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Super elongation complex promotes early HIV transcription and its function is
modulated by P-TEFb
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ABSTRACT
Early work on the control of transcription of the human immunodeficiency virus (HIV) laid the
foundation for our current knowledge of how RNA Polymerase II is released from promoter-
proximal pausing sites and transcription elongation is enhanced. The viral Tat activator recruits
Positive Transcription Elongation Factor b (P-TEFb) and Super Elongation Complex (SEC) that jointly
drive transcription elongation. While substantial progress in understanding the role of SEC in HIV
gene transcription elongation has been obtained, defining of the mechanisms that govern SEC
functions is still limited, and the role of SEC in controlling HIV transcription in the absence of Tat is
less clear.

Here we revisit the contribution of SEC in early steps of HIV gene transcription. In the absence of
Tat, the AF4/FMR2 Family member 4 (AFF4) of SEC efficiently activates HIV transcription, while gene
activation by its homolog AFF1 is substantially lower. Differential recruitment to the HIV promoter
and association with Human Polymerase-Associated Factor complex (PAFc) play key role in this
functional distinction between AFF4 and AFF1. Moreover, while depletion of cyclin T1 expression
has subtle effects on HIV gene transcription in the absence of Tat, knockout (KO) of AFF1, AFF4, or
both proteins slightly repress this early step of viral transcription. Upon Tat expression, HIV
transcription reaches optimal levels despite KO of AFF1 or AFF4 expression. However, double AFF1/
AFF4 KO completely diminishes Tat trans-activation. Significantly, our results show that P-TEFb
phosphorylates AFF4 and modulates SEC assembly, AFF1/4 dimerization and recruitment to the
viral promoter.

We conclude that SEC promotes both early steps of HIV transcription in the absence of Tat, as well
as elongation of transcription, when Tat is expressed. Significantly, SEC functions are modulated by
P-TEFb.
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Introduction

Of the steps that comprise metazoan gene transcrip-
tion, elongation by RNA polymerase II (Pol II) is a key
rate-limiting event that dictates overall gene expres-
sion.1-4 Accordingly, it is not surprising that distur-
bance of transcription elongation has been directly
associated with human disorders such as cancer, devel-
opmental syndromes, and immunodeficiency.5-7 Fol-
lowing transcription initiation, Pol II quickly pauses
between C25 to C60 nt downstream of the transcrip-
tion starting sites (TSS),8 as negative transcription fac-
tors, DRB sensitivity inducing factor (DSIF), and
negative elongation factor (NELF), halt Pol II and
repress productive transcription elongation.9-13 Release
of paused Pol II and productive transcription

elongation depends on the activity of positive transcrip-
tion elongation factor b (P-TEFb) and super elongation
complex (SEC), which are recruited to the HIV pro-
moter by the Tat trans-activator.14 P-TEFb is composed
of a regulatory cyclin T (either CycT1, T2a, or T2b)
and a Cyclin-dependent kinase 9 (Cdk9) and mediates
transcription elongation by phosphorylating the
C-terminal domain (CTD) of Pol II at Ser2, as well as
NELF-E and Spt5 of DSIF.15-22 In cells, P-TEFb avail-
ability and activity are tightly regulated, and the kinase
activity of Cdk9 is inhibited by Hexim1/2, part of the
7SK small nuclear Ribonucleo-Protein (snRNP).23-27

Viral infection, shifts cell demands for transcription
elongation, triggering the release of P-TEFb from its
inactive configuration by HIV Tat that with the help of
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SEC, extracts P-TEFb from 7SK-snRNP.28-34 In the
absence of Tat, SEC and P-TEFb are recruited to gene
promoters by the bromodomain-containing proteins 4
(Brd4), which tethers the host elongation machinery to
acetylated chromatin.35-37 SEC also recruits P-TEFb via
interactions with Med26 of the mediator,38,39 while the
YEATS domain of ENL/AF9 brings SEC to chromatin
via the human polymerase-associated factor complex
(PAFc).40-42 Overall, depending on cell type and genes,
different SEC complexes are formed, each containing
one of the AF4 members and either ENL or AF9.27,43

In SEC, the AFF1-4 proteins of the AF4/FMR2
family each act as a scaffold that bridges the complex
to P-TEFb, forming a bi-functional complex that syn-
ergistically triggers transcription elongation by Pol
II 44-47,43,48-51 While AFF proteins form homo-dimers
within SEC, they are also found as heterodimers. SECs
can also form alternative complexes and include a
minor complex that potentially modulates HIV
latency.52 Overall, in mammals, diverse SECs are
recruited by distinctive co-activators and regulate
different sets of genes.53

Having a fundamental role in controlling tran-
scription elongation, disturbance of SEC functions
due to genetic alternations of its members is well
documented. Of the AF4 proteins, AF4/FMR2
family members 1 and 4 are mainly implicated in
HIV gene transcription control, while other mem-
bers, AFF2/FRM2 and AFF3/LAF4, share similar
domain organization, but are linked to other
human diseases like Fragile X E (FRAXE) and
Acute Lymphoblastic Leukemia.51,53 AFF members
AFF1, AFF3, and AFF4 and ELL are frequent
fusion partners of the mixed lineage leukemia
methyltransferase (MLL) gene, and are markers
for leukemia prognosis.54 MLL-SEC oncogenic chi-
meras are tethered to MLL target genes that con-
trol hematopoietic stem cell development, leading
to mis-regulation of transcription and develop-
ment of leukemia.55 Additionally, gain of function
missense mutations in AFF4 have recently
reported in leading to the known developmental
CHOPS syndrome.7 While knowledge of the
mechanisms that control eukaryotic transcription
elongation and the role of SEC in this step are
well established, the function of SEC when activa-
tors like Tat are absent is less defined. Moreover,
knowledge of the mechanisms that govern SEC
transcription activity is also limited.

In this study, we aim to better understand the
role of SEC and P-TEFb in early steps of HIV tran-
scription when Tat is not expressed. Our results
show that regardless of Tat, AFF4 efficiently acti-
vates HIV gene transcription, while AFF1 activates
HIV to a lesser extent. Analysis of mRNA levels,
confirms these functional results, demonstrating
that SEC enhances the synthesis of both short and
long transcripts, with AFF4 effects are higher than
those of AFF1. We also demonstrate that the dis-
tinction between AFF1 and AFF4 in their ability to
activate early HIV transcription stems from their
differential recruitment to the viral promoter, and
from different abilities to associate with PAFc.
Knockout (KO) of AFF1 or AFF4 expression
slightly represses early HIV transcription in the
absence of Tat. In the same conditions, KO of
cyclin T1 has subtle effects on these early steps of
HIV gene transcription. Upon Tat expression, HIV
gene transcription reaches optimal levels despite
KO of AFF1 or AFF4 expression. KO of both AFF1
and AFF4 represses HIV transcription in the
absence of Tat, but, completely diminishes HIV
gene transcription, when Tat is expressed. As
expected, depletion of cyclin T1 expression also
represses Tat transactivation. Importantly, we show
that AFF4 is a substrate of P-TEFb, as inhibition of
Cdk9 kinase activity by Flavopiridol, or KO of
cyclin T1 expression, disrupts SEC subunit assem-
bly, AFF1/4 dimerization, and recruitment of these
proteins to the HIV promoter. Finally, AFF1 and
AFF4 associate with 7SKsnRNA, and P-TEFb mod-
ulates this interaction with RNA. Our results con-
clude that SEC plays a key role in both early steps
of HIV gene transcription, when Tat is not
expressed, along with its well-established function
in enhancing transcription elongation, in the pres-
ence of Tat Significantly, P-TEFb has a role in
modulating SEC activity in the steps of promoter
recruitment of the SEC and its assembly.

