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Abstract: AF4/AFF1 and AF5/AFF4 are the molecular backbone to assemble “super-elongation complexes” (SECs) 
that have two main functions: (1) control of transcriptional elongation by recruiting the positive transcription elonga-
tion factor b (P-TEFb = CyclinT1/CDK9) that is usually stored in inhibitory 7SK RNPs; (2) binding of different histone 
methyltransferases, like DOT1L, NSD1 and CARM1. This way, transcribed genes obtain specific histone signatures 
(e.g. H3K79me2/3, H3K36me2) to generate a transcriptional memory system. Here we addressed several questions: 
how is P-TEFb recruited into SEC, how is the AF4 interactome composed, and what is the function of the naturally oc-
curing AF4N protein variant which exhibits only the first 360 amino acids of the AF4 full-length protein. Noteworthy, 
shorter protein variants are a specific feature of all AFF protein family members. Here, we demonstrate that full-
length AF4 and AF4N are both catalyzing the transition of P-TEFb from 7SK RNP to their N-terminal domain. We have 
also mapped the protein-protein interaction network within both complexes. In addition, we have first evidence that 
the AF4N protein also recruits TFIIH and the tumor suppressor MEN1. This indicate that AF4N may have additional 
functions in transcriptional initiation and in MEN1-dependend transcriptional processes.
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Introduction

Gene transcription is a process that converts 
DNA-stored information into RNA molecules of 
which mRNA is the only species that is subse-
quently translated into protein. The enzymatic 
machinery transcribing protein-coding genes 
into mRNA is RNA polymerase II (RNAPII), which 
has been shown to be ‘elongation controlled’ 
for ~80-90% of all human genes [1]. The pro-
cess of ‘transcriptional elongation’ is required 
because RNA synthesis of RNAPII becomes 
arrested after the production of the first ~50 
nucleotides [2, 3]. This is due to DSIF binding 
(DRB sensitive inducible factor) to the nascent 
mRNA emerging from the RNAPII, and binding 
of the NELF complex (negative elongation fac-
tor) in a DSIF-dependent manner [4]. Both are 
inhibitory proteins/protein complexes that 
block further transcription, but allow mRNA 
capping at this arrested state of RNAPII (POL A). 
The key regulator - capable to terminate this 

‘promoter-proximal arrested state’ and allowing 
the transition into ‘elongating RNAPII’ (POL E) - 
is the positive transcription elongation factor b 
(P-TEFb). P-TEFb is a heterodimer composed of 
CDK9 and Cyclin T1 [5] which phosphorylates 
the RNAP II-associated negative elongation fac-
tors DSIF and NELF. This causes the protea-
somal degradation of the NELF complex, but 
converts DSIF into an activator of transcription-
al elongation [6]. Apart from these functions, 
P-TEFb also phosphorylates UBE2A that associ-
ates subsequently with two Ring finger proteins 
(RNF20 and RNF40) which in turn allows to 
execute histone mono-ubiquitinylation [7]. 
Finally, P-TEFb phosphorylates the C-terminal 
domain of RNAP II (CTD: 52 copies of YSPTSPS). 
The CTD of RNAPII is a target of multiple kinas-
es [8] and displays distinct post-translational 
modifications at Ser-2, Thr-4, Ser-5 and Ser-7 
residues [9, 10]. These patterns are changing, 
starting from initiating RNAPII (P-Ser-5) [11], 
promoter-proximal arrested RNAPII (P-Ser-5; 
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P-Ser-7 at nt +50) and elongating RNAP II 
(P-Ser-2; P-Thr-4 around nt +450). Each of 
these changes is associated with the assembly 
of additional proteins necessary for elongation 
(e.g. ELL), splicing or termination [12]. While 
TFIIH (Cyclin H and CDK7) is responsible for the 
Ser-5 phosphorylation step - necessary for 
transcriptional initiation - the P-TEFb kinase is 
responsible for the establishment of the P-Ser-
2/P-Thr-4 signature [13, 14], and thus, creates 
the environment for productive elongation of 
RNAPII.

Inactive P-TEFb is stored in 7SK RNPs [15, 16]
and displays a diffuse nuclear pattern [17]. 
Inside of the 7SK RNPs, P-TEFb interacts in a 
reversible manner with HEXIM1 (hexameth-
ylene bis-acetamide inducible 1) and with the 
332 nt-long 7SK RNA [15, 16, 18, 19]. The 7SK 
RNA contains two distinct hairpin structures, 
bound by HEXIM1 and Cyclin T1, which are 
essential for the inhibitory effect of HEXIM1 
towards P-TEFb [20, 21]. Additional proteins in 
the 7SK RNP are MePCE (methylphosphate 
capping enzyme), LARP7 (La ribonucleoprotein 
domain family, member 7), several hnRNPs and 
RNA-Helicase A [22-24]. Since most P-TEFb is 
stored in the above mentioned complex, only a 
fraction of P-TEFb is functionally active due to 
its transient association with AF4- [25] or AF5-
based ‘super elongation complexes’ (SECs) 
[26].

The precise molecular mechanism of releasing 
P-TEFb from the 7SK RNPs is yet unsolved. 
Studies with the HIV-1 Tat protein demonstrat-
ed its strong capability of binding P-TEFb (via 
Cyclin T1) and to actively recruit P-TEFb from 
the 7SK RNPs [27, 28]. Tat competes directly 
with HEXIM1 for P-TEFb binding, thereby caus-
ing its dissociation by inducing conformational 
changes in 7SK RNA [29-32]. In addition, Tat is 
a direct competitor for BRD4 [33], and inter-
acts with several SEC components [34, 35].

