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Activation of eukaryotic gene transcription involves the recruitment by DNA-binding activators of multi-
protein histone acetyltransferase (HAT) and Mediator complexes. How these coactivator complexes function-
ally cooperate and the roles of the different subunits/modules remain unclear. Here we report physical
interactions between the human HAT complex STAGA (SPT3-TAF9-GCN5-acetylase) and a “core” form of the
Mediator complex during transcription activation by the MYC oncoprotein. Knockdown of the STAF65�
component of STAGA in human cells prevents the stable association of TRRAP and GCN5 with the SPT3 and
TAF9 subunits; impairs transcription of MYC-dependent genes, including MYC transactivation of the telom-
erase reverse transcriptase (TERT) promoter; and inhibits proliferation of MYC-dependent cells. STAF65� is
required for SPT3/STAGA interaction with core Mediator and for MYC recruitment of SPT3, TAF9, and core
Mediator components to the TERT promoter but is dispensable for MYC recruitment of TRRAP, GCN5, and
p300 and for acetylation of nucleosomes and loading of TFIID and RNA polymerase II on the promoter. These
results suggest a novel STAF65�-dependent function of STAGA-type complexes in cell proliferation and
transcription activation by MYC postloading of TFIID and RNA polymerase II that involves direct recruitment
of core Mediator.

Regulation of eukaryotic gene transcription involves the or-
chestrated recruitment by sequence-specific DNA-binding reg-
ulators of two broad classes of transcription cofactors—i.e.,
chromatin-modifying cofactors and general cofactors—that
function in concert on target promoters. Chromatin-modifying
cofactors include a variety of histone-modifying and ATP-de-
pendent nucleosome-remodeling enzymes that, respectively,
add (or remove) various covalent modifications on histones
and alter the structure and positioning of nucleosomes (re-
viewed in reference 42). General cofactors such as the Medi-
ator complex and the TATA-binding protein (TBP)-associated
factors (TAFs) of the TFIID complex directly interact with the
basal/general transcription initiation factors and/or RNA poly-
merase II (Pol II) on most promoters and stimulate the assem-
bly and function of transcription initiation complexes (re-
viewed in references 35, 65, and 71).

The prototypical histone acetyltransferase (HAT) GCN5 is
part of different chromatin-modifying multiprotein complexes,
which have been identified and characterized to various extents
in different organisms and include large SAGA/STAGA-type
complexes from yeasts to humans, and the smaller yeast ADA
and Drosophila ATAC complexes (reviewed in reference 39).
Yeast SAGA-type complexes include SAGA (28) and its de-
rivative SLIK/SALSA/SAGA(alt) complex (4, 62, 69, 77).
Mammalian STAGA-type complexes include the STAGA (50),
TFTC (10), and PCAF (57) complexes, which are highly sim-
ilar but contain either GCN5 (in STAGA/TFTC) or its para-
log, PCAF (p300/CBP-associated factor). In contrast to GCN5,
PCAF is dispensable for mouse development and is expressed

in a more tissue-restricted manner (57, 80, 81). Yeast and
human SAGA/STAGA-type complexes are structurally related
and composed of similar subunits including the following
(known human subunits in parentheses): Spt3 (SPT3), Spt7
(STAF65�), Spt8, Spt20/Ada5, Taf5 (PAF65�/TAF5L), Taf6
(PAF65�/TAF6L), Taf9 (TAF9), Taf10 (TAF10), Taf12
(TAF12), Ada1 (STAF42), Ada2 (ADA2B), Ada3 (ADA3),
Gcn5/Ada4 (GCN5 or PCAF), Tra1 (PAF400/TRRAP), Sgf73
(ataxin-7), Sgf29 (STAF36), Sgf11, Ubp8, Sus1, and Chd1.
Human complexes also associate with SAP130, a spliceosome-
associated protein (see references 39, 49, 61, and 72 and ref-
erences therein). Notably, all eukaryotic SAGA/STAGA-type
complexes differ from other GCN5 complexes (i.e., ADA type
and ATAC type), other Tra1/TRRAP-containing complexes
(e.g., NuA4/TIP60 type), and from TFIID by the presence of
several SAGA/STAGA-specific subunits, which include the
“Spt group” of components (described above and see refer-
ences 13 and 39).

Transcription profiling and genome-wide location analyses
in yeast suggest that Gcn5 complexes may regulate most pro-
tein-coding genes; however, only a minority (5 to 10%) of yeast
genes appear to be absolutely dependent on Gcn5 or on the
integrity of the SAGA complex (34, 64). Genetic and biochem-
ical studies in yeast indicated that Spt7, Spt20, and Ada1 sub-
units are important for the structural integrity of the SAGA
complex (28, 68, 77). Spt7 interacts with Taf10 (a Taf shared by
SAGA-type and TFIID complexes) via complementary histone
fold domains (26) and is essential for the association of Spt3,
Spt8, Taf6, Taf5, Ada1, and Tra1 with an independent Gcn5/
Ada module containing Gcn5, Ada2, Ada3, and Spt20/Ada5
(69). Conversely, partial SAGA subcomplexes containing Spt7
can assemble in the absence of both Spt20/Ada5 and Ada1
(77). Intriguingly, a truncated Spt7 protein is specifically asso-
ciated with the SAGA-type complex SLIK/SALSA/SAGA(alt),
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which lacks Spt8 and is more prevalent under amino acid
starvation. SLIK/SALSA/SAGA(alt) has altered TBP-binding
and transcription regulatory activities that are only partially
understood (4, 62, 69, 77). These observations have suggested
a modular and dynamic composition of SAGA-type complexes
and a pivotal role for Spt7 in controlling SAGA organization
and function in yeast. The proposed ortholog of yeast Spt7 in
mammalian cells is STAF65� (51), a protein component spe-
cific of STAGA-type complexes (18, 51). STAF65� stably het-
erodimerizes through its histone fold domain with TAF10 (as
yeast Spt7) and may also interact with TAF8 (see reference 18
and references therein), an alternative histone fold partner of
TAF10 that is specific to TFIID complexes (18, 30). The role of
the STAF65�-TAF8 interaction is, however, unknown. More
generally, the functions of STAF65� and other Spt-like sub-
units of STAGA-type complexes remain to be determined in
higher eukaryotes.

In Saccharomyces cerevisiae, SAGA is recruited to promoters
by activators and binds to acetylated histones H3 and H4 via
the bromodomain of Gcn5 and may also recognize methylated
lysine 4 of histone H3 via a chromodomain in Chd1. SAGA
recruitment leads to Gcn5-dependent histone hyperacetylation
and facilitation of nucleosome remodeling, preinitiation com-
plex assembly, and transcription elongation (reviewed in ref-
erence 42). SAGA can also more directly stimulate the recruit-
ment of TBP and Pol II via a Gcn5-independent pathway that
requires Spt3 (5, 19, 37) and involves the direct physical inter-
action of Spt3 and/or Spt8 with TBP (21, 66, 75). Several
reports have also indicated a dependency on SAGA for Me-
diator recruitment by Gal4 at GAL1 and by Gcn4 at ARG4 and
SNZ1 promoters (38, 40, 41, 63). However, the mechanisms
have remained elusive and the dependency on SAGA, which
varies greatly in different studies, is also controversial in certain
cases (6, 11, 14). In addition, SAGA deubiquitylates histone
H2B via its Ubp8 component, a step that controls histone H3
methylation and activation of selected genes, probably at the
level of transcription elongation (33, 78).

Mammalian STAGA-type complexes have been shown to
stimulate transcription activation by the model Gal4-VP16 ac-
tivator on chromatin templates in vitro in a HAT activity-
dependent manner (31, 51, 53). In addition, numerous studies
have indicated regulatory functions for mammalian GCN5 and
PCAF HATs via acetylation of various transcription factors
and suggested coactivator roles in vivo for individual subunits
of GCN5/PCAF complexes, including GCN5, PCAF, TRRAP,
and specific ADA proteins (reviewed in references 70 and 83).
However, since GCN5/PCAF HATs have altered activities and
specificities within larger multiprotein assemblies and some of
the above proteins are shared with several HAT complexes
(described above and see references 13, 39, and 83), it is
generally unclear whether the functions observed reflect the
natural activities of specifically STAGA-type complexes. Sev-
eral studies, however, have indicated concerted functions of
GCN5 with other STAGA subunits, including (i) TRRAP dur-
ing transactivation by MYC (44, 52), E2F4 (36), nuclear hor-
mone receptors (82), and BRCA1 (58); (ii) ADA2B for trans-
activation by the B-cell-specific activator Pax5/BSAP (3); and
(iii) ataxin-7 for transactivation by the photoreceptor-specific
activator CRX and regulation of photoreceptor-specific genes
in the retina (32, 59).