Results

AFF4 and AFF1 of SEC activate early HIV gene
transcription in the absence of Tat

While the role of SEC in enhancing HIV transcrip-
tion elongation, when Tat is expressed is well-estab-
lished, knowledge of its function in promoting early
steps of HIV transcription, when Tat is absent, is
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less defined. To elucidate the role of SEC in activat-
ing early HIV gene transcription, we monitored lev-
els of HIV transcription upon over-expressing the
AF4/FMR2 family members, AFF1 or AFF4, which
act as scaffold of the SEC, in cells that stably express
an integrated luciferase reporter gene under the reg-
ulation of the HIV-LTR promoter (HEK-LTR-Luc).
HIV transcription was monitored in the presence or
absence of Tat (Fig. 1A). Our functional analysis
showed that in the absence of Tat, AFF4 strongly
activated basal HIV gene transcription (£15 fold),
while at the same conditions, AFF1 was less effi-
cient, and its effects on Tat-independent transcrip-
tion reached only £4 fold above basal levels
(Fig. 1A). To monitor effects of Tat on AFF1, or
AFF4-mediated activation of HIV transcription,
HEK-LTR-Luc cells were co-transfected with either
AFF1, AFF4, and with HIV HA-Tat (Fig. 1A). Tat
optimally enhanced HIV gene transcription (£25
fold). However, both AFF1/4 proteins displayed

moderate contribution to the overall Tat transacti-
vation, and slightly elevated levels of HIV Tat-
transactivation—up to £30 fold above basal levels.
(Fig. 1A). Significantly, while Tat expression ele-
vated AFF4-mediated activation of HIV gene tran-
scription only £2 fold, it had higher effects on
AFF1-mediated activation—£6 fold. We assume
that this result is due to the relatively initial low
activation ability of AFF1 on the HIV promoter
when Tat is not expressed. Upon Tat expression,
HIV transcription reaches its highest levels and
overexpression of SEC cannot elevate these levels.
We conclude that for optimal HIV gene activation,
Tat is critical. SEC also promotes early steps of HIV
gene transcription—when Tat is not expressed. As
AFF1 activation of HIV transcription is relatively
lower compared with AFF4, enhancement effects of
Tat on AFF1-mediated HIV gene transcription are
higher, compared with those on the activation by
AFF4 (Fig. 1A).

Figure 1. AF4/FMR2 family members 1 and 4 of SEC activate early HIV gene transcription in the absence of Tat. (A) AFF1 and AFF4
enhance HIV transcription in the absence of Tat. HEK-LTR-Luc cells stably expressing integrated HIV-luciferase were transfected either
with HA-AFF4 or HA-AFF1 expressing plasmids. Cells were harvested 48 hours post transfection and their luciferase readouts were ana-
lyzed according to the manufacture protocol and normalized to protein levels. To monitor effects of Tat, cells were also transfected with
HA-Tat and luciferase readings were monitored according to standard protocols. Data is a representative of three independent experi-
ments and error bars represent standard deviation. Bottom panel presents western blot analysis for the expression levels of Tat, AFF4
and AFF1. (B) HIV transcriptional activation by AFF4 and AFF1 are independent of P-TEFb. HEK-LTR-Luc cells were depleted of cyclin T1
expression using CRISPR/Cas9-sgRNA lentiviruses. Cells expressing Cas9 and the empty sgRNA (pHKO23) were used as control. Wild
type or cyclin KO cells were transfected with either HA-AFF1 or HA-AFF4, and their luciferase readings were monitored 48 hours post
transfection and normalized to protein levels. Experiments were performed in the presence or absence of transiently expressed HA-Tat.
Results are presented relatively to readings in cells that express LTR-Luc alone—set to 1, and are a representative of three independent
experiments. Error bars represent standard deviation. Bottom panel shows western blot analysis confirming KO of cyclin T1, overexpres-
sion of HA-AFF1, and HA-AFF4 and HA-Tat.
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Early steps of HIV transcription activation by AFF1/4
are independent of P-TEFb

To further investigate the role of P-TEFb in SEC-
mediated activation of early HIV transcription, we
monitored HIV transcription by AFF4 or AFF1 in
cells where cyclin T1 expression was depleted (KO) by
Cas9/CRISPR (Fig. 1B). Depletion of protein expres-
sion was confirmed both by western blot analysis
(WB) (Fig. 1B), as well as by PCR and sequencing.
Our results indicate that KO of cyclin T1 expression
slightly repressed early HIV transcription, when Tat is
not expressed. We confirmed that in the absence of
Tat, AFF1 is less efficient than AFF4 in activating HIV
promoter. Tat expression further elevated AFF1 or
AFF4-mediated activation, but to similar levels of Tat
transactivation without AFF1/4. Upon cyclin T1 KO,
Tat transactivation was significantly repressed, con-
firming the key role of P-TEFb/cyclin T1 in HIV Tat
transactivation (Fig. 1B). Significantly, KO of cyclin
T1 expression had no effects on the activation of HIV
transcription by AFF1 or AFF4, when Tat is not
expressed. Upon Tat expression, KO of cyclin T1 abol-
ished Tat contribution of AFF1/4-mediated HIV gene
activation, bringing transcription levels to those with
AFF1 or AFF4 activation alone. Our results confirm
that cyclin T1 is a key player in Tat transactivation,
but is not involved in early steps of HIV gene activa-
tion by AFF1 or AFF4 of SEC, when Tat is not
expressed (Fig. 1B).

Effects of AFF1 and AFF4 depletion of expression on
HIV transcription in the presence or absence of Tat

We also monitored the involvement of AFF4 and
AFF1 in early steps of HIV transcription, when Tat is
not expressed in Jurkat cells that stably express the
HIV-LTR (J-LTR-Luc) (Fig. 2A). The expression of
either cyclin T1, AFF4, or AFF1 scaffolds of SEC was
depleted, by transducing cells with lentivirus that drive
the expression of the specific CRISPR/Cas9/sgRNA.
Depletion of protein expression was confirmed by WB
and single clones were also sequenced to verify gene
KO (Fig. 2B and Fig. S3). Our results show that KO of
AFF1 or AFF4 expression repressed early steps of HIV
transcription—when Tat is not expressed (£2–3-
fold). In these conditions, KO of cyclin T1 had no
effects on HIV gene transcription. To investigate the
effects of Tat on transcription activation in cells that
are depleted of cyclin T1, AFF1, or AFF4 expression,

wild-type or KO J-LTR-Luc cells were further trans-
duced with lentivirus expressing Tat (HIV-Tat-BFP),
monitoring HIV transcription by analyzing luciferase
output. Our results indicate that despite KO of either
AFF4 or AFF1 expression, HIV Tat transactivation
still reached optimal levels (Fig. 2). As expected, KO
of cyclin T1 diminished Tat transactivation in Jurkat-
LTR-Luc cells. Interestingly, expression of both AFF1
and AFF4 was also depleted, and activation of HIV
transcription was monitored in the presence or
absence of Tat. Our results show that upon KO of
both AF4 proteins, early steps of transcription, in the
absence of Tat, were slightly repressed, while activa-
tion of the HIV promoter by Tat was completely
diminished. Importantly, effects of KO of AFF1 or
AFF4 were specific to the HIV LTR promoter, as tran-
scription from other promoters, like the EF1a or the
PGK promoter, was relatively not affected despite KO
of AFF4/1 (Fig. 2C).

