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A number of acute leukemias arise from fusion of the mixed
lineage leukemia 1 protein (MLL) N terminus to a variety of fusion
partners that have been reported to reside in one or more poorly
defined complexes linked to transcription elongation through in-
teractions with the histone H3-K79 methyltransferase DOT1 and
positive transcription elongation factor b (P-TEFb). Here we first
identify natural complexes (purified through fusion partners AF9,
AF4, and ELL) with overlapping components, different elongation
activities, and different cofactor associations that suggest dynamic
interactions. Then, through reconstitution of defined, functionally
active minimal complexes, we identify stable subcomplexes that,
through newly defined protein-protein interactions, form distinct
higher order complexes. These definitive analyses show, for exam-
ple, that (i) through direct interactions with AF9 and cyclinT1,
family members AF4 and AFF4 independently mediate association
of P-TEFbwith AF9, (ii) P-TEFb, through direct interactions, provides
the link for association of ELL and ELL-associated factors 1 and 2
(EAF1 and EAF2) with AF4, and (iii) in the absence of other factors,
DOT1 forms a stable complex with AF9 and does not interact with
AF9•AF4•P-TEFb complexes. Finally, we show the importance of
defined higher order complex formation inMLL–AF9-mediated tran-
scriptional up-regulation and cell immortalization potential in vivo.
Thus, our study provides direct mechanistic insight into the role
of fusion partners in MLL fusion-mediated leukemogenesis.

The mixed lineage leukemia 1 protein (MLL) regulates HOX
gene expression through the H3 lysine 4 (K4) methyltransfer-

ase activity of its C-terminal catalytic domain (1, 2). Rearrange-
ments of the MLL gene are associated with aggressive acute
leukemias (2), the most common of which are balanced chromo-
somal translocations that fuse N-terminal sequences in frame to
over 50 different fusion partner proteins (3). MLL fusion-trans-
formed hematopoietic progenitor cells exhibit a persistent ex-
pression of MLL target genes that is correlated with persistent
H3K4 trimethylation (mediated by MLL expressed from the non-
rearranged allele) and an increase in histone H3-K79 methylation
by DOT1 (4, 5).

MLL fusion partners include AF9 and family member ENL,
AF4 and family member AFF4, AF10, and ELL, which together
account for the majority of MLL fusion protein leukemias (3).
Although MLL and MLL fusion proteins are thought to be
recruited to target genes through interactions of N-terminal se-
quences with other proteins and with DNA (1, 6), the mechan-
isms by which they jointly lead to abnormal gene expression and
leukemogenesis are not well understood. A possible effect of
MLL fusion proteins on transcription elongation was indicated
by identification of ELL as a bona fide elongation factor (7) and
by the demonstration of a direct association of AFF4 with posi-
tive transcription elongation factor b (P-TEFb) (8). P-TEFb is
composed of cyclin-dependent kinase Cdk9 and either cyclinT1
or cyclinT2 and acts by phosphorylation of the inhibitory 5,6-
dichloro-1-β-D-ribofuranosylbenzimidazole sensitivity-inducing
factor (DSIF) and negative elongation factor (NELF) complexes

(9) and the RNA polymerase II C-terminal domain (CTD), which
serves as a recruitment signal for various factors during the elon-
gation phase of transcription. Further, AF10 was shown to interact
with DOT1 and to increase H3K79 methylation at target genes in
vivo (10); and recent studies have confirmed a role for DOT1 in
MLL-related leukemia (ref. 11, and references therein).

Both earlier (12, 13) and more recent (14–17) studies have
reported large complexes containing overlapping subunits that
include DOT1 and/or P-TEFb in variable associations with MLL
fusion partners AF4/AFF4, ENL/AF9, ELL and other proteins.
These studies emphasized that MLL fusion partners and fusion
proteins may regulate transcription elongation through recruit-
ment of P-TEFb, as originally suggested (8), and/or through ELL.
However, the presumed elongation activities of these various,
potentially heterogeneous, complexes were not demonstrated.
Moreover, P-TEFb and interacting MLL fusion partners are also
recruited to target genes in cells transformed by a fusion protein
(MLL–AF6) that fails to interact directly with any of these pro-
tein complexes (17). Hence, the overall effect of the MLL fusion
proteins appears to involve more than a simple P-TEFb recruit-
ment mechanism. In addition, and importantly, the specific activ-
ities of individual components and the exact interplay between
them remain to be determined and will be crucial for understand-
ing why different MLL fusion proteins produce different disease
outcomes in vivo (18).