Here, we have further analyzed the functions of STAGA-
type complexes in the context of transcription activation by the
MYC oncoprotein in human cells. MYC binds E-box DNA
elements as a heterodimer with MAX and activates transcrip-
tion of target genes via mechanisms that are not yet fully
understood but appear to involve either modification of chro-
matin structure through (in part) recruitment of TRRAP-con-
taining HAT complexes or HAT-independent stimulation of a
transcription step(s) postrecruitment of Pol II (reviewed in
reference 16). In this study, we have used RNA interference
(RNAi) to knock down STAF65�, the Spt7-like subunit spe-
cific of STAGA-type complexes, in human cancer cell lines. A
novel STAF65�-dependent function of STAGA in cell prolif-
eration and transcription activation by MYC is presented that
is distinct from the classical HAT and TBP/Pol II-recruiting
activities of SAGA-type complexes and involves physical re-
cruitment of a “core” Mediator complex (i.e., lacking MED12
and MED13) to MYC and the telomerase reverse transcrip-
tase (TERT) promoter in vivo. Our data suggest that mamma-
lian STAGA complexes contribute to both functions of MYC
in histone acetylation and activation postrecruitment of Pol II
via, respectively, their TRRAP-GCN5 and SPT-TAF compo-
nents.

MATERIALS AND METHODS

DNA plasmids. The hTERT(�211/�40) luciferase reporter vector (p2xEB)
was a gift from J. Carl Barrett, pCbS-Flag-Myc wt and �1–110 were a kind gift
from Michael D. Cole, the glutathione S-transferase (GST)-Myc expression
vectors were from R. Bernards, and the pRSETA-His6-GCN5-S expression
vector was from Richard A. Currie (22). The expression vector for Flag- and
hemagglutinin (HA)-tagged human STAF65� (pIRESneo-fh:STAF65�) was
kindly provided by Robert G. Roeder. The pIRESneo-fh:STAF65� “recoded”
vector was derived from pIRESneo-fh:STAF65� by site-directed mutagenesis of
the sequence GGAGGAACCTGTGAGCGAC to GGAGGAACCTGTCTC
CGAC (substituted nucleotides underlined), using the QuikChange site-directed
mutagenesis kit (Stratagene) and verified by DNA sequencing. The pSUPER-
STAF65�828 vector encodes a specific shRNA that targets the sequence above.
The shRNA expression vectors pSUPER-MYC827 and pSUPER-GL2 were
described previously (22).

Cell culture, transfection, reporter gene, colony formation assays, RNAi, and
RT-PCR. HeLa, HeLa S3, U2OS, and HEK 293 cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum at
37°C with 5% CO2. HL-60 cells were maintained in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum at 37°C with 5% CO2. To induce HL-60
cell differentiation, cells at a density of 4 � 105 cells/ml were treated with 1.25%
(vol/vol) dimethyl sulfoxide (Merck) for 48 h (79). HeLa S3 suspension cells were
adapted from monolayer and maintained at 37°C in minimum essential medium
(S-MEM; Gibco-Invitrogen) supplemented with 5% bovine calf serum. The
fh:GCN5 cell line expressing N-terminal Flag- and HA-tagged human GCN5L
was obtained by stable transfection of HeLa S3 cells with pFH:hGCN5L-IRES-
neo vector (44) and G418 selection as described previously for fh:SPT3 cells (51).
Transfection conditions and luciferase and �-galactosidase assays were essen-
tially as previously described (22). Results are means � standard deviations from
three independent experiments performed in duplicate. For the colony forma-
tion assay, HeLa or U2OS cells at 	90% confluence were transfected with the
indicated pSUPER-shRNA vectors using Lipofectamine 2000. After 24 h, equal
numbers of cells were replated onto 10-cm dishes. Twenty-four hours after
replating, the cells were selected in medium containing 1.5 
g/ml puromycin. The
selection medium was changed every 3 days. After approximately 3 to 4 weeks,
the colonies were stained with crystal violet. For transient knockdown, HeLa
cells were transfected in 35-mm plates with Lipofectamine 2000 (Invitrogen) and
2 
g of pSUPER-shRNA vector and once again 24 h later. Six hours after the
second transfection, the medium was replaced with puromycin-containing me-
dium (0.5 
g/ml), and after 48 to 72 h, total RNA and protein were extracted for
reverse transcription-PCR (RT-PCR) and Western blot analyses. STAF65�-
knockdown cell lines were obtained by stable transfection of HeLa, HeLa S3,
fh:SPT3, and fh:GCN5 cell lines with pSUPER-STAF65�828 as described pre-
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viously for MYC-knockdown cells (22). All experiments were performed with
cells at low-passage number as both STAF65�- and MYC-knockdown cells even-
tually stop dividing after 1 to 2 months in culture. RT-PCR analyses were
performed as previously described (22), and PCR products from serial dilutions
of cDNA, and within the linear range of amplification, were quantified by using
the NIH Image software. The following primers were used for RT-PCR: TERT,
TCTGGATTTGCAGGTGAACAGCC and GGGTGGCCATCAGTCCAGGA
TGG; CDK4, GTGGACATGTGGAGTGTTGG (HCD1) and GCCCTCTCAG
TGTCCAGAAG (HCD2); HSP60, ACAAGTGATGTTGAAGTGAATG
(HHSP1) and ATTGCTGGAATTTTGAGTGTTC (HHSP2); GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase), CTCAGACACCATGGGGAAGGTGA
(HG1) and ATGATCTTGAGGCTGTTGTCATA (HG2); and CAD, GGTGG
ATCTGGAGCATGAGTGGA (CAD1) and AGATGGAAGCGGCCATCAG
GAAG (CAD2) (56). �-Actin primers were described previously (22).

Antibodies, Western blotting, and ChIP. A rabbit polyclonal antibody for
STAF65� was custom-made against the peptide GIPQSPDDSDSSYGS (Invitro-
gen). The following antibodies were kindly provided by Robert G. Roeder: TBP,
TAF8 (TAF43), TAF9 (TAF31), TAF12 (TAF20/15), MED17 (TRAP80),
MED16 (TRAP95), and an independent STAF65� antibody. The TAF10
(TAF30) monoclonal antibody 1H8 and the TAF5L (PAF65�) antibody were
kind gifts from Laszlo Tora and Yoshihiro Nakatani, respectively. Other anti-
bodies were as follows: TRRAP (T-17; sc-5405; and H-300; sc-11411), GCN5
(N-18; sc-6303), TAF9/TAFIIp32 (N-16; sc-1247), p300 (N-15; sc-584), Sp1 (H-
225; sc-14027), MYC (N-262; sc-764), USF (C-20; sc-229), MAX (C-17; sc-197),
MED1/TRAP220 (C-19; sc-5334), MED14/CRSP150 (C-17; sc-9420), MED12/
TRAP230 (A-18; sc-5374), MED13/TRAP240 (E-20; sc-12013), CDK8 (C-19;
sc-1521), TERT (H-231; sc-7212), and Pol II large subunit (N-20; sc-899),
TAFIIp250 (6B3; sc-735), all from Santa Cruz Biotech.; anti-acetyl-histone H3
(06-599) and anti-acetyl-histone H4 (06-866) from Upstate; and anti-Flag M2
monoclonal antibody (F3165) and anti-Flag M2 agarose (A2220) (Sigma). Sec-
ondary antibodies for Western blotting were anti-rabbit (88-1688) and anti-
mouse (88-7788) TrueBlot (eBioscience). Western blots and chromatin immu-
noprecipitation (ChIP) assays were performed as described previously (22).