P-TEFb modulates SEC assembly and phosphorylates
AFF4

AFF1/4 each serves as a scaffold for the assembly of
SEC subunits along with P-TEFb. We tested if P-TEFb
plays a role in SEC assembly. To this aim, SEC com-
plex assembly was monitored in cells where P-TEFb
kinase activity was modulated either by Flavopiridol,
or through knocking down the expression of cyclin T1
(Fig. 3ACB). In Flavopiridol treated cells, SEC assem-
bly was disrupted, reducing protein incorporation of
mainly ELL2 and Cdk9 into the complex with HA-
AFF4 (Fig. 3A). Overexpressing Cdk9 also promoted
SEC assembly, primarily for ELL2 (Fig. 3A). SEC
assembly was also analyzed in HEK-LTR-Luc cells
where cyclin T1 expression was KO using CRISPR/
Cas9 approach (Fig. 3B). HA-AFF4 was overexpressed
in wild-type or cyclin T1 KO cells, followed by
immuno-precipitation (IP) with anti-HA IgG and WB
to monitor incorporation of SEC subunits into the
complex. Our WB analysis confirmed that cyclin T1
expression was KO. In cyclin T1 KO cells, SEC assem-
bly was indeed modulated. ELL2 incorporation into
SEC/AFF4 complex was slightly decreased, but to a
lesser extent when seen in Flavopiridol treated cells.
Similarly, upon HA-AFF4-IP, CdK9 incorporation
into the SEC was also diminished in cyclin T1 KO
cells, confirming that cyclin T1 may have a regulatory
role in mediating SEC assembly and it also contributes
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to Cdk9 protein stability and incorporation into the
SEC. Interestingly, levels of cyclin T2 expression were
also reduced, implying that cyclin T2 might also
incorporated into the SEC (Fig. 3B). We also analyzed
SEC assembly upon IP of HA-AFF1. Like in the SEC/
AFF4 complex, Cdk9 incorporation into the SEC/
AFF1 was repressed. However, we did not visualize a
difference in ELL2 incorporation between wild type or
cyclin T1 KO cells. Incorporation of ELL2 was similar
in wild type or cyclin T1 KO cells (Fig. S2).

To further explore the mechanisms by which
P-TEFb modulates SEC function, we tested the ability
of Cdk9 to phosphorylate AFF4 in-vitro and in cells.
Previous results report that AFF1 is phosphorylated by
cdk9, and that kinase activity of P-TEFb is enhanced
by AFF1, leading to stimulation of transcription elonga-
tion and chromatin remodeling.56,57 We thus used

Phos-tag analysis to detect AFF4 phopshorylation by
P-TEFb in cells. Treating cells with Flavopiridol inhib-
ited AFF4 phosphorylation by Cdk9 (Fig. 3C). In-vitro
kinase assays complemented our analysis. HA-
AFF4–300 or HA-AFF4-full-length were IP from cells
by aHA antibody, and incubated with recombinant
P-TEFb (Millipore), confirming that only full-length
AFF4 is phosphorylated by P-TEFb (Fig. 3D).

P-TEFb modulates AFF1-AFF4 protein dimerization

Previous reports show that AFF1 and AFF4 dimerize.53

However, no functional significance was reported for
protein dimerization. We initially confirmed AFF1 and
AFF4 dimerization by IP experiments from cells that
overexpress Flag-AFF1 and HA-AFF4 (Fig. 4A). To test
the role of P-TEFb in AFF1/4 protein dimerization, IP

Figure 2. Effects of AFF1 and AFF4 depletion of expression on HIV transcription in the presence or absence of Tat. Jurkat-LTR-luciferase
cells (J-LTR-Luc) that stably express an integrated luciferase reporter gene under the control of the HIV promoter, were depleted of
AFF1, AFF4, or cyclin T1 expression, using lentivirus driving the expressing of Cas9 and the corresponding sgRNA. Depletion of both
AFF1 and AFF4 expression was obtained by transducing puromycin-resistant AFF4 KO cells with AFF1-Cas9/sgRNA that harbors Blastocy-
din. Depletion of protein expression was confirmed by western blot using specific endogenous antibodies (panel B). Lentiviruses
expressing Cas9 and the empty sgRNA (pHKO23) were used to generate a control cell with no sgRNA. HIV gene transcription in the pres-
ence or absence of Tat was monitored in J-LTR-Luc wild type and KO cells. Tat was introduced to cells with lentiviruses that code for Tat-
BFP (Blue Fluorescent Protein). Luciferase levels were monitored 24 hours post infection and data are presented relatively to Luc read-
outs in J-LTR-Luc cells infected with pHKO23 lentivirus and set to 1. Luciferase readings are a representative of three independent
experiments. Error bars represent standard deviation. (C) Depletion of AFF1 and AFF4 expression does not affect gene activation from
PGK or EF1a promotors. Jurkat cells, where AFF1; AFF4; or AFF1/4 expression is KO were transduced with lentivirus expressing either
the PGK-luciferase or the EF1a-DsRed reporter promoters. Cells were harvested 48 hour post transduction and subjected to luciferase
analysis in the case of PGK-luciferase, or FACS, when EF1a-DsRed reporter was used. Data is presented relative to control cells that
express only-pHKO23-CAs9—with no sgRNA and a representative of three independent experiments where error bars represent stan-
dard deviation.
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experiments were performed in wild-type and in cyclin
T1 KO cells (Fig. 4B). KO of cyclin T1 abolished AFF1/
AFF4 dimerization, implying a role for P-TEFb in pro-
tein dimerization (Fig. 4B). However, upon treating cells
with Flavopiridol, a Cdk9 kinase inhibitor, no effects on
AFF1/4 protein dimerization were detected, suggesting
that an active Cdk9 kinase of P-TEFb is not a required
for AFF1/AFF4protein dimerization (Fig. 4C).

We further mapped the domains of AFF1 and
AFF4 that mediate protein dimerization by WB analy-
sis (Fig. 4D). To do so, HA-AFF4 truncated proteins
were generated based on the published structure of
AFF4 and co-expressed in cells with Flag-AFF1.45,58

Our results show that AFF4-C-terminal truncation
mutants up to AFF4–500 still associated with AFF1,
while shorter AFF4 protein truncated mutants could
not. We analyzed these C-terminal AFF4 truncated
mutants for their ability to activate HIV transcription

in the presence or absence of Tat (Fig. S1ACB). Inter-
estingly, all AFF4 protein mutants supported HIV
transcription when Tat is expressed. However, in the
absence of Tat, only full-length (1162 amino residues)
and to a lesser extent AFF4–1157, support HIV tran-
scription, when Tat is not expressed. These results
indicate that for activation of HIV transcription, a
full-length AFF4 is required, and may imply it needs
to dimerize with AFF1.

