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ABSTRACT
Gene rearrangement of the mixed lineage leukemia (MLL) gene causes leukemia by inducing the
constitutive expression of a gene subset normally expressed only in the immature haematopoietic
progenitor cells. MLL gene rearrangements often generate fusion products of MLL and a component of
the AF4 family/ENL family/P-TEFb (AEP) complex. MLL-AEP fusion proteins have the potential of
constitutively recruiting the P-TEFb elongation complex. Thus, it is hypothesized that relieving the
promoter proximal pausing of RNA polymerase II is the rate-limiting step of MLL fusion-dependent
transcription. AEP also has the potential to recruit the mediator complex via MED26. We recently showed
that AEP activates transcription initiation by facilitating TBP loading to the TATA element through the SL1
complex. In the present study, we show that the key activity responsible for the oncogenic property of
MLL-AEP fusion proteins is the TBP loading activity, and not the mediator recruitment or transcriptional
elongation activities. Thus, we propose that TBP loading by AF4 through SL1 is the major rate-limiting step
in MLL fusion-dependent transcription.
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Introduction

Transcription is an intricate process composed of multiple steps
including TBP loading, pre-initiation complex (PIC) formation,
and transcription elongation. The TATA-binding protein (TBP)
is loaded onto the TATA box whose consensus sequence is
TATAWAWR (W indicates A/T; R indicates A/G) to initiate the
first step of transcription.1 Although many promoters do not con-
tain the TATA box, it appears that the TBP still needs to be
loaded onto a similar sequence with the aid of various co-activator
complexes such as the TFIID complex2 to initiate transcription.

The AF4 protein family—comprising AF4 (also known as
AFF1), AF5Q31 (also known as AFF4), LAF4 (also known as
AFF3), and FMR2 (also known as AFF2)3— associates with the
positive transcription elongation factor b (P-TEFb) complex
and ELL family proteins,4-8 both of which facilitate transcrip-
tion elongation.9,10 Therefore, the AF4 protein complex is
thought to play a significant role in releasing paused RNA poly-
merase II (RNAP2), which is necessary for entry into the tran-
scription elongation phase. Notably, the AF4 family protein is
involved in various biological processes such as heat shock
response7 and transcription of the human immunodeficiency
virus (HIV),11,12 in which the Tat protein of HIV binds to the
P-TEFb-bound AF4 complex to facilitate target RNA recogni-
tion and transcription elongation.13,14

The AF4 family protein has an evolutionarily conserved
motif in the ALF domain, which contains a binding motif for
the seven in absentia homolog (SIAH) proteins.15,16 SIAH pro-
teins are ubiquitin ligases that promote proteasome-dependent

degradation. Multiple germline mutations in this motif of
AF5Q31 were found in patients with CHOPS syndrome,17 who
exhibit developmental defects similar to those of Cornelia de
Lange syndrome. The mutations appear to be gain-of-function
mutations as the mutant proteins are resistant to the SIAH-
dependent degradation.

The AF4 family protein also associates with the ENL family
protein, which is composed of ENL (also known as MLLT1)
and AF9 (also known as MLLT3). The ENL family proteins
have a YEATS domain at its N-terminus, which associates with
the acetylated histone H3 lysine 9/27,18 and the ANC1 homol-
ogy domain (AHD) at its C-terminus,19 which binds to AF4
family proteins. Biochemically stable complexes containing
AF4 family proteins, ENL family proteins, and P-TEFb have
been purified independently by multiple groups6,7,11,12 and are
known by several aliases including AEP and SEC (super elonga-
tion complex). It has been reported that AEP associates with
components of the PAF1 complex20 and the mediator com-
plex,21 which are presumed to associate with RNAP2 at the
promoter-proximal pausing phase. These notions led to models
in which AEP is recruited to the higher-order RNAP2 complex
paused at the promoter-proximal regions to activate transcrip-
tion elongation. Different AF4 family proteins constitute
slightly different complexes in compositions and appear to
have non-redundant functions.22,23 For instance, the AF4 com-
plex plays a dominant role in the viral genome transcription of
HIV, while AF5Q31 is more heavily involved in the activation
of the HSP70 gene.24
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Genes in the AF4 and the ENL gene families are frequently
rearranged to generate fusion genes with the MLL gene (also
kwon as KMT2A) in leukemia.25 MLL is an ortholog of Drosoph-
ila trithorax, which is a core member of the TRX group of pro-
teins that maintain homeobox (HOX) gene expression.26-28 MLL
is required for the maintenance of Hox gene expression during
embryogenesis in mice,29,30 and loss of Mll attenuates Hox gene
expression to result in embryonic lethality at E10–14.29,31,32

