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HIV-1 Tat stimulates transcription elongation by recruiting the P-TEFb (positive transcription elongation factor-b)
(CycT1:CDK9) C-terminal domain (CTD) kinase to the HIV-1 promoter. Here we show that Tat transactivation
also requires the Ssu72 CTD Ser5P (S5P)-specific phosphatase, which mediates transcription termination and
intragenic looping at eukaryotic genes. Importantly, HIV-1 Tat interacts directly with Ssu72 and strongly
stimulates its CTD phosphatase activity. We found that Ssu72 is essential for Tat:P-TEFb-mediated phosphory-
lation of the S5P-CTD in vitro. Interestingly, Ssu72 also stimulates nascent HIV-1 transcription in a phosphatase-
dependent manner in vivo. Chromatin immunoprecipitation (ChIP) experiments reveal that Ssu72, like P-TEFb
and AFF4, is recruited by Tat to the integrated HIV-1 proviral promoter in TNF-« signaling 2D10 T cells and leaves
the elongation complex prior to the termination site. ChIP-seq (ChIP combined with deep sequencing) and GRO-
seq (genome-wide nuclear run-on [GRO] combined with deep sequencing) analysis further reveals that Ssu72
predominantly colocalizes with SSP-RNAPII (RNA polymerase II) at promoters in human embryonic stem cells,
with a minor peak in the terminator region. A few genes, like NANOG, also have high Ssu72 at the terminator.

Ssu72 is not required for transcription at most cellular genes but has a modest effect on cotranscriptional
termination. We conclude that Tat alters the cellular function of Ssu72 to stimulate viral gene expression and
facilitate the early S5P-S2P transition at the integrated HIV-1 promoter.
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Functional studies of the HIV-1 transcriptional activator
Tat have revealed new insights into the early steps of
RNA polymerase II (RNAPII) elongation in mammalian
cells. Expression of integrated HIV-1 provirus requires the
host cell CycT1:CDK9/P-TEFb (positive transcription
elongation factor-b) complex (Zhou et al. 2012; Kwak
and Lis 2013). Limiting levels of CycT1 strongly restricts
the expression of viral genes in latently infected resting
memory CD4" T cells and macrophages (Mbonye and
Karn 2012; Ramakrishnan et al. 2012). P-TEFb phosphor-
ylates multiple substrates at the core promoters, includ-
ing Spt5/DSIF, NELF (negative elongation factor), and the
H2BUDb1 ubiquitin ligase UBE2A. P-TEFb is also an
important RNAPII C-terminal domain (CTD) kinase that
phosphorylates the heptad repeats during early elonga-
tion (Eick and Geyer 2013). The interaction of Tat with
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CycT1 directly stimulates P-TEFb kinase activity and
targets the P-TEFb complex to HIV-1 TAR RNA. Addi-
tional interactions with the AFF4 subunit of the super-
elongation complex (SEC) (Luo et al. 2012) enhances
binding to P-TEFb and TAR RNA and can further stimulate
P-TEFb CTD kinase activity (He et al. 2010; Sobhian et al.
2010; Chou et al. 2013; Schulze-Gahmen et al. 2014). In
addition, cellular levels of active P-TEFb are tightly regu-
lated by the stress-sensitive HEXIM1:7SK snRNP complex
(Zhou et al. 2012). Interestingly, the BRD4 bromodomain
protein promotes P-TEFb occupancy and basal transcrip-
tion from the HIV-1 core promoter but competes with Tat
for P-TEFb and inhibits Tat transactivation (Mbonye and
Karn 2012; Ramakrishnan et al. 2012; Zhou et al. 2012).
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Similarly, RNF20 is required for basal, but not Tat-acti-
vated, HIV-1 transcription (Bres et al. 2009), indicating that
Tat bypasses the normal function of a subset of cellular
transcription factors.

A key function of Tat is to counteract negative elonga-
tion factors at the basal promoter (Jadlowsky et al. 2014),
including the RNA-binding NELF complex associated
with RNAPII pausing (Kwak and Lis 2013). In addition
to pausing, nascent HIV-1 transcripts are also subject to
premature termination and processing by the Setx (Sen-
ataxin; Senl in Saccharomyces cerevisiae), Xrn2 5’-to-3’
exonuclease, and Microprocessor (Dgcr8/Dicer) com-
plexes (Contreras et al. 2012; Wagschal et al. 2012). In
yeast, the Senl:Nrdl1:Nab3 complex functions with the
nuclear exosome to terminate snRNAs, cryptic unstable
transcripts, and other noncoding RNAs (Buratowski 2009;
Kuehner et al. 2011). This complex also regulates pre-
mature transcription termination at a subset of protein-
coding genes (Grzechnik et al. 2014), including glucose-
regulated genes, and negatively regulates Ras signaling
(Darby et al. 2012). This attenuation process is RNA
sequence-dependent and can be overcome by increased
RNAPII elongation (Hazelbaker et al. 2013). At the HIV-1
promoter, stable short TAR-containing RNAs produced by
Setx and the Microprocessor complex can accumulate and
further down-regulate viral transcription, thereby reinforc-
ing latency (Wagschal et al. 2012). Thus, the binding of
pausing and premature termination factors to nascent viral
transcripts, combined with highly limiting levels of
P-TEFD, provide a strong barrier to viral gene expression
in resting T cells. Further studies of the Tat transactivation
mechanism are needed to develop this important paradigm
for understanding the regulation of elongation by sequence-
specific RNA-binding proteins.

Paused RNAPII complexes contain high levels of Ser5P
(S5P)-CTD, which decline during the transition from
initiation to elongation and again from elongation to
termination, concomitant with increased S2P-CTD (Eick
and Geyer 2013). Several phosphatases have been impli-
cated to control S5P-CTD levels and coordinate these
transitions at active genes. The Ssu72 CTD phosphatase
selectively removes S5P and S7P without affecting S2P
(Ganem et al. 2003; Krishnamurthy et al. 2004; Xiang
et al. 2012; Zhang et al. 2012). In S. cerevisiae, Ssu72
predominantly occupies the 3’ end of genes, where it
promotes termination in conjunction with either CPF/
CPSF or Senl:Nrd1:Nab3 complexes (Dichtl et al. 2002;
He et al. 2003; Steinmetz and Brow 2003). At gene
terminator regions, the Ssu72 CTD phosphatase activity
can be stimulated by the symplekin (yeast Ptal) termi-
nation factor (Xiang et al. 2010). However, Ssu72 can also
be detected at many core promoters, presumably through
binding to TFIIB (St-Pierre et al. 2005). Both Ssu72 and
TFIB stabilize promoter-terminator gene loops (Singh
and Hampsey 2007; Perkins et al. 2008). Intragenic gene
looping appears to be an invariable downstream conse-
quence of gene activation but is not required for tran-
scription (Hampsey et al. 2011). Gene loops are associated
with transcriptional memory, facilitated reinitiation, and
association with nuclear pores (Tan-Wong et al. 2009;
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Hampsey et al. 2011) and can also confer directionality to
bidirectional promoters (Tan-Wong et al. 2012). Although
Ssu72 predominantly regulates S5P-CTD at the 3’ ends of
genes, it may also act at the 5’ end of some genes and can
stimulate transcription elongation in vitro (Dichtl et al.
2002, Reyes-Reyes and Hampsey 2007). Another S5P-
CTD phosphatase, Rtrl/RPAP2, is implicated to regu-
late the S5P-S2P transition at gene promoters in yeast
(Mosley et al. 2009), although the ability of Rtrl to
remove Y1P (Hsu et al. 2014) is also consistent with a role
in termination. A third candidate, the small CTD phos-
phatase SCP-1, regulates S5P-CTD levels in the promoter
region of neuronal genes (Eick and Geyer 2013). Unlike
SCP1 and many CTD-binding proteins, the catalytic
activity of Ssu72 requires the cis rather than the more
prevalent trans configuration of the P-Ser5-Pro6 bond in
the heptad repeats. Consequently, the Pinl peptidyl-
prolyl isomerase (Hanes 2014), which preferentially isom-
erizes this bond, is rate-limiting for Ssu72 activity in vivo
(Werner-Allen et al. 2011).