AFF4 and AFF1 occupancy on the HIV promoter

Our results show that in comparison with AFF1, AFF4
efficiently activates early HIV transcription when Tat is
not expressed (Fig. 1). This may suggest that different
SEC configurations enhance early HIV gene transcrip-
tion to different extents. To elucidate the molecular
mechanisms that dictate the distinction between AFF1

Figure 3. P-TEFb modulates SEC protein assembly. (A) Cdk9 kinase activity is required for the assembly of SEC Cells overexpressing HA-
AFF4 were treated with Flavopiridol and subjected to immuno-precipitation with aHA IgG, followed by western blot analysis with the
indicated antibodies to detect endogenous SEC and P-TEFb protein subunits. Western blot for input represent 10% of total lysate.
(B) KO of cyclin T1 expression disrupts SEC/AFF4 assembly. Wild-type HEK, or cells that are depleted of cyclin T1 (cyclin T1 KO) were
transfected with HA-AFF4 and subjected to immuno-precipitation with aHA IgG, followed by western blot with the indicated antibodies
for detecting SEC and P-TEFb protein subunits. Western blot analysis for input represents 10% of total cell lysate. (C) AFF4 is phosphory-
lated by P-TEFb in cells. Phos-tag analysis of HA-AFF4 purified from control cells or cells treated with Flavopiridol. Cells were lysed
48 hours post transfection and subjected to SDS-PAGE analysis and western blot on Phos-tag acrylamide SDS-PAGE (Wako) as described.
(D) AFF4 is phosphorylated by P-TEFb in cells. HA-AFF4 full-length and HA-AFF4–300 were expressed in cells, and 48 hours later were
harvested and lysed. Cell lysate was subjected to immuno-precipitation with aHA and precipitated proteins were extensively washed
before used as substrates for in-vitro kinase assay in the presence or absence of recombinant P-TEFb (Millipore). Recombinant GST-CTD
was purified from bacteria and used as a positive control for P-TEFb phosphorylation. Proteins were analyzed on SDS-PAGE and western
blot analysis using the “pIMAGO�-biotin Phosphoprotein Detection Kit” for the detection of protein phosphorylation.
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and AFF4 activation, we monitored their occupancy on
the HIV promoter by ChIP-qPCR in cells that equally
overexpress tagged HA-AFF1 and HA-AFF4 (Fig. 5).
WB analysis confirmed similar AFF1 and AFF1 protein
expression levels in wild type or cyclin T1 KO cells.
ChIP experiments were performed with aHA-IgG to
confirm that both proteins will be similarly immuno-
precipitated. Control IgG confirmed specific IP of pro-
teins. qPCR analysis was performed with two sets of pri-
mers, corresponding to either core HIV promoter (TSS
primers), or to luciferase-coding gene (TAR-Luc)
(Fig. 5). Our results show that AFF4 is recruited to the
HIV promoter more efficiently than AFF1 (Fig. 5BCC).
This is shown for both HIV core promoter (TSS primer)
and for gene-coding sequences (TAR-Luc). Upon KO of
cyclin T1 expression, the occupancy of AFF1 and AFF4
to the HIV promoter was significantly diminished.
Depletion of cyclin T1 expression primarily affected
AFF4 occupancy, compared with that of AFF1 (Fig. 5B).
Cells were also treated with Flavopiridol to monitor the

requirement of the Cdk9 kinase activity to AFF1 or
AFF4 recruitment to the HIV promoter. In Flavopiridol
treated cells, AFF1 and AFF4 occupancy on core pro-
moter sites at the HIV promoter were reduced, implying
a regulatory role for P-TEFb in recruiting SEC to the
promoter (Fig. 5D).

To identify regions of AFF4 that control AFF4
recruitment to the HIV promoter, we used ChIP–
qPCR and compared full-length AFF4 and AFF4–300
occupancy on the HIV promoter. We show that both
AFF4-(1–300) and full-length AFF4 (1162 residue)
similarly associate with the HIV promoter
(Fig. S1CCD). Importantly, AFF4–300 (and more C-
terminal AFF4 truncated mutants) did not activate
HIV transcription in the absence of Tat, implying that
this inability of AFF4–300 to activate HIV transcrip-
tion is not caused due to differential occupancy of the
protein to the viral promoter (Fig. S1 ACB).

To elucidate the molecular mechanisms that may lead
to the differences between AFF1 and AFF4 to activate

Figure 4. P-TEFb modulates AFF1/AFF4 dimerization. (A) AFF1–AFF4 protein dimerization HA-AFF4 and Flag-AFF1 were co-expressed in
HEK293T. 48 hours post transfection, cells were lysed and subjected to immuno-precipitation with aHA IgG. IP reactions were analyzed
by western blot with the indicated IgG to confirm protein association. Input represents 10% of total cell lysate. Both immuno-precipi-
tated and input samples were also analyzed with AFF1 or AFF4 IgG, to confirm that proteins detected on the gel are indeed AFF1/4. (B)
P-TEFb modulates AFF1/AFF4 protein dimerization. Cyclin T1 KO HEK cells were transfected with either HA-AFF4, Flag-AFF1, or both pro-
teins. Cell lysate was subjected to aFlag IP followed by western blot with aHA IgG. (C) Kinase active Cdk9 is not required for AFF1 /AFF4
protein dimerization. Flavopiridol-treated cells (50 mM) were co-transfected with Flag-AFF1 and HA-AFF4, and subjected to IP with
aFlag IgG. Immuno-precipitated samples were analyzed by western blot with aHA to confirm the association between AFF1 and AFF4.
Input samples represent 10% of total cell lysate and were also analyzed by western blot with both aFlag and aHA IgG. (D) Domain map-
ping of AFF4 regions that mediate dimerization with AFF1. Flag-AFF1 was co-expressed with the indicated HA-AFF4 - C- terminal trun-
cated mutants and subjected to IP with aFlag IgG. IP samples were analyzed with aHA to confirm association of AFF1 and AFF4 mutant
proteins. Input represents 10% of total cell lysate and was also analyzed by WB with both aFlag and aHA IgG.
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HIV gene transcription in the absence of Tat, we ana-
lyzed the association of AFF1 and AFF4 with P-TEFb
and with PAFc that is reported to bridge the SEC to chro-
matin (Fig. 5E). Our analysis shows that AFF4 and AFF1
associate with PAFc. However, the association of AFF1
with PAFc is relatively weaker compared with AFF4. A
shorter truncatedmutant of AFF4, AFF4–1110, bound to
PAFc equally well as the full length AFF4, suggesting that
the C-terminus region of AFF4 is not involved in associa-
tion of the SECwith chromatin (Fig. 5E).