Protein immunoprecipitation and GST pull-down. Whole-cell extracts and
coimmunoprecipitation of endogenous or ectopic Flag-tagged proteins and as-
sociated factors were performed as described previously by using immunopre-
cipitation (IP) buffer containing 180 mM NaCl (22, 44). Endogenous TFIID was
immunoprecipitated from whole-cell extracts prepared in lysis buffer (22) con-
taining 400 mM NaCl, and immunoprecipitations and washes were performed in
the same buffer; these conditions were also used for immunoprecipitation of
endogenous SPT3 (STAGA) in Fig. 1C. For immunoprecipitation of endogenous
MED1 and associated factors (see Fig. 6A), 600 
g HeLa nuclear extracts
(precleared with 20 
l protein G-Sepharose [Amersham] for 30 min at 4°C) was
incubated with 2 
g MED1 antibody overnight at 4°C and immunoprecipitated
and washed in IP buffer containing 180 mM NaCl as described above (44). For
immunoprecipitation of Flag-SPT3, Flag-STAF65�, and Flag-GCN5 (Fig. 6B
and C), 600 
g of nuclear extracts prepared from the fh:SPT3, fh:STAF65�, and
fh:GCN5 cell lines, respectively, was incubated with anti-Flag M2-agarose in IP
buffer containing 150 mM KCl and washed three times with 1 ml IP buffer
containing 180 mM NaCl, and bound proteins were eluted with FLAG peptide
(0.2 mg/ml), as indicated in Fig. 6B, or with sodium dodecyl sulfate (SDS)
loading buffer (Fig. 6C). Highly purified STAGA and Mediator complexes were
prepared from nuclear extracts of the fh:SPT3 cell line (51) and the Flag-Nut2/
MED10 cell line (48), respectively, by anti-Flag M2 affinity and extensive washes
in 330 mM KCl-containing buffers, as described previously (29, 51). For Fig. 6E,
20 
l of affinity-purified STAGA and Mediator complexes was precleared with
protein G-Sepharose for 30 min at 4°C and then incubated with 2 
g of MED1
antibody for 2 h at 4°C, precipitated with 10 
l protein G-Sepharose, washed
twice with 1 ml BC150 (20 mM Tris-HCl [pH 7.9], 150 mM KCl, 20% glycerol,
0.05% IGEPAL CA-630, 0.2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride,
10 mM 2-mercaptoethanol), and bound proteins were eluted with SDS loading
buffer. GST-MYC and GST-VP16 pull-down assays were performed essentially
as previously described (44, 51).

RESULTS

STAF65� is required for the integrity of the STAGA com-
plex. Human STAF65� is highly similar to yeast Spt7 but lacks
the N-terminal Spt7 bromodomain (51). Mass spectrometry
analyses of the proteins stably associated with Flag-tagged
STAF65� in human cells have only identified STAGA compo-

nents (A. Gamper and R. G. Roeder, unpublished data). Thus,
STAF65� is an SPT7-like subunit specific of STAGA-type
complexes (see also below). To analyze the role of STAF65� in
human cells, RNAi with shRNA vectors was used to stably
knock down its expression in HeLa S3 cells. As shown in Fig.
1A, Western blot analyses of whole-cell extracts indicated that
STAF65� expression was specifically suppressed in cell lines
transfected with a specific STAF65� shRNA (lanes 3 and 4).
The steady-state protein levels of other STAGA subunits, in-
cluding TRRAP, GCN5, SPT3, TAF9, and TAF12, and other
transcription factors (e.g., p300, SP1, MYC, MAX, USF, and
TBP) were not significantly changed compared to those of
parental HeLa S3 cells (lanes 1 and 2) or to control HeLa S3
cell lines stably transfected with a different shRNA vector that
retained normal STAF65� levels (lanes 5 and 6). Interestingly,
the cellular levels of TAF10 were reduced in the STAF65�-
depleted cells, while all other TAFs analyzed were unaffected
(Fig. 1B, compare lanes 1 and 2). Significantly, immunopre-
cipitation of TFIID with TBP and TAF5 antibodies and anal-
ysis of associated proteins by Western blotting indicated that
STAF65� depletion did not affect the association of TBP and
TAF5 with each other and with TAF1, TAF2, TAF4, TAF6,
TAF8, TAF9, TAF10, and TAF12 (compare lanes 4 and 5
with, respectively, lanes 7 and 8). Thus, while STAF65�
depletion reduces the steady-state levels of TAF10, it does not
affect the cellular levels of TAF8 (a histone fold partner of
TAF10 in TFIID) nor the incorporation within TFIID of nor-
mal levels of TAF10 and all other TAFs tested. This result
suggests that TFIID complexes are not significantly altered in
STAF65�-knockdown cells.

To determine whether STAF65� depletion alters the
STAGA complex, endogenous SPT3 was immunoprecipitated
from extracts of the STAF65�-knockdown HeLa cells charac-
terized above and from control HeLa cells (i.e., stably trans-
fected with an empty pSUPER vector) and associated STAGA
subunits were analyzed by Western blotting. As expected,
SPT3 was associated with GCN5, STAF65�, TAF9, TAF10,
and TAF12 in control HeLa cells (Fig. 1C, lane 3). In
STAF65�-knockdown cells, however, SPT3 did not interact
efficiently with GCN5, TAF9, TAF10, or TAF12 (lane 4). Sim-
ilarly, immunoprecipitation of endogenous TAF9 indicated its
reduced association with GCN5 and SPT3 in STAF65�-knock-
down cells (lane 6). Thus, in contrast to TFIID, the incorpo-
ration of TAF9, TAF10, and TAF12 within STAGA requires
STAF65�. To analyze additional STAGA components and
avoid possible disruption of complexes by antibodies recogniz-
ing endogenous epitopes, STAF65� was also knocked down in
HeLa S3 cell lines that express Flag-tagged SPT3 (fh:SPT3
cells) or GCN5 (fh:GCN5 cells) and immunoprecipitation was
performed with the Flag antibody (Fig. 1D). Immunoprecipi-
tation of Flag-SPT3 from cells expressing the STAF65�
shRNA resulted in the expected reduced coprecipitation of
STAF65� but also in a proportionally reduced association of
all the other STAGA subunits tested, including TRRAP,
GCN5, TAF5L, and TAF9 (lane 5 versus lane 6). Similarly,
immunoprecipitation of Flag-GCN5 from STAF65�-depleted
cells resulted in reduced coprecipitation of SPT3, TAF9, and,
to a lesser extent, TRRAP and TAF5L (lane 7 versus lane 8).
These results demonstrate that STAF65� is important for the
structural integrity of the STAGA complex in human cells and
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specifically indicate that STAF65� is essential for the associa-
tion of TAF9, SPT3, and GCN5 with each other and of SPT3
with TAF10, TAF12, TAF5L, and TRRAP but appears to be
only partially required for GCN5 association with TRRAP and
TAF5L. These binary interactions and their dependency on
STAF65� are summarized schematically in Fig. 1E. In addi-
tion, these results suggest that STAF65� knockdown may de-
stabilize its histone fold partner TAF10 without affecting the
fraction of cellular TAF10 associated with TAF8/TFIID. Thus,
we conclude that SPT-TAF (STAGA type) but not TBP-TAF
(TFIID) complexes are selectively disrupted in STAF65�-
knockdown cells.

Function of STAF65� in cell proliferation and MYC-acti-
vated transcription. We have shown previously that STAGA
interacts with the transactivation domain (TAD)/transforma-

tion domain of the MYC oncoprotein in cells and in vitro and
that TRRAP and GCN5 cooperatively stimulate the transcrip-
tion-activating function of MYC TAD fused to the Gal4 DNA-
binding domain (44). To further address the role of the cellular
STAGA complex in native MYC functions in human cells, we
tested whether STAF65� depletion affects cell proliferation
and transcription of natural MYC-dependent genes. As shown
in the colony formation assays of Fig. 2A, transfection of the
STAF65� shRNA vector (but not a control GL2 shRNA vector
targeting firefly luciferase) specifically reduced the growth of
HeLa cell colonies but had no effect on U2OS osteosarcoma
cells. Similarly, the knockdown of MYC with a specific shRNA
vector did not affect U2OS cell growth (data not shown). Note
that the shRNA vector efficiently knocked down STAF65� in
U2OS cells (data not shown). Cell count/growth curves verified