SECs contain either the AFF family members 
AF4 or AF5, distinct combinations of ELL (ELL1-
3), as well as AF9 or ENL, AF10, DOT1L, NSD1, 
BRD4 and P-TEFb [36-38]. Most of their coding 
genes were initially identified as translocation 
partner genes in MLL-rearranged leukemia 
(AF4, AF5, AF9, ENL, AF10), but their role as 
stimulators of transcriptional elongation has 
been shown in a more physiological context 
[26, 39]. However, the precise mechanism of 

P-TEFb recruitment in the absence of viral or 
oncogenic proteins - like HIV-1 Tat or MLL-
chimeras - remained elusive.

Here, we demonstrate that assembled AF4 
complexes, and in particular the AF4N complex, 
mediates the release of P-TEFb from the 7SK 
SNPs. During the release process, P-TEFb dis-
sociates from the 7SK RNP and translocates to 
the AF4 or AF4N protein complex.

Interestingly, the oncogenic AF4-MLL fusion 
protein - deriving from the leukemogenic t(4; 
11) (q21;q32) chromosomal translocation - 
retains the same AF4N portion and strongly 
activates transcriptional elongation, and more-
over, exhibits in vitro and in vivo transformation 
capabilities [25, 40, 41]. Our findings contrib-
ute not only to understand elongation control in 
gene transcription, but also provides novel 
insights into a pathological mechanism, namely 
how the leukemogenic AF4-MLL fusion protein 
may contribute to a process that converts a 
normal hematopoietic cell into a pre-leukemic 
or leukemia-initiating cell.

Material and methods

Expression plasmids and vectors

The AF4 or AF4N cDNA were cloned into 
pEZP•CMV, pEZP•BGH, pTCZP. AF4N, HEXIM1 
and HIV-1 Tat cDNA was additionally cloned  
into pGEX-5T. The pCDNA 3.0 vector (Life 
Technologies, Paisley, UK) was modified result-
ing into the pDF vector (new multiple cloning 
site, C-terminal FLAG-tag). Human CDK9 human 
cytomegalovirus IE1 were both cloned into pDF, 
resulting in pDF-CDK9 and pDF-IE1. The pDF-
IE1 vector was further modified by cloning a 
C-terminal dTomato (pDTF-IE1). The lentiviral 
packaging vectors pCMV-dR8.91 and pMD2.G 
were a gift of Manuel Grez (GSH, Frankfurt, 
Germany), while the SB100X vector was kindly 
provided from Zoltán Ivics (PEI, Langen, 
Germany).

Cell culture and establishing stable cell lines

Adherent 293T and HeLa cells were maintained 
in DMEM with high glucose, supplemented with 
10% FCS and antibiotics. Transfections were 
carried out with 2.5 x 107 cells and stable cell 
lines were generated after co-transfection of 
corresponding SB vectors with SB100X in a 
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ratio of 20:1. Twenty-four hours post transfec-
tion cells were selected for 3 days by adding 1 
µg/ml puromycin until a homogenous fluores-
cent population was established (normally 
achieved after 5 days). Cell proliferation and 
viability was measured with the Cell Couting 
Kit-8 (CCK-8; Dojindo Molecular Technologies, 
Kumamoto, Japan) according to manufacturer 
instructions.

Lentiviral knock-down of AF4

1 x 105 HeLa cells were grown to 80% conflu-
ency and transfected with pCMV-dR8.91, 
pMD2.G as well as the MISSION® shRNA 
Plasmid (Clone ID NM_005935.1-3282s1c1) 
for human AF4 (Sigma-Aldrich, Munich, 
Germany) to produce viral particles. Four h 
after transfection medium was replaced and 
72 h after transfection the supernatant was 
removed and filtered through a 0.22 µm filter. 
Ten, 50 or 100 µl of viral supernatant (V10, 
V50, V100) were applied by centrifugation for 
1.5 h at 32°C, 2,500 rpm to transduce prot-
aminsulfate treated HeLa cells (spin transduc-
tion). Cells were selected as mentioned above 
by using 1 µg/ml puromycin.

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed with the ELISA Kit for 
AF4/FMR2 Family, Member 1 (AFF1/AF4) 
(USCN Life Science, Houston, USA) according to 
manufacturer instructions. All measurements 
of the protein standard fulfilled a R2 > 0.99 
criteria.

Cell lysis, nuclear extraction and salt fraction-
ation

In general, cells were washed twice in cold 1 x 
PBS, counted and collected by centrifugation (5 
min, 4,000 rpm, 4°C). Whole cell lysates were 
generated by resuspending cells in 300 µl IP 
buffer/1 x 107 cells (IP buffer: 150 mM NaCl, 
20 mM HEPES, pH 7.5, 1% Triton X-100, 1 mM 
Na3VO4, 10 mM NaF, 1 mM PMSF, 1x Protease 
Inhibitor Cocktail (Calbiochem, Billercia, USA)) 
and incubated for 1 h at 4°C under rotation. 
Lysates were centrifuged (30 min, 4,000 rpm, 
4°C) and supernatants were collected. Nuclear 
extracts were generated by resuspending cells 
in buffer C (10 mM HEPES pH 7.9, 10 mM KCl, 
0.1 mM EDTA, 0.4% NP-40, 1 mM DTT, 0.5 mM 
PMSF, protease inhibitor cocktail (Calbiochem)) 
and incubation for 10 min at room tempera-
ture. Lysates were centrifuged (3 min, 4,000 

rpm, 4°C) and supernatants saved as cytosolic 
fractions. The nuclear pellet was resuspended 
in buffer D (20 mM HEPES pH 7.9, 0.4 M NaCl, 
1 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM 
PMSF, protease inhibitor cocktail (Calbiochem)) 
and incubated for 2 h at 4°C with constant vor-
texing. All samples were centrifuged and super-
natants collected as nuclear extracts. Salt frac-
tionation of cells were performed as recently 
described [42].