AFF1 and AFF4 promote early steps of HIV
transcription in the absence of Tat

To analyze the effects of SEC on early versus late elon-
gation steps of HIV transcription, we monitored viral

mRNA levels by qPCR, using primers located on
either the promoter (short transcripts) or within lucif-
erase gene body (long transcripts) (Fig. 6BCC). Over-
expression of HA-AFF4 resulted in accumulation of
short mRNA transcripts, corresponding to elevated
transcription initiation (£15 fold). In the same condi-
tions, AFF4 also enhanced the production of long
transcripts, but to a lesser extent (£6 fold above basal
levels). A similar pattern was also observed for AFF1.
However, in this case, overall quantitated mRNA lev-
els were lower than those detected for AFF4, both at
early or late elongation steps of transcription. These
results correspond with the lower activation seen for
AFF1 (Fig. 1). KO of AFF1 or AFF4 expression abol-
ished HIV transcription activation as detected by a
decrease in accumulated of both long or short

Figure 5. Recruitment of AFF1/4 proteins to chromatin on the HIV promoter. Wild-type, cyclin T1 KO, or Flavopiridol treated cells
expressing the HIV-LTR-Luc plasmid (HEK-LTR-Luc) and either HA-AFF1, or HA-AFF4 were subjected to ChIP analysis using aHA or con-
trol IgG. Signals were obtained by qPCR using two sets of primers positioned either around transcription starting sites (TSS; B) or on the
TAR and N-terminal luciferase coding gene (LTR-Luc:C). The recruitment of HA-AFF4 and HA-AFF4-to the HIV promoter was also per-
formed upon treating cells with Flavopiridol (D). Panel (A) presents primers positions on the HIV promoter and coding region that were
used for qPCR. Data is presented as percentage of input (20%). Protein inputs for both HA-AFF1 and HA-AFF4 were monitored by WB,
confirming similar protein expression levels in cells that were used for the ChIP analysis. (E) Differential association of AFF1 and AFF4
with PAFc. HEK-LTR-Luc cells were transfected with HA-AFF1, HA-AFF4, or HA-AFF4–1110. Cells were harvested 48 hours post transfec-
tion and subjected to IP with aHA IgG. Western blot analysis was performed with the indicated antibodies to monitor protein associa-
tion. 10% of cells lysate was used for input analysis.
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transcripts (Fig. 6C), corresponding to the decreased
levels of HIV gene activation measured as luciferase
readings in AFF1 or AFF4 KO cells (Fig. 1).

AFF1 and AFF4 are recruited to the HIV promoter via
RNA and associate with the 7SKsnRNA

SEC was previously reported to interact with P-TEFb
and to facilitate Tat ability to extract P-TEFb from
7SKsnRNP, shifting P-TEFb equilibrium to TAR and
enhancing transcription elongation.59,60 We tested the
role of P-TEFb in the association of AFF1
and AFF4 with RNA by using RNA-IP in wild-type
and cyclin T1 KO cells (Fig. 6D). We confirmed that
both AFF1 and AFF4 associate with the 7SK snRNA.
Furthermore, AFF4 associates more efficiently than
AFF1 with the viral TAR—detected both on core pro-
moter sites, as well as gene body sequences. Impor-
tantly, KO of cyclin T1 expression abolished
association of AFF4 and AFF1 with RNA sequences,

suggesting that P-TEFb is involved in controlling
interactions of SEC with HIV RNA (Fig. 6D). KO of
cyclin T1 expression had no effects on the association
of AF4 proteins with the 7SK snRNA. We conclude
that AF4 proteins associate onto the 7SK snRNA and
the viral RNA and P-TEFb modulates this interaction
onto the HIV RNA.

Discussion

The role of P-TEFb and SEC in stimulating transcrip-
tion elongation has been well studied in recent years.
SEC and its P-TEFb partner are recruited to gene pro-
moters by activators that enhance the release of
paused Pol II at promoter-proximal sites. The unique
case of HIV is well-described, as it is heavily depended
on the transcription function of SEC and P-TEFb. The
Tat trans-activator acts as a master regulator that
directly tethers the transcription elongation machin-
ery to the viral promoter, promoting RNA Pol II

Figure 6. SEC promotes both initiation and elongation of transcription and is recruited to the HIV promoter via RNA. (A) Scheme of the
HIV-Luc cassette and location of primers used for qPCR analysis and RNA IP. (B and C) In the absence of Tat, AFF1 and AFF4 promote ini-
tiation rather than elongation of transcription. RNA was isolated from cells over-expressing either HA-AFF1 or HA-AFF4 (panel B), or
from cells where the corresponding protein expression was KO (C). Following cDNA synthesis, mRNA was amplified with the designated
primers corresponding to either short (core promoter sites) or long transcripts, (luciferase coding genes). Results are shown as fold of
mean enrichment relatively to data obtained in cells expressing LTR-Luciferase alone—set to 1. (D) P-TEFb modulates the association of
SEC with HIV RNA. Cells expressing wild type or cyclin T1 KO cells were transfected with HIV LTR-Luciferase and subjected to RNA-
immuno-precipitation (IP) with either aHA IgG, corresponding to HA-AFF1 and HA-AFF4. Non-immune human IgG served as control.
RNA was extracted from immuno-precipitated and input samples (1%) and was then subjected to cDNA synthesis, which was further
analyzed by qPCR using the indicated primers, located on either, short (core promoter sites) or TAR-Luc, located on both the TAR and
N-terminal luciferase sequences. Primers that measured association to 7SK snRNA were also tested. qPCR reactions were performed in
triplicates and presented as percentage of input over non-specific IgG.
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release and subsequently transcription elongation.
SEC increases the processivity of Pol II and overall
enhance transcription elongation, while Cdk9 joins
and phosphorylates the CTD of Pol II and pausing-
inducing factors DSIF and NELF. Nevertheless, while
the role of SEC in enhancing transcription elongation
is well defined, its involvement in the early steps of
transcription, where activators like Tat is not
expressed, is less clear. Moreover, the mechanisms
that govern SEC function are not fully understood.

Our current study uses HIV as a model for studying
transcription control, and exploits genetic and pharma-
cologic tools to elucidate the function of SEC in
enhancing both early steps of HIV transcription, when
Tat is not expressed, as well as elongation of transcrip-
tion when Tat and the elongation machinery are suited
on the promoter. Early work on the control of tran-
scription of HIV laid the foundation for our current
knowledge of how RNA Pol II is released from pro-
moter-proximal pausing sites. Herein, the expression of
key players of the transcription elongation machinery,
namely, P-TEFb/cyclin T1 and AFF1 or AFF4 of SEC
was modulated, and the activation of HIV transcription
was monitored in the presence or absence of Tat. Our
results show that both AFF4, and to a lesser extent
AFF1, efficiently activate HIV transcription in the
absence of Tat (Fig. 1A). Significantly, when Tat is not
expressed, AFF4 is more efficient in activating HIV
transcription than AFF1. We find that this distinction
between the two proteins stems from the differential
occupancy of AFF1 versus AFF4 on the HIV promoter
(Fig. 5). Furthermore, AFF4 association with PAFc is
stronger than that of AFF1, providing an additional
molecular explanation for its higher ability to activate
HIV transcription in the absence of Tat (Fig. 5E).40

The expression of AFF1 or AFF4 was also depleted
in Jurkat T cells that harbor integrated proviral HIV.
We show that AFF1 or AFF4 KO has minor effects on
HIV transcription in the presence of Tat (Fig. 2A),
implying that these two proteins can complement
each other for supporting Tat transactivation. How-
ever, when the expression of both subunits of SEC is
depleted, Tat transactivation is completely diminished.
(Fig. 2). This points to the key role of SEC in enhanc-
ing Tat-mediated transcription of HIV. In basal condi-
tions when Tat is not expressed, KO of expression of
AFF1, AFF4 or both subunits repress HIV transcrip-
tion (Fig. 2A). This demonstrates that when Tat is not
expressed, SEC contribution is also important.