Here we show that HIV-1 Tat, like the human symplekin
termination factor, interacts directly with the C terminus of
Ssu72 and strongly stimulates its CTD phosphatase activity
in vitro. In turn, Ssu72 potently synergizes with Tat in a
phosphatase-dependent manner to activate transcription
from an integrated HIV-1:Luc promoter in HeLa cells.
Moreover, we show that Ssu72 is recruited by Tat, together
with P-TEFb and AFF4, to the 5’ end of the integrated HIV-1
proviral promoter in the 2D10 T-cell line, a model for HIV-1
latency (Kim et al. 2011). Knockdown of Ssu72 impairs Tat
transactivation in HeLa and 2D10 T cells and affects S5P-
RNAPII levels at the HIV-1 promoter in vivo. In cell-free
kinase assays, the removal of S5P-CTD by Ssu72 is essential
for Tat:P-TEFb-mediated S2P-CTD. ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with deep sequenc-
ing) and GRO-seq (genome-wide nuclear run-on [GRO]
combined with deep sequencing) analysis of Ssu72 in
human embryonic stem cells reveals that Ssu72 predomi-
nantly localizes with SSP-RNAPII at promoters, with much
lower levels detected in gene terminator regions, although a
subset of active genes, including NANOG, contains high
levels of Ssu72 at both promoter and terminator regions.
Unlike P-TEFDb, Ssu72 is dispensable for transcription at
many cellular genes. Taken together, these findings suggest
that Tat uses Ssu72 as an anti-termination factor and
stimulates the catalytic activity of both Ssu72 and P-TEFb
to coordinate the loss of S5P-CTD with the acquisition of
S2P-CTD during early elongation. Because Ssu72 is not
commonly required for cellular gene transcription, it could
be a useful target to selectively disrupt viral gene expression
in infected cells.

Results

HIV-1 Tat interacts directly with the Ssu72 RNAPII
CTD phosphatase

To identify novel regulators of HIV-1 transcription, we
carried out a proteomics analysis of Tat complexes using
the multidimensional protein identification technology
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Figure 1. HIV-1 Tat interacts directly with the human Ssu72 CTD phosphatase. (A) MudPIT analysis of affinity-purified HA-Tat101-
associated protein complexes from a stable Tet-OFF/Tat-ON HeLa cell line. (B) Immunoblot analysis of anti-HA immunoprecipitates
from HA-Tat HeLa stable cells with the indicated antibodies. (C) Immunoblot analysis of anti-Tat serum immunoprecipitates from
2D10 Jurkat cells before and after TNF-a treatment. (D) Recombinant S-tagged Ssu72 and S-tagged CycT1 (amino acids 1-303) were
incubated with recombinant GST-Tat101. The recovered pull-down products (PD) were detected by immunoblot analysis with anti-
GST antibody (to detect GST and GST-Tat proteins) and HRP-conjugated S-protein (to detect Ssu72 and Cyclin T1). (E) The pull-down
assays were performed as in D for S-tagged Ssu72, with indicated GST-Tat fragments. The amounts of GST and GST-Tat proteins were
monitored by Ponceau staining (PS). The regions of Tat binding to Ssu72 are shown in the schematic diagram at the bottom of the
panel. (F) Recombinant full-length and truncated GST-Ssu72 were incubated with recombinant Flag-Tat101 (GST was cleaved after
purification). The recovered pull-down products were detected by immunoblot with anti-Flag (to detect Flag-Tat101) and anti-GST (to
detect GST and GST-Ssu72) antibodies. Arrowheads indicate GST-Ssu72 fusion proteins. (G) HA-Tat HeLa stable cells were transfected
with Flag-tagged full-length or coiled-coil domain truncated (ACC) Ssu72. The immunoprecipitation experiments were performed as in
B. The region of Ssu72 binding to Tat is shown in the schematic diagram at the bottom of the panel. (H) Recombinant GST-CycT1
(amino acids 1-303) was incubated with recombinant S-tagged Ssu72 in the absence or presence of recombinant Flag-Tat101. The pull-
down products were detected by immunoblot with the indicated antibodies.
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and SirT1, and a CDK9 T-loop phosphatase, PPM1G
(McNamara et al. 2013). Consistent with previous reports
(Sobhian et al. 2010), the Tat fractions also contained
inhibitory 7SK snRNP subunits MECPE and LARP7 and
not HEXIM1. Interestingly, we noted that these fractions
were also enriched for the Ssu72 CTD phosphatase,
which has not been previously reported to affect Tat
transactivation. Binding to native Ssu72 was confirmed
by Western blot of HA-Tat immunoprecipitates isolated
from Tat-expressing HeLa cells (Fig. 1B).

To address whether Ssu72 is also present in native HIV-1
Tat complexes assembled in infected T cells, we analyzed
extracts from 2D10 T (Jurkat) cells, which contain a single
proviral insertion of HIV-1np4.3 and express Tat (amino
acids 1-86) under the control of the proviral long terminal
repeat (LTR) promoter (Kim et al. 2011). Tat expression is
induced rapidly in response to T-cell receptor signaling in
these cells, dependent on activation of ERK kinases and
CDK9 phosphorylation at S175 (Mbonye et al. 2013), and
can also be induced strongly, but with much slower kinetics,
in response to TNF-a signaling. The 2D10 HIV-1yy 4.3 trans-
gene encodes the fluorescent d2EGFP protein in place of the
viral Nef gene, which can be used as a reporter for transcrip-
tion activation. Activation of the latently infected 2D10
cells by TNF-a treatment induced HIV-1 mRNA with
delayed (4-6 h) kinetics, as measured by quantitative RT—
PCR (qRT-PCR) (Supplemental Fig. S1B), and strongly
increased d2EGFP expression within 5-6 h, as measured
by flow cytometry (Supplemental Fig. S1C). The native
HIV-1 Tat protein expressed from the endogenous LTR
promoter was readily detected by immunoblot following
TNF-a treatment (Fig. 1C). Importantly, endogenous Ssu72
coimmunoprecipitated with Tat and P-TEFb in extracts
from TNF-a-treated 2D10 cells (Fig. 1C). In contrast, Tat
did not associate with SCP1, a distinct RNAPII CTD
S5P-specific phosphatase.

