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Abstract

Chromosomal translocations involving the MLL gene are associated with infant acute
lymphoblastic and mixed lineage leukemia. There are a large number of translocation partners of
MLL that share very little sequence or seemingly functional similarities, however, their
translocations into MLL result in the pathogenesis of leukemia. To define the molecular reason
why these translocations result in the pathogenesis of leukemia, we purified several of the
commonly occurring MLL chimeras. We have identified a novel super glongation complex (SEC)
associated with all chimeras purified. SEC includes ELL, P-TEFb, AFF4 and several other factors.
AFF4 is required for SEC stability and proper transcription by poised RNA polymerase Il in
metazoans. Knockdown of AFF4 within SEC in leukemic cells shows reduction in MLL chimera
target gene expression suggesting that AFF4/SEC could be a key regulator in the pathogenesis of
leukemia through many of the MLL partners.

INTRODUCTION

Transcriptional control by RNA polymerase 11 (Pol I1) is a multi-step process requiring the
concerted action of multiple factors and contacts with the DNA template for the proper
synthesis of nascent RNA (Conaway and Conaway, 1993; Kornberg, 2007; Shilatifard et al.,
2003). For many years, it was considered that transcriptional regulation mainly occurs at the
level of transcriptional initiation. However, we now know that transcriptional elongation and
the factors regulating this process are also highly essential for the proper regulation of gene
expression (Conaway et al., 2000; Reines et al., 1996; Shilatifard et al., 2003). The ELL
gene on chromosome 19p13.1 was identified as one of the translocation partners of Mixed
Lineage Leukemia (MLL) found in hematological malignancies (Thirman et al., 1994).
Human ELL1 was demonstrated to be a Pol Il elongation factor capable of increasing the
catalytic rate of transcription elongation by reducing transient pausing by the enzyme
(Shilatifard et al., 1996). The report of ELL1 being a Pol Il elongation factor was the first
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biochemical and molecular characterization of any of the MLL partners in leukemia, and to
date functionally, ELL1 is the best characterized of the MLL partners. In humans, there are
three family members of ELL1, including ELL2 and ELL3 (Miller et al., 2000; Shilatifard et
al., 2003; Shilatifard et al., 1997). In Drosophila, there is only one ELL family member,
dELL, also capable of functioning as a Pol Il elongation factor both in vitro and in vivo
(Eissenberg et al., 2002; Gerber et al., 2001). Recent findings demonstrated that a large
number of developmentally regulated genes contain Pol Il poised at their promoters in the
absence of detectable full-length transcripts suggesting that the regulation of transcription
elongation is a key step in governing gene expression and development in eukaryotes
(Boettiger and Levine, 2009; Muse et al., 2007; Zeitlinger et al., 2007). In support of the role
for transcription elongation in the regulation of the activity of poised Pol Il, ELL was
demonstrated to be a major regulator of transcription by the poised Pol 1 at the heat shock
loci (Ardehali et al., 2009; Gerber et al., 2001; Smith et al., 2008).

The human MLL gene on chromosome 1123 undergoes frequent translocations with a
variety of genes all resulting in the pathogenesis of hematological malignancies (Rowley,
1998; Tenney and Shilatifard, 2005). The MLL translocation-based leukemia involves a
large number of fusion partners, many of which share little sequence or known functional
similarity. Since ELL1 has been well characterized as a Pol 11 elongation factor, it has been
postulated that perhaps other MLL partners may also function in the regulation of
transcription elongation as well (Shilatifard et al., 2003). The most common translocation
partners of MLL include AFF1, AF9, ENL, AF10 and ELL1 (Rowley, 1998; Tenney and
Shilatifard, 2005). AF9, AF10 and ENL have been shown to interact directly with the
histone methyltransferase Dot1, leading to the suggestion that Dot1-mediated methylation of
H3K79 was central to leukemogenesis in patients with MLL translocations (Bitoun et al.,
2007; Krivtsov et al., 2008; Mueller et al., 2007; Mueller et al., 2009; Okada et al., 2005;
Zhang et al., 2006). However, at this time, there is little evidence, and no mechanistic
understanding, for how H3K79 methylation by Dot1 could lead to gene activation.
Furthermore, ELL1, one notable translocation partner of MLL, which is a focus of our
studies and has a demonstrated role in transcription elongation, was not reported to be a part
of these complexes (Mueller et al., 2007; Mueller et al., 2009).