In agreement with our results, previous work
defines the minor subset of SEC in promoting Tat-
dependent HIV gene transcription. Depletion of SEC
proteins, mainly AFF1, reduces latency reversal driven
by JQ1, potentially by repressing transcription elonga-
tion, which is Tat dependent. In contrast, PMA or
prostratin function via PKC-NFkB, thus less rely on
SEC.52 Our work further extends this study and dem-
onstrates that in conjugation with the requirement of
SEC in transcription elongation (which is Tat-depen-
dent), AFF1/4 enhance initial steps of HIV transcrip-
tion, which are Tat-independent. Moreover, we show
that in these Tat-free conditions, it is the recruitment
of PAFc by AFF4 and (to a lesser extent) by AFF1,
that drive transcription. We speculate that targeting
these initial steps of HIV transcription might also
allow the modulation of viral latency and promote
HIV exist form this stage of transcription silencing.

Our results also confirm that in the absence of Tat,
KO of cyclin T1 expression has only minor effects on
the ability of AFF1 or AFF4 to support early HIV tran-
scription activation (Fig. 1B). As expected, KO of
cyclin T1 expression completely represses HIV Tat
transactivation. These results suggest that P-TEFb is
less required for early steps of transcription when Tat
is not expressed, and it is SEC that plays a more major
role in enhancing transcription in the absence of Tat
(Fig. 2). Nevertheless, alternative P-TEFb configura-
tions (Cdk9/CycT2a or T2b or CycK) may be
recruited to the HIV promoter and support basal tran-
scription steps in the absence of Tat despite KO of
CycT1. Additionally, SEC by itself may bring P-TEFb
to the viral promoter. Additional experiments will
determine which of these P-TEFb configurations play
a role in SEC gene activation and if Cdk9 is actually
playing role in basal gene transcription, when Tat is
absent. (Figs. 1B and 2).

Previous work from the Zhou laboratory also
defined SEC as an essential factor for Tat transactiva-
tion and transcription elongation.52,53 Our study com-
plements this work and confirms that SEC is also a
key player in early steps of HIV transcription, and effi-
ciently activates the HIV promoter without Tat. Their
work also describes the potency of SEC/AFF1 in sup-
porting HIV Tat transactivation relative to that of
AFF4, and suggests that this property of AFF1 is due
to its elevated affinity for Tat and P-TEFb relative to
AFF4.53 Our study however demonstrates that AFF1
is less efficient in stimulating HIV transcription

142 A. KUZMINA ET AL.



without Tat. In this setting, AFF4 is more potent in
activating HIV transcription. Thus, the synergistic
activation effects attributed for AFF1 on HIV Tat-
mediated transcription, stem from its initial low ability
to activate viral transcription when Tat is not
expressed, compared with AFF4 (Fig. 5).

We demonstrate that P-TEFb plays a key role in
modulating SEC function. P-TEFb mediates the
recruitment of SEC to the HIV promoter, the dimer-
ization of AFF4 and AFF1 scaffolds, the assembly of
the SEC subunits, and the association of AFF1/4 with
viral RNA (Figs. 3–6). KO of cyclin T1 represses
AFF1/4 occupancy on the HIV promoter (Fig. 5),
slightly modulates assembly of SEC subunits (Fig. 3),
and dictates AFF1/4 dimerization (Fig. 4). Treating
cells with Flavoliridol, exerts similar effects on AFF1/4
recruitment to the HIV promoter (Fig. 5) and on SEC
assembly (Fig. 3). This is a first demonstration of a
unique cyclin T1 function, which cyclin T2 cannot
complement. The only additional example of such a
distinction is the solely dependence of Tat transactiva-
tion in cyclin T1. However, KO of cyclin T1 only
slightly represses AFF1, or AFF4-mediated activation
of HIV gene transcription (Fig. 1B). In this case, alter-
native P-TEFb configurations might complement
cyclin T1 depletion and supporting SEC functions.
Upon Tat expression, P-TEFb regulatory role becomes
highly critical, as KO of cyclin T1, which directly and
uniquely binds Tat, completely abolishes Tat transac-
tivation (Fig. 1B). Our work also confirms AFF1 and
AFF4 dimerization,53 and demonstrates that P-TEFb
modulates this step. Depletion of cyclin T1 expression
disrupts AFF1/AFF4 dimerization (Fig. 4B). However,
the kinase activity of Cdk9 is not required for protein
dimerization, as Flavopiridol cannot inhibit protein
dimerization (Fig. 4C). As Flavopiridol essentially
halts all RNA Pol II transcription, and its specificity is
questionable, other kinases may be tested for a possi-
ble regulatory role in SEC activity. Moreover, more
specific Cdk9 inhibitors are currently being tested to
confirm the requirement of Cdk9. We also show that
AFF4, is a Cdk9 substrate verifying previous work that
reported AF4 phosphorylation (56,57) (Fig. 3). Interest-
ingly, we also defined the C-terminal region of AFF4
to mediate association with AFF1, as well as required
for HIV transcription in the absent of Tat (Fig. 4;
Fig. S1).

We conclude that P-TEFb phosphorylation of
AFF1 and AFF4 modulates SEC assembly and

recruitment to the viral promoter, presumably via
PAFc binding. As Cdk9 kinase activity is not required
for AFF1/4 dimerization, protein phosphorylation by
Cdk9 is not involved in protein dimerization.

Finally, we demonstrate that SEC is recruited to
chromatin on the HIV promoter via RNA (Fig. 6).
AFF1 and AFF4 associate with RNA near TSS, and on
coding regions. AFF4 associates with TAR and less
efficiently with the abundant 7SK snRNA, (Fig. 6).60

While P-TEFb is not required for SEC association
with 7SK snRNA, it is critical for RNA binding to
TAR and core promoter regions. KO of cyclin T1
expression disrupts SEC interactions with TAR RNA,
implying the regulatory role of P-TEFb in SEC func-
tions (Fig. 6C). We are perusing additional experi-
ments to validate the role of nascent RNA in
enhancement of Pol II release and elongation of
transcription.

Overall, this work highlights the key functions of
SEC in controlling of both initiation and elongation of
HIV gene transcription in the presence or absence
of Tat. Moreover, within SEC, P-TEFb plays a key role
in stimulating elongation of transcription through
Tat, while also contributing to the early steps of tran-
scription when Tat is not expressed. KO of AFF1 and
AFF4, or cyclin T1 enabled us to dissect the contribu-
tion of each factor to the different steps of transcrip-
tion. Importantly, P-TEFb modulates SEC functions.
As HIV placed the foundations to our current knowl-
edge of how Pol II pausing and release are regulated,
we expect that this work will set way to the role of
SEC/P-TEFb genome-wide, both when activators are
expressed or stimuli are imposed and during a restat-
ing state of cells.

