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SUMMARY
The Ski-interacting protein, SKIP/SNW1, associates with the P-TEFb/CDK9 elongation factor and
coactivates inducible genes, including HIV-1. We show here that SKIP also associates with c-Myc
and Menin, a subunit of the MLL1 histone methyltransferase (H3K4me3) complex, and that HIV-1
Tat transactivation requires c-Myc and Menin, but not MLL1 or H3K4me3. RNAi-ChIP experiments
reveal that SKIP acts downstream of Tat:P-TEFb to recruit c-Myc and its partner TRRAP, a scaffold
for histone acetyltransferases, to the HIV-1 promoter. By contrast, SKIP is recruited by the RNF20
H2B ubiquitin ligase to the basal HIV-1 promoter, in a step that is bypassed by Tat and down-
regulated by c-Myc. Interestingly, we find that SKIP and P-TEFb are dispensable for UV stress-
induced HIV-1 transcription, which is strongly up-regulated by treating cells with the CDK9
inhibitor, flavopiridol. Thus SKIP acts with c-Myc and Menin to promote HIV-1 Tat:P-TEFb
transcription at an elongation step that is bypassed under stress.
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INTRODUCTION
Highly-expressed regions of the genome are enriched for specific histone modifications that
are established during transcription by RNA Polymerase II (RNAPII; Li et al., 2007;
Shilatifard, 2008). The chromatin modification state of active genes is linked to the C-terminal
domain (CTD) of the RNAPII Rpb1 subunit, a unique structure of 52 heptapeptide repeats
related to the consensus sequence, Y1S2P3T4S5P6S7 (Egloff and Murphy, 2008).
Phosphorylation of the CTD at the Ser5 position is associated with promoter clearance and
recruitment of Setd1/MLL-type histone methyltransferase (HMT) complexes, which modify
histone H3 at the Lys-4 position (H3K4me3) at promoter-proximal nucleosomes. The Ser5P
RNAPII is induced to pause after initiation by the negative elongation factor complex, NELF,
and the DRB-sensitivity inducing factor, DSIF/Spt4:Spt5, which are counteracted by the
positive-acting transcription elongation factor, P-TEFb (Cyclin T1:CDK9; reviewed by Brès
et al., 2008; Core and Lis, 2008; Price, 2008). P-TEFb/CDK9 phosphorylates the RNAPII CTD
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repeats at the Ser2 position, which triggers the binding of the Setd2 HMT complex, which
mediates H3K36 methylation during elongation.

Mammalian cells contain multiple Setd1-type H3K4me3 complexes, which share a set of
common subunits (Wdr5, Ash2L, RbBP5, and hDPY-30), but also contain unique components.
For example, only Setd1A,B complexes contain Wdr82, whereas MLL3,4 complexes uniquely
contain UTX, and MLL1,2 complexes selectively incorporate the tumor suppressor, Menin
(Cho et al., 2007; Shilatifard, 2008). H3K4me3 has been linked to transcription initiation
(Vermeulen et al., 2007) and assembly of pre-mRNA splicing complexes (Sims et al., 2007).
H3K4me3 by Setd1A,B complexes requires mono-ubiquitination of H2B by the RNF20 E3
ubiquitin ligase (Weake and Workman, 2008), which promotes binding of certain Setd1-
specific subunits to chromatin (Lee et al, 2007) and directly enhances histone methylation by
the Setd1 HMT (Kim et al., 2009). H2Bub also facilitates elongation and nucleosome
reassembly by the FACT complex (Fleming et al., 2008; Pavri et al., 2006), and is required for
transcription at a subset of cellular genes in vivo (Shema et al., 2008).

In mammalian cells, the order in which factors are recruited to specific promoters varies,
depending upon the activator. The HIV-1 Tat protein is a unique activator that directly up-
regulates transcription elongation through its ability to bind CycT1 and recruit P-TEFb to the
TAR RNA element at the viral promoter (reviewed by Brès et al., 2008). The S. cerevisiae
CTD kinase Ctk1, a homologue of P-TEFb, is recruited to yeast genes downstream of the
BRE1/hRNF20 H2B ubiquitin ligase, at a step that requires the subsequent removal of the
ubiquitin moiety from H2B (Wyce et al., 2007). At mammalian genes, P-TEFb recruitment is
often mediated by the bromodomain protein, Brd4 (Jang et al., 2005; Mochizuki et al., 2008;
Yang et al., 2007; Yang et al., 2005). At the HIV-1 promoter, the Tat:P-TEFb complex also
stimulates pre-mRNA 5′-end capping as well as histone acetylation and H3K4me3 (Zhou et
al., 2004), which may reflect the fact that Tat induces P-TEFb to phosphorylate the CTD at
both Ser2 and Ser5 positions in vitro (reviewed by Brès et al., 2008).