Expression and purification of recombinant 
proteins

Expression vectors for recombinant proteins 
(pGEX-5T) were transformed into E.coli One 
Shot BL21star (DE3, Life Technology, Germany) 
and selected. A single clone was chosen for 
inoculation of a 50 ml pre-culture and incubat-
ed for 16 h, 180 rpm at 37°C until stationary 
phase. 25 ml of pre-culture were used to inocu-
late a 1 l main culture and incubated to a OD600 
of 0.6. Expression was induced with 1 mM IPTG 
for 3 h. Bacteria were harvested by centrifuga-
tion for 10 min, 5,000 rpm at 4°C, pellets 
resuspended in 3 ml/mg lysis buffer (50 mM 
NaH2PO4 pH 7.5, 300 mM NaCl, 10 mM imid-
azol, 1% (v/v) Triton X-100, 5% (v/v) glycerol, 10 
mM β-mercaptoethanol) and incubated for 30 
min on ice. Lysates were sonified for 6 x 10 sec 
and genomic DNA digested by addition of 
DNase I for 15 min at 4°C. Subsequently sam-
ples were centrifuged twice to remove cell 
debris (20 min, 10,000 rpm, 4°C and 1 h, 
35,000 rpm, 4°C). Supernatants served as 
input for purification. The recombinant proteins 
were tandem purified batchwise by a Ni-NTA 
agarose resin (QIAGEN, Hilden, Germany) and 
subsequently by magnetic glutathione-sepha-
rose beads (Thermo Scientific) according to 
manufacturer instructions. Purity of eluted 
recombinant proteins was controlled by 12% 
SDS-PAGE and coomassie/silver staining,  
protein concentrations were determined on  
a nanophotometer (P330, Implen, Munich, 
Germany).

Western-Blot experiments

Purified protein complexes, whole cell lysates 
or nuclear extracts were analyzed by western 
blot by using the following monoclonal antibod-
ies: anti-AF4 (V-14), -CDK9 (C-20), -CDK7 (C-19), 
Cyclin T1 (H-245), -β-Actin (I-19) antibodies 
were obtained from Santa Cruz Biotechnology 
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(Santa Cruz, USA); anti-HEXIM1, -LARP7, -NFkB 
p65/p50 antibodies were obtained from Abcam 
(Cambridge, UK); anti-acetyl-lysine antibody 
was obtained from Cell Signaling Technology 
(Danvers, USA); anti-FLAG M2 antibody was 
obtained from Sigma Aldrich. Transferred pro-
teins were visualized with the ECL detection 
system (GE Healthcare). Relative quantification 
of protein lanes was performed using the Image 
Lab 3.0 Software (Bio-Rad, Hercules, USA).

Affinity purification and immunoprecipitation 
experiments

Affinity purification of AF4 or AF4N protein com-
plexes was performed as previously described 
[25] without adding MG132 and starting from 
only 5 x 106 293T cells. For immunoprecipita-
tion, whole cell lysates or nuclear extracts were 
normalized according to the total protein con-
centration. All samples were pre-cleared by 
addition of 1 µg non-specific IgG and 20 µl 
Protein-G-Agarose (Santa Cruz Biotechnology) 
and incubated for 30 min at 4°C under rotation. 
Supernatants were collected and 0.5-2 µg of 
specific antibody was added and further incu-
bated for 1 h. 15-30 µl of Protein-G-Agarose 
were added and incubated for additional 2 h. 
Supernatants were washed three times with 
lysis buffer, eluted by boiling for 5 min in 
Laemmli-buffer and subsequently analyzed.

Yeast-2-hybrid experiments

All yeast-2-hybrid screens of this study were 
conducted using the MATCHMAKER III Two-
Hybrid System (Clontech) according to the man-
ufacturers recommendations. The system pro-
vides the two vectors pGBKT7 (bait) and 
pGADT7 (prey). Bait and prey inserts are 
expressed as GAL4 fusions with c-Myc and 
hemagglutinin (HA) epitope tags, respectively. 
The haploid yeast strain AH109, which virtually 
eliminates false positives by using three report-
ers (ADE2, HIS3, MEL1 or lacZ) under the con-
trol of GAL4, was transformed with the bait vec-
tor expressing a fusion of Gal4 DNA-binding 
domain and the different AF4 protein frag-
ments. The following cDNAs were clones into 
both plasmids in order to perform all experi-
ments in both directions (bait and prey 
exchanged): AF4N (1-346), AF4•1 (1-58), AF4•2 
(1-111), AF4•3 (1-150), AF4•4 (1-206), AF5•1 
(1-505), AF5•2 (442-806), AF5•3 (795-1164), 
CCNT1 (1-727), CCNT1•1 (1-220), CCNT•2 (187-
401), CDK9 (1-372), CDK9•1 (1-100), CDK9•2 
(70-250), CDK9•3 (220-372), DOT1L•1 (1-422), 

DOT1L•2 (387-642), DOT1L•3 (612-972), 
DOT1L•4 (934-1275), NPM1 (1-295), NPM•1 
(1-122), NPM•2 (91-201), NPM•3 (169-295), 
NSD1•1 (1-254), NSD1•2 (216-569), NSD1•3 
(533-659), NSD1•4 (833-1175), NSD1•6 
(1432-1870), NSD1•7 (1829-2240), NSD1•8 
(2199-2695), RELA•1 (1-203) and RELA•2 
(159-310).