Experimental procedures

Cell lines

Human Embryonic 293T Kidney cells that express an
integrated HIV-LTR-Luciferase (HEK-LTR-Luc) were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco), supplemented with 10% fetal bovine
serum (Gibco), 2mg/mL L-glutamine, penicillin-
streptomycin, and non-essential amino acids (Sigma,
M7145). Similarly, Jurkat T cells stably expressing the
integrated LTR-GFP and the LTR-Luciferase
(Jurkat-LTR-Luc) were maintained in complete RPMI
media. Cells were cultured at 37�C with 5% CO2.
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Plasmids

HA-AFF4 and Flag-AFF1 expression plasmids were
obtained from the Zhou laboratory (UC Berkeley).
AF4 members were also sub-cloned into a lentiviral
vector expressing an HA tag at their N-terminus. HA-
Tat was kindly provided by the Peterlin laboratory,
UCSF.

Transfections and luciferase reporter assays

HEK-LTR-Luc cells were co-transfected with the indi-
cated expression plasmids using lipofectamine.
48 hours post transfection, cells were harvested and
their luciferase activity was measured according to the
manufacture manual (Promega). Luciferase readings
were normalized to Renilla expression and are pre-
sented relative to the readings obtained in cells that
expressed wild-type cells—set to 1. Similar protocol
was performed to analyze transcription activation
from other promoters—PGK-Luciferase or EF1a–
DsRed. In this case, lentiviruses were used to trans-
duce target cells at an MOI of 1. Luciferase readings
were monitored as described, while DsRed expression
levels were detected by FACS. Results are representa-
tive of the mean value of triplicate wells; error bars
show § SEM.

CRISPR mediated gene silencing

For KO of protein expression, Jurkat-LTR-Luc or
HEK-LTR-Luc cells were infected with lentiviral vec-
tors expressing the Cas9/sgRNA for KO cyclin T1;
AFF1; or AFF4 (Addgene #49535). To KO, the expres-
sion of each protein, a mix of three different sgRNA
oligos were used and cloned into the lentiviral vector.
VSV-G pseudotyped lentiviruses were generated as
described below and used for infection. Infected cells
were further selected with media supplemented with
1–2 mg/mL of puromycin, and single clones were iso-
lated by limiting dilution before expanded. KO of pro-
tein expression was validated by WB with specific
antibodies. Two separate clones were further
sequenced independently to confirm mutations in the
specific reading frame of the gene. Genomic DNA
from selected clones, where cyclin T1, AFF4, or AFF1,
expression was depleted by CRISPR, was extracted
and fragments around the sgRNA editing sites were
amplified using Pfu-Taq polymerase. A-tails were
added to the PCR fragments with Taq polymerase and

the fragments were further cloned into pCDNA–
TOPO before sent for sequence analysis.

Production of pseudotyped lentivirus and infection

HEK293T cells were transfected with packaging HIV
expression plasmids, pGag-Pol; pRT; pTat; pREv; and
the env VSV-G. In the case of generating KO cells, a
lentivector expressing Cas9/sgRNA was used. For the
production of a Tat-expressing virus (HIV-Tat-BFP),
the HIV-LTR-Tat and the blue-florescence protein
(BFP) was used as trans-vector. Cell supernatant con-
taining virus was collected 48 hours post transfection,
spinned down at 2000 rpm for 10 minutes and then
filtered through a 0.45 u and aliquot for further
experiments.

For measuring cell viability or percentage of infec-
tivity by FACS analysis, cells were infected with the
indicated VSV-G pseudotyped viruses, pHR-LTR-
DsRed; HIV-Tat-BFP; and CMV-GFP.

Protein immune-precipitation antibodies and
binding experiments

HEK-293T cells grown in 10 cm plate were transfected
with 10 mg of the indicated AFF1 plasmid, using Lipo-
fectamine (Invitrogen). 48 hours post transfection,
cells were harvested and lysed with 500 mL lysis buffer
(0.15% Triton; 20 mM Tris-Cl pH 7.6; 200 mM NaCl;
0.72 mM EDTA; 10% Glycerol; 1mM DTT, protease
inhibitors cocktail (Sigma; 1:200 dilution)). Lysates
were incubated on ice for 1 hour and then and centri-
fuged at 14000 rpm for 10 minutes at 4�C. Cleared
supernatants were then incubated overnight with gen-
tle rocking with 1 mg of a-HA antibody (Abcam ab-
9110) or aFlag antibody (sigma). 50 mL was taken of
the lysis for input analysis. Following, lysates were
incubated with BSA-pre-blocked protein A-sepharose
beads (Invitrogen) at 4�C for 2 hours with gentle rock-
ing. Beads were extensively washed £3 times with
washing buffer (lysis buffer containing 0.05% Triton),
and were then precipitated by centrifugation at
3000 rpm at 4�C for 5 minutes. IP proteins were
heated at 95�C for 5 minutes in Laemmli sample
buffer and resolved by SDS-PAGE, followed by WB
using the indicated antibodies: aAFF4 (abcam;
ab57077); aFlag (M2-Sigma; A2220); aAFF1 (A302–
344A; Bethyl laboratories); aCyclin T1 (abcam;
ab27963); aELL2 antibody (abcam; ab115027); aAF9
antibody (abcam; ab154492); aPAFc (rabbit;
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ab20662). Secondary antibodies conjugated to HRP
were from Jackson immune-research laboratories;
a-mouse (Jackson-115–035–062); a-rabbit (Jackson-
111–035–045); a-sheep 313–035–045.

In vitro kinase assays

10 cm plates of wild type or cycT1 KO HEK 293T cells
were transfected with 10 mg of the indicated plasmids
(either HA-AFF4 full length, or HA-AFF4 1–300)
using Lipofectamine 2000 (Invitrogen). 2 mg of GFP
were added to the transfection mixture for monitoring
transfection efficiency. 48 hours post transfection cells
were harvested and washed twice with PBS and lysed
with 500 mL optimized IP buffer containing 0.15%
Triton, 20 mM Tris-Cl pH 7.6, 200 mM NaCl,
0.72 mM EDTA, 10% Glycerol, 1mM DTT, protease
inhibitors cocktail 1:50 (Sigma), NaVo4 0.5M, NaF1.
Cells were harvested and incubated for 30 minutes on
ice, following by centrifugation at 14000 rpm for 10
minutes at 4�C. Supernatant was then collected and
proteins were IP with 1 mg of anti-HA (Abcam) anti-
body overnight at 4�C on a rocker. 50 mL before anti-
body was collected for input control. The next day
50 mL of BSA pre-blocked protein A beads were added
and incubated for additional 2 hours at 4�C on a
rocker. Beads were washed £3 times with washing
buffer, centrifuged for 3 minutes at 3000 rpm at 4�C.
Beads samples were then divided into two aliquots
and re-suspended with 40 mL kinase buffer A contain-
ing 200 mM ATP, with or without recombinant
P-TEFb (50 ng; Millipore). Kinase reactions were
incubated for 1 hour at 30�C and stopped by adding
sample buffer and boiling at 98�C for 5 minutes.
Protein phosphorylation was monitored by Phos-Tag
acrylamide (Wako) analysis, which provides a phos-
phate affinity SDS-PAGE for mobility shift detection
of phosphorylated proteins.