Moreover, MLL is required for the expression of posterior Hoxa
genes such as Hoxa7, Hoxa9, and Hoxa10 in the haematopoietic
lineage.31,33 Expression of posterior Hoxa genes is normally
maintained at high levels in the immature progenitor compart-
ments but is progressively downregulated as the cells differenti-
ate.34,35 The posterior HOXA proteins facilitate the expansion of
immature haematopoietic progenitors.36-41 Therefore, gene
knockout of Mll causes a severe reduction in the immature hae-
matopoietic progenitor compartments.32,33,42-44

MLL fusion proteins induce the constitutive expression of a
gene subset that includes HOXA9 and MEIS1, which are nor-
mally expressed specifically in immature haematopoietic pro-
genitors—such as the haematopoietic stem cells (HSCs).38 MLL
fusion proteins also maintain the RNA expression levels of
CDK6,45,46 a key regulator for the exit from quiescence of
HSCs.47 Because these gene products confer a HSC-like self-
renewal potential to the haematopoietic progenitors, MLL
fusion-expressing cells remain undifferentiated and aberrantly
self-renew to cause leukemia.36,37,48 Based on the known tran-
scriptional elongation function of the AEP complex, it was
thought that the MLL-AEP fusion proteins (MLL-ENL, MLL-
AF9, MLL-AF4, and MLL-AF5Q31) aberrantly activate tran-
scription by facilitating transcription elongation through inter-
actions with the AEP components.49

MLL fusion proteins form a complex with menin through the
MLL portion.50,51 Interaction between the MLL fusion protein

Figure 1. The pSER domain, but not the modules that recruit elongation factors, confer transforming ability to the MLL fusion proteins. (A) The structure of MLL fusion
constructs. The properties of each construct are summarized on the right. MTM: the minimum structure of the PWWP domain of LEDGF and the minimum structure of
the CXXC domain of MLL and its C-terminal basic region; black flag: FLAG epitope; red flag: the HA epitope. (B) Schematic representation of the modules required for
MLL fusion-dependent transformation.
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Figure 2. The roles of 3 conserved motifs in the pSER domain. (A) Sequence alignments of the pSER domain. The pSER domain can be divided into 3 parts, each of which
contains one conserved motif such as the DLXLS, SDE, and NKW motifs. (B) The structure of the FLAG-tagged GAL4-fusion constructs harboring various subdomains of
the pSER domain. The properties of each construct are summarized on the right. (C) The domain responsible for association with MED26. Various FLAG-tagged GAL4
fusion constructs and HA-tagged MED26 construct were transfected into 293T-LUC cells and analyzed by IP-western blotting (WB). Each protein was visualized using
antibodies for the indicated proteins/tags. (D) The domain responsible for recruitment of various factors and transactivation. Various FLAG-tagged GAL4 constructs and
HA-tagged MED26 construct were transfected into 293T-LUC cells and analyzed by ChIP-qPCR for indicated proteins. The same set of FLAG-tagged GAL4 constructs and
pRL-tk construct were transfected into 293T-LUC cells and analyzed for their transcriptional activation activity.
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and menin is required for the subsequent association with the lens
epithelium-derived growth factor (LEDGF also known as
PSIP1).52 Thus, menin is an adaptor protein that tethers the MLL
fusion protein to LEDGF, which binds chromatin containing di-/
tri-methylated histone H3 lysine 36 (H3K36me2/3) through its
PWWP domain.53,54 Both H3K36me2 and H3K36me3 are associ-
ated with active transcription.55,56 Moreover, the MLL fusion pro-
tein complex associates with non-methylated CpGs through its
CXXC domain.57-60 Our structure/function analysis showed that
the PWWP domain and the CXXC domain are necessary and suf-
ficient for the MLL fusion proteins to target the HOXA9 pro-
moter.53 Thus, the PWWP domain and the CXXC domain are the
minimum targeting module (MTM) of MLL fusion proteins.
Because H3K36me2/3 is enriched in actively transcribed genes
and non-methylated CpGs are clustered in the non-suppressed
promoters, MLL fusion proteins broadly target previously active
CpG-rich promoters, where MLL-AEP fusion proteins constitu-
tively recruit AEP components to activate transcription.6,61