FIG. 1. Knockdown of STAF65� affects the integrity of STAGA but not TFIID complexes in human cells. (A) STAF65�-knockdown HeLa S3
cell lines. Western blot analyses were performed with whole-cell extracts from parental HeLa S3 cells (�) (lanes 1 and 2); two STAF65�-
knockdown HeLa S3 cell lines stably transfected with the STAF65� shRNA vector pSUPER-STAF65�828 (�) (clone 1 in lanes 3 and clone 4 in
lane 4); and two control HeLa S3 cell lines (lanes 5 and 6) stably transfected with a different shRNA vector, pSUPER-STAF65�218 (c), which
retained normal STAF65� protein levels. The indicated antibodies were used to probe different stripes of the blots (panels) shown. (B and C)
Whole-cell extracts (input) of STAF65�-knockdown cells (�) (clone 1) and control HeLa S3 cells stably transfected with the empty pSUPER vector
(�) were immunoprecipitated with either preimmune rabbit serum (IP: r.s.) or TBP (IP: TBP), TAF5 (IP: TAF5), SPT3 (IP: SPT3), or TAF9 (IP:
TAF9) antisera, and complexes were analyzed by SDS-polyacrylamide gel electrophoresis and Western blotting with specific antibodies to the
indicated proteins. (D) Whole-cell extracts (input) of parental (�) and STAF65�-knockdown (�) fh:SPT3 and fh:GCN5 cell lines were
immunoprecipitated with the Flag antibody (IP: FLAG) and analyzed by Western blotting with antibodies to the indicated proteins. (E) Diagram
summarizing the interaction results of panels C and D. Binary associations are shown as straight lines between two subunits (except for the direct
interaction of STAF65� with TAF10). Solid lines interrupted by STAF65� indicate a strong dependency on STAF65� for the corresponding binary
association. Dashed lines indicate a partial dependency on STAF65�. The large circle highlights SPT-TAF subunits.
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the reduced proliferation rate of STAF65�-knockdown cell
lines as compared to parental HeLa cells, with no apparent
reduction in cell viability (data not shown). Importantly, the
inhibition of HeLa cell proliferation was not due to a non-
specific “off-target” effect of the shRNA used. Indeed, the
STAF65� shRNA did not inhibit the growth of HeLa cells that
express an ectopic Flag-STAF65� “recoded” gene/cDNA (fh:
STAF65� “recoded”) carrying substitutions within the shRNA
target sequence (Fig, 2B, left panel, compare two bottom

plates). These substitutions effectively prevented the knock-
down of the “recoded” Flag-STAF65� protein (Fig. 2B, right
panels, Western blots). In contrast, the STAF65� shRNA in-
hibited proliferation of HeLa cells expressing an ectopic wild-
type fh:STAF65� gene (Fig. 2B, left panel, compare top two
plates). The above results suggested that human STAF65�
(and thus the integrity of STAGA) is not generally required for
growth and viability of all cell types but may have cell/context-
dependent and gene-specific functions in cell proliferation,

FIG. 2. STAF65� is required for proliferation of HeLa cells and expression of MYC target genes and mediates MYC activation of TERT
transcription. (A) Colony formation assays with HeLa and U2OS cells transfected with the empty pSUPER vector (�) or the shRNA-expressing
vectors pSUPER-GL2 (GL2) and pSUPER-STAF65�828 (STAF65�). A representative result of three experiments done in duplicate is shown.
(B) Colony formation assay as in panel A but with two HeLa cell lines stably expressing ectopic Flag-tagged STAF65� (top) or STAF65� “recoded”
(bottom), as indicated. Right panels are Western blots probed with the Flag antibody of total extracts (input, lanes 1 to 4) and anti-Flag
immunoprecipitated proteins (IP: Flag, lanes 5 to 8) from these two cell lines after transient transfection with pSUPER (�) or pSUPER-
STAF65�828 (�). Arrows point to the Flag-STAF65� proteins. IgH, immunoglobulin heavy chain. (C) Knockdown of STAF65� in HeLa cells
specifically reduces TERT, CAD CDK4, and HSP60 mRNA levels. HeLa cells were transiently transfected with pSUPER-STAF65�828 (STAF65�)
or pSUPER-GL2 (GL2). TERT (two alternative splicing variants) and �-actin transcripts were analyzed by RT-PCR of serial dilutions of total
cDNA (mRNA); a negative image of an ethidium bromide-stained agarose gel is shown (left panel; RT-PCR). Whole-cell extracts from the above
transfected cells (shRNA: STAF65� and GL2) and from untransfected cells (�) were also analyzed by Western blotting with the indicated
antibodies (middle panel, Western blot, lanes 1 to 3). The bar graph shows the quantitation of TERT, CAD, CDK4, and HSP60 transcripts in
transfected cells by RT-PCR and serial dilution of total cDNA (mRNA). RT-PCR signals in STAF65� shRNA-expressing cells (black bars) and
in GL2 control-transfected cells (white bars) were normalized to �-actin signals at each dilution, and the normalized values for GL2 cells were
arbitrarily set to 100% (white bars). (D) RT-PCR and Western blot analyses of whole-cell extracts from parental HeLa S3 (�), STAF65�-
knockdown HeLa S3 (�; clone 1), and stably transfected control HeLa S3 (c) cell lines shown in Fig. 1A. (E) Role of endogenous STAF65� in
TERT promoter activation by MYC. HeLa cells were transiently transfected with a TERT(�211/�41)-luciferase reporter gene construct and the
pCMV-�-galactosidase reference gene and with expression vectors for Flag-MYC and the STAF65� shRNA (� and ��) or with corresponding
empty vectors (�), as indicated. Relative luciferase activities (normalized to �-galactosidase) are the means � standard deviation from three
independent experiments performed in duplicate. Corresponding whole-cell extracts of transfected cells (duplicates) were analyzed by Western
blotting (right panel; Western) with anti-Flag (Flag-MYC) and anti-TBP antibodies. (F) A “recoded” Flag-STAF65� restores endogenous TERT
transcription in STAF65�-knockdown cells. Adherent HeLa cell lines stably transfected with the empty pSUPER vector (lanes 1 and 2) or with
the pSUPER-STAF65�828 (shRNA STAF65�) vector (clone 7; lanes 3 to 8) were transiently transfected with the empty pIRESneo vector (lanes
1 to 4) or increasing amounts of pIRESneo-fh:STAF65� “recoded”: 2 
g (lanes 5 and 6) and 4 
g (lanes 7 and 8). TERT and �-actin transcripts
were analyzed by RT-PCR.
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perhaps by functioning (in part) as a transcription cofactor for
MYC and/or other regulators of cell proliferation.

The possible requirement of STAF65� for MYC-dependent
gene activation was tested by RT-PCR in HeLa cells tran-
siently transfected with the STAF65� shRNA vector (or the
GL2 shRNA vector, as control). STAF65� knockdown de-
creased the levels of specific transcripts from several genes that
are directly activated by MYC, including TERT (6- to 8-fold
reduction), CAD (7- to 12-fold reduction), CDK4 (	4-fold
reduction), and HSP60 (	3- to 4-fold reduction) but did not
affect �-actin transcripts (Fig. 2C). Similarly, both TERT
mRNA and protein levels were reduced in stable STAF65�-
knockdown HeLa cells, although the reduction in total TERT
protein was less pronounced (Fig. 2D). Furthermore, in tran-
sient cotransfection assays the STAF65� shRNA vector specif-
ically reduced MYC activation of a minimal TERT promoter
(�211 to �40) containing the two essential MYC/E-box ele-
ments linked to the luciferase reporter gene, but did not affect
the activity of the cotransfected CMV-Flag-MYC and CMV-
�-Gal genes (Fig. 2E). Similar results were obtained in the
stable STAF65�-knockdown HeLa cell lines (data not shown).
Moreover, transcription of the endogenous TERT gene in
STAF65�-knockdown HeLa cells was stimulated in a dose-

dependent manner by transfection of the “recoded” fh:
STAF65� expression vector (Fig. 2F). Altogether these results
demonstrate a specific requirement of STAF65� for transcrip-
tion of several MYC-dependent genes, including MYC-depen-
dent transcription activation of TERT in HeLa cells.