Beyond its unique mode of recruitment, relatively little is known about the steps downstream
of P-TEFb at the Tat-induced HIV-1 promoter. We previously reported that P-TEFb associates
with the Ski-interacting protein, SKIP/SNW1 (also termed NCoA62; Prp45 in S. cerevisiae;
BX42 in D. melanogaster), which is required for Tat:P-TEFb transcription elongation in vivo
and in vitro (Brès et al., 2005). SKIP is an important co-activator of induced nuclear receptor,
Notch, and TGFß/SMAD2,3-regulated genes, and functions as a corepressor under basal
conditions (Folk et al., 2004; MacDonald et al., 2004). SKIP is also a required pre-mRNA
splicing factor, and has been reported to associate with the SNIP1 complex, which controls
Cyclin D1 mRNA stability (Bracken et al., 2008). P-TEFb has also been found to interact with
the c-Myc oncoprotein, and is required for c-Myc-dependent transcription and transformation
(Eberhardy and Farnham, 2002; Gargano et al., 2007; Kanazawa et al., 2003). Ectopic
expression of the c-Myc activation domain elevates global Ser2P-RNAPII levels in vivo
(Cowling and Cole, 2007), indicating that c-Myc can also stimulate P-TEFb activity. In
addition, c-Myc up-regulates H3K4me3 in vivo through its ability to bind and inactivate the
JARID1A/PLU-1/LID H3K4me3-specific demethylase (Secombe et al., 2007). The c-Myc
protein can function either as a DNA-binding activator or transcription coactivator/corepressor,
and its genomewide distribution on chromatin correlates with high levels of promoter histone
acetylation and methylation (Guccione et al., 2006; Martinato et al., 2008). As a coactivator,
c-Myc up-regulates histone acetylation through direct binding to the transformation-
transactivation domain-associated protein, TRRAP, which interacts with and recruits several
different histone acetyltransferase complexes to responsive promoters (Murr et al., 2007).
Previous studies identified c-Myc as a transcriptional corepressor for latent integrated HIV-1
proviruses, acting together with histone deacetylases at the core promoter (Jiang et al., 2007).
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In this study, we examine the role of SKIP in HIV-1 Tat transactivation. Interestingly, SKIP
acts downstream of Tat:P-TEFb to recruit both c-Myc and TRRAP to the integrated HIV-1
promoter, and promotes H3K4me3 by the MLL1 HMT complex. We find that both SKIP and
c-Myc interact directly with Menin, a subunit of MLL1,2 complexes, and that Tat
transactivation requires c-Myc, TRRAP, and Menin, but not MLL1 or Ash2L, and is therefore
independent of H3K4me3. Moreover, we find that Tat-induced transcription does not require
the RNF20 H2B ubiquitin ligase. By contrast, transcription from the basal HIV-1 promoter
depends upon RNF20, which functions upstream of SKIP and other factors, and is down-
regulated by c-Myc. We also investigated whether these factors are involved in stress-induced
transcriptional up-regulation of the integrated HIV-1 provirus. Unexpectedly, neither SKIP nor
P-TEFb are required for HIV-1 transcription induction upon UV stress, and indeed HIV-1
mRNA levels increase synergistically upon exposure of UV-treated cells to flavopiridol, a
chemical inhibitor of CDK9. These findings suggest that elongation controls are absent in cells
exposed to these agents, and that the HIV-1 core promoter is regulated by a distinct set of
factors under stress. Together, these data indicate that Tat bypasses the requirement for RNF20
through its ability to recruit P-TEFb and SKIP, which function together with c-Myc, TRRAP,
and Menin in a step that is linked to transcription elongation and bypassed upon cellular stress.

RESULTS
SKIP recruits c-Myc and TRRAP to the Tat-activated HIV-1 promoter

In this study, we used RNAi-ChIP and biochemical protein interaction experiments to assess
the role of SKIP in Tat:P-TEFb transactivation at the integrated HIV-1 promoter in HeLa cells.
Because c-Myc was shown previously to interact with P-TEFb (Eberhardy and Farnham,
2002; Gargano et al., 2007; Kanazawa et al., 2003), we first asked whether SKIP also associates
with c-Myc in nuclear extracts. As shown in Fig. 1A, both CycT1 and c-Myc were detected in
SKIP immunoprecipitates from a HeLa nuclear extract using a polyclonal SKIP antibody (lane
3), and were not detected with control anti-IgG immunosera (lane 2). In addition, HeLa nuclear
SKIP also bound to the recombinant GST-Myc (NT) activation domain (lane 6) in GST
pulldown experiments, and conversely, endogenous c-Myc was recovered through binding to
GST-SKIP-coupled beads (lane 9). By contrast, the Brd4 bromodomain protein, which is also
known to interact with P-TEFb, did not bind to the GST-SKIP beads (lane 9), indicating that
these associations are not mediated via Brd4. Endogenous CycT1 and CDK9 also bound to the
GST-SKIP (lanes 12 and 16) and GST-c-Myc beads (lanes 13 and 18). Although the c-Myc
partner protein, TRRAP, bound avidly to the GST-c-Myc (NT) activation domain (lane 18,
bottom panel), it did not interact efficiently with GST-SKIP (lane 16, bottom panel), indicating
that SKIP does not recognize c-Myc indirectly, through TRRAP. As expected, the P-TEFb
CDK9 subunit bound avidly to GST-CycT1(aa1-303) beads (lane 17), and none of these factors
recognized the control GST protein-coupled beads (lanes 5, 8, 11, 15).