To further investigate these questions, we have purified and
characterized, structurally and functionally, both natural MLL
fusion partner-containing complexes from mammalian cells and,
most importantly, reconstituted and biochemically defined sub-
complexes of MLL fusion/partner proteins and transcription
elongation factors. These analyses provide unique mechanistic
insights into the function of MLL fusion proteins and fusion part-
ner proteins.

Results
Biochemical Purification and Functional Analyses of Protein Com-
plexes Associatedwith AF9, AF4, and ELL.To investigate the mechan-
ism of action of MLL fusion proteins, we first sought to identify
proteins associated with representative partner proteins (AF4,
AF9, and ELL). After establishing cell lines that stably express
corresponding FLAG-HA-tagged proteins, corresponding com-
plexes were purified by a rigorous two-step affinity purification
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method. Associated proteins were identified by mass spectrome-
try and confirmed by immunoblot, with the following results:
First, the FLAG-HA-AF9 preparation contained some of the fac-
tors, including AF4, AFF4, P-TEFb, and DOT1, that were earlier
reported to be associated with AF9 and ENL (13, 15–17) (Fig. S1A
and Fig. S2A). However, previously undescribed interactions with
transcription factor IID (TFIID) subunits [TATA box-binding pro-
tein (TBP) and TBP-associated factors (TAFs)] and AF10 were
also observed. Second, relative to the FLAG-HA-AF9 isolate, the
FLAG-HA-AF4 isolate contained overlapping factors that in-
cluded AFF4, AF9, and P-TEFb, as well as unique factors that
included ELL1, ELL3, ELL-associated factor 1 (EAF1), and com-
ponents of the Mediator complex (Fig. S1B and Fig. S2C). Recent
studies have also described the presence of ELL and EAF family
members in various AF4–AF9 complexes (14–16). Third, and con-
sistent with the FLAG-HA-AF4 data, the FLAG-HA-ELL isolate
contained EAF1, ELL-associated factor 2 (EAF2), AF4, AFF4,
and P-TEFb (Fig. S1C and Fig. S2E), but not Mediator. Notably,
and in agreement with recent studies (15, 17) and potentially
mutually exclusive interactions of some factors with AF9/ENL,
the FLAG-HA-AF4 and FLAG-HA-ELL isolates did not contain
DOT1. However, and in contrast to two recent studies (15, 16), this
analysis failed to identify an association of AF9 or ENL with the
ELL-isolated complexes. These differences, and our unique iden-
tification of TFIID and Mediator associations with the specific
fusion protein complexes, may be attributed to differences in pur-
ification methodologies and/or levels of expression of ectopic pro-
teins that favor formation or stabilization of specific complexes.
Given the presence of both overlapping factors and some unique
factors in any given purified complex, it is evident that the MLL
fusion partner proteins may dynamically associate with other dis-
tinct/overlapping factors to form distinct (perhaps meta-stable)
complexes to regulate transcription.

It has been assumed that MLL fusion partners play a role in
transcription elongation on the basis of their association with
P-TEFb. However, with the exception of studies of purified ELL,
EAF1, and EAF2 (7, 19), there has been no direct evidence for
this function. To this end, we employed an elongation assay (20)
that involves formation of pulse-labeled early elongation com-
plexes followed by analysis of the rate of runoff transcript forma-
tion during a chase reaction. Whereas the FLAG-HA-AF9
complex showed only a weak stimulation (Fig. 1A, lanes 10–14
vs. 2–7) when compared to a control reaction, the FLAG-HA-
AF4 (Fig. 1B, lane 14 vs. lane 8) and FLAG-HA-ELL (Fig. 1C,
lane 14 vs. 8) complexes robustly stimulated the rate of intermedi-
ate and runoff transcript formation. Consistent with their associa-
tion with P-TEFb subunits, all three complexes showed CTD
serine 2 phosphorylation activity (Fig. S2 B, D, and F). However,
the absence in the elongation assays of factors (DSIF and NELF)
that normally elicit a P-TEFb requirement (9) makes it likely that
the observed elongation activities of the AF4 and ELL complexes
are not due to P-TEFb but rather to the presence of ELL/EAF.