MYC recruits STAGA to the endogenous TERT promoter in
human cells. To test whether STAGA binds to the native
TERT promoter in a MYC-dependent manner, we performed
ChIP experiments with MYC-knockdown HeLa cells stably
transfected with a pSUPER-MYC-shRNA vector (22). As
shown previously (22), MYC-knockdown cells have reduced
MYC expression and TERT transcription (Fig. 3A, RT-PCR
and Western panels). In control HeLa cells (stably transfected
with the empty pSUPER vector), MYC, SPT3, TAF9, and
GCN5 bound specifically to the TERT promoter, but not to a
�-globin locus used as a background reference (Fig. 3A, middle
panel, ChIP, lanes 5, 7, 9, and 11). This demonstrates that the
native human TERT promoter is indeed a direct target of
STAGA in these cells. In contrast, the association of MYC,
SPT3, TAF9, and GCN5 with the TERT promoter was drasti-
cally reduced in MYC-knockdown cells (lanes 6, 8, 10, and 12).
This defective STAGA recruitment in MYC-knockdown cells
was specific since several other factors, including components

FIG. 3. MYC recruits STAGA to the endogenous TERT promoter in human cells. (A) MYC knockdown decreases TERT transcription and
recruitment of STAGA to the TERT promoter. MYC-knockdown (� shRNA MYC) and control (�) HeLa cells were analyzed by RT-PCR (left
panel) and by ChIP with MYC, SPT3, TAF9, and GCN5 antibodies, as indicated (middle panel). Lanes 1 to 4 show PCRs with serial dilutions of
input chromatin (inputs). The TERT promoter region between �226 and �120 (containing the two E-boxes at �187 and �28) was amplified with
specific primers (22). A region of the �-globin gene third intron was amplified as a nonspecific/background reference. Negative images of ethidium
bromide-stained agarose gels are shown. A Western blot of whole-cell extracts from parental (�) and MYC-knockdown (�) HeLa S3 cells was
probed with specific antibodies to the indicated proteins (right panel; Western). (B) Overexpression of Flag-MYC induces TERT transcription and
STAGA binding to the endogenousTERT promoter in U2OS cells. Cells were transiently transfected with empty (�) or Flag-MYC (�) expression
vectors and analyzed by RT-PCR and Western blotting (with MYC and TBP antibodies), and by ChIP, as described above. Preimmune rabbit
serum (r.s.) was used in the control ChIP assays (lanes 1 and 2). (C) Proliferating (P) HL-60 cells were induced to differentiate (D), transcripts
for TERT and GAPDH were analyzed by RT-PCR (top panel), and whole-cell extracts were analyzed by Western blotting with the indicated
antibodies (bottom panel). Right panels show ChIP analyses of the TERT promoter with chromatin from P and D cells using antibodies to MYC,
SPT3, TAF9, GCN5, and MAX.
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of the basal transcription machinery bound to the TERT and
GAPDH promoters (see below) and transcription of the �-ac-
tin and GAPDH genes was unaffected (Fig. 3A, left panel) (22).
To further verify the essential role of MYC in STAGA recruit-
ment, Flag-MYC was transiently overexpressed in U2OS cells,
which have their endogenous TERT gene repressed by MAD1,
a member of the MAD family of E-box-binding MYC antag-
onists (43). MYC overexpression stimulated TERT transcrip-
tion (Fig. 3B, RT-PCR panel, lane 2) and induced binding of
MYC, SPT3, and TAF9 to the endogenous TERT promoter, as
determined by ChIP (right panel, lanes 4, 6, and 8).

To test whether STAGA binding to the TERT promoter is
associated with MYC-dependent TERT transcription and cell
proliferation in a different human cell line, we performed ChIP
experiments in HL-60 cells, a MYC-dependent acute promy-
elocytic leukemia cell line, both under proliferating conditions
and after induction of differentiation along the granulocytic
pathway (79). The endogenous TERT gene was transcribed in
proliferating HL-60 cells before induction (Fig. 3C, RT-PCR
panel, lanes 1 and 2), and its promoter was bound by the
MYC/MAX complex (as expected) but also by the STAGA
components SPT3, TAF9, and GCN5 (ChIP panel, lane 1).
After induced differentiation, MYC protein and TERT mRNA
levels decreased (RT-PCR and Western blot panels, lanes 3
and 4) and this correlated with a reduced binding of MYC,
SPT3, TAF9, and GCN5 to the promoter (ChIP panel, lane 2).
Note that MAX binding was unaffected, as expected from the
replacement of MYC/MAX by MAD/MAX complexes on the
TERT promoter during HL-60 cell differentiation (79). Alto-
gether, the above results demonstrate a MYC-dependent re-
cruitment of STAGA to the endogenous TERT promoter in
human cells and are consistent with the requirement of
STAF65� for HeLa cell proliferation and MYC-dependent
activation of TERT transcription and with the previously de-
scribed direct interaction of STAGA with MYC TAD (44).

Selective role of STAF65� in MYC-dependent recruitment
of SPT3, TAF9, and “core” Mediator components to the TERT
promoter in human cells. The dependency on STAF65� for
TERT transcription and the MYC-directed binding of STAGA
components to the TERT promoter suggested a critical
STAF65�-dependent function of the STAGA complex on this
promoter. To further address this, we analyzed by ChIP the
recruitment of STAGA subunits and components of the tran-
scription machinery and the acetylation state of histones on the
native TERT promoter in control and STAF65�-knockdown
HeLa cell lines. As shown in Fig. 4A, the knockdown of
STAF65� did not affect the binding of MYC (lanes 9 and 10)
or its associated cofactors GCN5 (lanes 15 and 16), TRRAP
(lanes 17 and 18), and p300 (lanes 19 and 20), which are all
recruited by MYC to the TERT promoter in vivo (Fig. 3A) (22,
56). Consistent with this, the levels of acetylated histones H3
and H4 were also unaltered (lanes 21 to 24). In stark contrast,
no detectable binding of TAF9 (lane 12) or SPT3 (lane 14) was
observed in STAF65�-knockdown cells, despite normal TAF9
and SPT3 expression in these cells (see Fig. 1A). The selective
association of both TRRAP and GCN5, but not SPT3 or
TAF9, with the TERT promoter in STAF65�-depleted cells is
consistent with the direct interaction of MYC with both
TRRAP and GCN5 in vitro (60; N. Zhang, S. Lo, and E.
Martinez, unpublished data). Note that this selective subunit

association could reflect the binding of TRRAP and GCN5 in
complexes unrelated to STAGA and/or could indicate the as-
sociation of TRRAP and GCN5 as part of a partial STAGA
complex that lacks the STAF65�-dependent group of “SPT-
TAF” components (i.e., STAF65�, SPT3, TAF9, and associ-
ated histone fold partners). These two scenarios are not nec-
essarily mutually exclusive, and the latter possibility would be
in accord with the requirement of STAF65� for the association
of TRRAP and GCN5 with SPT3 and TAF9 (Fig. 1E). In any
case, these results indicate that STAF65� is required for the
normal recruitment of the STAGA complex—or minimally its
STAF65�-dependent SPT-TAF subunits—to the native TERT
promoter in human cells and suggest a STAF65�-dependent
transactivating function of STAGA distinct from stimulation of
histone acetylation.

Since SAGA in yeast directs the recruitment of the general
transcription machinery to specific promoters via both GCN5-
dependent and GCN5-independent pathways and yeast SPT3
plays an essential role in the binding of TBP to GCN5-inde-
pendent promoters (see introduction), we analyzed the effect
of STAF65� knockdown on TFIID and Pol II recruitment to
the TERT promoter. Unexpectedly, and in contrast to the
strong inhibitory effect of STAF65� knockdown on both TERT
transcription and MYC-dependent recruitment of SPT3 and
TAF9, the binding of the TFIID-specific subunits TAF1 and
TAF5 was not affected and only a marginal reduction in TBP
and Pol II binding was observed (Fig. 4B, lanes 15 to 22). Thus,
these results indicate that STAGA, or minimally its STAF65�-
dependent group of SPT-TAF components, is not essential for
the loading of TFIID and Pol II on the native human TERT
promoter.