P-TEFb release assay

Transiently transfected 293T cells (pDF-CDK9; 
1 x 107) were incubated for 48 h and then har-
vested. Whole cell lysate (1 ml) was incubated 
with 20 µl equilibrated FLAG-M2 magnetic 
beads (Sigma-Aldrich) in the presence of 
RNasin. Samples were incubated under rota-
tion for 2 h at room temperature and washed 
three times in 1xTBST without RNasin. Samples 
were split into aliquots and incubated with GST-
HEXIM1 (N), 1 µg of RNase, GST-AF4N or cell 
lysates with overexpressed AF4 for 15 min at 
room temperature. Matrix bound P-TEFb and 
supernatant were magnetically separated and 
further analyzed by Western blots.

7SK RNA binding assay

Recombinant GST, GST-AF4N or GST-Tat (2 µg 
each) were bound to glutathione magnetic 
beads (Thermo Scientific, Waltham, USA) for 2 
h at room temperature according to manufac-
turer instructions. Beads were subsequently 
washed three times and then incubated with 
10 µg of total RNA from 293T cells in a total 
volume of 500 µl for another 2 h. Beads were 
washed three times and proteins were eluted in 
a total volume of 50 µl. An aliquot of these elu-
ates (2 µl) was reverse transcribed using 
SuperScript II reverse transcriptase (Life 
Technology, Germany) and then amplified by 
standard PCR to analyze the amount of 7SK 
RNA (5’-AGGACCGGTCTTCGGTCAA-3’, 5’-TCATT- 
TGGATGTGTCTGCAGTCT-3’). The 133 bp ampli-
con was quantitatively analyzed by Q-PCR and 
compared to a defined 7SK RNA dilution series 
(108 to 101 copies), fulfilling the R2 > 0.9 
criteria.

Glycerol gradients

A glycerol gradient was poured by adding 5, 10, 
12.5, 15, 17.5, 20, 25, 30, 35 or 40% (v/v) glyc-
erol to glycerol gradient buffer (20 mM HEPES 
pH 7.9, 300 mM KCl, 0.2 mM EDTA, 0.1% (v/v) 
NP-40). The gradient was sealed with parafilm 
and settled over 16h at 4°C. Transiently trans-



P-TEFb transition from 7SK RNP to SEC

14 Am J Blood Res 2015;5(1):10-24

fected 293T cells (2 x 107) with pEZP-AF4ST, 
-AF4NST or pEZP (mock control) were harvest-
ed after 48h and whole cell lysates of 1 ml pre-
pared. Lysates were applied to glycerol gradi-
ents and ultracentrifuged (21 h, 38,000 rpm, 
4°C). Ten fractions were carefully removed and 
analyzed in Western blot experiments.

Results

Establishment of a stable and inducible AF4 
and AF4N expression system

Experimental studies of AF4 protein are ham-
pered by the fact that AF4 is rapidly degraded 
via binding to the two E3 ligases SIAH1 and 

SIAH2 [40]. Consequently, proteasomal degra-
dation must be blocked by addding MG132,  
but this treatment is rather toxic to cells and 
may influence experimental read-outs. There- 
fore, we cloned a C-terminally Strep-tagged  
AF4 into two constitutive sleeping beauty (SB) 
vector backbones (EZP•CMV-AF4ST; EZP•BGH-
AF4ST) and a doxyxcycline-inducible SB vector 
backbone (TCZP-AF4ST; Figure 1A). All SB vec-
tors were stably integrated in low copies (n = 
2-6) into the genome of 293T cells. Q-PCR 
experiments demonstrated that AF4 mRNA lev-
els increased up to 400-fold from the inducible 
vector backbone (Figure 1B). This allowed us to 
express the AF4 protein in an inducible manner 
without MG132 treatment, and AF4 protein 

Figure 1. Characterization of the TCZP-AF4ST stable cell line. A. Stable integrated vectors used in this study. B. 
Quantitative analysis of relative amounts of AF4 mRNA by qPCR from prepared cDNA with (TCZP+) or without (TCZP-) 
application of doxycyclin compared to regular 293T cells. Amounts are normalized to Actin [n = 3, +S.E.M.]. C. Top: 
Representative Western-Blot experiments from TCZP-AF4ST whole cell lysates after 2 passages with or without doxy-
cyclin compared to constitutively expressing constructs pEZP and pEZP-BGH. Faster migrating bands are degrada-
tion products of AF4. Bottom: Western-Blot experiments from TCZP-AF4ST whole cell lysates 0-72 h after induction 
of expression. Lanes 481 and 483 differ in the amount of applied doxycyclin (481 = 1 µg/ml, 483 = 3 µg/ml). D. CCK-8 
proliferation assays of induced TCZP-AF4ST cells over a time course of 10 days, compared to non-treated 293T cells 
[n = 3, ±S.E.M.]. Decline of untransfected cells is due to reaching confluency. E. Representative in-vitro GFP fluores-
cence microscopy images of TCZP-AF4ST cells during the indicated passages (magnification 100x, 0.5 s. exposure).
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could be readily detected 24h later from as lit-
tle as 5 x 106 cells (Figure 1C, upper panel). 
Moreover, an AF4 expression kinetic demon-
strated that a visible AF4 overexpression starts 
about 6h after induction, with high levels of AF4 
remaining until 72 h (Figure 1C, lower panel). 
This indicates that the degradation pathway of 
the cells become outcompeted by the amount 
of recombinantly expressed AF4/AF4N protein, 
which allowed us to monitor their function, and 
more importantly, the purification of these com-
plexes. AF4ST expressing cells displayed a 
more sustained proliferation and metabolic 
activity (CCK-8 activity) compared to regular 
293T cells that display a rapid growth decline 
after having reached confluency (Figure 1D). 
This is in line with earlier observations where 
an overexpression of AF4 caused a loss-of-con-
tact-inhibition (40). Based on all these data, we 
used the TCZP vector backbone for all further 
experiments. Finally, we tested the stability of 

expression of our integrated SB vector con-
structs by monitoring the expression of the 
ZsGreen reporter protein up to passage 37 
without using selective media (Figure 1E).