To learn more about the molecular mechanisms of MLL-based chromosomal translocations
in the pathogenesis of leukemia, we began our biochemical search for the identification of
commonalities in the disparate MLL-fusions. Therefore, we generated several cell lines
containing epitope tagged versions of some of the most common MLL fusion partners and
purified these protein complexes. This report is the first biochemical characterization of any
of the MLL-chimeras and the results have been extremely informative. Analysis of the
purified MLL-chimera complexes by mass spectrometry resulted in the identification of the
Pol Il elongation factor ELL with the purified MLL-chimeras. We also found that all of the
purified MLL-chimeras are associated with AFF4, itself a rare translocation partner of MLL.
Further biochemical purification of the ELLs and the AFF4 complexes from nuclear extracts
resulted in the identification of novel complexes containing the elongation factors ELL1,
ELL2, ELL3, P-TEFb, with AFF4. These findings link two elongation factors, ELL and P-
TEFb in one super elongation complex (SEC) with AFF4, which we now know is a shared
subunit of the purified MLL-chimeras. We also demonstrated that SEC is capable of
phosphorylating the C-terminal domain (CTD) of Pol Il and that the stability of the complex
requires the presence of AFF4, indicating that AFF4 is central for complex assembly.

Many Pol 11 elongation factors associate with transcribing Pol 11 and relocalize to heat shock
loci upon stress. We find that both the human and Drosophila homologues of AFF4
associate with the elongating form of Pol 1l on chromatin and relocalize to heat shock loci
upon stress. Furthermore, a reduction in the AFF4 levels by RNA. results in a failure of

Mol Cell. Author manuscript; available in PMC 2011 February 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 3

proper heat shock gene expression. Our biochemical studies indicate that AFF4 is a central
factor required for the assembly and integrity of the ELL/P-TEFb/MLL partner elongation
complex. Therefore, we anticipate that the translocation of MLL to its partners will result in
the relocalization of AFF4 to the MLL target genes such as HOXA9 and HOXA10. Indeed, in
support of this hypothesis, AFF4 is associated with the MLL target genes, HOXA9 and
HOXA10 in the leukemia cell line MV-4-11, and the knockdown of AFF4 in these cells
results in reduction of HOXA9 and HOXA10 expression. Overall, our study identifies AFF4
as a key component of the RNA polymerase Il elongation complex and a shared subunit of
many of the MLL-chimeras. This observation points to AFF4 and the transcriptional
elongation complexes as a possible target for the treatment of hematological malignancies
caused by some common MLL translocations found in infant leukemias.

RESULTS and DISCUSSION

In order to begin to understand how the misregulation of gene expression is caused by MLL-
fusion proteins, we expressed some of the most common MLL fusion proteins, MLL-ELL1,
MLL-ENL, MLL-AFF1 and MLL-AF9 in 293 cells with a Flag epitope tag under an
inducible promoter, each integrated at the same site within the genome. Expression and
purification of the MLL-N-terminal region most frequently found in MLL-fusion proteins,
resulted in the isolation of Menin, which is known to associate with the N-terminus of MLL
and LEDGF, an interactor of Menin (Supplemental Table 1, Yokoyama and Cleary, 2008).
Following the biochemical isolation of MLL-ELL1, MLL-AFF1, MLL-AF9 and MLL-ENL
(Figure 1A), these purified complexes were subjected to Multidimensional Protein
Identification Technology (MudPIT) to carry out proteomic analyses for each complex.
While the MLL-AF9 and MLL-ENL identified a few of the proteins previously described as
ENL associated proteins, including AFF1, AFF4, and Dot1(Mueller et al., 2007; Mueller et
al., 2009), the MLL-ELL1 and MLL-AFF1 chimera complexes included AFF4, but notably
not Dotl (Supplemental Table S1). In fact, AFF4, which itself is a rare translocation partner
of MLL, is a shared subunit for all of the purified MLL-chimeras (Supplementary Table 1).

Given the unexpected observation of finding this largely uncharacterized protein associating
with the MLL chimeras, we therefore generated a cell line expressing Flag epitope-tagged
AFF4 and identified associated proteins (Figure 1B-C). Surprisingly, all three ELL proteins
were found in the isolated complexes. In turn, expressing and isolating Flag-tagged ELL1,
ELL2 and ELL3 revealed AFF4 associating with each ELL (Figure 1B-C). Furthermore, the
ELL and AFF4-containing complexes also consist of additional MLL partners, AFF1, ENL,
and AF9 (Figure 1C). Another subunit of the AFF4 — ELL1 complex is the component of the
Pol Il C-terminal domain (CTD) kinase, P-TEFb, consisting of Cdk9 with cyclin T1, T2a or
T2b (Figure 1C). We also detected the previously identified ELL-associated factors EAFs
(Simone et al., 2003; Simone et al., 2001) in the AFF4, ELL2 and ELL3 complexes (Figure
1C). Since the purification of the ELL1 complexes were performed with ELL1 lacking the
first 50 amino acids (missing in the MLL-ELL1 chimera and required for interactions with
EAFs), we did not detect any of the EAFs in the ELL1 purifications. Given the fact that
EAFs enhance the in vitro transcription elongation properties of ELLs (Kong et al., 2005), it
is interesting that we also observe these factors with the AFF4-containing complexes.