We analyzed similarly the recruitment of subunits of the
Mediator complex. Unexpectedly, while a significant binding of
MED1, MED17, MED12, and MED13 was observed on the
MYC-independent GAPDH promoter, a preferential binding
of MED1 and MED17 (relative to MED12 and MED13) was
observed on the TERT promoter (Fig. 4C, lanes 11, 13, 15, and
17 [see also below]). Interestingly, the association of MED1
and MED17 with the TERT promoter was strongly reduced in
STAF65�-knockdown cells (Fig. 4C, lanes 12 and 14), while
the weak binding of MED12 and MED13 was not affected
(lanes 15 to 18). Note that the expression of MED subunits was
unaltered in STAF65�-knockdown cells (e.g., Fig. 5A). In con-
trast, all MED subunits analyzed bound to the GAPDH pro-
moter similarly in control and STAF65�-knockdown cells (Fig.
4C, lanes 11 to 18). In accord with the above results, the
knockdown of MYC inhibited the binding of MED1, MED16,
and MED17 to the TERT promoter but not to the GAPDH
promoter (Fig. 4D, lanes 12, 14, and 16), while only a modest
reduction in the binding of TBP and Pol II and in the level of
histone H3 acetylation was observed (lanes 22, 24, and 28).
Note that the expression of these MED subunits was also
unaffected in MYC-knockdown cells (see Fig. 3A, Western
panel, lane 2). Surprisingly, acetylation of histone H4 was not
significantly altered in MYC-knockdown cells (Fig. 4D, lane
26) despite the fact that MYC recruits p300, GCN5, and other
TRRAP-associated HATs such as Tip60 (Fig. 3) (9, 22–24, 56);
however, the potential association of Tip60 with the TERT
promoter remains to be shown. The above results indicate that
MYC is required for recruitment of both STAGA and core

114 LIU ET AL. MOL. CELL. BIOL.



Mediator subunits (MED1, MED16, and MED17) to the
TERT promoter but not the variably associated MED12 and
MED13 components specific to large Mediator complexes. In-
terestingly, the association of MED12 and MED13 relative to
the other MED subunits differed on the TERT and GAPDH
promoters. Furthermore, these data demonstrate that
STAF65� is essential for MYC-directed recruitment of SPT-
TAF and core Mediator components but not for histone acet-
ylation or binding of TFIID and Pol II on the TERT promoter
in HeLa cells.

STAGA is required for the interaction of selected Mediator
subunits with MYC in human cells and in vitro. Since both
MYC and STAF65� were required for core Mediator recruit-
ment to the TERT promoter, we analyzed the interaction of
MYC with Mediator components in human cells and the pos-
sible role of STAF65� by coimmunoprecipitation. To avoid any
possible displacement of MYC-associated factors by MYC-

binding antibodies, a MAX-specific antibody was used to im-
munoprecipitate endogenous MYC/MAX heterodimers from
control and STAF65�-knockdown HeLa cells. As shown in Fig.
5A, MYC/MAX interacted with various STAGA subunits, as
previously reported (44), and with MED1, MED16, and
MED17, but not with MED13 in control HeLa cells (lane 3).
Interestingly, MYC/MAX interaction with both STAGA and
Mediator was significantly impaired in STAF65�-knockdown
cells, while the association of MYC with MAX was unaffected
(lane 4). To verify the interaction of Mediator with MYC,
Flag-MYC was expressed in HEK293 cells and immunopre-
cipitated with the Flag antibody. Consistent with the above
results, we observed a Flag-MYC interaction with MED1,
MED16, and MED17 and more weakly with MED14 but not
with MED13 (Fig. 5B). Note that a very weak interaction of
MED12 and MED13 was occasionally observed after longer
exposure of the Western blots (e.g., Fig. 5C, lane 5, top stripe).

FIG. 4. STAF65� is required for MYC-dependent recruitment of selected STAGA and core Mediator components to the endogenous TERT
promoter in human cells. (A to D) Equivalent amounts of chromatin from control pSUPER-transfected (�), STAF65�-knockdown (shRNA
STAF65� � in panels A to C) or MYC-knockdown (shRNA MYC � in panel D) HeLa S3 cell lines were used in ChIP experiments with specific
antibodies or preimmune rabbit serum (r.s.), as indicated. AcH3 and AcH4 are anti-acetylated histone H3 and H4 antibodies. PCR analyses were
performed with primers specific for the TERT and GAPDH promoters and for a region in the third intron of the �-globin gene, as in Fig. 3.

VOL. 28, 2008 STAGA RECRUITS Mediator TO DIRECT MYC FUNCTION 115



To further test the requirement of the N-terminal MYC TAD
region for Mediator binding, a Flag-MYC�N110 deletion mu-
tant that lacks residues 1 to 110 important for STAGA binding
(44)—and mimics the shorter natural “MYC-S” variants
(67)—was cotransfected with MAX and analyzed as described
above. Flag-MYC�N110 had a reduced ability to interact with
Mediator components compared to full-length Flag-MYC
(Fig. 5C, lane 6). Interestingly, a residual but significant inter-
action of Mediator subunits with Flag-MYC�N110 was repro-
ducibly observed, indicating that Mediator can also bind to
MYC independently of TAD residues 1 to 110. We found that
the region of TAD residues 1 to 110 of MYC plays a more
important role for STAGA and Mediator binding when MAX
is cotransfected with MYC (data not shown), suggesting that
this TAD region contributes to cofactor recruitment in the
context of physiological MYC/MAX heterodimers within cells.

To determine whether the N-terminal TAD of MYC is suf-
ficient for recruitment of Mediator and to analyze the role of
STAF65�, in vitro pull-down assays were performed with GST-
MYC fusion proteins and nuclear extracts of wild-type and

STAF65�-knockdown cells. The full-length MYC protein
fused to GST (GST-MYC), but not GST alone, interacted with
STAGA (as reported previously [44]) and with the Mediator
component MED17, but not significantly with MED12,
MED13, and MED14 in wild-type HeLa nuclear extracts (Fig.
5D, lane 3). Similarly, a GST-MYCN263 fusion protein that
contains the N-terminal 1 to 263 TAD residues of MYC, but
lacks the DNA-binding and MAX-interacting “basic helix-
loop-helix” domain, was sufficient to recruit STAGA (GCN5,
STAF65�, SPT3, and TAF9) and the core Mediator subunits
MED1, MED16, and MED17 but did not significantly interact
with MED12, MED13, and MED14 (Fig. 5D, lane 6, and Fig.
5E, lane 4). This differential binding of Mediator components
was activation domain specific, as all MED subunits tested,
including MED12, MED13, and MED14, interacted efficiently
with the VP16 activation domain (GST-VP16; Fig. 5D, lane 5).
In contrast, in nuclear extracts of STAF65�-knockdown cells,
GST-MYCN263 did not detectably bind SPT3 or TAF9 and
the interaction with MED1, MED16, and MED17 was signif-
icantly reduced, although not completely abolished (Fig. 5E,

FIG. 5. Efficient interaction of MYC with core Mediator requires STAF65� and an intact TAD. (A) STAF65�-dependent association of
STAGA and core Mediator subunits with endogenous MYC/MAX in HeLa cells. MAX was immunoprecipitated with a specific antibody (IP:
MAX) from whole-cell extracts (input) of control pSUPER-transfected (�) and STAF65�-knockdown (�) HeLa S3 cell lines, and associated
proteins were analyzed by Western blotting with specific antibodies to the indicated proteins. (B) HEK293 cells were transfected with an empty
pCbS vector (�) or pCbS-Flag-MYC (�), and whole-cell extracts (input) were immunoprecipitated with the Flag antibody (IP: FLAG) and
analyzed by Western blotting. (C) Western blot as in panel B, but with HEK293 cells transfected with pCbS-Flag-MYC (WT) or �1–110 (�110)
together with pCbS-HA-MAX. The top stripe (MED12 � 13) was probed with both MED12 and MED13 antibodies. The lack of MAX signal in
“input” (lanes 1 to 3) is due to the short exposure used to prevent saturation of the signals in IP: FLAG lanes 5 and 6. (D and E) GST-pulldown
experiments were performed with equivalent amounts of GST, GST-VP16, GST-MYC, or GST-MYC(1–263) resins (as indicated) and with nuclear
extracts (NE) from parental HeLa S3 cells (D) and pSUPER-transfected (�) or STAF65�-knockdown (�) HeLa S3 cell lines (E). Input nuclear
extracts (input) and proteins bound to GST, GST-VP16, and GST-MYC were analyzed by Western blotting.
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lane 5). Notably, the binding of GCN5 and TBP to GST-
MYCN263 was independent of STAF65� (lane 4 versus 5).
Thus, the MYC TAD is sufficient to recruit selected MED
components in nuclear extracts (i.e., MED1, MED16, and
MED17 but not, or less stably, MED12, MED13, and
MED14), and this depends on STAF65� but does not require
MYC association with MAX or binding to DNA/chromatin.
Altogether, these results show that MYC interacts with
STAGA and specific Mediator core components in human
cells and in vitro in a manner that is dependent on STAF65�
and the MYC TAD 1–110 region.