To assess whether Ssu72 associates with Tat or P-TEFD,
wild-type and mutant GST-Tat proteins were purified and
analyzed for binding to recombinant S-tagged human
Ssu72 in pull-down experiments. As shown in Figure 1D,
purified S-Ssu72 bound strongly to GST-Tat (amino acids
1-86) but not to GST-Tat (amino acids 1-48), whereas
recombinant S-CycT1 (amino acids 1-333) recognized
both GST-Tat proteins, and no binding to GST was ob-
served. Additional mapping experiments revealed weak
but specific binding of Ssu72 to GST-Tat (amino acids 1-
54) and stronger binding to longer Tat fragments that
include the Arg-rich motif (Fig. 1E). However, removal of
the Tat N-terminal Pro-rich motif (GST-Tat [amino acids
38-72]) also destroyed binding to Ssu72 (Fig. 1E), indicating
that the interaction requires both the N-terminal domain
and CTD of Tat.

Human Ssu72 contains an N-terminal phosphatase
domain and a C-terminal coiled-coil domain, which binds
to symplekin. In vitro pull-down experiments showed
that recombinant Flag-Tat binds full-length GST-Ssu72 as
well as mutants that lack the phosphatase domain but did
not recognize a mutant lacking the C terminus (Fig. 1F).
Further mapping revealed that in-frame deletion of the
Ssu72 coiled-coil domain (Ssu72ACC) destroyed binding
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to Ssu72 in vivo (Fig. 1G). Interestingly, S-CycT1 (amino
acids 1-333) was unable to bind to Ssu72 directly but was
able to do so in the presence of Tat (Fig. 1H, cf. lanes 4 and
6). Sucrose gradient density fractionation of 2D10 cell
extracts before and after TNF-a signaling further revealed
that a fraction of virus-expressed Tat cosediments with
native Ssu72 (Supplemental Fig. S1D). At present, it is
unclear whether Ssu72 can be incorporated into the Tat:
P-TEFb complex or forms a distinct complex with Tat in
infected cells.

Ssu72 stimulates HIV-1 Tat transactivation in a CTD
phosphatase-dependent manner

Although Ssu72 can regulate transcription elongation at
some yeast genes, it is unclear whether it does so in
mammalian cells. Given its association with Tat, we next
tested whether ectopic Ssu72 affects the activity of the
integrated HIV-1:Luc reporter gene in HeLa cells in the
presence or absence of Tat (Fig. 2). These experiments were
carried out with and without the Pinl peptidyl-prolyl
isomerase, which is critical for Ssu72 catalytic activity.
Interestingly, we found that Ssu72 and Pinl synergistically
induce basal HIV-1 core promoter activity in HIV-1:Luc
cells (Fig. 2A). Interestingly, Ssu72 was a relatively weak
activator in the absence of Pinl, suggesting that the
response may depend on Pinl-mediated isomerization of
the CTD. Ssu72 and Pinl also activated an unintegrated
HIV-1:Luc reporter gene in cotransfection experiments in
HeLa cells (Supplemental Fig. S2A). We did not observe
activation of the p21 promoter or TOP-FLASH reporter
genes, indicating that Ssu72 transactivation is promoter-
specific. These data indicate that both Ssu72 and Pinl are
limiting for HIV-1 core promoter activity in vivo.

We next tested whether Ssu72 also stimulates Tat
transactivation of the integrated HIV-1:Luc reporter in
HeLa cells. Importantly, Ssu72 functioned synergistically
with Tat in a dose-dependent manner to activate HIV-1
expression (Fig. 2B). The synergy between Tat and Ssu72
did not require coexpression with Pinl. Presumably, in
this case, the Tat-stimulated Ssu72 relies on the en-
dogenous Pinl PPlase. Consistent with this scenario,
knockdown of Pinl reduced Tat transactivation in vivo
(Supplemental Fig. S2B), although we cannot rule out the
possibility that Tat might have cryptic PPlase activity.
Ssu72 stimulation of Tat was TAR-dependent in vivo
(Supplemental Fig. S2C). Further analysis revealed that
point mutations in the Ssu72 catalytic site (C12S) or
D loop (D143A) effectively eliminated Ssu72 stimulatory
activity (Fig. 2C), indicating that transcriptional activa-
tion requires Ssu72 phosphatase activity. Western blot
analysis confirmed expression of the mutant proteins (Fig.
2C), and coimmunoprecipitation experiments showed that
they retained the ability to bind Tat (Fig. 2D). Moreover,
a mutant Ssu72 protein lacking the C-terminal coiled-coil
domain (ACC), which destroys binding to Tat, was unable
to stimulate Tat transactivation in vivo (Fig. 2E). To
confirm that the effect of Ssu72 is transcriptional, we
carried out nuclear run-on experiments in the presence of
biotin-UTP and recovered newly formed transcripts on
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Figure 2. Ssu72 synergizes with Tat to activate HIV-1 transcription. (A) Luciferase activities were measured in extracts of HIV-1:Luc
HeLa cells transfected with the indicated constructs. The protein expression was monitored by immunoblot analysis. (B) Luciferase
activities were measured in extracts transfected with the indicated amounts of Ssu72 expression constructs in the presence or absence
of Tat. The protein lysates were analyzed by immunoblot with the indicated antibodies. (C) Luciferase assays were performed as in B to
compare the activity of wild type or catalytically inactive mutants (C12S and D143A) of Ssu72. (D) Immunoblot analysis of anti-HA
immunoprecipitates from HA-Tat HeLa stable cells transfected with Flag-tagged Ssu72 (wild type, C12S, and D143A). (E) Luciferase
assays were performed as in B to analyze the activity of full-length Ssu72 and the Ssu72ACC mutant. (F) Wild-type Ssu72 or Ssu72 C12S
expression constructs were transfected in the HIV-1:Luc HeLa cells in the absence or presence of Tat. Nuclear run-on analysis was
performed as described in the Materials and Methods. Error bars represent the standard deviation obtained from three independent

experiments.

strepavidin beads. As shown in Figure 2F, Ssu72 strongly
stimulated nascent mRNA synthesis in the presence of
Tat, whereas the catalytically inactive C12S mutant had
no effect. The effect of Tat in the nuclear run-on assay was
dose-dependent and had no effect on the endogenous p21
gene used as a control (Supplemental Fig. S2D). We con-
clude that Ssu72 binds to Tat and activates viral transcrip-
tion in a phosphatase-dependent manner.