Thus, our combined analyses show that whereas these various
purified complexes share a common functional activity (P-TEFb-
mediated CTD phosphorylation) associated with transcription
elongation, their differential complements of associated factors
clearly mediate differential effects on transcription elongation
per se. As might be predicted by the differential disease biology
of individual fusion proteins (18), these results imply functional
differences for the associated factors and, more importantly,
argue against the earlier proposed existence and simultaneous
function of all these factors in a single large static macromolecu-
lar complex (15, 16).

Biochemical Reconstitution of Functionally Active Complexes Contain-
ing AF9, AF4 Family Member Proteins, P-TEFb, and DOT1. The natural
affinity purified complexes described by us and others (14–17)
provide important clues for functional studies but, being hetero-
geneous in nature, do not provide clear mechanistic insight into
the specific interactions and functions of individual factors within
specific (sub)complexes. For this purpose, we employed baculo-
virus-based expression and affinity purification methods to recon-
stitute specific well-defined (sub)complexes. Based on our initial
observation that the AF4 family member AFF4 interacts with
P-TEFb (8), we coinfected Sf9 cells with baculoviruses expressing
FLAG-AF4, cyclinT1, and Cdk9 and subsequently purified a func-
tionally active AF4•P-TEFb complex through the AF4 epitope tag
(Fig. 2A and Fig. S3A). The use of various combinations of bacu-
loviruses in this reconstitution analysis revealed that a direct inter-
action between AF4 and cyclinT1 mediates formation of the
trimeric AF4•P-TEFb complex (Fig. 2A, lane 1 vs. lanes 3 and 4).
Comparable results were observed with AFF4 (Fig. S3 B and C),
confirming both our earlier (8) and more recent (15, 17) observa-
tions of an AFF4 association with P-TEFb.

Similar reconstitution analyses have also shown that AF4 and
AFF4 both interact, individually, with AF9 and P-TEFb to form
corresponding higher order AF9•AF4•P-TEFb and AF9•AFF4•
P-TEFb complexes (Fig. 2B and Fig. S3D). Importantly, direct
subunit interaction analyses show that: (i) unlike AF4 family
proteins, AF9 does not directly form a complex with P-TEFb even
though it can directly interact with the isolated cyclinT1 subunit
(Fig. 2B and Fig. S3D, lane 3), (ii) the stable association of
P-TEFb with AF9 is absolutely dependent on the presence of an
AF4 family protein (Fig. 2B and Fig. S3D, lane 3 vs. lane 1),
thereby showing a direct role of AF4 family proteins in assembly
of complexes containing both AF9 and P-TEFb, and (iii) direct
interactions of AF9 with AF4 and AFF4 (21) are not enhanced
by P-TEFb (Fig. 2B, lanes 1 and 5, and Fig. S3D, lanes 1 and 4).
Importantly, further reconstitution analyses using FLAG-tagged
AFF4 have shown a mutually exclusive existence of AFF4 and
AF4 in the defined higher order complex containing AF9 and
P-TEFb (Fig. S3E).

Up-regulation of DOT1-mediated methylation of histone
H3K79 is a hallmark of several MLL fusion protein-mediated
leukemias (4, 5, 10). Based on the presence of DOT1 in our pur-

Fig. 1. Functional elonga-
tion analyses of AF9-, AF4-,
and ELL-associated protein
complexes. (A, B, and C) In vi-
tro transcription elongation
kinetic assay on a DNA tem-
plate using the purified AF9
(A), AF4 (B), and ELL (C) com-
plexes (Fig. S1 A, B, and C, re-
spectively). The initial pulse-
labeled RNA transcripts (0′
time point) were chased for
the indicated time periods
to produce runoff transcripts
(arrows).
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ified AF9 complex (Fig. S1A), we coexpressed AF9 and DOT1 in
Sf9 cells and, as expected (22), were able to purify a stoichio-
metric AF9•DOT1 complex (Fig. 2C). However, further recon-
stitution analysis showed that although DOT1 directly associates
with AF9, it fails to associate with any component of the AF4•P-
TEFb complex in the presence or absence of AF9 (Fig. 2D, lanes
2 and 4–7). This observation, in a well-defined system, is consis-
tent with the finding of DOT1 in mammalian cell-derived com-
plexes purified through AF9 or ENL, but not in complexes
purified through AF4, as reported here (Fig. S1 A and B) and
recently by others (15, 17). These results reinforce the conclusion
that DOT1 and AF4 interactions with AF9 are direct and mu-
tually exclusive. Thus, our biochemically defined reconstitution
analyses further show, mechanistically, that AF9 also forms a dis-
tinct stoichiometric complex with DOT1 in the absence of other
factors.