STAGA and Mediator complexes physically interact in hu-
man cells and in vitro. To address the mechanisms by which
STAF65� facilitates Mediator recruitment by MYC, we ana-
lyzed the possible physical interaction of STAGA and Media-
tor complexes in HeLa cells. Mediator complexes immunopre-
cipitated with a specific MED1 antibody were found associated
with the STAGA subunits GCN5, STAF65�, and SPT3 (Fig.
6A, lane 3). Conversely, immunoprecpitation of STAGA com-
plexes with SPT3 and TAF9 antibodies indicated their associ-

ation with MED1, MED16, and MED17 (data not shown). The
association of STAGA with Mediator was not due to formation
of insoluble aggregates as soluble Flag-GCN5 and Flag-
STAF65� complexes eluted from the anti-FLAG M2 resin
under nondenaturing conditions (i.e., by competition with ex-
cess FLAG peptide) also contained MED1, MED16, and
MED17 (Fig. 6B). It is worth noting that these STAGA-Me-
diator interactions were observed for complexes washed in 180
mM NaCl but generally not for highly purified complexes iso-
lated and washed at 300 mM or higher salt concentrations (29,
51); nonetheless, small amounts of MED17 were occasionally
detected by Western blotting in highly purified STAGA com-
plexes, consistent with the above results (E. Martinez, unpub-
lished observations). To further test the role of STAF65� on
the intracellular interaction between STAGA and Mediator,
Flag-SPT3 was immunoprecipitated from fh:SPT3 cells and
cell derivatives that express the STAF65� shRNA (described in
Fig. 1C). Consistent with the above results, Flag-SPT3/STAGA
was associated with MED16 and MED17 but not with MED12
or MED13 (Fig. 6C, lane 5). In STAF65�-knockdown cells,

FIG. 6. Physical interaction of STAGA and Mediator in human cells and in vitro. (A) HeLa S3 nuclear proteins were immunoprecipitated (IP)
with a MED1-specific antibody (lane 3) or protein G-agarose (mock, lane 2) and analyzed by Western blotting with specific antibodies to the
indicated proteins. (B) Nuclear extracts (input) of HeLa S3 (�) and derivative cell lines expressing (�) Flag-GCN5 or Flag-STAF65� were
immunoprecipitated with the FLAG antibody M2 resin, and complexes were eluted with excess Flag peptide (Eluted), as indicated in the scheme
to the left. Proteins were analyzed by Western blotting. (C) Nuclear extracts of HeLa S3 cells (lanes 1 and 4), fh:SPT3 cells (lanes 2 and 5), and
fh:SPT3 cells expressing the STAF65� shRNA (lanes 3 and 6) were immunoprecipitated with the Flag antibody resin (IP:FLAG; lanes 4 to 6) and
analyzed by Western blotting. The weak (or undetectable) signals for STAF65� in input lanes (B and C) are due to the use of a short
autoradiographic exposure (same gel/exposure for input and IP lanes) to prevent saturation of signals in the IP lanes. STAF65� levels in fh:SPT3
cells � shRNA vector are shown in Fig. 1D (lanes 1 and 2). (D) Immunoaffinity-purified STAGA (Flag-SPT3; lane 1) and Mediator (Flag-Nut2;
lane 2) complexes resolved by SDS-polyacrylamide gel electrophoresis and silver stained. Positions of size markers in kDa are shown. (E) Direct
interaction of purified human STAGA and Mediator complexes in vitro. STAGA and Mediator complexes (shown in panel D) either alone or
combined (as indicated by � and � signs) were immunoprecipitated with a MED1-specific antibody (IP: MED1) or with protein G agarose (IP:
mock) and analyzed by Western blotting with the indicated antibodies. Elution buffer containing the Flag peptide was used instead of the
corresponding complex (�) in lanes 3 and 4. (F) In vitro pull-down assays were performed with immobilized GST and GST-MYC(1–263) and
affinity-purified Flag-SPT3 (STAGA) and/or Flag-Nut2 (Mediator) complexes, as indicated (� and � signs). Forty percent of each input complex
(lanes 1 and 2) and GST/GST-MYC-bound proteins (lanes 3 to 7) was analyzed by Western blotting with antibodies to the indicated subunits.
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however, the interaction of Flag-SPT3 with MED16 and
MED17 was significantly reduced (Fig. 6C, lane 6). These
results demonstrate an interaction of STAGA and Mediator
complexes in human cells that is dependent on STAF65�.

To determine whether STAGA and Mediator complexes
directly interact, highly purified STAGA (Flag-SPT3) and Me-
diator (Flag-Nut2) complexes (Fig. 6D) were combined in vitro
and immunoprecipitated with a specific MED1 antibody. As
shown in Fig. 6E, STAGA components were specifically coim-
munoprecipitated with MED1-containing Mediator complexes
(lane 5). Consistent with this, GST pull-down experiments with
purified Mediator and STAGA indicated an increased binding
of MED1, GCN5, and SPT3 to GST-MYCN263 when both
complexes were present and also the ability of specific Medi-
ator components (i.e., MED16 and, weakly, MED1 but not
CDK8) to interact directly with MYC TAD residues 1 to 263
(Fig. 6F). Collectively, these results demonstrate a direct in-
teraction of STAGA with a MED1-containing Mediator com-
plex and suggest that both complexes interact with MYC TAD
in a partially interdependent manner.

DISCUSSION

In this study, we have uncovered a novel function of the
human STAGA coactivator complex in physical recruitment of
Mediator and stimulation of MYC-dependent transcription
and cell proliferation, which requires the integrity of the com-
plex or minimally its STAF65�-dependent SPT-TAF module
(which includes SPT3, TAF9, TAF10, TAF12, and associated
histone fold partners; Fig. 1E). We have shown that STAF65�
is required for activation of TERT transcription by MYC and
for the association of both SPT3 (STAGA) and MYC with
Mediator in human cells. Consistent with this, we found that
STAGA and Mediator complexes directly interact and bind in
a partially interdependent manner to the TAD of MYC in
vitro. Collectively, our results suggest a model in which MYC
interacts with the STAGA complex via its TRRAP and/or
GCN5 subunits, while the STAF65�-dependent SPT-TAF
components physically recruit a core Mediator complex (i.e.,
devoid of MED12 and MED13) to the TERT promoter and
direct transcription activation at a step(s) mostly distinct
from, and likely subsequent to, the loading of TFIID and
Pol II (Fig. 7).

Similar to the nonessential gene-specific function of Spt7
(SAGA) in yeast, we have shown that STAF65� plays a struc-
tural role within the human STAGA complex and is not es-
sential for viability of U2OS and HeLa cells or for normal
growth of U2OS cells. However, STAF65� is important for
proliferation of HeLa cells, which depend on MYC for growth,
suggesting the intriguing possibility that STAF65� (or an as-
sociated SPT-TAF component) may have MYC- and/or cell
type-specific functions. The exact nature of this cell-type spec-
ificity, however, remains to be elucidated, and it will be impor-
tant to determine whether STAF65� is required specifically for
MYC-induced cell proliferation and transformation. Our re-
sults demonstrate that STAF65� is required for MYC-depen-
dent activation of TERT transcription (as well as for transcrip-
tion of several other MYC target genes) and for the association
of SPT3, TAF9, and probably other components of the SPT-
TAF group with the TRRAP and GCN5 subunits. Thus,

TRRAP and GCN5 may belong to a separate module(s) in the
complex (e.g., a “TRRAP/domain I” module and a “GCN5/
ADA2/ADA3” module) (49, 72). Consistent with this, MYC
directly interacts with both TRRAP (60) and GCN5 (N.
Zhang, S. Lo and E. Martinez, unpublished results) and re-
cruits TRRAP to various promoters (23, 24) and GCN5 (as
shown here) to the TERT promoter independently of
STAF65�. It is possible that, in addition to MYC, other pro-
moter-associated factors, perhaps including acetylated his-
tones, might contribute to the stable binding of TRRAP and/or
GCN5 to the TERT promoter. However, MYC is essential for
the stable recruitment of all STAGA components analyzed and
interacts directly with a purified STAGA complex in vitro (44).
Our results do not exclude the possibility that the STAF65�-
independent binding of TRRAP and GCN5 to the TERT pro-
moter might instead (or in addition) reflect the recruitment by
MYC of other complexes, i.e., distinct from STAGA-type com-
plexes.