The role of SKIP in HIV-1 Tat transactivation was assessed using a stable HeLa cell line that
carries a single integrated HIV-1:Luciferase reporter gene (Tréand et al., 2006). In these
experiments, HIV-1 Tat (101aa) was introduced to the cells via transient transfection or
chloroquine-mediated protein transduction. Depletion of SKIP by siRNA transfection reduced
HIV-1 luciferase activity by 3.7- and 4.7-fold at 10 ng and 50 ng of Tat, respectively, relative
to cells treated with a control siRNA (Fig. 1B). Chromatin immunoprecipitation (ChIP)
experiments revealed an increase in SKIP levels at the Tat-activated HIV-1 promoter in cells
treated with the si-control, but not si-SKIP, RNAs (Fig. 1C). Interestingly, knockdown of SKIP
had no effect on the recruitment of Tat, CycT1, RNAPII, or Ser2P and Ser5P levels at the
HIV-1 promoter (Fig. 1C). Thus, SKIP functions downstream of Tat:P-TEFb recruitment and
RNAPII phosphorylation.
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We next examined the binding of c-Myc and TRRAP to the HIV-1 promoter by ChIP. Although
c-Myc is a known repressor of HIV-1 transcription (Jiang et al., 2007), we found that its
occupancy increased at the HIV-1 promoter in the presence of Tat (Fig. 2A). While depletion
of SKIP did not affect binding of GST-Tat to the HIV-1 LTR, we noted that recruitment of c-
Myc was strongly reduced. Immunoblot experiments established that global c-Myc protein
levels were unaffected in cells transfected with the SKIP-siRNA (lanes 1-3), indicating that c-
Myc is present, but not recruited to the viral LTR. Similarly, we found that TRRAP occupancy
increased at HIV-1 LTR upon Tat transactivation in normal, but not SKIP knockdown, cells
(Fig. 2A). The Tat-dependent increase in histone H4 acetylation also required SKIP (Fig. 2A).
Importantly, Tat transactivation was strongly reduced in c-Myc- and TRRAP knockdown cells
(Fig. 2B). Quantitative RT-PCR analysis established that the c-Myc and TRRAP siRNAs
selectively depleted their mRNA targets in these cells (Fig. 2B, inset). Moreover, HIV-1 Tat
transactivation was strongly enhanced by ectopic expression of either c-Myc or TRRAP in the
HeLa LTR:Luc cells (Suppl. Fig. 1). Additional analysis by RNAi-ChIP revealed that
knockdown of c-Myc reduces binding of TRRAP, but not SKIP, to the HIV-1 promoter (Fig.
2C). Thus, c-Myc functions downstream of SKIP to recruit TRRAP, and both proteins are
important coactivators for Tat in vivo.

SKIP is also required for H3K4me3 at the Tat-induced HIV-1 promoter
Binding of c-Myc to active genes often correlates with promoter H3K4me3, which is induced
at the Tat-activated HIV-1 promoter (Zhou et al., 2004). Interestingly, both basal and Tat-
induced H3K4me3 levels at the HIV-1 promoter declined significantly in the SKIP knockdown
cells by ChIP (Fig 3A, second panel). The induction of H3K4me3 by Tat was accompanied by
a drop in the level of monomethylated H3K4 (H3K4me1), which was not observed in the SKIP-
depleted cells. In addition, we observed lower levels of promoter-bound ChD1, a chromatin
remodeling protein that recognizes H3K4me3, in cells treated with the SKIP-siRNA as
compared to the control siRNA (si-con; Fig. 3A). Thus SKIP is required for H3K4me3 at the
basal and Tat-induced HIV-1 promoter in these cells.

Immunoblot analysis of total acid-extracted histones revealed that global levels of H3K4me3
are unaffected by depletion of SKIP (Fig. 3B, lanes 4,5), but were strongly reduced upon
depletion of Ash2L, a conserved and critical Setd1/MLL complex subunit (lanes 6,7). Thus,
SKIP promotes gene-specific, but not global, histone H3K4 methylation. In mammalian cells
global H3K4me3 is mediated predominantly by the Setd1 HMTs (Wu et al., 2008), suggesting
that SKIP may function selectively with the gene-specific MLL-type HMTs.

SKIP and c-Myc interact with Menin and the MLL1 complex
To assess whether SKIP associates with human Setd1/MLL complexes, GST pull-down
experiments were carried out in HeLa nuclear extracts using the full-length or truncated GST-
SKIP proteins. Interestingly, the endogenous MLL1 and Menin proteins bound avidly to GST-
SKIP(FL), but did not interact with the SKIP N-terminal domain, GST-SKIP(NT), or with
GST alone (Fig. 3C, lane 3). GST-SKIP pulldown fractions also contained low levels of Ash2L
and RbBP5, but lacked Setd1 (lane 3), MLL3, or UTX, which is found in MLL3,4 complexes,
and only nonspecific binding was observed for MLL4. In a separate experiment, Menin
efficiently bound to GST-SKIP (Fig. 3D, lane 5), GST-c-Myc (lane 7), and GST-Tat101 (lane
9) beads. Endogenous SKIP, MLL1, and c-Myc proteins were also detected in
immunoprecipitates of anti-Menin (Fig. 3D, lanes 13-15), but not control IgG- (lane 11) or
anti-WSTF (lanes 10-15) antisera. In addition, we found that affinity-purified baculovirus-
expressed His-Menin protein bound directly to GST-SKIP(FL) beads (Fig. 3E, lanes 2 and 8),
as well as to GST-SKIP(NS) (lanes 4 and 9) and GST-SKIP(S) (lane 5) SNW domain-
containing proteins in vitro. By contrast, His-Menin did not bind to GST alone (lanes 6, 13),
or to GST-SKIP (NT) (lane 3) or GST-SKIP(CT) (lane 10), indicating that Menin interacts
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directly with the SKIP SNW domain. His-Menin also bound to full-length GST-c-Myc(FL)
(Fig. 3E, lane 11) and to the GST-c-Myc(NT) activation domain (lane 12). We conclude that
SKIP associates selectively with MLL1 complexes, at least in part through direct binding to
Menin.

HIV-1 Tat transactivation requires Menin, but not MLL1 or Ash2L
We next used RNAi-ChIP experiments to assess whether MLL1 is responsible for H3K4me3
at the Tat-activated HIV-1 promoter. As shown in Fig. 4A, both basal and Tat-induced
H3K4me3 levels were strongly reduced in either MLL1-siRNA or SKIP-siRNA treated cells,
as compared with cells transfected with the control siRNA. ChIP experiments confirmed the
loss of MLL1 protein at the HIV-1 promoter and the knockdown of MLL1 was confirmed by
immunoblot (Fig. 4A, lane 3). Significantly, knockdown of MLL1 did not reduce binding of
Menin or c-Myc to the Tat-activated HIV-1 promoter. Further analysis showed that knockdown
of either c-Myc or SKIP was sufficient to reduce Tat-induced H3K4me3 (Fig. 4B), despite the
successful recruitment MLL1, Menin, RbBP5, and Ash2L to the HIV-1 promoter (Fig. 4B and
Suppl. Fig. 2). Indeed, for reasons that are not clear, the binding of these MLL1 complex
proteins to the basal HIV-1 promoter was enhanced in either SKIP or c-Myc knockdown cells
(Fig. 4A, B). Consistent with a role for SKIP and c-Myc in gene-specific methylation through
MLL1 complexes, global Setd1-dependent H3K4me3 was unaffected in HeLa cells depleted
of SKIP or c-Myc (Fig. 4A,B, lanes 1-3).