Tat stimulates Ssu72 RNAPII CTD phosphatase
activity in vitro

Previous studies have shown that the binding of symple-
kin to the C terminus of Ssu72 strongly stimulates its
CTD phosphatase activity (Xiang et al. 2010). Because Tat
also interacts with this region, we addressed whether it

might also affect Ssu72 catalytic activity. For these
studies, in vitro phosphorylation experiments were car-
ried out using a TFIIH:CDK7-phosphorylated GST-CTD
(human) substrate containing 52 heptad repeats (Fig. 3A).
Extensive S5P was confirmed by immunoblot with the
H14 antibody, and we also detected high levels of S7P
using the 4E12 antibody. Incubation of the hyperphos-
phorylated S5P-, S7P-CTD with purified wild-type Ssu72
resulted in a dose-dependent loss of S5P and S7P in vitro
(Fig. 3A, lane 5). Consequently, the number of unphos-
phorylated CTD repeats increased in these reactions, as
detected with the 8WG16 antibody, and the overall
migration of the CTD increased. As expected, CTD phos-
phorylation was unaffected by the Ssu72 C12S mutant
(Fig. 3A, lane 6). Interestingly, the loss of S5P and S7P was
accelerated in reactions containing Tat (Fig. 3A, cf. lanes

GENES & DEVELOPMENT 2265



Chen et al.

o

B
TFIH(0.2pg) -+ +++ ++ + ++ +
Ssu72WT (ug) 001 25001250 TFIIH (0.2 pg)
Ssu72C12S(ug) 000 00500005 Ssu72 WT (2 pg)
GST@BHg) —+ + ++ +—— — — GST (3 pg)
Tat86 3 pg) — - — — = —+ + + + + Tat86 (3 pg)
3 12
Fg-Tat 3 g9
1234567891011 &
g o0
< 30
D E
Ssu72 S-Tag Pulldown
D DD DD D TFIIH (0.2 ug)
S® p“&}%%g?&" Ssu72 WT (2 yg)
A OO OLLEE Tat86 (3 pg)
R A

GST-Tat

ssu72
-

CTD (8WG16)

Commassie

Fg-Tat
1 2 3456 738

Prwn o

i

—_
12345678910
0

o

~+—Tat (t,,=63.8 min)
I \A\+\Tat(tw=37.2 min)
— 0

C
-+ttt o+ o+ o+
— 010 3060 9010 30 60 90 min TFIH (02pg) - + + + + + + + +
- -+ + + 4+ - - - - Ssu72WT (2ug) - — + + + + + + —
——— = = =+ + + + Tat86 (ug) - - - 01051 2 5 5

Ser5P (H14)

ey Fg-Tat

1234567289
20

920

60
30

% Ser5P level

10 30 60 90min Tat 0 01 051 2 5 g

I ————

12 3 4 5 6 7

Figure 3. Tat stimulates Ssu72 CTD phosphatase activity in vitro. (A) TFIIH-phosphorylated GST-CTD was incubated with the
indicated amounts of recombinant human GST-Ssu72 or catalytically inactive GST-Ssu72 (C12S) in the presence of GST or GST-Tat86.
The phosphatase assay products were detected with the indicated antibodies by immunoblot analysis. (B) Kinetics of Tat-stimulated
Ssu72 phosphatase activity were monitored for the indicated times. The intensity of the S5P bands was quantitated and plotted. The
half-time for reduction of S5P levels in the absence or presence of GST-Tat86 was calculated as described in the Supplemental Material.
(C) The phosphatase assays were performed as in A except that the indicated amounts of GST-Tat86 were included. (D) In vitro purified
recombinant S-tagged Ssu72 was incubated with GST, wild-type GST-Tat86, or mutant GST-Tat86 proteins as indicated. The recovered
pull-down products were subjected to immunoblot analysis with anti-GST (to detect GST or GST-Tat86) or anti-Ssu72 antibodies. The
amounts of GST and GST-Tat86 proteins were monitored by Commassie staining. (E) The phosphatase assays were performed as in
A for GST-Ssu72 except that the wild-type or mutant GST-Tat86 proteins were used, as indicated.

4,5 and lanes 9,10). A detailed kinetic analysis (Fig. 3B)
confirmed that Tat stimulates Ssu72-mediated removal
of S5P and S7P, most notably at the 60-min and 90-min
time points, and results in a more extensively dephos-
phorylated CTD, as indicated by immunoblot with the
8WG16 antibody. Moreover, the stimulation of Ssu72
activity by Tat was dose-dependent (Fig. 3C), and the
highest level of Tat used in this study had no effect on
S5P-CTD levels in the absence of Ssu72. To assess whether
Tat stimulation of Ssu72 requires the Arg-rich motif, we
identified several point mutations, including R49A and
R53A, that reduce binding of Tat to Ssu72 in vitro (Fig. 3D).
Further analysis revealed that these mutants were unable
to stimulate Ssu72 CTD phosphatase activity in vitro (Fig.
3E). We conclude that Tat binds to the C terminus of Ssu72
and strongly stimulates its CTD phosphatase activity.

Ssu72 is required for Tat:P-TEFb to access the S5P-CTD
in vitro

Paused RNAPII complexes, which form at the HIV-1
promoter prior to Tat:P-TEFD transactivation, are highly
phosphorylated at the S5 position due to the action of the
TFIH:CDK?7. Thus, the substrate for Tat:P-TEFb com-
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plexes at the proviral promoter is not the unphosphory-
lated CTD but an extensively SSP-RNAPIIL. However, it
was recently reported that CTD peptides containing S5P
can potently inhibit phosphorylation by P-TEFb in vitro
(Czudnochowski et al. 2012), indicating that a S5P-spe-
cific CTD phosphatase may be required for P-TEFb
to access the CTD. Consequently, we next addressed
whether Ssu72 can act coordinately with Tat:P-TEFb in
cell-free kinase assays using purified recombinant enzyme
complexes (Fig. 4). As expected, Tat strongly stimulated
P-TEFb-mediated phosphorylation of the unphosphory-
lated GST-CTD substrate, as assessed using the 3E10
(S2P-specific) and H14 (S5P-specific) antibodies (Fig.
4A). In contrast, Tat did not significantly enhance dual
S2-, S5-CTD phosphorylation in these reactions, as de-
tected with the H5 antibody (Eick and Geyer 2013).
Previous studies have shown that Tat stimulates P-TEFb
catalytic activity without changing the CTD substrate
specificity (Czudnochowski et al. 2012). Consistent with
those conclusions, increased levels of P-TEFDb resulted in
extensive CTD phosphorylation even in the absence of
Tat (data not shown).