The observed interactions between ELL1-3, AFF4, and the components of P-TEFb were
also confirmed by Flag and endogenous co-immunoprecipitations (Figure 1D-F). In different
preparations and with different tagged subunits, the relative amounts of some subunits in the
isolated complexes can vary (e.g. see ELL1 and AFF4 levels in Figure 1D-E). Therefore, it
is important to tag and purify multiple subunits to get a clear picture of the complexes in
vivo. Indeed, previous interpretations that Dot1, AFF1 and AFF4 exist in a single complex
were primarily based on these proteins co-purifying with a single subunit, ENL (Mueller et
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al., 2007; Mueller et al., 2009). We also find that ENL associates with AFF1, AFF4 and
Dot1, but importantly, we find that Dot1 is not associated with AFF1, AFF4 or the ELL
complexes indicating that ENL is part of at least two distinct complexes (Supplemental
Table 1 and data not shown).

To further characterize the AFF4-containing complexes, we analyzed nuclear extracts by
their application to size exclusion chromatography, followed by SDS-PAGE and Western
analysis of AFF4 and the components of the P-TEFb elongation complex (Figure 1G). These
studies clearly indicate that a small portion of the P-TEFb co-purifies with the AFF4 large
complex at about 1.5 MDa (Figure 1G, fraction 11-13), which we call the super elongation
complex (SEC) due to the presence of multiple Pol Il elongation factors. Overall, these
studies reveal that many of the MLL partners found in leukemia, which have very little
sequence or seemingly functional similarities, are found in large macromolecular complexes
associated with the Pol 11 elongation factors ELL and P-TEFb.

P-TEFb is a CTD kinase involved in the regulation of transcription elongation by Pol Il and
can exist in both active and inactive forms (Peterlin and Price, 2006). To determine whether
the purified ELL and AFF4-containing complexes contain active P-TEFb, we tested the
kinase activity of these purified complexes towards the GST-Pol Il C-terminal domain
fusion protein (GST-CTD). The ELL2, ELL3, and AFF4 complexes were assayed in the
presence and/or absence of ATP and the GST-CTD (Figure 2A). The resulting products
were subjected to SDS-PAGE followed by Western analysis with antibodies specific to Pol
I1 CTD either phosphorylated on serine 2 (pS2) or serine 5 (pS5) (Figure 2A). We also
tested the autophosphorylation of CDK9 and the possible phosphorylation of AFF4 by P-
TEFb (Figure 2A). From these studies, it appears that the purified ELL and AFF4-containing
complexes are active as a Pol I CTD kinase. Our studies also suggest that AFF4, which
sequence alignment demonstrates similarly bears repeated SP motifs (Figure 2B), is also
phosphorylated by P-TEFb (Figure 2A), a phenomenon also observed previously for AFF1
(Bitoun et al., 2007). Similar CTD kinase activities are found in ELL1 and MLL-fusion
protein complexes (Supplemental Figure S1).

To determine which of the components of the AFF4 complex are required for complex
stability and association with P-TEFb kinase, we reduced the levels of several components
of the complex using RNAI (Figure 2C). We observed that the reduction of the AFF4
homologue AFF1 does not alter ELL1 and P-TEFb stability in these cells (Figure 2C,
Supplementary Figure S2). However, the loss of AFF4 results in the instability of ELL1
with no significant effect on the stability of the P-TEFb components (Figure 2D). Our
studies so far indicate that the AFF4-containing complex associates with a small portion of
the P-TEFb components either when the AFF4 complex is purified (Figure 1B-F), or when
nuclear extracts were analyzed by size exclusion chromatography (Figure 1G). We,
therefore, tested for the association of P-TEFb with the AFF4/ELL complex in the absence
of AFF4 (Figure 2E). Nuclear extracts from cells treated with AFF4 RNAI were subjected to
size exclusion chromatography and the fractions were analyzed by SDS-PAGE, followed by
Western analyses using antibodies specific to Pol 1, CDK9, Cyclin T1 and Hexim 1 (Figure
2E). This biochemical analysis demonstrated that reduction in AFF4 levels result in the loss
of association of Cdk9 and Cyclin T1 with the large AFF4-containing complex (Figure 2E
fractions 11-13), but not the Hexim1-containing P-TEFb complexes (Figure 2E fractions
15-17, see Peterlin and Price, 2006 for a review of known P-TEFb complexes). Together,
these results demonstrate that AFF4 is a central component of the P-TEFb/ELL complexes,
which we call SEC.

The first in vivo characterization of ELL as a transcription elongation factor was in
Drosophila, where there is only one ELL-like protein, dELL (Eissenberg et al., 2002; Gerber
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et al., 2001). Indeed, the first hint of a connection between P-TEFb was the RNAi-mediated
knockdown of Cdk9 and the loss of dELL from chromatin (Eissenberg et al., 2007).
Additionally, although it took years to identify the affected genes, dELL and the sole
Drosophila homologue of AFF4 (see Supplemental Figure S3) were part of a small set of
genes isolated in a screen for Ras signaling components (Eissenberg et al., 2002; Neufeld et
al., 1998; Su et al., 2001; Tang et al., 2001; Wittwer et al., 2001). Based on our new
findings, we were interested to extend these intriguing links between ELL, P-TEFb and
AFF4 in Drosophila.