Biochemical Reconstitution of Functionally Active ELL-Containing
Higher Order Complexes and Analysis of Their Direct Interactions with
Other Complexes. To define the basis for the observed association
of ELL with AF4 and P-TEFb (Fig. S1 B and C), we first recon-
stituted ELL•EAF1/2 complexes (Fig. 3A, lanes 3 and 4) and
showed that a direct association with either EAF1 orEAF2 strongly
stimulates the transcriptional elongation activity of the recombi-
nant ELL (Fig. 3B, compare lanes 9–11, 12–14, and 13–15 with
lanes 6–8), consistent with results of an earlier study (19). Further
reconstitution analyses showed that the ELL•EAF1/2 complex
directly associates with the AF4•P-TEFb complex, through
P-TEFb, to form a multimeric ELL•EAF1/2•AF4•P-TEFb com-
plex (Fig. 3C). Thus, ELL•EAF1/2 interacts directly with P-TEFb
in the absence of AF4, but fails to associate with AF4 and Cdk9
in the absence of cyclinT1 (Fig. 3C, lane 11). This result indicates

that a direct interaction between cyclinT1 and a component(s) of
ELL•EAF1/2 mediates the association of ELL•EAF1/2 with
AF4•P-TEFb. In this regard, further analyses showed a direct
and specific interaction of cyclinT1, but not AF4 or Cdk9, with both
components of the ELL•EAF1/2 complex (Fig. S4A).

In contrast to indications of associations of ELL•EAF1/2 with
some natural AF9- and AF4-containing complexes (14–16)
(Fig. S1B), our reconstitution analyses failed to show direct
association of ELL and EAFs with AF9 either alone or in the
presence of AF4 family members (Fig. S4 B and C, compare lane
2 to lane 4). Along with our failure to see ELL in our FLAG-
HA-AF9-purified complex (Fig. S1A), these results imply that
other factors that are absent in the FLAG-HA-AF9-purified com-
plex and in the direct interaction analyses of Fig. S4 B and C,
account for ELL association with the AF9 complexes described
by Lin et al. (15) and in Fig. S1B.

Importantly, our observations clearly indicate that contrary to
the proposed existence of the common MLL fusion partners in a
single large static complex, these factors may form several distinct
subcomplexes that interact dynamically with other factors/
complexes through different subunits to regulate various stages
of transcription (Discussion). Differential regulation of these sub-
complexes could also provide a more ready explanation for the
fact that distinct disease phenotypes are observed with different
fusion proteins (18).

Preferential Recruitment of Common MLL Fusion Partners to an MLL
Fusion Target Gene in Vivo. Toward an understanding of the rele-
vance of in vitro defined biochemical interactions to the tran-
scriptional regulation of target genes by MLL fusion proteins
in vivo, we used RS4;11 cells that express MLL–AF4. Comprehen-
sive chromatin immunoprecipitation (ChIP) analyses (Fig. S5) for
several fusion partners showed that (i) a preferential recruitment

Fig. 2. Baculovirus reconstitution of higher-order protein complexes invol-
ving AF4, P-TEFb, AF9, and DOT1. (A) SDS/PAGE and Coomassie blue staining
(Upper) and immunoblot (Lower) analyses of the reconstituted AF4•P-TEFb
complex and corresponding subunit interactions. Sf9 cells were coinfected, as
indicated, with baculoviruses that express FLAG-AF4 (f:AF4), His-cyclinT1
(CyT1), and His-Cdk9 and complexes were purified on M2 agarose. (B) SDS/
PAGE and Coomassie blue staining (Upper) and immunoblot (Lower) analyses
of the reconstituted AF9•AF4•P-TEFb complex and corresponding subunit
interactions. (C) SDS/PAGE and Coomassie blue staining of the reconstituted
AF9•DOT1 complex. (D) Immunoblot analysis indicating that DOT1 and
the AF4•P-TEFb complex do not interact directly or assemble into a common
complex containing AF9.