We next addressed whether the CTD phosphatase
activity of Ssu72 is necessary for P-TEFD to phosphorylate
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the S5P-GST-CTD substrate in vitro (Fig. 4B). In these
experiments, P-TEFb and Tat were incubated alone or in
the presence of Ssu72 with a GST-CTD substrate that had
been previously phosphorylated by TFIIH:CDK7. The
TFIIH:CDK?7-phosphorylated CTD was extensively phos-
phorylated at S5 and S7 but not S2 (Fig. 4B, cf. lanes 1 and
2). However, P-TEFb was unable to phosphorylate this
CTD substrate at the S2 position (Fig. 4B, lane 3), in-
dicating that it cannot function on this substrate. Addi-
tion of Ssu72 to these reactions substantially reduced S5P
and S7P levels (Fig. 4B, lane 4) and, when further in-
cubated with P-TEFD, allowed robust S2P to occur (Fig.
4B, lane 5). Because Ssu72 removes S5P and S7P without
affecting S2P, the CTD in these reactions is predomi-
nantly phosphorylated at the S2 position. Most im-
portantly, addition of Tat to these reactions further
stimulated the removal of residual S5P by Ssu72 (H14
antibody, long exposure in Fig. 4B, cf. lanes 4 and 8) and
also increased P-TEFb-induced S2P levels (Fig. 4B, cf. lanes
4,5 with 8,9). These data indicate that Ssu72 can cooperate
with Tat:P-TEFb to create a CTD that is highly enriched in
S2P. Although the S5P-S2P switch is extensive in these
reactions, the effects on total CTD phosphorylation are
likely to be more nuanced in vivo, where Tat may reset the
overall S2P, S5P, and S7P pattern as required to attract
CTD-binding proteins to the RNAPII elongation complex.

Ssu72 affects transcription and S5P-RNAPII levels
at the HIV-1 promoter in vivo

We also examined the effect of depleting native Ssu72 on
Tat transactivation and RNAPII phosphorylation in vivo
using the HeLa HIV-1:Luc reporter cell line. Knockdown
of endogenous Ssu72 with two different siRNAs reduced
Tat transactivation in these cells to an extent comparable
with that observed by depletion of the superelongation
subunit AFF1 (Fig. 5A). In contrast, Tat transactivation

was unaffected by knockdown of two unrelated CTD
phosphatases, RPAP2 or SCP1 (Fig. 5B), indicating that
these factors do not function at the HIV-1 promoter.

In S. cerevisiae, Ssu72 localizes predominantly at the 3’
end of genes, where it removes residual S5P-CTD in
connection with increased S2P and loading of the CPF/
CPSF termination complex and contacts factors such as
TFIIB at the promoter to initiate gene looping (Hampsey
et al. 2011). To investigate whether Ssu72 affects RNAPII
phosphorylation at the HIV-1 promoter, we analyzed
S5P-RNAPII levels by ChIP in HeLa HIV-1:Luc cells.
Interestingly, knockdown of Ssu72 increased S5P-RNAPII
at the HIV-1 promoter and decreased S2P at the 3’ end of
the proviral coding region (Fig. 5C). In contrast, reduced
levels of Ssu72 had no effect on the occupancy of Tat,
P-TEFDb, or total RNAPIL. Moreover, Ssu72 knockdown
had no effect on global SSP-RNAPII levels, indicating
that it is not a global CTD S5P-specific phosphatase in
these cells. These studies suggest that Ssu72 controls the
RNAPII S5P-S2P transition at the integrated proviral
promoter.

Tat recruits Ssu72 together with P-TEFb to the
integrated HIV-1 proviral promoter in 2D10 T cells

To explore the role of Ssu72 within the context of
activation of latent viral transcription in T cells, we used
the 2D10 system (Kim et al. 2011), which provides a useful
model to study the induction of HIV-1 transcription in
response to TNF-a or TCR signaling. In this system, Tat
is expressed from the endogenous HIV-1 LTR, with
different kinetics depending on the signaling pathway
used. Tat expression was detected 6 h after exposure to
TNF-a (Fig. 6A; Supplemental Fig. S3A) and was accom-
panied by strong induction of the d2EGFP reporter gene
(Supplemental Fig. S1C). In contrast, TNF-a treatment
caused a rapid loss of IkB and nuclear translocation of
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Figure 5. Ssu72 promotes Tat transactivation and regulates S5P-CTD levels at the HIV-1 promoter in vivo. (A) Luciferase activities
were measured in extracts of HIV-1:Luc HeLa cells transfected with different siRNAs against Ssu72, Cyclin T1, or AFF1 in the presence
or absence of Tat101. The efficiency of siRNA-mediated knockdown was monitored by immunoblot. (B) HIV-1:Luc HeLa cells were
transfected with siRNAs specific for Ssu72, RPAP2, or SCP1 in the presence or absence of Tat, as indicated. Luciferase assays were
performed as in A. (C) HIV-1:Luc HeLa cells were first transfected with control or Ssu72 siRNAs for 24 h and then were transfected with
5 ng of EGFP or EGFP-Tatl101 for another 24 h. The cell extracts were subjected to ChIP analysis with the indicated antibodies. Error
bars represent the standard deviation obtained from three independent experiments. Protein lysates were monitored by immunoblot

with the indicated antibodies.

NFkB within 30 min (Supplemental Fig. S3B) and induced
downstream target genes such as IkBa and A20 (data not
shown). Immunoblot analysis confirmed Ssu72 expres-
sion in 2D10 cells, and knockdown of Ssu72 with either
of two different siRNAs significantly decreased Tat ex-
pression from the integrated provirus in these cells (Fig.
6B). Analysis of proviral mRNA levels by qRT-PCR
(Supplemental Fig. S3C) and expression of the d2EGFP
reporter gene (Supplemental Fig. S3D) revealed that Ssu72
is required for optimal HIV-1 transcription in these cells.

Changes at the integrated provirus in response to TNF-
a signaling were examined by ChIP analysis in these cells
(Fig. 6C). Previous studies have shown that the HIV-1
proviral promoter is generally devoid of active chromatin
modifications in the absence of signaling, and basal tran-
scription is very low (Mbonye and Karn 2012). As shown
in Figure 6C, NF«B and TBP were rapidly recruited to the
HIV-1 promoter in response to TNF-a signaling (0.5 h, red
line). Interestingly, the NELF complex subunits (NELF-A
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and NELF-E) were also recruited at this time, which
suggests that NFkB initially recruits NELF and induces
RNAPII pausing at the HIV-1 LTR, which may contribute
to the delay of viral transcription compared with that of
TNF-a-induced cellular genes. In support of this scenario,
the levels of SSP-RNAPII and S7P-RNAPII at the HIV-1
promoter, which were low prior to TNF-a stimulation,
also increased strongly at the 5’ end of the transgene at
the early time points (0.5 h and 2 h). These findings show
that TNF-a signaling leads to the assembly of a paused
RNAPII complex at the proviral promoter, which is only
overcome at later time points (6 h) when Tat is expressed.