Since many Drosophila Pol Il elongation factors have been shown to associate with
elongating Pol 11 on chromatin and relocalize to heat shock loci upon stress (Ardehali et al.,
2009; Eissenberg et al., 2002; Gerber et al., 2001; Gerber et al., 2005y; Gerber et al., 2005b;
Smith et al., 2008; Tenney et al., 2006), we generated polyclonal sera to dAFF4 and
performed colocalization studies of dAFF4 with dELL and the elongating form of Pol Il
(Figure 3). dELL and the elongating form of Pol Il colocalize extensively with dAFF4
(Figure 3A-B), not seen with preimmune sera (data not shown). The Hsp70 loci in
Drosophila have been used as a model system for studying transcription elongation. The
Hsp70 loci contain poised polymerase, which upon heat shock is phosphorylated at serine 2
in the CTD repeats by P-TEFb, allowing productive transcription (Lis et al., 2000). We
assayed the presence of dAFF4 at Hsp70 after heat shock and observe that indeed dAFF4
colocalizes with dELL and the elongating form of Pol Il on polytene chromosomes at major
heat shock loci, including the Hsp70 genes at 87A and 87C (Figure 3C-D, Supplemental
Figure S4). Chromatin immunoprecipitation of dAFF4 shows that it becomes associated
with Hsp70 upon heat shock, and is present throughout the transcribed unit (Figure 3E),
similar to what was previously observed for P-TEFb (Boehm et al., 2003).

We next asked if AFF4 was similarly recruited to the human HSP70 gene. Using chromatin
immunoprecipitation (ChIP), AFF4 levels were measured across the human HSP70 gene
before and after heat shock in HeLa cells (Figure 4A-B, Supplemental Figure S5). Upon
heat shock, AFF4 is found at the HSP70 promoter and throughout the transcribed region
along with RNA Pol I1. Interestingly, ELL2 and ELL3 are also recruited to the 5" end of
HSP70, but are not significantly enriched as far into the body of the gene as AFF4. This
could reflect different sensitivities of the antibodies employed, or conceivably to differential
usage of the elongation factors in this complex at distinct steps of transcription elongation.
ELL1 antibodies did not work in any of our ChIP assays, which we believe reflects the
relative higher quality of ELL2 and ELL3 antibodies, and not the differential usage of these
factors on chromatin.

The effect of AFF4 recruitment to HSP70 was assessed by siRNA-mediated knockdown of
AFF4. Knockdown of AFF4 leads to a defective heat shock response, showing reduced
induction of HSP70 compared to control siRNA-treated cells (Figure 4G). While HSP70 is
used as a model gene for studying transcription elongation, we recognize that other factors,
not known to directly stimulate transcription elongation, also travel with the polymerase,
such as components of the exosome (Andrulis et al., 2002). However, based upon the proven
in vitro stimulation of transcription elongation by ELL1, the requirement for AFF4 in the
stability of the P-TEFb-AFF4-ELL complex, the association of AFF4 with HSP70 upon heat
shock and its requirement for full expression of HSP70, we propose that AFF4 is a central
component of the SEC complex.

To begin to investigate the role of AFF4 as a common component of complexes formed by
MLL chimeras, we assessed the recruitment of AFF4 to HOXA9 and HOXA10 loci in the
MV4-11 cell line from a patient with a MLL-AFF1 translocation. As with many MLL
translocations, HOXA9 and HOXA10 are up-regulated in these cells. Indeed, chromatin
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immunoprecipitation with antibodies corresponding to the C-terminal portion of AFF1,
which is contained in this MLL chimera, shows recruitment to HOXAG9 in the MV4-11 cells
(Figure 4H), as well as in another MLL-AFF1 fusion cell line SEM, but not in an unrelated
leukemia cell line, REH (Supplemental Figure S6). Interestingly, AFF4 is also recruited to
HOXA9 and HOXA10 in the MV4-11 cells, despite the fact that it is the related AFF1 gene
that is involved in the MLL translocation in these cells. The antibody to AFF4 was raised
against an amino-terminal portion not found in MLL chimeras, ruling out cross-reaction
with the related AFF1 protein that is part of the MLL chimera. To assess the functional
significance of AFF4 recruitment to MLL-AFF1 target genes, we performed lentiviral
delivery of shRNA to the MV4-11 cells. Significant reductions of Hoxa9 and Hoxal0 are
observed upon knockdown of AFF4 in these cells (Figure 41-J). Together, these findings
lend support to our hypothesis that AFF4, a very rare translocation partner of MLL is
nonetheless a component of many MLL-fusion protein complexes and participates in
leukemogenesis. This finding is supported by our initial biochemical purifications of the
MLL-chimeras (Figure 1A) and now with the analysis of the MLL-target genes from cell
lines generated from a MLL-translocation patient.