Fig. 3. Baculovirus reconstitution of a functional ELL•EAF1/2 complex and its
interaction with the AF4•P-TEFb complex. (A) SDS/PAGE, Coomassie blue
staining (Upper) and immunoblot (Lower) analyses of the reconstituted EL-
L•EAF1/2 complex and corresponding subunit interactions. (B) In vitro tran-
scription elongation assay (as described in Fig. 1) with purified baculovirus-
expressed ELL and with purified reconstituted ELL•EAF1/2 complexes
(Fig. 3A). (C) Immunoblot analysis of the reconstituted ELL•EAF1/2•AF4•P-
TEFb complex and corresponding subunit interactions. The asterisk indicates
protein complex purification through FLAG-AF4 in this lane.
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ofMLL, AF4, AFF4, AF9, and Cdk9 to theMLL–AF4 target gene
HOXA9 (probes C-E) relative to theMYC gene (probes A and B),
(ii) these factors are highly enriched in the coding region of the
target gene, implying a role in the regulation of transcriptional
elongation, (iii) although no significant differences are observed
for active histone methylation marks such as H3K4Me3 and
H3K79Me2 on MYC vs. HOXA9 genes, the significant absence
of all the fusion partners on the activeMYC gene suggests that the
MLL fusion partners are preferentially recruited to specific MLL
fusion target genes during transcriptional activation. Although
no direct interaction between AF4 and DOT1 was observed, an
increase in H3K79 methylation in the HOXA9 coding region in
an MLL–AF4 expressing cell line also suggests a DOT1 recruit-
ment mechanism that is independent of direct interactions with
AF4 orMLL–AF4 during transcriptional activation but still depen-
dent upon the functions of MLL–AF4.

An AF9 Domain Involved in Interactions with Other Factors: Implica-
tions for MLL–AF9-Mediated Leukemia. To document the relevance
of AF9-dependent formation of defined higher order complexes
to MLL fusion protein-mediated transcriptional up-regulation
and cell transformation, we first monitored the ability of AF9
proteins with N- and C-terminal deletions (Fig. 4A, Top) to form
complexes with coexpressed factors in Sf9 cells. These analyses
indicated that a 120-amino acid deletion of the AF9 C terminus
completely abolishes independent AF9 interactions with AF4,
cyclinT1, and DOT1 (Fig. 4A, compare lanes 2 and 1) and, reci-
procally, that a C-terminal 178-amino acid fragment fully retains
these AF9 interactions (Fig. 4A, lane 7). Moreover, a C-terminal
90-amino acid fragment of AF9 that is sufficient for MLL–AF9-
mediated leukemia (23, 24), formed defined higher order com-
plexes both with AF4•P-TEFb and with DOT1 (Fig. 4 B and C
and Fig. S6A). Importantly, in a similar analysis, a natural MLL–
AF9 fusion (containing the same C-terminal 90 amino acids)
formed MLL–AF9•AF4•P-TEFb and MLL–AF9•DOT1 com-

plexes that were active, respectively, in CTD kinase and H3K79
methylation assays (Fig. 4 D and F, Fig. S6 B–F). These results
provide direct evidence for gain of function of the MLL–AF9
fusion protein, through recruitment of the AF4•P-TEFb complex
and DOT1, in up-regulating the HOX gene clusters during leu-
kemogenesis. Subsequent subunit interaction analyses showed
that AF4 is necessary and sufficient for assembly of a higher order
complex containing both MLL–AF9 and P-TEFb (Fig. 4E, com-
pare lanes 1 and 3). This intriguing result establishes a direct
role for AF4 family proteins in MLL–AF9-mediated higher order
complex assembly that likely underlies one of the mechanisms of
transcriptional up-regulation by MLL–AF9 (5).