AF4 knock-down reduces cell viability

Conversely, we also tried to use an shRNA-
mediated knock-down of AF4 to investigate its 
loss-of-function effects. We have to mention 
that knockdown experiments have been 
attempted also in the past, where we observed 
very strong effects on cell viability when using 
siRNA mediated knock-down experiments (data 
not shown). Also the growth of murine Af4 
knock-out cells  (a gift of M. Djabali) displayed 
doubling times of ~14 days, indicating that  
AF4 is presumably a crucial protein for normal 
cell physiology (unpublished observations). 
Therefore, we used here only a short term 
observation period when we knocked-down 

Figure 2. Characterization of the AF4kd V100 stable cell line. A. Results of the AF4-specific ELISA after transduction 
of HeLa cells with viral particles and establishment of resistance to puromycin. Relative amounts of AF4 protein in 
regular HeLa cells (100% = 1) and knock-down lines V10, V50 and V100 are depicted [n = 4, +S.E.M., *p < 0.05]. 
B. Quantitative analysis of relative amounts of AF4 mRNA by qPCR from prepared cDNA of the V10, V50 and V100 
infected HeLa cells (100% = 1). Amounts are normalized to Actin [n = 3, +S.E.M., *p < 0.05]. C. CCK-8 proliferation 
assays of AF4kd V100 cells over a time course of 7 days, compared to non-treated HeLa cells [n = 3, ±S.E.M.]. D. 
Representative in-vitro microscopy images of AF4kd V100 cells during day 6 of the proliferation assays (magnifica-
tion 100x, 10 ms. exposure) showing cowered morphology and non-commenced confluence.
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endogenous AF4 by using 3 different amounts 
of viral supernatant in our transduction experi-
ments (V10, V50 and V100). We were able to 
reduce the amount of endogenous AF4 mRNA 
only to about 40-50% when using the highest 
doses of virus (Figure 2A). This is perfectly in 
line with our unpublished observations that 
AF4 can only be knocked-down to a certain 
threshold. Similarly, the AF4 protein levels was 
reduced. Since the endogenous AF4 protein is 
even difficult to visualize under physiological 
conditions in Western-blots (see e.g. Figure 1C, 
lane 293T), a more sensitive AF4-specific ELISA 

the abundance of AF4 complex binding part-
ners in the AF4 knock-down situation. Here, we 
tested for CDK9, CYCT1, NFkB1 (p65/p50), but 
also the functional important CDK9 T186-P 
modification which is a known marker for acti-
vated P-TEFb (Figure 3A). We used also three 
control proteins (CDK2, CDK7, MEN1). The only 
difference found in AF4 knock-down (V100) 
cells was a slight reduction of the T186-P modi-
fication (RQ = 0.42), supporting the notion that 
binding of P-TEFb to AF4 is crucial for its func-
tional activation. We observed also a slight 
increase in MEN1 protein which was one of the 

Figure 3. Interaction and dependency between AF4 and transcription-associat-
ed factors. A. Western-Blot experiment for CDK9, CDK9-T186A, CYCT1, NFkB, 
AF4, CDK2, CDK7 and MEN1 from whole cell lysates of non-transfected HeLa 
(left) compared to AF4kd V100 cells (right). Relative quantification was car-
ried out by using the Image Lab 3.0 Software (Bio-Rad). Molecular weight of all 
proteins are indicated. B. Western-Blot experiments with affinity purified (AP) 
strep-tagged AF4 (left) and AF4N (right) probed with the same antibodies. C. 
Immunoprecipitation of BFP-CYCT1 from nuclear fractions of transiently trans-
fected 293T cells. (mock, pETP-BFPCYCT1, pEZP-AF4ST or pEZP-AF4NST; input 
0.2%, eluate 33%). BFP-CYCT1 (112 kDa) as well as endogenous CYCT1 (87 
kDa) were precipitated. Lower panel: Western blot with antiserum against the 
AF4 N-terminus.

was established here 
(Figure 2B). A maximum 
knock-down efficiency of 
~60% of AF4 protein 
expression was achieved 
with V100, but even higher 
amounts of the shRNA-
expressing lentiviral vector 
did not result in a higher 
knock-down efficiency (da- 
ta not shown). However, the 
reduction of AF4 to about 
50-60% was sufficient to 
affect the normal cell 
growth behavior. As shown 
in Figure 2C, the cell growth 
was affected and the AF4 
V100 knock-down cells 
also displayeda morpholo-
gy of stressed or resting 
cells (Figure 2D). In sum-
mary, the relative abun-
dance of AF4 seems to be 
crucial for living cells, 
because AF4 overexpres-
sion seems to confer a 
growth advantage, while  
its knock-down resulted 
either in growth arrest or 
quiescence.

Expression of SEC com-
ponents after AF4 knock-
down

Some of the already known 
constituents of the AF4 pro-
tein complex [25] were ana-
lyzed here in Western blot 
experiments as experimen-
tal read-out for potential 
changes. First, we tested 
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Figure 4. AF4/AF4N interactome mapping. A. The Yeast-2-hybrid Matchmaker III system was used to analyze the interactome of the core components of the protein 
assembly that occur within the AF4 N-terminal portion. B. More detailed interaction map displaying which portion of each protein which is binding to other proteins 
of the AF4/AF4N interactome. The experimentally observed strength of protein interactions is indicated by different sizes or dotted lines. Mapping of protein-protein 
interactions by others is indicated by colored lines.
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control proteins. All other AF4 binding proteins 
were not affected in their steady-state abun-
dance, suggesting that their steady-state 
expression is not influenced by the absence of 
AF4.