Previous studies have provided evidence for links among different MLL translocation
partners. ENL, AF9 and AF10 have been linked to the histone methyltransferase Dot1; and
it was suggested that a common mechanism of MLL-translocation-based leukemia was
through H3K79 methylation by Dotl (Bitoun et al., 2007; Krivtsov et al., 2008; Mueller et
al., 2007; Mueller et al., 2009; Okada et al., 2005). However, the most common
translocation partner of MLL is AFF1, which our present studies show does not associate
with Dotl. Other studies suggesting a physical interaction between Dotl and AFF1 were
based on the isolation of these two proteins in ENL immunoprecipitates and through
building a network of 2-hybrid and other interactions. However, we have determined the
proteins associated with some of the commonly occurring MLL chimeras found in infant
leukemias. MLL-AFF1 does not physically associate with Dot1, so a role for Dot1 at genes
upregulated in MLL-AFF1 leukemias may be subsequent to gene activation by this MLL
chimera. We have recently shown that Dot1-mediated H3K79 methylation is linked to cell
cycle control in yeast (Schulze et al., 2009) and methylation by Dot1 could also have some
role in transcriptional enhancement in leukemogenesis. In contrast, MLL-AFF1 co-purified
the SEC complex containing ELL1 and P-TEFb, two proven transcription elongation factors
in vitro and in vivo, each with demonstrated abilities to activate transcription through
transcription elongation. It will be interesting and essential to further determine the
mechanisms and regulation of the SEC complex in transcriptional control in normal
development and leukemogenesis. Both AFF1 and AFF4 copurify with the ELL proteins and
another AFF protein, AFF3, which is also a rare translocation partner with MLL (von Bergh
et al., 2002). The related AFF2 gene (FMR2) is silenced in a form of mental retardation
(Knight et al., 1993), thus implicating all members of this family in human diseases (Bitoun
and Davies, 2009). P-TEFb itself is involved in a number of malignancies and
developmental diseases (Romano and Giordano, 2008), and it will be intriguing to determine
which of these processes involve SEC or SEC-like complexes.

We originally proposed that ELL1, which we had identified as an activity from rat liver
extracts that stimulated transcription elongation in vitro, and is homologous to the ELL gene
in humans involved in chromosomal translocations in leukemia, is linked to transcription
elongation by Pol Il to leukemogenesis (Shilatifard et al., 1996). Recently, other groups have
continued to propose a role for MLL-translocation partners with enhancing transcription
elongation of the target genes of MLL chimeras (Bitoun et al., 2007; Krivtsov et al., 2008;
Mueller et al., 2007; Mueller et al., 2009). These recent studies have focused primarily on a
proposed Dot1-AFF1 interaction, which we now believe was the result of the isolation of
ENL. Our evidence indicates that ENL participates in two distinct complexes, one with Dot1
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and one within the SEC. An important area for future investigation is to define the relative
contributions of these two types of complexes to leukemogenesis. This will require
extensive conventional biochemical studies in hematopoietic cells bearing the relevant MLL
chimeras.

In this study, we have demonstrated the following: 1) Many of the MLL fusion partners
appear to interact with each other within a large macromolecular complex named SEC. 2)
These large macromolecular complexes containing the MLL fusion partners also consist of
several of the known Pol 11 elongation factors including ELL1, ELL2, ELL3 and the
components of the P-TEFb kinase, Cdk9 and cyclin T1, T2a and T2b. 3) AFF4, which itself
is a rare translocation partner of MLL, is a common factor associated with the purified MLL
chimeras and Pol Il elongation complexes. 4) AFF4 is required for the proper assembly and
activity of large elongation complexes and association with P-TEFb. 5) AFF4 is a core
component of the Pol Il elongation complex containing ELLs and P-TEFb, associates with
the elongating Pol Il and relocalizes to heat shock puff sites upon stress, and is required for
proper heat shock gene expression by Pol Il. 6) We have demonstrated that AFF4 relocalizes
to the MLL target genes HOXA9 and HOXA10 in cells bearing an MLL-AFF1 fusion, where
it is required for the expression of these genes.

Collectively, the results of this study identify AFF4 as a component of the Pol 11 elongation
complexes consisting of ELLs, P-TEFb and several of the common MLL fusion partners.
These findings could prove critical for understanding the etiology of MLL-translocation
based leukemias and for identifying additional targets for the treatment of the hematological
malignancies resulting from these translocations, as well as for understanding fundamental
aspects of transcription elongation control in development.