Consistent with the time course of Tat expression by
immunoblot, our ChIP experiments revealed that Tat was
not present at the HIV-1 promoter at 2 h but could be
readily detected after 6 h of treatment with TNF-« (Fig.
6C, purple line). Importantly, Tat occupancy correlated
with the loss of the NELF-A and NELF-E subunits.
Moreover, the DSIF complex subunits Spt4 and Spt5,
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Figure 6. Tat recruits Ssu72 to the integrated HIV-1 proviral promoter in 2D10 T cells. (A) Immunoblot analysis of Tat and cellular protein
expression in TNF-a treated 2D10 cells for the indicated times. (B) Immunoblot analysis of protein expression of 2D10 cells transfected with
Ssu72 or Cyclin T1 siRNAs with the indicated antibodies. (C) ChIP analysis of the recruitment of virus-encoded Tat and host cell factors to
the integrated provirus in TNF-a-induced 2D10 cells. Schematic representation of the genomic organization of the lentiviral vector and the
relative locations of the primers used for ChIP are shown at the top of the panel. (D) Model depicting three different steps regulated by Tat to
facilitate the transition from promoter clearance to early elongation at the HIV-1 promoter. See the Discussion for details.

which were recruited together with NELF to the HIV-1 5’ at the 6-h time point. Interestingly, Tat occupancy peaked
LTR but not the coding region at early time points (0.5 h downstream from the viral promoter and declined prior to
and 2 h), moved into the coding region upon Tat binding reaching the 3’ end of the provirus, indicating that Tat
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does not travel with DSIF and the RNAPII elongation
complex to the transcription termination site (TTS).
Occupancy of CycTl and CDK9 (P-TEFDb) increased
dramatically at the 6-h time point and followed a profile
identical to that seen with Tat. Moreover, the SEC sub-
unit AFF4 also showed the same pattern. Levels of S5P-
RNAPII and S7P-RNAPII at the promoter also increased
at the early 6-h time point, indicating that, in addition to
increasing S2 phosphorylation, Tat may also increase
P-TEFb phosphorylation at some S5 and S7 residues, as
required to recruit specific CTD-binding proteins to the
elongation complex.

Of note, Ssu72 levels were low at the promoter at the
early time points (0.5 h and 2 h) but increased dramati-
cally in the presence of Tat and spread into the proviral
coding region (Fig. 6C). Ssu72 occupancy mirrored that of
the Tat:P-TEFb complex, which peaked in the middle of
the coding region and declined before reaching the 3’ end
of the provirus. In contrast, the Spt6 elongation factor,
which is critical for Tat transactivation, was only de-
tected with Tat at the 6-h time point but traveled with
RNAPII to the 3’ end of the provirus, similar to the
pattern observed for Spt4 and Spt5. Interestingly, Iwsl,
a partner of Spt6 in S2P-RNAPII complexes (Yoh et al.
2007), was also only detected at 6 h but peaked strongly in
the middle and at the 3’ end of the transgene, consistent
with the high levels of S2P-RNAPII at this location. Last,
the Pcfl1 termination factor, which binds S2P-CTD, was
detected only at 6 h and predominantly at the 3’ end of
the provirus. Knockdown of Tat in these cells greatly
reduced CycT1/P-TEFb levels at the HIV-1 LTR and
reduced RNAPII phosphorylation without affecting
binding of NF«kB or TBP, confirming the essential role
for Tat in the recruitment and activation of P-TEFb (Sup-
plemental Fig. S3E). Moreover, analysis of the control
transactivation-deficient 2B2D cell line, in which the in-
tegrated provirus encodes the inactive C22G-Tat mutant,
revealed that TNF-a induces binding of NFkB and S5P-
RNAPII to the proviral promoter but only marginal expres-
sion of the Tat C22G protein, and S2P-RNAPII levels did
not increase in the coding region (Supplemental Fig. S3F).

Taken together, these data show that Tat transactiva-
tion is accompanied by the release of the NELF pausing
complex and assembly of productive RNAPII elongation
complexes that carry the Spt4:Spt5 and Spt6:Iwsl com-
plexes to the 3’ end of the gene. The Tat:P-TEFb and
AFF4/SEC complexes colocalize with RNAPII through
a portion of the coding region but are displaced prior to
the peak of S2P-CTD at the 3’ end of the coding region.
Ssu72 levels are also strongly increased in the presence of
Tat and then decline, together with Tat:P-TEFb and
AFF4/SEC, in the middle of the coding region. Tat
modestly increased SS5P-RNAPII and S7P-RNAPII, con-
sistent with the recruitment and activation of P-TEFD,
which is balanced by the increased levels of Ssu72 and
correlates with increased elongation and S2P-RNAPII
throughout the coding and termination region. A model
depicting the effects of Tat on P-TEFb, Ssu72, and mRNA
capping during the early stages of elongation is shown in
Figure 6D (see the Discussion for details).
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Human Ssu72 colocalizes with S5P-RNAPII
but is dispensable for transcription at many
human embryonic stem cell (hRESC) genes

In budding yeast, Ssu72 is part of the CPF/CPSF termi-
nation complexes and shows highest occupancy at the 3’
end of genes (Hampsey et al. 2011), with a minor peak at
active promoters, which correlates with gene looping.
Due to potential redundancy with other RNAPII CTD
S5P-specific phosphatases (including, especially, RPAP2),
it is unclear whether Ssu72 is a necessary elongation factor
for mammalian genes. Our initial experiments indicated
that this may not be the case because Ssu72 was dispens-
able for mRNA accumulation at the c-Fos and the Wnt-
induced AXIN2 genes. Thus, Ssu72 may not be generally
required for P-TEFb-regulated transcription.

To better define Ssu72 occupancy at cellular genes,
ChIP-seq analysis was carried out in hESCs under self-
renewal growth conditions (Fig. 7). A total of 16,326
Ssu72 peaks were mapped genome-wide in these cells.
In contrast to the pattern observed in yeast but similar to
the pattern observed at the HIV-1 promoter, human Ssu72
was preferentially recruited to host cell promoters and 5’
untranslated regions (UTRs) (Fig. 7A; Supplemental Fig.
S4A). This is consistent with previous reports that human
Ssu72, unlike the yeast Ssu72, is not an integral compo-
nent of transcription termination complexes (Xiang et al.
2010). As shown in Figure 7A, significant levels of Ssu72
were also associated with noncoding RNA genes. Ssu72
occupancy peaked most strongly at gene transcription
start sites (TSSs), declined sharply throughout the coding
region, and peaked again, but more modestly, in the re-
gion beyond the 3’ TTS (Fig. 7B). In general, Ssu72 aligned
with promoter-proximal S5P-RNAPII genome-wide, al-
though some variation in the pattern of Ssu72 binding was
observed at individual genes. For example, the POU5F1
gene showed the typical Ssu72 distribution at the pro-
moter, whereas the NANOG gene contained similar
levels of Ssu72 and S5P-RNAPII at the promoter and
terminator regions (Fig. 7C). Overall, 5950 genes were
found to contain Ssu72 near the TSS, whereas 702 genes
contained Ssu72 both at the TSS and downstream from
the TTS (Supplemental Fig. S4B; Supplemental Table S1).