Assembly of a Higher Order Complex Involving MLL–AF9 Interactions
with the AF4•P-TEFb Complex is Required for MLL–AF9-Mediated Cell
Transformation. Because an interaction between a minimal AF9
fragment (residues 479–568) and AF4 is essential for MLL–AF9-
mediated assembly of a complex containing P-TEFb, we identi-
fied mutants within the minimal AF9 fragment that would disrupt
the AF4 interaction and, thus, higher order complex formation.
This refined deletion analysis showed that C-terminal sequences
starting from AF9 residue 500 are important for its interaction
with AF4 (Fig. S7A). Two independent analyses of several muta-
tions within this region showed that deletion of residues 508–514
completely abolished, and deletion of residues 501–507 signifi-
cantly reduced, independent interactions of the minimal AF9
fragment with AF4 (Fig. 5A, Top and Second Rows) and with
DOT1 (Fig. 5A, Third and Bottom Rows). These results thus
identify a very small AF9 region that is required for both DOT1
and AF4 interactions, and provide an explanation of the failure to
observe a DOT1 association with the natural AF4 protein com-
plex by us (Fig. S1B) and others (15, 17) or with the reconstituted
and better defined AF4•P-TEFb complex (Fig. 2D). A further
reconstitution analysis using these minimal AF9 mutant frag-
ments in conjunction with coexpressed AF4 and P-TEFb showed
that these deletion fragments also abolished higher order com-
plex assembly (Fig. 5B, lanes 10–12). Importantly, two of the dou-
ble point mutants (L504P,D505P and D505P,E506P) retained
strong DOT1 interactions in the direct interaction assay (Fig. 5A,
lanes 8 and 9), but showed significantly reduced AF4 and
cyclinT1 interactions and elimination of Cdk9 association in the
higher order complex assembly assay (Fig. 5B).

To test the functional importance of these higher order inter-
actions in MLL–AF9-mediated transformation potential in vivo,
selective mutant AF9 fragments were fused to the N terminus of
MLL (amino acids 1–1420). Preliminary control experiments in
293 cells showed equivalent expression and recruitment of these
MLL–AF9 proteins to target HOXA9 genes in vivo (Fig. S7 B
and C). Transduction of lineage-negative murine progenitor bone
marrow cells with retroviruses expressing these fusion proteins
showed an up-regulation of HOXA9 expression only by the wild-
type MLL–AF9 protein (Fig. S7D) that contains an AF9 frag-
ment capable of forming complexes both with the AF4•P-TEFb
complex and with DOT1. Importantly, as shown by the L504P,
D505P double mutant that shows a reduced AF4•P-TEFb inter-
action but a normal DOT1 interaction, the DOT1 interaction
alone is not sufficient forHOXA9 up-regulation in the transduced
bone marrow cells. Consistent with this observation, transforma-
tion analyses, which measure growth potential of the transduced
cells in culture, show that the wild-type MLL–AF9 efficiently
transforms the lineage-negative bone marrow precursor cells
(Fig. 5C), whereas the mutants that fail to form higher order com-
plexes also fail to transform the precursor cells. These results
indicate that AF4-mediated higher order complex assembly invol-
ving MLL–AF9 and P-TEFb is critical for MLL–AF9-mediated
transformation, but leave open the question of whether the
DOT1–AF9 interaction is important in this process.

Fig. 4. Mapping of an AF9 domain that interacts directly with other factors:
Implication for MLL–AF9-mediated higher order complex assembly. (A) SDS/
PAGE and Coomassie blue staining showing expression of FLAG-AF9 frag-
ments (Upper) and immunoblot showing interactions of these fragments
with coexpressed AF4, cyclinT1, and DOT1 (Lower). (B and C) SDS/PAGE
and Coomassie blue staining of complexes reconstituted with AF9 (90-amino
acid fragment from 479–568) and either AF4•P-TEFb (B) or DOT1 (C). (D) SDS/
PAGE and Coomassie blue staining of the reconstituted MLL–AF9•AF4•P-
TEFb complex. (E) Immunoblot analysis of the corresponding subunit inter-
actions in the MLL–AF9•AF4•P-TEFb complex. (F) SDS/PAGE Coomassie blue
staining of the reconstituted MLL–AF9•DOT1 complex.
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Discussion
As in other studies (Introduction), our affinity-purification of
ectopically expressed AF9, AF4, and ELL complexes from mam-
malian cells have identified variable associations not only with
recently described effector proteins (including P-TEFb and
DOT1) but also with other protein complexes that include initia-
tion factor TFIID and the Mediator coactivator, thus raising
the possibility of dynamic interactions of MLL partners in tran-
scriptional regulation. Direct functions of these complexes in
transcription elongation, dependent upon the nature of the asso-
ciated factors, have been established. Significantly, our analysis
of reconstituted, biochemically defined minimal complexes has
allowed us to detail direct protein-protein interactions and func-
tions without the possible influence of other factors that are
invariably associated with complexes purified from mammalian
cells. These more rigorous analyses have established the forma-
tion of distinct, well-defined complexes, with overlapping subu-
nits, that may interact dynamically to regulate different steps of
transcriptional activation. Finally, using MLL–AF9 as an exam-
ple, we have established the relevance of defined protein inter-
actions to MLL fusion protein function in target gene expression
and transformation in vivo.