EXPERIMENTAL PROCEDURES

Antibodies

Antibodies recognizing tubulin and Flag tag were obtained from Sigma, H3K4me2,
H3K79me3, CDKO9, pS2 and pS5 (Phospho Pol Il CTD), Cyclin T1, Hexim1 were obtained
from Abcam, H5 and H14 (Phospho CTD) from Covance. H3K4me3 and general Pol |1
antibodies were previously described (Wang et al. 2009). ELL1 mouse monoclonal
(recognizing an epitope within the first 100 amino acids (aa)), full length ELL2, full length
ELL3, AFF1(aa 764-931), AFF4(aa 73-237), and Drosophila AFF4 (aa 1427-1673 of the
longest isoform), human AFF1 and AFF4 were expressed as His-tag fusion proteins in
PET-16b, purified on NTA-agarose according to Qiagen’s protocol and sent to Pocono
Rabbit Farm and Labs for immunization into rabbits, except for dAFF4 which was injected
into guinea pigs. Drosophila Rpbl antibody was raised in rabbits against the synthetic
peptide ERLMKKVFTDDVIKEMTDSG(C) conjugated via cysteine to KLH. dELL
antibody and polytene chromosome immunostaining were previously described (Smith et al.
2008).

Expression Plasmids and Cell Lines

MLL-ELL1 cDNA was previously described (DiMartino et al. 2000). MLL-AF9, MLL-AFF1
and MLL-ENL cDNAs were a gift from Dr. Jay Hess (University of Michigan). AFF4 cDNA
was obtained from Open Biosystems. ELL1, ELL2 and ELL3 cDNAS were previously
described (Johnstone et al., 2001). Flag-tagged cDNAs were cloned into pPCDNA5S/FRT-TO
vector (Invitrogen) modified with an N-terminal flag tag. The plasmids were then
transfected into 293 Flp-in-TRex cells and selected by hygromycin. The single clones were
picked and cultured up to 3 liters. The 293 Flp-in-TRex cells were grown in suspension with
CD 293 medium (Invitrogen) as described by the manufacturer. MVV4-11 cell line was a gift
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from Dr. Mike Thirman (U. Chicago, IL) and the SEM and REH cell lines were obtained
from the ATCC. All three leukemia cell lines were grown according to the ATCC’s
recommendations.

Flag purification and MudPIT analysis

Nuclear extracts were prepared and subjected to anti-Flag agarose immunoaffinity
chromatography. Trichloroacetic acid-precipitated protein mixtures from purifications were
digested with endoproteinase Lys-C and trypsin (Roche) and subjected to MudPIT analysis
as previously described (Wu et al., 2008).

Immunoprecipitations and kinase assays

Approximately 107 cells for each assay were collected, washed with phosphate-buffered
saline once, and lysed in high-salt lysis buffer (20 mM HEPES [pH 7.4], 10% glycerol, 0.35
M NaCl, 1 mM MgCly, 0.5% Triton X-100, 1 mM dithiothreitol) containing proteinase
inhibitors (Sigma). After incubation at 4°C for 30 min, the lysate was cleared twice by
centrifugation at 4°C. The balance buffer (20 mM HEPES [pH 7.4], 1 mM MgCl,, 10 mM
KCI) was added to the resulting supernatant to make the final NaCl concentration 300 mM.
The lysate was then mixed with antibodies and protein A beads or with anti-Flag agarose
(Sigma). After incubation at 4°C for 4 h, the beads were spun down and washed three times
with wash buffer (10 mM HEPES [pH 7.4], 1 mM MgCl,, 300 mM NaCl, 10 mM KCl,
0.2% Triton X-100) before eluting by boiling in SDS gel sample buffer. Kinase assays done
as previously described (Bitouin et al. 2007).

RNAI, RT-PCR and Chromatin Immunoprecipitation

AFF1 and AFF4 SMARTDpools from Dharmacon were used for all SiRNA experiments.
RNA was extracted with RNeasy from Qiagen and RNA levels were measured with Qiagen
SYBR green 1-step RT-PCR reagent. Nuclear extract was prepared as described above and
subjected to Western blotting or Superose 6 size exclusion analysis on the SMART system.
ChIP and QPCR for human cells was done as previously described (Wang et al. 2009). HeLa
cell heat shock experiments were performed by incubating sub-confluent cells at 42° C for 2
hours. Drosophila S2 cells (D-mel2 cells, from Invitrogen) were heat shocked by adding
prewarmed media to cells and incubating at 37° C for 10 minutes before fixation and
chromatin immunoprecipitation. Hsp70 primers were previously described (Boehm et al.,
2003). Intergenic primers to a non-transcribed region of chromosome 2L are, 5 prime to 3',
TCGTGAAATGTTTGCTACTCGAATA and AATTGCATCGCAACACAATGAG.
Enrichment was measured using a standard curve of input DNA.

