TAFI1-
dependent promoters, not all transcrip-
tion is TAF1 dependent. For example, in
the HEK293 kidney fibroblast line, only
54% of the transcripts require TAFI.
Surprisingly, in the same cells, 65% of
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the transcripts depend on TAF7."” Thus,
there is a subset of genes that are TAF7-
dependent but TAFl-independent. (A
similar disparity has been reported in
yeast, where TAF7 regulates 27% of the
transcripts whereas TAF1 is required for
only 14%).2° This leads to the question of
what TAF7 targets in TAFI-independent
transcription. One of the best character-
ized examples of TAFI-independent tran-
scription is that of vy-interferon-activated
transcription of MHC class I genes.
Basal MHC class I gene transcription is
TAF1 dependent. However, following
v-interferon (IFN) treatment of cells,
class I transcription becomes independent
of TAF1. Its functions are replaced by the
IFN-induced transcriptional co-activator,
CIITA. CIITA, like TAF1, has AT activ-
ity. It also interacts with TBP, TAF6 and
TAF9,” suggesting that CIITA may form
a TFIID-like structure. These character-
istics allow CIITA to bypass the require-
ment for TAF1.*' Importantly, TAF7
binds to CIITA inhibiting its AT activity
and repressing transcription. Thus, TAF7
regulation of transcription initiation
extends beyond its effect on TFIID.

Interestingly, of the TAF1-dependent
genes, 31% are TAF7 independent. What
regulates transcription initiation of these
genes remains to be investigated.

TAF7 Regulates the Major RNAP I
CTD Kinases

In addition to its regulation of TAFI,
TAF7 also interacts with, regulates and is
regulated by the kinases that phosphory-
lated the RNAP IT CTD during the early
steps of transcription. The CTD consists of
repeats of the heptamer Y S,P TSP S —
the number of repeats varies in different
organisms (52 in mammals, 26 in yeast).
Phosphorylation of CTD Ser5/7, Ser2
and Ser5/2 residues by CDK7/TFIIH,
BRD4 and CDK9/PTEFb, respectively, is
necessary for the recruitment of different
complexes involved in nascent RNA pro-
cessing. The phosphorylation of Ser5 by
CDKY7/TFIIH occurs at the earliest step
of transcription initiation when RNAP
II is still at the promoter and concomi-
tant with the synthesis of the first oligo-
nucleotides. Ser2 is phosphorylated by
BRD4 prior to the transition to efficient
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elongation. Subsequent Ser5/2 phosphor-
ylation during elongation is mediated by
CDK9/PTEFb.>¢

Surprisingly, TAF7 binds to and inhib-
its all three CTD kinases.>** TAF7 inhi-
bition is specific both for these kinases
and the CTD substrate. It does not
inhibit CDK2, a minor CTD kinase, but
it enhances PTEFb phosphorylation of
SPT5, a component of the DSIF complex
that switches from a negative regulator to
a positive one early in transcription.?*%
While the activities of the CTD kinases
are regulated by TAF7 binding, TAF7 is
also phosphorylated by the three CTD
kinases: CDK7 and BRD4 phosphory-
late TAF7 in its C-terminal domain,
whereas P-TEFb phosphorylates TAF7 in
its central domain (unpublished data).!**
Furthermore, TAF7 also is phosphorylated
by TAF1, which results in the release of
TAF7 from TFIID upon transcription ini-
tiation.''s Although TAF7 is phosphory-
lated at multiple sites by TAF1, recent
evidence suggests that TAF7 Ser264 is the
major site.”® The phosphorylation of TAF7
by each of these kinases modulates its sub-
sequent ability to inhibit the other CTD
kinases, thereby creating a regulatory cas-
cade that ensures an orderly progression
through the steps of transcription ini-
tiation.?* Based on these observations, we
have proposed that TAF7 plays a key role
in regulating transcription, functioning as
a check point regulator that modulates the
enzymatic activities required for initiation
and elongation of transcription, ensuring
that each step in the process is completed
before continuing to the next one.'*?

As noted above, TAF7 regulates
transcription of both TAFI1-dependent
and -independent genes. The general
mechanism(s) by which TAF7 regulates
TAF1-independent genes remains to be
fully characterized. However, the inter-
action of TAF7 with the major RNA
polymerase II CTD kinases provides one
possible regulatory mechanism.