Functionally Distinct Complexes Purified Through CommonMLL Fusion
Partner Proteins. Our identification of overlapping and unique
associations of fusion partners with natural AF4-, AF9- and
ELL-containing protein complexes does not support the general
view that these factors necessarily function through a single, static
large macromolecular complex. All these complexes exhibited
Pol II CTD serine 2 kinase activities, consistent with common
presence of P-TEFb, but establishment of their possible roles in
transcriptional elongation await appropriate assays with DSIF
and NELF. In contrast, the AF4- and ELL-purified complexes,
but not the AF9 complex, displayed potent elongation activities
that correlated with the presence of ELL and ELL-associated
factors (EAFs). These results indicate that the fusion partner
complexes indeed do act, minimally, at the stage of elongation
—as has been presumed but not heretofore shown. Also of note,
the presence of components of general initiation factor TFIID in
the AF9-purified complex raises the possibility of a functional in-
teraction of a special AF9- and AF4-containing complex with
TFIID at an early (initiation) step in transcription (and possible
exclusion of ELL-EAF1/2 association by TFIID). Similarly, the
presence of Mediator components in an elongation-active AF4

complex may reflect a functional interaction of these components
at a later stage in transcription—possibly in an initiation to
elongation transition—and is consistent with previous reports of
postinitiation Mediator functions (25).

Common MLL Fusion Partners form Distinct, Well-Defined Complexes
with Overlapping Subunits. The isolation of natural complexes by
us and others (12–17) has guided functional tests of associated
proteins in cell-based assays and, as reported here, allowed
specific in vitro assays where direct effects can be unequivocally
established. Of note, however, the combined molecular masses of
earlier reported interacting proteins (AF4/AFF4, AF9/ENL,
P-TEFb and, in some cases, ELL•EAF1/2) in the presumed single
complexes are considerably smaller than the reported sizes of
the purified complexes (15, 17), thus indicative of possible aggre-
gation and/or the presence of other identified/unidentified pro-
teins. Based on these considerations, as well as compositional
and functional differences in the natural fusion partner com-
plexes analyzed here, we undertook the reconstitution of defined
higher order complexes to identify the intrinsic interactions and
associated functions of minimal sets of factors.

These analyses have clearly shown that defined subsets of these
fusion partners indeed form distinct complexes with overlapping
subunits, and that stable minimal complexes can directly associate
with other factors to form higher order complexes. Thus, our ana-
lyses show, first, that AF4 and AFF4 (individually) interact
directly with P-TEFb, through its cyclinT1 subunit, to form active
complexes that in turn, through AF4 or AFF4, interact directly
with AF9 to form corresponding higher order complexes. Impor-
tantly, AF4 and AFF4 were shown to provide the critical links
for association of AF9 with P-TEFb and, consistent with an inabil-
ity to incorporate both into a single complex, to form distinct
AF9•AF4•P-TEFb and AF9•AFF4•P-TEFb complexes. These
latter results also suggest partially redundant functions between
AF4 and AFF4, consistent with the results of an analysis of AF4
null mice (26). However, they are seemingly inconsistent with the
report (17) of a minimal heterodimeric complex containing both
AF4 and AFF4 in association with P-TEFb and AF9/ENL, unless
other factors facilitate such an association and allow coimmuno-
precipitation.

Our reconstitution analyses show, second, that P-TEFb pro-
vides the linkage for association of the ELL•EAF1/2 complex
with the AF4•P-TEFb complex, through an interaction with
cyclinT1. A possible functional synergy between these two com-