AFF4 shRNA construct was purchased from Open Biosystems (TRCN0000015823) and
contains 10 mismatches with the related AFF1 gene over the 23 nucleotide hairpin region.
Lentiviral particle preparation and infection was done as previously described. Briefly, 293T
cells were plated at 60% confluency in 150 mm dishes in DMEM supplemented with 10%
FBS. After incubation for 14 hours (37 °C, 5% CO,), 293T cells were co-transfected with
8ug of AFF4 shRNA or GFP control shRNA, 2.5 ug of packaging plasmids containing gag,
tat and rev genes and 2.5 pg of VSV-G expressing plasmid using FUGENE 6 (Roche). The
media was replaced with fresh DMEM supplemented with 10% FBS after 16 hours of
transfection. The lentiviral supernatants were collected 48 to 72 hours after the transfection,
filtered through 0.22 um filters and concentrated at 18K rpm for 2 hours. For lentiviral
infection of MV4-11 leukemia cells, 1x10° cells were seeded in RPMI 1640 media.
Polybrene (Sigma) was added at a final concentration of 8ug/ml. After adding 50 pl
lentiviral particles (MOI ~10), spin transduction was performed at 2000 RPM for 120
minutes at 32° C. 6 hours after infection, the media was replaced with 100 ul of RPMI 1640
media supplemented with 10% FBS and 5 ng/ml recombinant human granulocyte M-CSF
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(GM-CSF) (Prospect Protein Specialist). Cells were incubated at 37°C for four days before
RNA extraction and RT-PCR as described for the sSiRNA experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AFF4 is a shared subunit of several of the MLL-chimeras and associates with known
RNA polymerase Il elongation factors

(A) Clonal cell lines expressing flag-tagged MLL-ELL1, MLL-ENL, MLL-AFF1 and MLL-
AF9 were generated in 293 cells and the resulting protein complexes were purified using the
FLAG-affinity purification method and analyzed by SDS-PAGE, silver staining and mass
spectrometry. Arrows indicate the position of the Flag-tagged proteins. (B-C) Purification of
Pol 1l elongation factors ELL1, ELL2, ELL3 and AFF4. Clonal cell lines expressing flag-
tagged ELL1-3 were generated in 293 cells and the resulting protein complexes were
purified and analyzed as in (A). Arrows in (B) indicate the position of the Flag-tagged
subunit. (C) All three human ELL paralogs were identified in the Flag-AFF4 purification.
ELL1 and its paralogs ELL2 and ELL3 were separately purified and demonstrated a similar
set of associated proteins as found in the AFF4 purification. The Flag-ELL1 construct
corresponded to the portion of ELL1 in MLL-ELL1 chimeras and lacks the N-terminal Eafl/
Eaf2 interaction domain, explaining the failure to identify these two proteins in this
purification. AFF4 was found in all of the Flag-ELLSs purifications indicating that it is a
component of a novel RNA polymerase Il elongation complex. (D—F) Confirmation of an
interaction of AFF4 with the MLL-chimeras and components of the P-TEFb elongation
factor by Flag and/or endogenous immunoprecipitations. Arrowheads show the position of
the protein probed by Western analysis. (D) Flag immunoprecipitations of MLL-chimeras
demonstrate an association of AFF4 with all chimeras, but not with a Flag-tagged MLL-N-
terminal domain common to all chimeras. (E) Western blot analyses of ELL1, ELL2, ELL3,
AF9, ENL and AFF4 immunoprecipitations confirm the observed interactions of Cyclin T1
and CDK9 with these factors. (F) Immunoprecipitations from 293 cells show the
endogenous association of P-TEFb with AFF4 and ELL1. (G) Size exclusion
chromatography of HelLa nuclear extracts demonstrated that AFF4-containing complexes
elute at ~ 1.5 MDa (fractions 11-14, underlined in red) and contain a small portion of the
CDK?9 and CycT1-containing (P-TEFb) complexes from the nuclear extracts. Fractions
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corresponding to 1.5 MDa and 670 kDa are indicated with arrowheads. The 1.5 MDa
complex is referred to as the super elongation complex (SEC).
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Figure 2. AFF4 is required for the assembly and the enzymatic activity of SEC containing ELLs,
P-TEFb and MLL partners

(A) Pol 1l C-terminal domain (CTD) Kinase assays with the ELL2, ELL3 and AFF4-
containing complexes were performed with GST-Pol Il C-terminal domain fusion protein
(GST-CTD). ELL2, ELL3, or AFF4 complexes were assayed in the presence of ATP and/or
the GST-CTD and subjected to Western blot analyses with antibodies specific to Pol II CTD
phosphoserine 2 (pS2) and phosphoserine 5 (pS5), CDK9 and AFF4. Consistent with
previous observations, serine 2 and serine 5 of Pol 11 CTD are good substrates for the P-
TEFb complexes in vitro. CDKY, itself, is also known to be autophosphorylated, resulting in
a shift in gel migration in SDS- PAGE (indicated by asterisk, while an arrow indicates the
faster migrating unphosphorylated form). AFF4 shows a similar gel mobility shift as CDK9,
also indicated by an asterisk, suggesting that it is a substrate for P-TEFb as well. See Figure
S1 for additional kinase assays. (B) Sequence alignment of a potential site for multiple
phosphorylation of AFF4-related proteins bearing SP motifs favored by P-TEFb. (C-D)
AFF4, and not AFF1, is required for stability of the SEC containing ELL1, P-TEFb and
MLL-partners in HeLa cells. Western blot analysis of ELL1, CDK9 and Cyclin T1 was
performed in the presence and absence of AFF1 or AFF4. Nuclear extracts from the siRNA-
mediated for AFF4 or AFF1 were analyzed by SDS-PAGE and Western blot analysis.
Arrows indicate increasing protein loads. Bulk protein levels of ELL1 are reduced in AFF4,
but not AFF1 knockdown in these cells. Bulk protein levels of P-TEFb were not affected by
AFF1 or AFF4 RNAI. Global H3K4 and H3K79 methylation levels were not affected by
AFF4 knockdown. Tubulin serves as a loading control. (E) Gel filtration analyses of nuclear
extracts from control and AFF4-directed siRNA treated cells. Larger P-TEFb-containing
complexes, SEC (fractions 10-14 also seen in Figure 1G and indicated by underlining in
red) are reduced in AFF4 knockdown cells, indicating that the presence of AFF4 is required
for the assembly of SEC.
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Figure 3. The Drosophila ortholog of AFF4 colocalizes with ELL and the elongating form of Pol
11 on Drosophila polytene chromosomes