Composition of AF4 and AF4N SEC complexes

The AFF family proteins AF4 and AF5 are gener-
ally known to resemble a molecular platform for 
the assembly of high molecular weight protein 
complexes, called ‘super elongation complex-
es’ (SECs). We used our established Strep-tag 
affinity purification method [25] to isolate the 
nuclear complexes formed on strep-tagged full-
length AF4 and the AF4N protein. AF4N is gen-
erated from an alternative AF4 transcript (FelC) 
that exhibits an open reading frame comprising 
the first 3 AF4 exons only and is terminated at a 
cryptic poly A site localized within intron 3. 
Noteworthy, the steady-state abundance of this 
FelC transcripts is strongly increased in leuke-
mia cells that bear a t(4;11)(q21;q23) translo-
cation [43]. After elution from the StrepTactin 
columns, bound proteins which interact with 
AF4/AF4N were detected by Western blot. As 
previously shown, we could detect CyclinT1, 
CDK9, NFkB1 (p65) and DOT1L (Figure 3B). The 
expression of AF4N and AF4 was strongly 
induced by doxycycline, but the shorter AF4N 
protein displayed a much higher abundance 
than the full-length AF4 protein. However, even 
concerning the difference in the abundance of 
both overexpressed proteins, the AF4N protein 
displayed a better binding to known interaction 
partners than the AF4 protein. Interestingly, the 
AF4N protein seems to make additional interac-
tions with the p50 subunit of NFkB1, CDK7 as 
well as MEN1 (Figure 3B). Since CDK7 and 
Cyclin H1 form the transcription factor IIH 
(TFIIH) and AF4N seems to bind CDK7, it may 
indicate that AF4N is also involved in transcrip-
tional initiation (TFIIH) and not only in transcrip-
tional elongation (P-TEFb).

MEN1 has been described to counteract 
NFkB1-mediated activities (like the transcrip-
tional activation of Cyclin D1) by binding directly 
to the p50 and p65 subunits of NFkB1. MEN1 
is usually bound to MLL and was described to 
transcriptionally activate p18 and p27, leading 
to a growth arrest.

Since the smaller AF4N protein exhibited this 
prominent binding behavior, we further checked 

for a direct competition between full-length AF4 
and AF4N by transfecting both expression con-
structs together with an BFP-tagged CYCT1 in 
293T cells. Immuno precipitation of BFP-CYCT1 
resulted in the co-precipitation of AF4 as well 
as AF4N in single and double transfection 
experiments. This indicates that AF4 and AF4N 
are both able to bind to P-TEFb complexes even 
under competitive conditions (Figure 3C, lanes 
4 vs 6 vs 8).

AF4 interactome

We also performed yeast-2-hybrid (Y-2-H) 
experiments to unravel the molecular interac-
tions inside the SEC. We cloned AF4, AF5, 
NFkB1, CyclinT1, CDK9, BRD4, DOT1L, NSD1 
and NPM1 as smaller, overlapping cDNA frag-
ments in both Y-2-H vectors (bait and prey vec-
tors), in order to perform all experiments in 
both directions and used the appropriate single 
transfections as control to exclude autoactiva-
tion. Despite the RELA protein fragments test-
ed, no autoactivation was observed (data not 
shown). All protein interactions were classified 
upon the growth behavior of diploid yeast colo-
nies on 4x drop-out media (4xDO) and classi-
fied as very weak (+) to very good (+++). Based 
on more than 1,000 tested interactions, a net-
work emerged which is displayed in Figure 4A 
(right panel). A more detailed interaction map is 
displayed in Figure 4B, where we illustrate 
which portions of each protein is interacting 
with the other proteins. Based on these data, 
the N-terminal portion of AF4 or AF4N resem-
bles a molecular hub for a multitude of protein 
interactions. All proteins make multiple interac-
tions inside of these complexes, presumably 
allowing a very quick assembly of functional 
SECs from variable preformed smaller protein 
complexes.

AF4/AF4N protein complexes recruit P-TEFb 
from inhibitory 7SK RNPs

Next, we wanted to investigate the process that 
enables AF4 or AF4N to recruit P-TEFb from the 
inhibitory 7SK RNPs (Figure 5A). For this pur-
pose we used purified 7SK RNPs which were 
obtained by precipitation of Flag-tagged CDK9 
and bound to magnetic protein A/G beads. 
These loaded beads were used to establish a 
simple in vitro P-TEFb release assay. The bead-
bound 7SK RNPs were incubated with cell 
lysates from untreated cells (N), or from cells 
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that overexpressed CMV immediate early pro-
tein 1 (IE1; positive control), AF4 or the enzyme 
5-lipoxygenase (5-LO; 2nd negative control). As 
shown in Figure 5B, we monitored the release 

of P-TEFb indirectly by measuring the loss of 
LARP7 from the bead fraction. LARP7 is an 
integral and most stable component of the 7SK 
RNPs. The release of LARP7 indicates the disin-

Figure 5. Recruitment of P-TEFb from storage complexes into AF4/AF4N. A. Schematic representation of the 7SK 
RNP. B. Western blots after CDK9 immunoprecipitation from whole cell lysates of transiently transfected 293T cells 
(mock, Strep-tagged AF4, HCMV IE1 or 5-LO). blots were probed with antibodies against CDK9 and LARP7. C. 7SK 
RNA binding assay. Results of specific quantitative PCR of 7SK RNA purified from elution fractions. Samples were 
subjected to quantitative PCR and quantified against a 7SK RNA dilution series. Shown is the x-fold binding of 7SK 
RNA compared to the GST negative control (set as 1) [n = 3, +S.E.M., *p < 0.05]. D. Results of quantitative PCR of 
7SK RNA after incubation of whole cell lysates with RNase, recombinant GST-AF4N or a distinct whole cell lysate 
with overexpressed AF4ST. A non-treated lysate was used as negative control. Shown is the relative amount of 7SK 
RNA after incubation as the quotient of 7SK RNA/β-Actin copy number.
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tegration of the 7SK RNP complex, as observed 
and described for several viral proteins.