Importantly, Tat transactivation of the HIV-1 LTR:Luc reporter gene was significantly
impaired in cells depleted of SKIP, c-Myc or Menin (Fig. 4C and Suppl. Fig. 3). By contrast,
knockdown of MLL1 or Ash2L elevated Tat transactivation (Fig. 4C), indicating that these
proteins interfere with Tat activity in vivo. Interestingly, we noted that in these conditions,
global c-Myc protein levels increased in the SKIP or Menin knockdown cells (Fig. 4C, lanes
1-4), although c-Myc occupancy at the HIV-1 promoter declined in SKIP-depleted cells, and
was unaffected in Menin-depleted cells (Fig. 4A). In the absence of Tat, basal transcription
was down-regulated by c-Myc, but required SKIP and Ash2L. Thus Tat transactivation requires
Menin, but not MLL1 or Ash2L, and is therefore is independent of H3K4me3.

SKIP functions downstream of RNF20 at the basal HIV-1 promoter
These data indicate that SKIP binds to Menin and recruits c-Myc:TRRAP to the HIV-1
promoter, stimulating Tat transactivation and H3K4 methylation. We next asked whether SKIP
also affects histone H2B ubiquitylation. ChIP experiments revealed no change in H2Bub levels
upon Tat transactivation. Indeed, H2Bub levels were slightly increased in SKIP-depleted cells.
Nevertheless, basal HIV-1 transcription was significantly impaired by knockdown of either
SKIP or the H2B ubiquitin ligase, RNF20, and RT-PCR experiments confirmed that silencing
of SKIP did not affect expression of RNF20, and visa-versa (Fig. 5B). By contrast, HIV-1
Tat:P-TEFb transactivation was only modestly affected in RNF20 knockdown cells (Fig. 5C),
suggesting that Tat bypasses the need for RNF20 and H2Bub. ChIP analysis of the basal HIV-1
promoter confirmed that H2Bub levels dropped sharply in RNF20 knockdown cells (Fig. 5D).
Interestingly, the silencing of RNF20 reduced the occupancy of RNAPII, P-TEFb, SKIP and
the other factors we examined, indicating that RNF20 acts at a very early step in basal HIV-1
transcription initiation. By contrast, transcription of a P-TEFb-independent housekeeping
gene, PABPC1, was unaffected by knockdown of RNF20 (Fig. 5D). RNAi-ChIP experiments
revealed a modest decline in H2Bub at the PABPC1 gene in RNF20-depleted cells, and lower
levels of RNAPII Ser2P, Ser5P, and SKIP (Fig. 5D), with no loss of RNAPII or other factors.
We conclude that RNF20 regulates an early step at the basal HIV-1 promoter, which is
effectively bypassed by Tat.
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Because RNF20 regulates SKIP occupancy at these genes, without affecting SKIP protein
stability (Fig. 5D), we asked whether it also facilitates binding of SKIP to cellular chromatin.
For these experiments, HeLa whole cell extracts were fractionated into cytoplasmic, soluble
nuclear, and nuclear pellet (chromatin) fractions and probed by immunoblot. In extracts from
cells treated with a control siRNA, the endogenous Wdr82, SKIP, c-Myc and Menin proteins
were highly enriched in the chromatin fraction (Fig 5E, lanes 7, 8), whereas CDK7 and GAPDH
were recovered predominantly in the cytoplasmic fraction (lanes 3, 4) and the P-TEFb CycT1
subunit was widely dispersed, with a minor component in the chromatin (P3) fraction (lanes
5, 6). Interestingly, knockdown of RNF20 reduced the amount of Wdr82, SKIP and c-Myc in
the chromatin fraction, whereas CycT1 and Menin were unaffected. Immunoblot analysis of
GST-SKIP and GST-c-Myc pulldown fractions revealed the presence of H2Bub (Fig. 5E),
indicating that these factors may associate with complexes on H2Bub-modified chromatin (Fig.
5F). Thus SKIP regulates transcription downstream of RNF20 at the basal HIV-1 promoter,
and binds to cellular chromatin in an H2Bub-sensitive manner.