However, MLL-AEP-dependent gene activation does not
explain all aspects of leukemogenesis. For instance, DOT1-like
histone H3K79 methyltransferase (DOT1L) binds specifically to
ENL family members6,61,62 and plays an important role in
this process by maintaining MLL-AEP-dependent gene activa-
tion.63-67 In addition, wildtype MLL is reportedly required for
MLL-AF9-dependent leukemogenesis,68 suggesting that MLL-
AF9 and wildtype MLL collaborate to induce oncogenic
transcription. The mechanism of MLL-AF4-dependent leukemo-
genesis appears to be more complex since Bursen et al. reported
that its reciprocal fusion protein, AF4-MLL, induced acute lym-
phoblastic leukemia (ALL) in mice in the absence of MLL-AF4,
raising the possibility that AF4-MLL activates an its own onco-
genic pathway.69 Conversely, knockdown experiments using
human cell leukemia cell lines harboring t(4;11) translocations
showed that the AF4-MLL protein is dispensable for cell prolifer-
ation or survival, whereas MLL-AF4 is required.70 This result was
corroborated with an MLL-AF4 knock-in mouse that developed
ALL in vivo in the absence of AF4-MLL.71 Further, it has also
been suggested that MLL-AF4 and AF4-MLL cooperatively acti-
vate the RUNX1 axis to facilitate leukemogenesis.72 These reports
provide significant insights into MLL pathogenesis, but have left
many unsolved questions regarding the necessity of MLL-AEP
fusion proteins and other factors. Nevertheless, it is clear that
MLL-AEP fusion proteins constitutively activate their target
genes—such as Hoxa9— to confer unrestrained proliferative
capacity to haematopoietic progenitors, which we believe is one
of the most important aspects in leukemogenesis. In this article,
we focus on the mechanisms of gene activation by MLL-AEP
fusion proteins and propose a novel model based on our newly
acquired data.

AEP associates with SL1 to activate transcription by
loading TBP to the TATA element

The transforming potential of MLL-AEP fusion proteins can
be evaluated by the myeloid progenitor transformation
assays.73 In this assay, various MLL fusion constructs were
transduced by retrovirus to myeloid progenitors derived
from murine bone marrow and the cells were cultured in a
semi-solid media. Normally, myeloid progenitors proliferate

ex vivo in the early passages of culture but differentiate
quickly. Hence, normal cells do not form colonies in the
third and fourth passages of culture. However, cells trans-
duced with MLL fusion genes maintain high-level expres-
sion of MLL target genes—such as Hoxa9—and continue to
form colonies in the later rounds. An artificial protein com-
posed of MTM and AHD of ENL or the C-terminal homol-
ogy domain (CHD) of AF5Q31 can transform myeloid
progenitors74 (Fig. 1A). Because both AHD and CHD are
binding platforms for AF4, it was thought that AF4 confers
transformation abilities to MLL fusion proteins. To identify
the potential functions responsible for transformation, we
generated various constructs in which MTM was fused to a
subdivided domain of AF4, and tested their ability to

Figure 3. The mediator complex co-localizes with MLL-AEP/SL1 complex in MLL
leukemia cells. Localization of MLL, AF4, TAF1C, and MED15 at various loci in
HB1119 cells. The genomic localization of each protein was determined by ChIP-
qPCR. Precipitated DNA was analyzed using specific probes for the pre-TSS (¡1.0
to ¡0.5 kb from the TSS), TSS (0 to C0.5 kb from the TSS), and post-TSS (C1.0 to
C1.5 kb from the TSS) regions of the indicated genes. The ChIP signals are
expressed as the percent input with error bars (SD of PCR triplicates). The data are
partially redundant with those published previously.74
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transform myeloid progenitors. Among all AF4 subdomains
tested, only the pSER domain conferred transforming abil-
ity74 (Fig. 1A). In contrast, MTM fusion proteins with
domains that recruit elongation effectors—such as the N-
terminal homology domain (NHD) that recruits P-TEFb,
and ALF, which recruits ELL—did not result in myeloid
progenitor transformation. Hence, the function of the pSER
domain appears to be critical in the transcriptional activa-
tion of the MLL target genes, and not the transcriptional
elongation activity.