Potential mechanims of P-TEFb release

Next, we asked the question on how AF4, AF4N 
or viral proteins are able to perform the release 
of P-TEFb from 7SK RNPs. One idea came from 
a very early observation, namely that LAF4/
AFF2 was able to bind directly to nucleic acids 
[44]. Therefore, we wanted to investigate 
whether AF4 or AF4N have similar properties. In 
addition, the use of both proteins would also 
allow to identify the responsible regions within 
the AF4 protein (N- or C-terminus). 7SK RNA 
was produced by in vitro transcription and incu-

and AF4N are not only binding to 7SK RNA, but 
also cause their degradation, presumably as 
part of a potential mechanism to release 
P-TEFb kinase. However, RNaseA destroyed the 
7SK RNA template about 1500 to 2000-fold 
more effectively.

AF4/AF4N protein complexes incorporate 
P-TEFb

Next, we investigated that AF4 or AF4N does 
not only cause a release of P-TEFb from 7SK 
RNPs, but also incorporates P-TEFb into the 
AF4 or AF4N protein complexes. A glycerol gra-
dient experiment was performed to monitor the 
intracellular distribution of P-TEFb and LARP7 

Figure 6. AF4N/AF4 transfers P-TEFb from 7SK RNPs to AF4N/AF4. 293T cells 
were transiently transfected with empty vector (mock), pEZP-AF4ST or pEZP-
AF4NST. Whole cell lysates were prepared and separated on a 0-40% glycerol 
gradient by ultracentrifugation. Gradient were fractionated (n = 10) and ana-
lyzed for the presence of CDK9, LARP7 and AF4/AF4N. Dissociation of LARP7 
from 7SK RNPs is equivalent to the disruption of existing 7SK RNPs. Bottom: 
AF4 immunoprecipitation from glycerol gradient fractions 2 to 7 was probed for 
the presence of CDK9 to demonstrate the P-TEFb transition from 7SK RNP to 
AF4N/AF4.

bated with recombinant TAT 
protein, GST-AF4N or GST 
as negative control. Bound 
7SK RNA was then reverse 
transcribed, analyzed by 
QPCR and the x-fold enrich-
ment relative to GST sum-
marized in Figure 5C. This 
7SK RNA binding assay 
revealed that Tat binds very 
effectively to 7SK RNA, AF4 
does this to a lesser extent, 
but significantly better than 
the negative control. There- 
fore, we concluded that the 
N-terminal portion of AF4 is 
able to bind to 7SK RNA, 
presumably in a similar 
fashion as the TAT protein, 
which causes a conforma-
tional change of the 7SK 
RNA structure which is 
essential for P-TEFb release 
[45].

We quantified the amount 
of 7SK RNA by QPCR with-
out any treatment (N) and 
after incubation with recom-
binant GST-AF4N, an AF4 
overexpression whole cell 
lysate or with RNaseA as 
positive control. Notably, 
the presence of AF4 or GST-
AF4N led to a comparable 
five- to tenfold loss of 7SK 
RNA (Figure 5D), which may 
indicate that full-length AF4 
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as 7SK RNP marker upon AF4N or AF4 overex-
pression. As shown in Figure 6, the distribution 
of CDK9 was mostly diffuse among all fractions 
of the gradient in mock-transfected cell lysates, 
displaying an overlap with LARP7 in high molec-
ular weight (HMW) fractions. This indicates that 
under physiological conditions LARP7 and 
CDK9 are together part of high molecular 
weight complexes (7SK RNPs). This physiologi-
cal distribution changes in the presence of 
overexpressed AF4N or AF4. In both cases, 
CDK9 co-fractionates together with AF4 or 
AF4N in high molecular weight complexes. 
Most importantly, the LARP7 protein disap-
pears from the HMW fractions and shift towards 
fractions with lower molecular weight. This sug-
gests that AF4N and AF4 are both able to 
release P-TEFb from the 7SK RNPs, thereby 
causing also a release of LARP7, and to recruit 
PTEFb into the assembled AF4N and AF4 com-
plexes. A subsequently performed immunopre-
cipitation of AF4 from fractions 2-7 confirmed 
the association of AF4 with CDK9 in fractions 
3-5.

Discussion

The human AFF1/AF4 gene was identified as 
the major recombination partner gene in MLL-
rearranged leukemia, associated with the 
development of proB acute lymphoblastic leu-
kemia in infants, children and adults. For this 
reason, investigating the functions deriving 
from full-length AF4, tumor-overexpressed 
AF4N and the leukemogenic AF4-MLL fusion 
protein is of great value for our general under-
standing of cancer development. Here, we tried 
to answer different questions, namely the 
molecular requirements for the transitions of 
the P-TEFb kinase into AF4-mediated SECs, but 
also how the AF4 and the AF4N interactome is 
actually composed. From these studies we 
expected to learn about potential differences 
between full-length AF4 and the shorter protein 
variant AF4N. AF4N is a natural protein variant 
of AF4, exhibiting only the first 360 amino acids 
and is identical to the fused portion within the 
leukemogenic AF4-MLL fusion protein.