TAF7-dependent Transcripts are
Essential for Cell Proliferation

As noted above, not all transcription is
TAF7 dependent. T cell maturation in
the thymus and the periphery provided
an ideal model system for us to examine
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whether there was a correlation between
TAF7-dependent transcription and pro-
liferation or differentiation. The stages
of thymocyte differentiation are distin-
guished by their expression of two cell
surface co-receptor molecules CD4 and
CD8. The most immature thymic precur-
sors express neither CD4 nor CD8 (dou-
ble negative thymocytes, DN). Following
rearrangement of the T cell receptor 3
gene (TCRB), DN thymocytes undergo
massive proliferation and differentiate into
“double positive” (DP) thymocytes that
express both CD4 and CD8. Subsequent
differentiation of DP thymocytes to either
mature single positive CD4 (CD4SP)
or CD8 (CD8SP) thymocytes proceeds
without further proliferation.”

Deletion of TAF7 at different stages of
thymocyte development has dramatically
different effects. TAF7 deletion at the DN
stage, which requires proliferation to prog-
ress to the DP stage, blocks cellular expan-
sion and arrests further development.
Proliferation, rather than survival, of DN
cells is affected by TAF7 loss as evidenced
by: i) TAF7-deleted DN thymocytes do
not incorporate BrdU efficiently, relative
to wild type DN cells and, ii) cell loss is
not rescued by introduction of a trans-
gene encoding the survival molecule, Bcl2
(unpublished data).?® In marked contrast,
deletion of TAF7 at the DP positive stage,
which does not require proliferation to
transition to the SP stage, has only a minor
effect on thymocyte development. Indeed,
TAF7-deleted DP thymocytes differenti-
ate into CD4 and CD8 SP thymocytes,
exit the thymus and populate peripheral
lymphoid organs. TAF7-deleted T cells in
peripheral lymphoid organs are unable to
proliferate in response to activation stimuli
but are capable of de novo transcription of
cell surface markers diagnostic of the TCR
activation pathway, such as CD69.2° Thus
TAF?7 is not required for all transcription
but is an absolute requirement for prolif-
eration at all stages of T cell development.

Many other cell types also depend on
TAF?7, in toto or in part, for proliferation.
TAF7 depletion in HEK293 kidney cells*
or in hamster ovary CHO cells (unpub-
lished data) significantly retards prolifera-
tion. Mouse embryonic fibroblasts (MEFs)
stop proliferating following TAF7 dele-
tion.”® Germline deletion of TAF7 in mice
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is embryonic lethal between 4.5 and 5.5 d
post coitus, the time at which the embryo
implants and undergoes marked cellular
expansion.”® Taken together, these find-
ings suggest that all cells have a require-
ment for TAF7 to proliferate.

Although TAF7 is necessary for pro-
liferation, it is not required at a specific
stage in the cell cycle. TAF7-/— MEFs
are blocked throughout cell cycle.?®
Furthermore, overexpression of TAF7 in
MEFs also does not cause a specific cell
cycle arrest (unpublished data). Thus,
although TAF7 interacts with TAF1 and
BRD4, mutation or deletion of either
causes an arrest in cell cycle at the G1/S
interface, TAF7 deletion does not have a
similar effect.?62

Consistent with its critical role in pro-
liferation, transcription in immature, pro-
liferating cells is TAF7-dependent. But
this requirement diminishes during dif-
ferentiation. Thus, deletion of TAF7 from
proliferating MEFs results in a global
repression of transcription, with nearly all
genes affected.? This is not due to a defect
in the TFIID complex: the holo-TFIID
complex continues to be assembled in
these cells despite the absence of TAF7. In
the more differentiated but still prolifera-
tive HEK293 kidney cell line, genes that
are required for cell growth and prolifera-
tion predominate among the 65% that are
TAF7-dependent.” In resting peripheral
T cells, which do not require TAF7 for
survival, only a small number (-2.5%) of
all transcripts are affected by TAF7 dele-
tion. Of the TAF7-dependent transcripts
in mature T cells, many encode compo-
nents of the TCR signaling pathway.*®
Therefore, whereas TAF7 deletion in
immature, proliferating cells (i.e., MEFs
and DN thymocytes) has a global effect
on transcription, its deletion in terminally
differentiated, non-proliferating T cells
primarily affects a subset of genes related
to T cell function. Thus, the cellular
effects of TAF7 reflect its transcriptional
regulation of the genes required for cell
growth and proliferation.