By analyzing the factors that associate with the pSER
domain on chromatin, we identified selectivity factor 1
(SL1) as a specific pSER domain binder.74 SL1 is a protein
complex composed of TBP and 4 TBP-associated factors
RNA polymerase I subunits (TAFIs) (TAF1A/TAFI48,
TAF1B/TAFI63, TAF1C/TAFI110, and TAF1D/TAFI41). It
has been shown that SL1 is a core component of the PIC of
RNA polymerase I (RNAP1).75-78 Upstream binding factor
recruits SL1 onto the promoters of rRNA genes to initiate
RNAP1-dependent transcription.79 However, the role of SL1
in RNAP2-dependent transcription was previously unclear.
Our results indicate that AF4 recruits SL1 to load TBP onto
the TATA element to activate transcription initiation.74

Supporting this notion, deletion of the TATA box sequence
in the promoter resulted in a substantial decrease of trans-
activation activity mediated by the pSER domain while SL1
recruitment was not impaired.

These results indicate that the MLL-AEP fusion proteins
aberrantly activate transcription by utilizing the TBP-load-
ing function, whereas recruitment of P-TEFb or ELL elon-
gation factors does not confer transforming ability
(Fig. 1B). Thus, TBP loading, but not transcription elonga-
tion, is the rate-limiting step of gene activation of MLL tar-
get genes.

MED26 is recruited through the DLXLS motif to potentiate
transcriptional activation

Mediator plays a central role in gene activation mainly by facili-
tating the PIC formation through direct association with
RNAP2.80 Mediator is a large protein complex composed of
some 30 distinct subunits and exists in a variety of subunit
compositions. Although mediator complexes are evolutionarily
conserved from yeast to metazoans, certain components—such
as MED26—are specific only to the metazoans.

MED26 has been shown to associate with AEP, other media-
tor complex components, and TFIID components.21 In order to
evaluate the significance of the MED26 interaction in AF4-
dependent gene activation, we first mapped the interaction
domain between AF4 and MED26. Notably, the pSER domain
of AF4 can be further subdivided into 3 evolutionarily con-
served regions (designated a, b, and c) (Fig. 2A). Each subdo-
main contains a conserved motif, including (a) the DLXLS
motif, (b) the SDE motif, and (c) the NKW motif. Thus, we
generated a series of constructs in which various subdivided
portions of the pSER domain were fused to the FLAG-tagged
GAL4 DNA binding domain (fGAL4) (Fig. 2B) and tested their
ability to bind to MED26 (Fig. 2C). Immunoprecipitation (IP)
analysis showed that the constructs containing the “a” domain
co-precipitated with MED26 (Fig. 2C), suggesting that AF4
associates with MED26 through the DLXLS motif. Moreover,
fGAL4 fused with the “a” domain (fGAL4-AF4-2C-a) exhibited
stronger association with MED26 compared to fGAL4 fused
with the “a” and “b” domains (fGAL4-AF4-2C-ab) that also
associates with SL1 through the SDE motif, suggesting that its
association with SL1 hinders the MED26 interaction with the
DLXLS motif. WB analysis on the input samples also showed
that exogenous MED26 proteins are highly stabilized in the
presence of fGAL4-AF4-2C-a. Notably, traces of heavily modi-

Figure 4. MED26 recruitment by MLL fusion proteins is dispensable for myeloid transformation. (A) Transforming ability of the MTM fusion constructs with various subdo-
mains of the pSER domain. A schematic of the myeloid progenitor transformation assay is shown on top. Hoxa9 expression in the first round of colonies normalized to
Gapdh expression is shown as the relative value of MTM-AF4-2C-bc (arbitrarily set at 100%) with error bars (SD of PCR triplicates). The number of colony-forming units
(CFUs) of third and fourth rounds is shown with error bars (SD was calculated from data arising from more than 3 independent experiments). (B) Protein expression of var-
ious MTM fusion proteins in virus packaging cells. The whole cell extracts of the virus-packaging cells were analyzed by WB using anti-HA antibody.
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fied MED26 proteins and degraded MED26 proteins were
observed in the upper and lower sections of the MED26 protein
in denaturing gel, suggestive of degradation-related modifica-
tion—possibly ubiquitination. Strong association between
MED26 and fGAL4-AF4-2C-a was confirmed by ChIP-qPCR
analysis on a 293T cell line (293T-LUC) harboring the reporter
containing 5 GAL4-responsive elements and the minimal pro-
moter upstream of the luciferase gene in its genome74