AFF family members (AF4, AF5) have been 
linked to transcriptional regulation and elonga-
tion [38, 46, 47]. This is such a fundamental 
process that overexpression of AF4 already 
confers a growth advantage with clear signs of 
malignant transformation [40]. These earlier 

findings could be confirmed here by using an 
inducible AF4 expression system, where cells 
induced to strongly overexpress AF4 displayed 
a growth advantage (indicated by CCK-8 activi-
ty) even on confluent petri dishes (Figure 1C). 
By contrast, an AF4 knock-down resulted in 
impaired cell growth and a morphology that 
reminded to severe cellular stress or quies-
cence (Figure 2D).

The AF4 protein complex contains several 
important constituents [25]. Here, we focussed 
specifically on CDK9, CYCT1 and a few other 
proteins (Figure 3B). The new inducible system 
allowed to affinity-purify and investigate AF4 or 
AF4N complexes from very few cells (5 x 106) in 
a reproducible manner. This is quite different to 
our earlier study [25] where we analyzed a prio-
ri the composition of these complexes always 
from 1 x 109 cells.

The question how P-TEFb is recruited into the 
AF4 protein complex has in part been solved: 
AF4 and AF4N are both able to bind directly to 
7SK RNA (Figure 5D). This induces a release of 
LARP7 from the 7SK RNPs (Figures 5B, 6). 
Whether this is due to conformational changes 
in the 7SK RNA structure or to its degradation, 
is not completely clear, because the measured 
RNA degradation could be also an artifact of 
our applied method. Regardless whether this 
transition of P-TEFb is due to conformational 
changes within the 7SK RNA or by its degrada-
tion, AF4 and AF4N both caused the release of 
LARP7. LARP7 has been described as a robust 
complex partner within the 7SK RNP [22, 24]. 
Thus, a release of LARP7 indicates a disinte-
gration of the 7SK RNP complex. This was con-
firmed by the glycerol gradient experiments, 
where a release of P-TEFb and its incorporation 
into the AF4 or AF4N protein complexes was 
concomittantly accompanied by LARP7 release 
(Figure 6). In addition - and quite similar to the 
viral TAT protein - the N-terminal portion of AF4 
displays a strong binding to P-TEFb and makes 
multiple interactions with other constituents of 
the SEC complex (e.g. NSD1, DOT1L, NFkB). To 
this end, the resulting SEC complex should be 
highly stable after P-TEFb has been included, 
and should become destabilized when the AF4 
protein is degraded via the proteasomal path-
way [40].

A completely new finding was that the AF4N 
protein binds to CDK7 (Figure 3B). CDK7 has 
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an important function by phosphorylating the 
Ser-5 position within the CTD repeats of RNAPII, 
a process that is necessary for the recruitment 
of P-TEFb [48]. Since all members of the AFF 
protein family (AF4, AF5, LAF4 and FMR2) 
express such shorter protein variants [43], one 
might speculate that these shorter protein vari-
ants of the AFF protein family may have addi-
tional functions, e.g. to actively recruit TFIIH 
(CDK7/Cyclin H) which helps to initate tran-
scription. CDK7 also functions as CDK-
activating kinase (CAK) and phosphorylates 
e.g. CDK9. If so, then AF4N and AF4 complexes 
may even cooperate with each other, and may 
contribute to all initial events of the transcrip-
tion process (initiation and elongation).

The interaction of AF4N with MEN1 is also a 
novel observation. MEN1 is known to transcrip-
tionally activate the CDK inhibitors p18 and 
p27 via the interaction with the MLL complex 
[49]. Binding of MEN1 to overexpressed AF4N 
could be of importance in order to outcompete 
MEN1/MLL-derived functions, e.g. to upregu-
late cell cycle inhibitors. This would explain why 
AF4N is overexpressed in leukemia cells with a 
t(4;11) translocation, leading to a loss of cell 
cycle arrest. In addition, MEN1 is known to bind 
to p50 and p65 of NFkB1. This protein-protein 
interaction normally disables NFkB1 to mediate 
the transcription of downstream target genes 
like Cyclin D1. However, in the presence of 
AF4N, the specific MEN1-NFkB1 interaction 
may be compromised as well (due to their 
recruitment), and thus, AF4N would allow again 
the production of Cyclin D1. It would indicate 
that the AF4N protein – as well as the other 
shorter protein variants of the AFF protein fam-
ily – have very specific functions, not only to 
serve as a hub controlling the process of tran-
scription, but also to influence cell growth and 
cell cycle.

AFF family members represent versatile dock-
ing platforms because of their ‘flexible folding’ 
[50, 51]. This allows to perform a series of 
actions necessary to recruit P-TEFb from 7SK 
RNPs, to activate P-TEFb and to convert pro-
moter-proximal pausing RNAPII (POL A) into 
elongating RNAPII (POL E). In addition, several 
histone methyltransferases (DOT1L, NSD1, 
CARM1), all part of purified AF4 protein com-
plexes, allow to imprint the transcribed region 
with H3K36me2, H3K79me2/3 and R17/R26me2 
signatures. Pathological events such as the 

creation of the AF4-MLL fusion protein, which 
results in a strongly increased stability of AF4-
MLL fusion protein, leads to a deregulation of 
these processes and finally to the malignant 
transformation of affected cells. Thus, interfer-
ence with this tightly regulated process may be 
related to an oncogenic transition. Future work 
will help to identify critical targets and how they 
are related to cancer onset.
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