P-TEFb, SKIP and c-Myc are dispensable for UV stress-induced HIV-1 transcription
UV and other forms of genotoxic stress strongly induce HIV-1 transcription in HeLa and Jurkat
cells (Valerie et al., 1988). This increase in proviral transcription correlates with enhanced P-
TEFb activity in UV-treated cells that accompanies the release of active P-TEFb from an
inhibitory complex with 7SKRNA (Zhou and Yik, 2006). Consequently, we asked whether
SKIP, c-Myc and Menin are also needed for HIV-1 LTR:Luc transcription in UV-treated cells.
As shown in Fig. 6A, basal HIV-1 transcription increased 11-fold in UV-treated cells.
Remarkably, RNAi-mediated knockdown of SKIP, CycT1, Menin, MLL1, Ash2L or RNF20
either had no effect on transcription or modestly elevated the activity of the HIV-1 luciferase
reporter gene in vivo (Fig. 6A). Moreover, HIV-1 LTR:Luc reporter gene expression increased
3-4-fold in c-Myc and TRRAP knockdown cells, indicating that the c-Myc:TRRAP complex
is repressive to HIV-1 transcription under UV stress. The selective knockdown of each factor
was confirmed by immunoblot, which also revealed that CycT1, and to a lesser extent, c-Myc
and TRRAP, protein levels increase in UV-treated HeLa cells (Fig. 6A, lanes 1-33). ChIP
analysis of the HIV-1 promoter and luciferase reporter gene coding region revealed that
H3K4me3, H2Bub, and H3S10P levels decline sharply upon induction of transcription by UV,
and that transcription proceeds without an increase in Ser2P or Ser5P (Fig. 6B). By contrast,
RNAPII occupancy increased at the HIV-1 promoter and coding region in UV-treated cells,
concomitant with an increase in histone H4 acetylation. The strong induction of HIV-1
transcription was confirmed by RT-PCR (Fig. 6C). ChIP analysis of the PABPC1 housekeeping
gene in these cells revealed no effect on H3K4me3 levels, although a drop was observed for
H2Bub and H3S10P (Suppl. Fig. 4). We conclude that SKIP co-operates with c-Myc and
TRRAP to promote transcription downstream of Tat:P-TEFb, in a step that is bypassed in UV-
stressed cells.

The P-TEFb inhibitor flavopiridol synergistically increases HIV-1 mRNA levels in UV-induced
cells

These observations predicted that UV-induced HIV-1 transcription should be resistant to the
P-TEFb inhibitor, flavopiridol (FP). Indeed, previous studies have shown that mRNA
elongation at some cellular genes is only transiently blocked in cells treated with FP (Ni et al.,
2008). As shown in Fig. 7A, basal HIV-1 transcription was increased approximately 10-fold
in UV-stressed cells, and even more strongly (75-fold) in FP-treated cells. Most interestingly,
we found that the addition of FP synergistically up-regulated HIV-1 transcription in UV-treated
cells (Fig. 7A). The net 692-fold increase in HIV-1 mRNA levels is comparable to that observed
upon Tat transactivation in unstressed cells (Fig. 7A). As expected, Tat transactivation was
strongly inhibited in FP-treated cells, both in transient transfections as well as in cells
transduced with recombinant GST-Tat protein, and FP reduced global Ser2P in these cells (Fig.
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7B lanes 1,2). Thus FP further increases basal HIV-1 transcription in UV-treated cells, opposite
to its effects on Tat:P-TEFb-regulated transcription. In addition UV- and Tat-induced HIV-1
LTR:Luc reporter gene activity, as measured in luciferase assays, was potently blocked by FP
in these cells (Fig. 7B), and control experiments further established that FP does not interfere
with luciferase activity in vitro (Suppl. Fig. 5). These results indicate that P-TEFb remains
critical for luciferase gene expression in UV-treated cells, perhaps reflecting its requirement
for mRNA capping, export, or translation (Ni et al. 2004, 2008; Hargreaves et al. 2009). ChIP
analyses revealed that total RNAPII levels increase at the HIV-1 promoter and coding region
upon induction by UV and FP, without a corresponding increase in Ser2P or Ser5P (Fig. 7C).
Thus transcription induction in UV and FP-induced cells does not depend upon SKIP, P-TEFb
or RNAPII phosphorylation, indicating that the events that pause transcription and confer a
requirement for P-TEFb may be lost in stressed cells.

DISCUSSION
SKIP is a unique protein that can activate or repress transcription of induced genes, depending
upon the cellular context, and also functions in splicing through mechanisms that are not well
understood. We previously showed that SKIP associates with the active P-TEFb complex and
is required for Tat transactivation in vivo and in vitro (Brès et al., 2005). Here we examine the
role of SKIP in basal and Tat transactivation at the integrated HIV-1 promoter in HeLa cells.
Our findings highlight a role for SKIP in recruiting the c-Myc:TRRAP complex to the viral
promoter, which stimulates H3K4me3 by the MLL1 HMT complex. In vitro, SKIP and c-Myc
interact directly with the MLL1 subunit Menin, and all three factors are required for Tat
transactivation in vivo. However, Tat transactivation does not depend upon MLL1, Ash2L or
H3K4me3. Interestingly, Tat:P-TEFb activity is also independent of histone H2B
ubiquitination through RNF20. By contrast, the basal HIV-1 promoter requires RNF20, which
promotes the loading of SKIP, RNAPII and other factors, and is down-regulated by c-Myc.
Our studies also indicate that a different strategy is responsible for UV stress-induced HIV-1
transcription, which is accompanied by increased histone acetylation and a loss of H2B
ubiquitination and H3K4me3. Surprisingly, P-TEFb and SKIP are no longer required for
elongation in UV-treated cells, and transcription increases synergistically upon addition of the
CDK9 inhibitor, flavopiridol. Thus the mechanisms that confer a requirement for P-TEFb and
SKIP are lost under conditions of stress.

A role for SKIP and c-Myc:TRRAP in Tat transactivation
These data suggest a model in which SKIP is recruited to the Tat:P-TEFb complex upon binding
to TAR RNA at the paused RNAPII complex at the HIV-1 promoter (Fig. 7D). Although P-
TEFb interacts strongly with c-Myc (Eberhardy and Farnham, 2002;Kanazawa et al., 2003), it
is unable to recruit c-Myc to the viral promoter without SKIP. In turn, c-Myc directly recruits
TRRAP, a component of SAGA/GCN5- and NuA4/Tip60-type histone acetyltransferases
(Murr et al., 2007), and we find that both c-Myc and TRRAP are required for Tat transactivation
in HeLa cells. Thus SKIP can regulate Tat transactivation and histone acetylation through
recruitment of the c-Myc:TRRAP complex. Because TRRAP/GCN5 complexes cooperate
with other promoter-bound factors to promote phosphoacetylation of histone H3, which is a
preferred substrate for H3K4 methylation (Meyer et al., 2008), these findings could explain
how SKIP and c-Myc:TRRAP promote H3K4me3 (Fig. 7D).