The potential influence of Ssu72 on hESC gene transcrip-
tion was evaluated by siRNA knockdown and GRO-seq
analysis (Fig. 7D,E). Depletion of Ssu72 did not affect nascent
transcription at most genes, indicating that it is not a general
elongation factor in hESCs. Consistent with a possible role
in cotranscriptional termination, a modest readthrough of
transcription was observed at the 3’ TTSs of many genes,
which was also apparent globally (Fig. 7E; Supplemental Fig.
S4C). Taken together, these findings indicate that Ssu72
colocalizes with S5P-RNAPII in hESCs but, unlike P-TEFb,
is not generally required for transcription.

Discussion

The Tat transactivation mechanism

Transcription elongation is invariably coupled with phos-
phorylation changes in the RNAPII CTD that reflect the
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interplay of specific CTD kinases and phosphatases. We
show here that the HIV-1 Tat transactivator binds to Ssu72
and strongly stimulates its CTD phosphatase activity in
vitro. Ssu72 also acts synergistically with Tat to stimulate
HIV-1 transcription in a manner that requires the Ssu72
CTD phosphatase activity and the C-terminal motif that
binds Tat. These results are supported by the finding that
knockdown of Ssu72 in HIV-1:Luc HeLa cells or in latently
infected 2D10 cells reduces Tat expression and increases
S5P-RNAPII levels at the integrated proviral promoter. In
cell-free kinase assays, Tat stimulates the catalytic activity
of both Ssu72 and P-TEFb on CTD substrates. Removal of
S5P-CTD by Ssu72 was essential to enable Tat:P-TEFb to
phosphorylate this substrate, consistent with the observa-
tion that S5P blocks P-TEFb phosphorylation of CTD
peptides in vitro (Czudnochowski et al. 2012). Thus, Tat
activates Ssu72 to overcome transcriptional attenuation
and pausing of the SSP-RNAPII complex at the integrated
proviral promoter. Through stimulation of Ssu72 activity,
Tat might also simultaneously reinforce Ssu72-dependent
intragenic looping of the provirus (Perkins et al. 2008). Tat-
dependent recruitment and activation of the P-TEFb

kinase can then promote elongation and accelerate the
early S5P-S2P transition and loading of CTD-binding
factors necessary for cotranscriptional splicing and viral
gene expression.

These conclusions are supported by ChIP analysis of
the proviral genome in 2D10 cells, which shows that the
virus-encoded Tat protein recruits Ssu72, P-TEFDb, and
AFF4/SEC to the HIV-1 promoter concomitant with the
release of NELF and movement of RNAPII elongation
complexes containing Spt4, Spt5, and Spt6 into the pro-
viral coding region. Interestingly, Tat, Ssu72, P-TEFb, and
AFF4/SEC did not travel with RNAPII to the 3’ end of the
provirus, consistent with previous studies showing that
P-TEFb does not colocalize with the peak of S2P-RNAPII
at the 3’ end of cellular genes (Bartkowiak et al. 2010). In
yeast, Ssu72 is commonly associated with the S2P-S5P
transition at gene terminator regions, whereas Rtrl (hu-
man RPAP2) controls promoter-proximal S5P levels for
many active genes. However, Ssu72 is also required for
transcription at a subset of yeast genes (Dichtl et al. 2002,
Reyes-Reyes and Hampsey 2007). Our nuclear run-on ex-
periments establish a transcriptional role for catalytically
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active Ssu72 in Tat transactivation, indicating that it can
also function as a gene-specific coactivator in mammalian
cells.

These new findings, combined with earlier studies,
indicate that Tat controls multiple steps at the HIV-1
core promoter immediately following promoter clearance
(Fig. 6D). First, Tat binds to the Mcel capping enzyme on
the S5P-RNAPII and stimulates guanylation of nascent
HIV-1 transcripts (Chiu et al. 2001, 2002). Biochemical
reconstitution of this reaction indicates that Tat binds
viral mRNAs cotranscriptionally and can stimulate cap-
ping in early elongation complexes prior to the synthesis
of the TAR RNA stem-loop structure. Following success-
ful mRNA capping, our findings here indicate that Tat
recruits and stimulates Ssu72 to remove the TFIIH:CDK?7-
mediated S5P-CTD. This will release factors bound to the
S5P-CTD, including the capping enzymes, and potentially
also the Setx premature termination complex. Thus, stim-
ulation of Ssu72 phosphatase activity by Tat may allow it
to counteract premature termination and processing of
nascent transcripts by the human Setx complex (Contreras
et al. 2012; Wagschal et al. 2012), in essence functioning as
a gene-specific anti-termination factor. Tat then stimu-
lates P-TEFb to phosphorylate the CTD at the S2 position
to effect the early S5P-S2P transition and stimulates Spt5
and other factors at the promoter to promote elongation.

Because P-TEFD also phosphorylates the CTD at the S5
and S7 positions, Tat may balance the activities of Ssu72
and P-TEFb to create the CTD phosphorylation pattern
needed to attract specific CTD-binding proteins to the
elongation complex. As expected, we found that Tat:P-
TEFb promotes the release of NELF and enables Spt5/
DSIF to travel with the elongation complex. High-affinity
binding of Tat:P-TEFb to TAR RNA may further enhance
CTD phosphorylation and elongation complex assembly.
Although the model outlined in Figure 6D suggests that
Tat acts in successive steps to promote elongation, these
reactions may be carried out in concert in vivo to ensure
that short attenuated transcripts are not capped and
cannot compete with full-length transcripts for export
and translation. Our mapping experiments indicate that
Ssu72 does not interfere with binding of Tat to P-TEFb,
and it will be important to learn whether Ssu72 can
function within the Tat:P-TEFb:TAR RNA complex.
Alternatively, multiple Tat proteins may function at the
proviral promoter in distinct complexes that contain
P-TEFDb, Ssu72, or the capping enzymes.

The observation that Tat is induced with very different
kinetics in T cells in response to TNF-a (4-6 h) or TCRa
(0.5 h) signaling in 2D10 cells strongly suggests that
multiple mechanisms exist to overcome pausing and pre-
mature termination. In yeast, attenuation at the IMD2
gene, which is most pronounced under limiting nucleo-
tide levels, is relieved through switching to an alternative
downstream TSS that bypasses the terminator complex
(Jenks et al. 2008). At the S. cerevisiae FKS2 cell wall
gene, premature termination is overcome by the osmotic
stress-induced MAP kinase Mpk1, which binds Paflc and
blocks recruitment of the Senl:Nrd1:Nab3 termination
complex (Kim and Levin 2011). The rapid induction of

2272 GENES & DEVELOPMENT

HIV-1 transcription and Tat expression also depends on
activation of MAPK/ERK kinases and correlates with
CDK9-S175 phosphorylation (Mbonye et al. 2013). Our
data show that HIV-1 Tat induction in TNF-a signaling
cells, which assemble high levels of NELF and paused
S5P-RNAPII at the proviral promoter but do not activate
MAPK/ERK kinases, proceeds through the recruitment
and activation of Ssu72. Transcription elongation is highly
efficient in TCRa signaling cells, and paused S5SP-RNAPII
complexes do not accumulate to high levels at the pro-
moter. Consequently, it will be important to learn whether
Tat can use different mechanisms to overcome pausing
and premature termination, depending on the cellular
environment of the integrated provirus.