pIMAGO kinase analysis

In vitro kinase samples were boiled at 98�C for 5
minutes with sample buffer and loaded onto an SDS
PAGE acrylamide gels. Gels were transferred to a PVDF
membrane, which was pre activated with methanol.
Membranes were blocked with £1 blocking buffer for
overnight at 4�C, and further incubated at room tem-
perature for 1 hour with £1 pIMAGO buffer mixed
with pIMAGO reagents as described in the manufac-
turer protocol (pIMAGO�-biotin Phosphoprotein

Detection Kit for WB HRP-based detection (ECL)).
This kit is a universal phospho-protein detection tech-
nology that enables sensitive and specific recognition of
phosphorylated protein residues. Membranes were
washed £3 with washing buffer and once with £1
TBST for 5 minutes each. Avidin-HRP mixed in block-
ing buffer was added to the membrane and incubated
for 1 hour, followed by £3 washing steps, 5 minutes
each with£1 TBST. Membranes were analyzed using in
Chemi DOC imager (Bio-Rad).

Protein purification

pGEX GST-CTD plasmid was transformed into BL21
bacteria, and the fallowing day a single colony was
picked and transferred into a 2 mL LB-Amp starter
growth media, followed by growth in a 50 mL media
for overnight growth. The growing culture then trans-
ferred into 200 mL LBCamp media and incubated,
while shaking, until reached to 0.6–0.8 O.D. Protein
expression was induced by adding 100 mM IPTG, and
the culture was further grown for 3 hours. Bacterial
culture was harvested by centrifugation at 5000 rpm
for 10 minutes 4�C and the pellet was then
re-suspended in 4 mL of EBC-DTT buffer [50 mM
Tris-Cl (PH 8),120 mM NaCl, 0.5% NP-40, 5mM
DTT and supplemented with protein inhibitors.1;50]
Cells were lysed by adding 2 mg/mL lysozyme while
placed on ice for 15 minutes. Next, cell pellet was soni-
cated for 30 seconds in a four-time cycle interval,
while kept on ice. Following, sonicated cells were cen-
trifuged for 15 minutes at 4000 rpm at 4�C. In a clean
15 mL tube, the supernatant was then diluted with
4 mL EBC-DTT buffer (supplemented with PI 1:50),
and 500 mL of equilibrated GST beads were added for
further 2-hour incubation (gentle shaking at 4�C).
Beads were precipitated by centrifugation at 3000 rpm
at 4�C, and further washed £3 with EBC-DTT buffer.
Elution was performed with buffer containing 50 Mm
Tris pH 8, 120 mM NaCI, mM DTT, 10 mM glutathi-
one added fresh for 2 hours on rocker at 4�C. Purified
protein was collected liquated and stored in ¡80�C.

Chromatin immuno-precipitation analysis (ChIP)

Protein-DNA complexes were cross-linked with 1%
formaldehyde for 10 minutes, washed twice with
phosphate buffered saline (PBS). Cell cross-link was
stopped by adding glycine (0.125 M; 5 minutes), fol-
lowed by washing with PBS and then lysis in 0.5 mL
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lysis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1%
Triton £100, 1 mM EDTA, 0,1% SDS and 1% prote-
ase inhibitor cocktail; 10 minutes on ice). Nuclear pel-
let DNA was fragmented by sonication with following
settings: amplitude 40%, for 10 cycles 20 seconds on/
40 seconds off )Sonics Vibra Cell(. Samples were cen-
trifuged (15 minutes, 14000 rpm, 4�C) and the soluble
chromatin fraction (50 mg) was collected and
immune-precipitated overnight with an HA-IgG tar-
geting HA-AFF1 or HA-AFF4 (5 mg). Precipitated
DNA fragments were extracted with phenol–chloro-
form and amplified by real-time qPCR with the spe-
cific designated primers—short primers around core
promoter sites; TAR-Luc that covered both TAR and
terminal luciferase gene. All signals were normalized
to the input DNA. For each reaction, signals generated
by non-specific IgG in the control IP were performed.

RNA precipitation and analysis of long and short
transcripts

HEK-293T wild type of cyclin T1 KO cells were grown
on 10 cm plates and were transfected with 3 mg of
HIV LTR-Luc. Cells were lysed with 800 mL of RNA-
IP buffer (0.5% NP-40; 20 mM HEPES pH 7.8;
100 mM KCl; 0.2 mM EDTA) supplemented with
RNAseA inhibitors (NEB MO314S) and protease
inhibitors (Sigma), added fresh before use. Cell lysates
were incubated on ice for 10 minutes and centrifuged
at 5000 £g for 5 minutes at 4�C. Supernatants were
collected and then divided into two aliquots. The first
was incubated overnight with gentle rocking with
1 mg of the HA-IgG antibody, and the second was
incubated with a control non-immune anti-human
IgG. Next, protein A-Sepharose beads were pre-
blocked with BSA and yeast tRNA and then were
added for additional 2 hours at 4�C. 50 mL of cell
lysate was collected for input and stored at ¡80�C
until RNA extraction. Beads were then extensively
washed with washing buffer containing; 0.1% NP-40;
20 mM HEPES pH 7.8; 100 mM KCl; 0.2 mM EDTA;
PtdIns cocktail and RNAse inhibitor. Washing was
performed for 10 minutes with gentle rocking at 4�C,
while Eppendorf tubes were replaced at least once to
avoid unspecific RNA binding to the tubes. Following
wash, beads were centrifuged 3000 rpm for 3 minutes.
Beads were re-suspended in 100 mL of lysis buffer and
extracted with 100 mL TriReagent (Sigma) followed by
ethanol precipitation. Input samples were extracted

using the same protocol. Total precipitate RNA con-
centrations were measured and 1 mg was used for the
synthesis of cDNA, using cDNA high capacity kit
(Applied Bio-system) in a total volume of 20 mL. RNA
concentrations of inputs were measured and 1 mg was
used for the synthesis of cDNA. Samples were further
analyzed by real-time PCR analysis using KAPA Syber
Green fast mix with the indicated primers. 2 mL of
1:10 and 1:100 dilution of input were used to generate
a standard curve and determine the quality control of
the reaction. 2 mL of undiluted IP samples were used
as templates. Reactions were analyzed in triplicates
and presented as percentage of input. Indicated pri-
mers targeted 7SK snRNA; TAR (short primers),
TAR-Luc located on both TAR sequences and N-ter-
minal luciferase sites, and primers located around
luciferase coding genes (long). For analysis of mRNA
levels, RNA purification and cDNA synthesis steps
were directly performed in the indicated cells directly
or after transfection of HA-AFF1 and AFF4. qPCR
analysis was performed with the indicated long (cod-
ing regions) and short (TAR) primers to differentiate
initiation versus elongation of transcription.
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