However the underlying mechanism is likely to be more complicated, because we also find
that SKIP and c-Myc selectively associate with MLL1, and not Setd1, complexes in nuclear
extracts, and promote gene-specific H3K4me3 by MLL1 without affecting Setd1-dependent
global H3K4me3 (Wu et al., 2008). This specificity can be attributed in part to direct binding
of SKIP and c-Myc to the Menin tumor suppressor, which is a dedicated subunit of MLL1,2
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complexes, and helps to recruit MLL1 to cellular genes (Milne et al., 2005). Although we find
that SKIP and c-Myc do not regulate the binding of Menin and the MLL1 HMT subunits to
the HIV-1 promoter, these factors may stimulate MLL1 HMT activity on chromatin. Indeed,
previous studies have shown that Drosophila and mammalian c-Myc proteins can regulate
H3K4me3 levels through inactivation of the H3K4me3-specific histone demethylase, Jarid1A/
LID/PLU-1 (Secombe et al., 2007). This mechanism might also be operative at the HIV-1
promoter, and could help stabilize de novo H3K4 methylation at induced promoters.

The observation that Menin, but not MLL1 or Ash2L, is required for Tat activity in vivo,
indicates that H3K4me3 is dispensable for transcription elongation, and that Menin can
influence transcription independently of the MLL1 complex. Consistent with a possible role
in transcription elongation, Menin localizes to both the promoter and coding regions of target
genes (Milne et al., 2005). Although H3K4me3 is not required for Tat transactivation, it has
also been shown to promote spliceosome complex assembly (Sims et al., 2007), and therefore
may play a role in SKIP-dependent splicing events, and SKIP may transfer to the spliceosome
at this step. Given the critical role for Menin in transformation by translocated MLL fusion
proteins in acute leukemias, and as a tumor suppressor in endocrine tissues (Yang and Hua,
2007), it will also be interesting to assess whether SKIP contributes to Menin or c-Myc-
dependent cancer promotion or suppression pathways.

Mechanistic differences between basal and Tat-activated transcription
SKIP is required for H3K4me3 but not H2Bub, and functions downstream of RNF20 at the
basal, but not Tat-activated, promoter. RNF20 appears to regulate HIV-1 transcription
initiation at an early step, and has been shown to function as a gene-specific coactivator and
corepressor in HeLa cells (Shema et al., 2008). We find that SKIP associates with bulk
chromatin in an RNF20-dependent manner, and therefore it may function with P-TEFb
downstream of H2B ubiquitination at cellular genes. By contrast, SKIP, c-Myc and associated
factors are recruited to the HIV-1 promoter through the Tat:P-TEFb complex, and RNF20 is
no longer required.

Our findings confirm earlier reports that basal HIV-1 transcription is down-regulated by c-Myc
(Jiang et al., 2007), but surprisingly show that c-Myc and TRRAP are required coactivators
for Tat. One reason for this discrepancy may be the ability of c-Myc to ‘squelch’ transcription
when expressed ectopically at high levels, although we find that c-Myc and TRRAP stimulate
Tat transactivation when expressed at low levels (Suppl. Fig. 1). Interestingly, repression of
the HIV-1 promoter in latently-infected T cells was recently shown to be regulated by the
CBF-1 DNA-binding protein and the CIR-1 corepressor (Tyagi and Karn, 2007), both of which
have been shown to interact directly with SKIP to repress Notch target genes. Thus, in addition
to its role in Tat transactivation, SKIP may interact with CBF-1:CIR-1 to repress the latent
HIV-1 provirus in resting T cells. Thus both SKIP and c-Myc may serve dual roles as
corepressors and coactivators of HIV-1 transcription in vivo.

UV stress-induced HIV-1 transcription is independent of P-TEFb and SKIP
Global levels of RNAPII Ser2P are increased in cells exposed to genotoxic and UV stress, in
conjunction with a release of active P-TEFb from an inhibitory complex that forms with
7SKRNA (Zhou and Yik, 2006). The increase in P-TEFb activity correlates with enhanced
transcription from the HIV-1 promoter, yet surprisingly we find that P-TEFb and SKIP are
dispensable for viral transcription in UV-treated cells. Moreover, HIV-1 mRNA levels in UV-
stressed cells increase dramatically in cells treated with the P-TEFb inhibitor, flavopiridol (FP),
indicating that the two agents affect viral transcription by different mechanisms. Interestingly,
UV-induced HIV-1 transcription is accompanied by a drop in H3K4me3, H2Bub, and H3S10P
levels at the HIV-1 promoter, whereas levels of acetylated histone H4 increase. Transcription
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proceeds without an increase in either Ser2P or Ser5P RNAPII in the coding region, although
total RNAPII levels increase both at the promoter and transcribed region. Thus the mechanism
of UV stress-induced HIV-1 transcription differs fundamentally from Tat transactivation,
which is P-TEFb-dependent and inhibited by FP. Consequently, it will be important to learn
which cellular factors drive viral transcription under conditions of DNA damage, and how the
HIV-1 core promoter responds differently to stress induced by UV and FP.