(A and B) Polytene chromosome preparations from 3rd instar larval salivary glands were
probed with antibodies to dELL (A, red) or the H5 monoclonal antibody recognizing the
Ser-2 phosphorylated (P-Ser2), elongating form of Pol 1l (B, red). Both antibodies show
substantial colocalization with dAFF4 (A and B, green). Chromosomes were counterstained
with DAPI (A and B, blue). (C and D) Polytene chromosomes were prepared from heat
shocked 3rd instar larvae and stained as in (A and B). Phase contrast images show positions
of the 87A, 87C and 93D major heat shock loci. dAFF4 is recruited along with dELL at
these loci after heat shock, associated with the P-Ser2 form of RNA Pol I1. See Figure S4 for
additional images. (E) Chromatin immunoprecipitation of dAFF4 and RNA Pol Il large
subunit (Rpbl) at Hsp70 before and after 10 minutes of heat shock at 37° C. While Rpb1l is
present at Hsp70 prior to heat shock, dAFF4 can only be detected at Hsp70 after heat shock,
where it is found throughout the transcription unit along with Pol Il. Hsp70 primers have
been previously described (Boehm et al., 2003). Error bars represent standard deviations.
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Figure 4. AFF4 is required for HSP70 induction and is recruited to MLL chimera target genes in
leukemic cells

(A-G) Hel.a cells were heat shocked by incubation at 42° C for 2 hours. Non-heat shocked
and heat-shocked cells were used in chromatin immunoprecipitation-quantitative PCR
(ChlIP-qPCR) assays with AFF4, ELL2, ELL3, general Pol Il and the H14 monoclonal
antibody recognizing Serine 5 phosphorylated form of Pol 1l (B-F). (A) Position/primer
pairs used for QPCR along the HSP70 gene are indicated. (B—F) AFF4 is recruited to the
HSP70 gene after heat shock along with ELLs and RNA polymerase Il. (G) Knockdown of
AFF4 in HeLa cells by RNAI inhibits HSP70 induction. Control and AFF4 siRNA-treated
cells were heat shocked as in (A) and HSP70 mRNA levels were assessed by quantitative
RT-PCR and normalized to GAPDH mRNA levels. Non-heat shock control and AFF4
siRNA-treated cells are shown for comparison. (H-J) Recruitment of AFF4 to genes induced
by the MLL-AFF1 chimera in MVV4-11 cells. (H) Antibodies to the C-terminal domain of
AFF1 found in the MLL chimera and antibodies raised against the N-terminal domain of
AFF4 were used in ChIP-qPCR assays at HOXA9 and HOXAL10 loci, known targets of the
MLL-chimera found in human leukemia. As expected AFF1, shows recruitment to HOXA9
and HOXA10 in the leukemic MV4-11 cells. AFF4 is also recruited to HOXA9 and
HOXAL0, consistent with its co-purification with the MLL-AFF1 chimera in Figure 1A and
Supplementary Table 1. Similar findings were observed with sera from two immunized
rabbits (data not shown). The beta globin gene (Hemo), which is not expressed in HeLa or
MV4-11 cells, is used as a negative control in (B—F and H). Note that experiments in Figure
4B and 4H were done with crude 4 week serum or affinity purified from 10 week serum,
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respectively and were normalized with different amounts of input DNA. See Figure S6 for
additional ChIP experiments. (I) Knockdown of AFF4 in the leukemic MV4-11 cells by
retroviral introduction of a ShRNA targeting AFF4. (J) Reduction of HOXA9 and HOXA10
expression in MV4-11 cells after AFF4 knockdown. GFP shRNA is used as a non-targeting
control ShRNA. Expression levels were measured by quantitative RT-PCR and normalized
to 18S rRNA. Error bars represent standard deviations.
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