TAF7 is a Traffic Controller of
Transcription Initiation

Our studies have revealed a critical role for
TAF7 in proliferation and in transcription
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initiation. Its multiple interactions with
components of the RNAP II transcrip-
tion machinery ~TFIID/TAF1, CIITA,
BRD4, CDK7/TFIIH, CDK9/PTEFb —
all result in the inhibition of their enzy-
matic activities. Based on our findings,
we propose a model in which TAF7 func-
tions as a “traffic controller” in transcrip-
tion initiation, ensuring that each general
transcription factor arrives and functions
in the correct sequence (Fig. 1). As we
have demonstrated in the case of TAF1,
initiation of transcription is accompanied
by the release of TAF7 and the recovery
of the essential TAF1 AT activity. The
inhibition of TAF1 AT by TAF7 during
the assembly of the preinitiation complex
may serve to prevent premature transcrip-
tion initiation before all of the necessary
factors have been recruited, which would
result in abortive termination. We fur-
ther speculate that the binding of TAF7
and its inhibition of the activity of each
of the remaining factors—CDK7, BRD4
and CDK9— plays a similar role, namely
to prevent their functioning prematurely.
According to this model, TAF7 would
be released in a sequential fashion: from
TFIIH to enable phosphorylation of
the CTD Ser5/7 and the recruitment of
capping enzymes, then from BRD4 to
allow phosphorylation of the CTD Ser2
and recruitment of splicing factors, and,
finally, from PTEFb for the phosphory-
lation of Ser5/2 and the ongoing recruit-
ment of transcript maturation factors
during elongation. In this way, TAF7
regulation of the enzymatic activities of
the general transcription factors ensures
an orderly progression through both tran-
scription initiation and cell cycle.

The precise mechanism by which
TAF7 regulatory  activity
remains to be determined. It is not known
if a single molecule of TAF7 is recruited
to a preinitiation complex through TFIID
and regulates all of the downstream enzy-

exerts its

matic activities. Alternatively, each of the
CTD kinases could be targeted by sepa-
rate TAF7 molecules during the assembly
of the preinitiation complex and released
sequentially. This latter possibility would
require a molar excess of TAF7, relative
to other TFIID components. Preliminary
findings indicate that this is the case: In
a variety of cells, there is a molar excess
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Cellular signals

N\

TAF1 Acetyl Transferase
activity

PIC

+1nt

$5/S7 residues of the CTD
phosphorylated by CDK7

Transition to
Elongation

~+14nt

Pause

~+9nt

52 residues of the CTD
phosphorylated by Brd4

$2/S5 residues of the CTD
phosphorylated by CDK9

Efficient
Elongation

~+36nt

Figure 1. TAF7 is a traffic controller of transcription initiation. Schematic representation of TAF7 functions in the early steps of transcription. Before
initiation of transcription, TAF7 binds TAF1 and inhibits its AT activity (red lightning bolt) which prevents premature initiation. TAF7 then sequentially
regulates TFIIH, Brd4 and p-TEFb, inhibiting each of their kinases activities which blocks CTD phosphorylation and progression of the polymerase. The
release of TAF7 from TAF1 and from the CTD kinases allows the RNAP Il machinery to move forward. The events inhibited by TAF7, the transcription
steps and the positions of the polymerase where they occur are indicated below the schema.

of TAF7 relative to TBP (unpublished
observations). In addition, TAF7 has been
detected in TFIID free cellular fractions.*

Implicit in the current model is that the
different regulatory roles of TAF7 occur
on the same gene at different steps of tran-
scription. However, as yet there have been
no studies to determine whether all TAF7
functions occur sequentially on a single
gene or if TAF7 inhibition of TAF1 AT
activity is separable from its inhibition of
CTD kinase activities and functioning on
different genes.

Future experiments will focus on
understanding the precise mechanisms of
TAF7 regulation of transcription.

Conclusion

Although originally characterized as a
structural component of TFIID, TAF7
is emerging as a critical regulator of
transcription initiation and cell prolif-
eration. The molecular mechanisms by
which TAF7 blocks proliferation and its
direct gene targets in both undifferenti-
ated and differentiated cells remain to
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be determined. It is interesting to note
that the multiplicity of functions already
attributed to TAF7 bear a striking paral-
lel to the HIV transactivator Tat. Thus, it
is tempting to speculate that TAF7 is the
normal cellular homolog of Tat and may,
like Tat, have additional functions that
remain to be defined.
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