Our findings raise the possibility that the negative controls on HIV-1 transcription elongation
mediated by factors such as NELF and DSIF, which are normally counteracted by P-TEFb,
may be inactivated in UV- or FP-treated cells. Consistent with this possibility, the Spt5 DSIF
subunit, which functions both in transcriptional pausing and elongation, was previously found
to be absent from the HIV-1 promoter in FP-treated cells (Zhou et al., 2004). Similarly, p53-
dependent activation of the p21 gene in cells treated with the CDK inhibitor, DRB, was also
found to be independent of P-TEFb (Gomes et al., 2006). Although HIV-1 transcription is up-
regulated by UV and FP, our data show that expression of the HIV-1 LTR:Luc reporter gene
is nevertheless potently blocked by FP in both resting and UV-treated cells. Consequently other
steps in gene expression that lie downstream of transcription elongation, likely including the
binding of pre-mRNA splicing, polyadenylation and export complexes to the RNAPII Ser2P
CTD, remain dependent upon P-TEFb even under stress. Taken together, these findings
strongly suggest that SKIP functions in concert with P-TEFb to overcome constraints to
transcription elongation that are effectively bypassed in cells exposed to stress.

EXPERIMENTAL PROCEDURES
Plasmids, recombinant proteins and antibodies

pTat101, pRL-TK, pGEX-Tat101, pGEX-HA-Tat86, pGEX-SKIP (FL) and derived truncation
mutants, pGEX-CycT1 (1-303) and pGEX-c-Myc (NT) were described previously (Brès et al.,
2005). pGEX-c-Myc (FL) was generated by subcloning c-Myc (FL) cDNA into XbaI and XhoI
sites of pGEX-KG (Pharmacia). Recombinant His-Menin protein was affinity-purified from
baculovirus-infected Sf9 cell extracts using Ni-NTA superflow column (Qiagen). Sources for
antisera are listed in Supplemental Methods.

Cell culture, Tat protein transduction, UV-induction, and siRNAs
HeLa HIV-1 LTR:Luc cells were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum. Transfection of pTat101 was carried out using
Effectene (Qiagen), and Tat protein transduction was as described (Brès et al., 2005). UV-
induction was carried out with a UV Stratalinker 2400 (Stratagene), and cells were incubated
for a further 18 hr prior to harvesting. Where indicated, flavopiridol was added 1 to 4 hr prior
to induction, and was maintained during the UV treatment. Luciferase and Renilla luciferase
activities were assayed 24 to 48 hr after transfection, according to the manufacturer’s protocol
(Promega). siRNAs were transfected using either RNAi MAX or Lipofectamine2000
(Invitrogen). The procedures used for total acid extraction of HeLa histones and small-scale
chromatin fractionation are listed, along with the siRNA sequences used in this study, in
Supplemental Methods.

Quantitative RT-PCR and Chromatin Immunoprecipitation analyses
Total RNAs were isolated using Trizol, and subjected to DNAseI treatment prior to reverse
transcription using random primers and SuperScript II reverse transcriptase (Invitrogen). For
ChIP experiments, HeLa LTR:Luc cells were cultured with 2 ug/ml of recombinant Tat protein
for 4 hr as described in Supplemental Methods. Both RT and ChIP samples were analyzed by
MX3005P q-PCR machine (Stratagene) using SYBR master mix (Applied Biosystems). PCR
primer sequences are listed in the Supplemental Methods.
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Protein GST pull-down interaction assays, direct binding and co-immunoprecipitation
experiments