Fig. 5. Mutational analysis of AF9: A role for higher
order complex assembly in MLL–AF9-mediated
transformation. (A) Analysis of direct AF4 and DOT1
interactions with the small AF9 fragment (90 amino
acids) and derived mutants. In two independent
experiments, Sf9 cells were infected with baculo-
viruses expressing FLAG-AF9 fragments and either
AF4 (Top and Second Rows) or DOT1 (Third and
Bottom Rows) and corresponding complexes were
purified on M2 agarose and analyzed by SDS/PAGE
with Coomassie blue staining. (B) Analysis of higher
order complex assembly between the small AF9
fragment or mutant derivatives and the AF4•P-TEFb
complex. (C) Hematopoietic transformation assays
with retroviruses carrying MLL–AF9 or the indicated
mutants. (D) Diagram showing possible functionally
active higher order complex formations involving
AF9, AF4, AFF4, and ELL along with interacting part-
ners DOT1, P-TEFb, EAF1, and EAF2. The dashed
ovals represent the stable complexes observed in
the reconstitution studies with defined factors. Note
that the AF9•DOT1 and AF9•AF4•P-TEFb complexes
are mutually exclusive.
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plexes at different steps in transcription awaits further investiga-
tion. Third, and consistent with earlier studies of ENL, our ana-
lyses have shown a direct AF9–DOT1 interaction that mediates
formation of a defined distinct AF9•DOT1 complex. Importantly,
again consistent with other studies (15, 17, 27), the AF9•DOT1
complex failed to show an association with the minimal reconsti-
tuted AF4•P-TEFb complex, because both AF4 and DOT1 inter-
act at the same region of AF9 (Fig. 5).

Thus, our reconstitution analyses represent an important first
step in elucidating the functions of individual fusion partners and,
mechanistically, interactions among defined minimal complexes
that may be important for disease outcome.

Role of Fusion Partner Interactions in MLL–AF9-Mediated Transcrip-
tional Up-Regulation and Leukemogenesis. Our results also provide
direct mechanistic evidence for the role(s) of fusion partners in
MLL fusion-mediated higher order complex assembly. Thus, we
showed that the minimal 90-amino acid AF9 fragment in MLL–
AF9 (i) retains an ability to form higher order complexes both
with AF4•P-TEFb and with DOT1 and (ii) facilitates assembly
of higher order MLL–AF9-containing complexes through direct
associations with AF4•P-TEFb and with DOT1. Notably, the
role for AF4 family proteins, through direct AF9 interactions, in
assembly of an MLL–AF9•AF4•P-TEFb complex was also estab-
lished. Importantly, however, MLL–AF9-mediated target gene
(HOXA9) expression and cell transformation were abolished
not only by AF9 mutations that abolished direct interactions with
DOT1 and with AF4•P-TEFb but also by AF9 mutations that se-
lectively reduced the AF4•P-TEFb interaction without affecting
the DOT1 interaction. Overall, these results establish the impor-
tance of an AF9–AF4 interaction both for higher order complex
formation and for MLL–AF9-mediated target gene activation
and cell transformation. They also indicate that the AF9 do-
main-mediated DOT1 interaction alone is not sufficient for these
MLL–AF9-mediated processes.

A Model for Fusion Partner Protein Interactions Important for Tran-
scriptional Regulation. Our analyses of both natural (Fig. 1) and

reconstituted (Fig. 5D) MLL fusion partner complexes point
to dynamic associations of these factors during different stages
of transcription.

We speculate, as mentioned in part above that (i) the ELL-
deficient, TFIID-containing, AF9-purified complex may reflect
a role for AF9 in recruitment of an AF4•P-TEFb complex at or
close to the point of initiation to overcome a DSIF/NELF-
mediated inhibition of the transition to productive elongation,
(ii) the Mediator-associated AF4-purified complex may reflect
recruitment/stabilization of an AF4•P-TEFb•ELL•EAF1/2 com-
plex through an interaction with Mediator, and (iii) the AF9-
deficient, ELL-purified complex containing AF4/AFF4 and
P-TEFb may reflect the loss of AF9 during the transition to a fully
productive elongation phase. These models emphasize dynamic
(metastable) interactions between more stable subcomplexes,
and also raise the possibility that transitions between these differ-
ent complexes (during different stages of transcription) might
necessarily involve transient formation of larger transition com-
plexes. The conservation of MLL fusion partner protein interac-
tions in MLL fusion protein complexes (this and earlier studies)
suggests the likely relevance of corresponding complexes to MLL
fusion-mediated leukemogenesis.

Materials and Methods
See SI Materials and Methods for details of standard experimental methods
for baculovirus-based reconstitution of protein complexes, affinity-purifica-
tion of FLAG-HA protein complexes, coimmunoprecipitation and mass
spectrometric analyses, and transcription elongation, CTD kinase, histone
methyltransferase, HoxA9 expression, ChIP and hematopoietic transforma-
tion assays.
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