(Fig. 2D). The “a” domain strongly recruited MED26 while
inclusion of the “b” domain attenuated MED26 recruitment,
supporting the hypothesis that SL1 association hinders the
association between MED26 and AF4. Interestingly, TAF1C

was recruited to the chromatin by fGAL4-AF4-2C-a specifically
in the presence of excess MED26 (Fig. 2D, lanes 5 and 8),
despite of its inability to directly bind to SL1 in IP-WB analysis
(Fig. 2B). This suggests that AF4 recruits the mediator complex
via MED26, where AF4 subsequently dissociates the MED26-
bound mediator complex to allow it to recruit SL1. Supporting
this hypothesis, MED15—a component of the mediator com-
plex—was recruited to chromatin by the “a” domain-contain-
ing fGAL4 fusion proteins (Fig. 2D), but this interaction was
not observed in co-IP analysis (Fig. 2C). fGAL4 fused with the
VP16 activation domain (fGAL4-VP16AD) served as a positive
control of mediator-recruiting factors in ChIP-qPCR analysis

Figure 5. AEP activates gene expression by facilitating TBP loading, PIC formation, and transcriptional elongation. Working model of AEP-dependent transcriptional
activation.
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(Fig. 2D). Significantly, fGAL4-VP16AD recruited TAF1C in
the presence of excess MED26, supporting the hypothesis that
the MED26-bound mediator complex recruits SL1.

Next, we analyzed the transcriptional activation activity of
these GAL4 fusion proteins in the 293T-LUC cells (Fig. 2D,
bottom panel). As shown previously,74 fGAL4-AF4-2C-bc
exhibited transcriptional activation activity. fGAL4 fused
with the entire pSER domain (fGAL4-AF4-2C-abc) showed
stronger activity than fGAL4-AF4-2C-bc, indicating that
MED26 association facilitates transcriptional activation.
Deletion of the “c” domain resulted in a substantial decrease
in the transactivation as it is responsible for TBP loading to
the TATA element.74 These results suggest that SL1 recruit-
ment via the “b” domain and TBP loading via the “c”
domain are critical in transcriptional activation while
MED26 potentiates it by facilitating SL1 recruitment and
PIC formation.

Direct MED26 recruitment by MLL fusion is dispensable
for transformation

To examine whether the mediator complex is recruited to MLL
target genes in MLL-rearranged leukemia cells, we performed
ChIP-qPCR analysis using HB1119 cells that endogenously
express the MLL-ENL fusion protein. Notably, the ChIP signal
of MED15 was observed at the MLL target loci, co-localizing
with those of MLL, AF4, and TAF1C (Fig. 3), confirming that
the mediator complex is recruited to MLL-ENL-occupied loci.

To further elucidate the role of MED26 in MLL fusion-
dependent transformation, we performed myeloid progenitor
transformation assays with various constructs in which MTM
was fused to various fragments of the pSER domain (Fig. 4A
and B). MTM fused with the pSER domain (MTM-AF4-2C-
abc) transformed myeloid progenitors as previously reported.74

MTM fused with the “b” and “c” domains (MTM-AF4-2C-bc)
transformed in a manner similar to MTM-AF4-2C-abc. On the
other hand, MTM fused with the “a” and “b” domains (MTM-
AF4-2C-ab) or just the “a” domain (MTM-AF4-2C-a) capable
of recruiting MED26, failed to induce transformation. These

results indicate that SL1 binding and TBP loading mediated by
the SDE and NKW motifs are critically required for transfor-
mation by MLL fusion proteins, while MED26 recruitment is
not. Although all of the steps including TBP loading, PIC for-
mation, and elongation must occur in gene activation of MLL
target genes, TBP loading is the rate-limiting step while the
other 2 steps may be adequately supported by other endoge-
nous factors.