GST pull-down experiments were carried out as described previously (Brès et al., 2005), and
direct binding and co-immunoprecipitation procedures are described in the Supplemental
Methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SKIP associates with c-Myc and acts downstream of Tat:P-TEFb at the HIV-1 promoter.
(A) Co-immunoprecipitation of HeLa SKIP with CycT1 and c-Myc, as shown by immunoblot
(lanes 1-3). GST pulldown fractions from HeLa nuclear extract were assessed by immunoblot,
using antisera indicated to the left of each panel (lanes 4-18). (B) Analysis of Tat activity in
HeLa cells treated with SKIP-siRNA or a control (si-con) siRNA. Inset shows immunoblot
analysis of knockdown efficiency. (C) ChIP analysis of the integrated HIV-1 LTR:Luc reporter
gene promoter in the presence (+) or absence (−) of transduced recombinant GST-Tat101
protein. Where indicated, the cells were transfected with si-SKIP or si-con RNAs prior to
analysis by ChIP. All graphs represent mean and standard error obtained from three
independent experiments.
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Figure 2.
SKIP recruits c-Myc:TRRAP to the Tat-activated HIV-1 promoter.
(A) ChIP analysis of the basal and Tat-induced HIV-1 promoter in control or SKIP knockdown
HeLa cells. Inset, immunoblot analysis of knockdown efficiency. (B) HeLa HIV-1 LTR:Luc
(luciferase) activity induced with 5 ng of transfected Tat101 plasmid in si-control, si-c-Myc,
or si-TRRAP transfected cells. Inset, analysis of knockdown efficiency by RT-PCR. (C) RNAi-
ChIP analysis of the indicated proteins at the HIV-1 promoter in control or c-Myc knockdown
cells. Inset, assessment of knockdown efficiency by immunoblot. All graphs represent mean
and standard error obtained from three independent experiments.
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Figure 3.
SKIP is required for gene-specific H3K4me3, and both SKIP and c-Myc interact with nuclear
MLL1:Menin complexes and recombinant Menin in vitro.
(A) RNAi-ChIP analysis of the basal and Tat-activated HIV-1 promoter in control or SKIP
knockdown cells. All graphs represent mean and standard error obtained from three
independent experiments. (B) Immunoblot analysis of global H3K4me3 levels in SKIP or
Ash2L knockdown HeLa cells. Total acid-extracted histones were visualized by Coomassie
staining. (C) Immunoblot analysis of the binding of MLL complex subunits (input, lanes 1, 5)
to GST (lane 2, 6 and 7), GST-SKIP (full-length, FL; lane 3, 8 and 9) or GST-SKIP (N-terminal
fragment, NT; lane 4) beads in pull-down experiments from a HeLa nuclear extract. (D)
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Binding of nuclear MLL1 complex factors (input, lane 1) to GST (lanes 2,3), GST-SKIP (FL;
lanes 4,5), GST-c-Myc (FL; lanes 6,7) or GST-Tat101 (lanes 8,9) beads in the presence (+) or
absence (−) or HeLa nuclear extract (HNE), as visualized by immunoblot. Analysis of the
association of endogenous HeLa SKIP, MLL1, or c-Myc with Menin by co-
immunoprecipitation with anti-Menin antisera, as visualized by immunoblot (lanes 10-15). (E)
Analysis of the binding of wild-type or truncated GST-SKIP and GST-c-Myc proteins to
purified recombinant baculovirus-expressed His-tagged Menin was assessed by immunoblot
(lanes 1-13) with an anti-Menin antibody.
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Figure 4.
SKIP, c-Myc and Menin are required for Tat transactivation, but act independently of MLL1-
mediated H3K4me3.
(A) ChIP analysis of the integrated HIV-1 LTR:Luc promoter in control, SKIP- or MLL1-
knockdown cells, as indicated below each panel. Right panel, immunoblot analysis of total cell
extracts to assess knockdown efficiency (lanes 1-3). Global H3K4me3 levels were assessed
by immunoblot and Coomassie staining from cells transfected with each si-RNA. (B) ChIP
analysis at the HeLa HIV-1 LTR:Luc promoter in cells treated with control, SKIP- or c-Myc-
specific siRNAs, as indicated below each panel. Right panel, immunoblot analysis of
knockdown efficiency (lanes 1-3). (C) Luciferase analysis of the HIV-1 Tat transactivation
efficiency in cells transfected either with 2 ng of an empty or a Tat expression vector and treated
with control or factor-specific siRNAs, as indicated below each panel. Right panel, immunoblot
analysis of total cell extracts to assess the efficiency of knockdown for each factor (lanes 1-8).
All graphs represent mean and standard error from three independent experiments.
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Figure 5.
RNF20 is required for basal HIV-1 transcription and to load transcription factors to the LTR:luc
promoter.
(A) ChIP analysis of H2Bub levels at the HeLa HIV-1 LTR:Luc promoter in si-con and si-
SKIP transfected cells. (B) qRT-PCR analysis of basal HIV-1 LTR:Luc mRNA levels,
normalized to beta-actin mRNA, in si-control, si-SKIP, or si-RNF20 silenced cells (left panel).
The efficiency of SKIP or RNF20 knockdown was assessed by qRT-PCR analysis of the
endogenous genes in the middle and right panels, respectively. (C) Analysis of basal and Tat-
activated transcription from the integrated HIV-1 LTR:Luc reporter gene in HeLa cells
transfected with control, SKIP-, or RNF20-specific siRNAs. (D) ChIP analysis of the integrated
HIV-1 promoter (top panel) and PABPC1 gene (bottom panel) in si-con (black) and si-RNF20
(gray) transfected HeLa cells using the factor-specific antisera listed below the bottom panel.
Top right panel shows the efficiency of the RNF20 knockdown by immunoblot (lanes 1, 2).
Bottom right panel, qRT-PCR analysis of PABPC1 mRNA levels, normalized to beta-actin
mRNA, in control and RNF20 knockdown cells. All graphs represent mean and standard error
obtained from three independent experiments. (E) Immunoblot analysis of the binding of
indicated HeLa proteins to chromatin fractions derived from control or RNF20 knockdown
cells (lanes 1-8). Fractions tested were: WCE, whole cell extract; S2, cytoplasmic fraction; S3,
soluble nuclear fraction; and P3, chromatin-associated protein fraction. Global H2Bub levels
in total acid-extracted histones were assessed by immunoblot and Coomassie staining (lanes
9-12). (F) Immunoblot analysis of H2Bub levels in GST-SKIP (FL), Gst-Tat101, or GST-c-
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Myc (FL) protein pulldown fractions from a HeLa core histone preparation (lanes 1-5), using
an anti-H2Bub antibody.
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Figure 6.
UV-induced basal HIV-1 LTR:Luc transcription does not require SKIP, CycT1 (P-TEFb),
Menin, or RNF20, and is repressed by c-Myc and TRRAP.
(A) Analysis of basal and UV-induced HIV-1 LTR:Luc transcription in cells treated with
control or various factor-specific siRNAs, as indicated. Bottom panels, immunoblot analysis
of knockdown efficiency in this experiment (lanes 1 to 33). (B) ChIP analysis of the HIV-1
LTR:Luc promoter (top panel) or coding region (bottom panel) in control (black) or UV-
induced (gray) cells. (C) qRT-PCR analysis of HIV-1 luciferase mRNA levels in control or
UV-treated cells, normalized to beta-actin mRNA, for this experiment. All graphs represent
mean and standard error obtained from three independent experiments.
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Figure 7.
The CDK9 inhibitor, flavopiridol, strongly increases basal HIV-1 mRNA levels in UV-treated
cells, but inhibits Tat-induced HIV-1 transcription.
(A) qRT-PCR analysis of HIV-1 LTR:Luc (luciferase) mRNA levels, normalized to beta-actin
mRNA, in control cells or cells exposed to UV, Tat101 (20 ng), or flavopiridol (FP – 500 nM).
(B) Analysis of HeLa HIV-1 LTR:Luc (luciferase) activity in the presence of UV, Tat101 (20
ng), or FP (500 nM), as indicated. Inset, immunoblot analysis of the effect of FP on RNAPII
Ser2P levels. (C) ChIP analysis of the HIV-1 LTR:Luc promoter and coding region in control,
UV-induced and FP (300 nM)-treated cells. All graphs represent mean and standard error
obtained from three independent experiments. (D) Model diagram depicting the role of SKIP,
c-Myc and Menin in HIV-1 Tat transactivation and induction of MLL1-mediated H3K4me3
at the integrated HIV-1 promoter. See text for details.
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