In contrast to the STAF65�-independent recruitment of
TRRAP and GCN5, the MYC-directed recruitment of SPT3
and TAF9 to the TERT promoter is strictly dependent on
STAF65�. While STAF65� and SPT3 are specific to STAGA-
type complexes, TAF9 is shared by STAGA-type and TFIID
complexes: note that the polyclonal TAF9 antibodies used also
recognize the highly similar TAF9b (formerly TAF9L) paralog
that coexists with TAF9 in both TFIID and STAGA/TFTC
(25). Since we have shown that STAF65� depletion selectively
affects the association of TAF9 with STAGA but not with
TFIID (Fig. 1), these results suggest the intriguing possibility
that TAF9 is recruited to the TERT promoter as part of the
SPT-TAF module of STAGA. This would be consistent with
increasing evidence indicating the existence of structurally and
functionally distinct TFIID complexes, including TFIID com-

FIG. 7. Model for STAGA-dependent transcription activation of
TERT by MYC involving recruitment and/or stabilization of a core
Mediator complex at the promoter. Double arrows indicate direct
interactions between MYC, STAGA, and Mediator described here
and previously (44). Dashed lines indicate previously reported inter-
actions of Mediator with p300, TFIID, and Pol II (see references 7 and
47 and references therein), which could also take place on the TERT
promoter but are not sufficient for the stable recruitment of core
Mediator in the absence of either MYC or the STAF65�-dependent
SPT-TAF subunits of STAGA. The binding of Sp1/3 to TERT GC-
boxes (dashed oval Sp1) is expected but was not tested here. “(Ac)”
indicates acetylation of nucleosomal histones H3 and H4, which is
independent of the STAF65�/SPT-TAF components of STAGA (see
also Discussion).
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plexes that lack TAF9 (reviewed in reference 55). Note, how-
ever, that we cannot formally exclude the possibility that TAF9
is associated with the TERT promoter (as part of TFIID) in
STAF65�-knockdown cells but cannot be detected by ChIP.

In addition to SPT3 and TAF9 components of STAGA,
STAF65� is also strictly required for MYC-dependent recruit-
ment of core Mediator subunits (MED1 and MED17) to the
TERT promoter. This supports observations in yeast indicating
at least a partial dependency on SAGA for Mediator recruit-
ment to certain yeast promoters (6, 38, 40, 41, 63). However,
neither MYC nor STAF65� is essential for TFIID or Pol II
binding to the human TERT promoter in HeLa cells (although
we note a moderate decrease in the association of TBP and Pol
II). Moreover, STAF65� is also dispensable for histone H3 and
H4 acetylation. Altogether, these results suggest a role of the
STAF65�-dependent SPT-TAF components of STAGA in
MYC-dependent TERT transcription by (at least in part) en-
hancing core Mediator association with the promoter and fa-
cilitating a transcription step(s) postrecruitment of TFIID and
Pol II. This model is in accord with previous reports indicating
that MYC activates transcription of TERT and other target
genes after Pol II engagement, possibly by stimulating Pol II
C-terminal domain phosphorylation and/or promoter clear-
ance or elongation (8, 17, 20) and with recent studies indicating
a role of yeast SAGA in transcription elongation (12, 27, 76,
78). Similarly, Mediator has also been shown to play a role
postrecruitment of Pol II during the initiation phase of tran-
scription in mouse cells (74), stimulates TFIIB recruitment and
initiation/reinitiation in vitro (2, 45, 85), and physically and/or
functionally associates with various elongation factors, includ-
ing TFIIS (76), Brd4/P-TEFb (84), and DSIF (46), and with
coding regions of yeast genes (1, 87). Clearly, it will be impor-
tant to identify the steps downstream of TFIID/Pol II loading
that are controlled by STAGA and core Mediator on the TERT
promoter and the detailed activation mechanisms involved.
The results presented here nonetheless provide the first evi-
dence for a concerted function of STAGA and core Mediator
in MYC-dependent transcription activation in human cells at a
step mostly distinct from histone acetylation and binding of
TFIID and Pol II to the promoter. Importantly, our results also
indicate a partial dependency on MYC (but not STAF65�) for
histone H3 acetylation on the endogenous TERT promoter in
HeLa cells, which is consistent with previous findings in differ-
ent cells/systems (8, 56). These results suggest that MYC-de-
pendent histone H3 acetylation does not require the
STAF65�-dependent SPT-TAF components of STAGA (or
Mediator) but most likely depends on GCN5, p300/CBP,
and/or other recruited HATs (8, 22, 23, 44, 52, 56). Thus, we
propose that the STAGA complex may contribute, perhaps in
a cell context-dependent manner, to the two distinct transac-
tivating functions of MYC (i) at the level of chromatin acety-
lation and (ii) at subsequent steps after Pol II engagement, via
separate TRRAP-GCN5 and SPT-TAF components, respec-
tively.

We have demonstrated that MYC and STAF65� (STAGA)
are required for the recruitment of core Mediator components
(i.e., MED1, MED16, and MED17) but not MED12 or
MED13 to the endogenous TERT promoter in HeLa cells.
This is consistent with our in vitro interaction assays indicating
that, in contrast to core MED subunits, MED12 and MED13

in nuclear extracts and CDK8 in our affinity-purified Flag-Nut2
Mediator complexes interact poorly with MYC TAD. In addi-
tion, the interaction in vitro of MYC TAD with MED1 but not
MED16, in purified Flag-Nut2/Mediator complexes, is en-
hanced by STAGA. This supports the reported heterogeneity
of purified Flag-Nut2 MED10-containing Mediator complexes
(86) and suggests that STAGA may facilitate the interaction of
MYC TAD with selectively MED1-containing core complexes—
e.g., those lacking the CDK8 module (which comprises
MED12, MED13, cyclin C, and CDK8). Consistent with this,
the preferential interaction of MYC TAD with core MED
subunits in nuclear extracts was both activation domain specific
(i.e., not observed with GST-VP16) and at least partially
STAF65� dependent. Note that, in contrast to MED12 and
MED13, CDK8 in nuclear extracts interacts efficiently with
MYC TAD, but this association is independent of STAF65�
(our data not shown) and of cyclin C (20) and thus might not
reflect an interaction with a bona fide Mediator complex.

Our ChIP analyses have further uncovered a differential
association of MED12 and MED13 (relative to core MED
components) on the TERT and GAPDH promoters. Note that
this differential association does not indicate the levels of the
different MED subunits on either promoter. This contrasts
with the reported uniform binding of Mediator components
including subunits of the CDK8 module in genomewide loca-
tion analyses in yeast (1, 87). However, this differential inter-
action of MED subunits is in agreement with two previous
reports describing the recruitment to native human promoters
of CDK8-containing and CDK8-lacking Mediator complexes
by, respectively, repressive and active forms of C/EBP� (54)
and MED1-containing and MED1-deficient Mediator com-
plexes by the estrogen receptor and p53, respectively (86).
Thus, at least in human cells, the association of Mediator
components with promoters appears to vary in a promoter-
specific and regulated manner, consistent with the original
biochemical characterization of different forms of human
Mediator (see references 15, 47, 65, and 71 and references
therein).

We have shown that purified STAGA and Mediator com-
plexes directly interact and bind to MYC TAD both indepen-
dently and, at least for specific components (i.e., MED1,
GCN5, and SPT3), also in an interdependent manner. Thus, it
is possible that MYC might also recruit specific Mediator com-
ponents to promoters in vivo independently of STAGA and
Mediator might help STAGA recruitment to certain human
promoters. The latter possibility would be consistent with the
observed dependency on Mediator for SAGA recruitment to
certain promoters in yeast (63). Moreover, the interdependent
recruitment of SAGA and Mediator to specific yeast promot-
ers (6, 38, 40, 41, 63) strongly suggests analogous physical
interactions of SAGA and Mediator complexes in yeast and
highly conserved mechanisms for SAGA/STAGA-dependent
transcription activation from yeasts to humans.

In addition to STAGA and core Mediator, MYC also re-
cruits p300 to the TERT promoter (22) and this is independent
of STAF65�/STAGA and core Mediator (as shown here). How
MYC coordinates the recruitment of p300, STAGA, and core
Mediator remains to be determined. Beyond cooperative in-
teractions, coactivator exchange mechanisms may be required
as proposed for the concerted interactions of p300 and Medi-
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ator with PGC1-� and Gal4-VP16 (7, 73). In summary, our
results support and extend the notion that at least certain
HATs such as p300 (7) and HAT complexes such as STAGA
(this report) can directly communicate with Mediator via phys-
ical interactions and suggest that eukaryotic SAGA/STAGA-
type complexes may coordinate different steps in transcription
activation: from chromatin modification and facilitated recruit-
ment of TBP/TFIID and Pol II to subsequent steps in tran-
scription that require components of the SAGA/STAGA-spe-
cific SPT-TAF module and interactions with a specific core
Mediator complex.
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