Human Ssu72 colocalizes with RNAPII CTD-S5P
genome-wide

To further characterize human Ssu72, we carried out ChIP-
seq and GRO-seq studies in hESCs under self-renewal
conditions. These studies revealed that the genome-wide
occupancy pattern for human Ssu72 is opposite to that seen
in yeast, with the highest peaks detected at gene pro-
moters, and a much smaller peak in the terminator region.
The Ssu72-binding pattern closely matches that of S5P-
RNAPI in hESCs, which is predominantly found at pro-
moter-proximal and 5’ UTRs. These findings are consistent
with reports that mammalian Ssu72, unlike yeast Ssu72, is
not an integral subunit of human cleavage/polyadenylation
complexes. Heat map analysis indicates that Ssu72 levels
correlate with active genes, and GRO-seq analysis revealed
little effect on transcription at most hESC genes. Interest-
ingly, we did detect a modest cotranscriptional readthrough
at gene terminator regions genome-wide in Ssu72-depleted
cells, which may reflect the ability of the symplekin
terminator protein to bind and stimulate Ssu72 catalytic
activity (Xiang et al. 2010). Ssu72 was also dispensable for
transcription at several Wnt and Activin-induced genes
that we tested in hESCs (data not shown). The predominant
role of Ssu72 at hESC promoters may be related to gene
looping, which has been suggested to facilitate transcrip-
tion reinitiation, directionality, and epigenetic memory
(Grzechnik et al. 2014). Interestingly, some active genes,
such as NANOG, contained high levels of Ssu72 at both
the 5 and 3’ ends of the gene, whereas Ssu72 was restricted
to the promoter region at other active genes, such as
POUSFI. Although it is not clear whether 3’ enrichment
of Ssu72 correlates with promoter-terminator gene loop-
ing, these findings indicate that the pattern of Ssu72
occupancy and, presumably, also its function may differ
among active genes.

It will be important to learn whether human Ssu72
affects transcription at other genes (for example, the
subset of cellular genes that require Pinl) and whether
other activators bind and stimulate Ssu72 activity. It also
remains to be seen whether Tat regulates Ssu72 catalytic
activity through allosteric effects on the phosphatase
domain, as seen with human symplekin (Xiang et al.
2010). Given the strong genetic interactions between
Ssu72 and TFIIB, it is interesting that TFIIB was recently



reported to be dispensable for transcription at many genes
(Gelev et al. 2014). Like Ssu72, TFIIB is required for gene
looping (Singh and Hampsey 2007; Perkins et al. 2008)
and therefore may have other roles outside of transcrip-
tion. Because TFIIB is required for the transcription and
replication of many viruses and is also needed for tran-
scription at cellular genes required to support virus in-
fection (Gelev et al. 2014), it might also serve as a useful
target for selective inhibitors of virus replication. Addi-
tional studies of the role of premature termination
in HIV-1 latency and the mechanisms used by Tat to
counteract this process could suggest new strategies to
reactivate viral gene expression for more effective thera-
peutic intervention.

Materials and methods

Additional details are provided in the Supplemental Material.

Affinity purification of HA-Tat-associated protein complexes
and MudPIT analysis

The affinity purification was performed as previously described
(Choi et al. 2013). MudPIT protein identification methods and
analysis are provided in the Supplemental Material.

siRNA transfection in 2D10 Jurkat cells

Specific siRNAs (Ambion) were transfected using the Stemfect
RNA transfection kit (Stemgent). The final concentration of each
siRNA was 50 nM, and cells were collected 48 h after trans-
fection. Specific siRNA sequences are listed in the Supplemental
Material.

RNAPII CTD kinase assays

Purified recombinant GST-CTD (400 ng) was incubated with 200
ng of recombinant TFIIH (Invitrogen) or P-TEFb (Millipore) in
kinase reaction buffer (50 mM Tris-HCI at pH 7.5, 100 mM KCl,
10 mM MgCl,) supplemented with 5 mM DTT and 500 pM ATP
for 1 h at 30°C. Reactions were stopped by adding SDS-loading
buffer, and the products were resolved on an 8% SDS-PAGE gel
and detected by Western blot.

CTD phosphatase assays

TFIH-phosphorylated GST-CTD was passed through an Illustra
Micro-Spin G-25 column (GE Healthcare) to remove unincorpo-
rated ATP. Purified recombinant Ssu72 was then mixed with the
hyperphosphorylated CTD in phosphatase reaction buffer (50 mM
Tris-HCI at pH 6.5, 20 mM KCI, 10 mM MgCl,, 0.1 mM EDTA,
0.055% Tween 20, 2% glycerol, 1 mM DTT) and incubated for 2 h
at 30°C. The reaction was stopped with SDS-loading buffer, and
the products were resolved on an 8% SDS-PAGE gel and analyzed
by Western blot.

ChIP-seq

Approximately 1 X 10° H1 hESCs growing on mTeSR1 medium
were used for each ChIP. The ChIP protocol was described pre-
viously (Choi et al. 2013). Briefly, cells were first fixed with 2 mM
DSG cross-linker (Sigma, 80424) for 45 min and washed twice
with 1X PBS, and then 1% FA was added for 15 min. Approxi-
mately 0.5 mg of protein was used for each immunoprecipita-
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tion. Five micrograms of Ssu72 (Genetex, GTX116436) or 3 pg of
S5P-RNAPII (Millipore, 05-623) antibody was added, and the
samples were incubated overnight at 4°C. DNA purification was
performed using a Qiaquick PCR purification kit (Qiagen,
28106). Before sequencing, ChIP-specific signals were tested by
qPCR. DNA library preparation and high-throughput sequencing
(HiSeq 2500) were carried out at the Next-Generation Sequenc-
ing Core (Salk Institute).

GRO-seq

hESCs were transfected with a scramble or Ssu72-specific
siRNAs (Ambion). Forty-eight hours later, cells were collected
to proceed with the nuclear run-on experiment. Nucleus iso-
lation, run-on, RNA fragmentation, and enzymatic TAP and
PNK treatments were performed according to Core et al.
(2008). The BrU-RNA library was prepared using the NEBNext
multiplex small RNA library prep set for Illumina (New
England Biolabs, E7300S/L). The bar-coded, retrotranscribed,
and amplified DNA was sequenced using an Illumina HiSeq
2500 system.

Data accessibility

The Ssu72 hESC ChIP-seq and GRO-seq data have been de-
posited in the NCBI Gene Expression Omnibus public repository
under the accession number GSE61393.
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