Conclusion

Our recently published paper74 and this study show that the
AEP complex potentially activates multiple steps of transcrip-
tion, including TBP loading, PIC formation, and transcription
elongation. It is widely believed that the AF4 family protein
complex plays a role specialized to transcription elongation
and therefore MLL-AEP fusion proteins activate transcription
by relieving the promoter-proximal pausing of RNAP2.49

Although it was known that AF4 proteins have transactiva-
tion property,6,81-83 its significance had been overlooked and
unaccounted for. We recently showed that this transactivation
activity was mediated by SL1, which presumably provides TBP
to the TATA element.74 The current working model postulates
that a sequence of events occurs in the following order: (1) AF4
family proteins tethered to the active chromatin through ENL
recruit the mediator complex via MED26; (2) and the MED26-
bound mediator complex then dissociates from AF4 proteins
and recruits SL1; and (3) the mediator complex situates SL1 to
the SDE motif of AF4 proteins, which subsequently loads TBP
to the TATA element with the help of the NKW motif; and (4)
the mediator complex aids PIC formation of RNAP2; and (5)
the P-TEFb complex (and possibly ELL family proteins)
relieves the promoter proximal-pausing of RNAP2 (Fig. 5).
This view is quite different from the prevailing views in that
AF4 protein complexes are recruited only to relieve the pausing
RNAP2 complex.20,21 Of note, the N-terminal portion of AF4
(1-360 aa) has the potential to recruit TFIIH complex—a key
component of RNAP2-PIC84—further supporting the notion
that AF4 facilitates multiple phases of transcription initiation.

The significance of AEP-driven TBP loading is supported by
the results of structure/function analysis of the MLL fusion pro-
teins (Fig. 1). If relieving the pausing RNAP2 were the major
function of AEP in gene activation, MLL fusion proteins har-
boring transcription elongation activity would activate MLL
target genes to transform haematopoietic progenitors. How-
ever, the artificial constructs in which MTM is tethered to
NHD or ALF, both of which potentially recruit elongation
activity, failed to transform myeloid progenitors while MTM
fused with the pSER domain successfully activated HOXA9 and
immortalized myeloid progenitors. These results indicate that
the main activity that needs to be aberrantly recruited by MLL
fusion proteins is the TBP loading activity but not the elonga-
tion activity. In this study, we also showed that the activity to
recruit the mediator complex is also dispensable. Interestingly,
while AF4 facilitates SL1 recruitment through the MED26-
bound mediator complex, this activity is not absolutely
required for MLL-AEP fusion protein-dependent gene expres-
sion—perhaps because MLL-AEP fusion proteins can suffi-
ciently recruit SL1 through a direct association. It is thought

Figure 6. TBP loading is the critical rate-limiting step activated by MLL-AEP fusion
proteins. Working model of MLL-AEP-dependent transcriptional activation.
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that the major function of the mediator complex is to facilitate
PIC formation; however, an MLL-AF4 mutant lacking the
MED26 binding motif (MTM-AF4-2C-bc) activated Hoxa9
expression and immortalized haematopoietic progenitors, sug-
gesting that mediator-dependent PIC formation is either dis-
pensable or compensated by non-MLL-AEP fusion factors.
These results suggest that the PIC formation and transcription
elongation can proceed without the aid of MLL fusion proteins
once TBP is loaded onto the TATA element. Hence, TBP load-
ing through AF4 is the major rate-limiting step in MLL fusion-
dependent gene activation (Fig. 6). Thus, we propose that the
major function of MLL-AEP fusion proteins is to load TBP to
the TATA element, and not activate transcription elongation
or recruit the mediator complex.

Materials and methods

Vector construction

The pMSCV-neo-MTM-AF4 and pCMV5- GAL4-AF4 constructs
were generated as per previous reports74 or newly generated
through restriction enzyme digestion/PCR-based mutagenesis.

Cells and cell culture

293T-LUC cells were generated by lentiviral transduction with
the pLKO-puro-FR-LUC reporter as previously reported.74

PLAT-E cells and 293T-LUC cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and penicillin-streptomycin (PS). The
HB1119 human leukemia cell line51 was cultured in RPMI
1640 medium, supplemented with 10% FBS and PS.

IP-western blotting and ChIP-qPCR

IP and ChIP-qPCR were performed using fractionation-
assisted native chromatin immunoprecipitation method, which
was described in detail previously.74 Specific antibodies for
MLLN (rpN1),85 AF4 (sc-49350, Santacruz Biotech), TAF1C
(A303-698A, Bethyl Laboratories), MED15 (A302-422A, Bethyl
Laboratories), FLAG (M2, F-3165, Sigma), and HA (3F10,
Roche) were used for ChIP analysis.

Transactivation assay

Transactivation assays were performed with 293T-LUC cells
harboring the GAL4-responsive luciferase reporter. 293T-LUC
cells were transfected with the expression vectors for the vari-
ous GAL4 fusion proteins and the pRL-TK plasmid and the
luciferase activity was measured using the dual luciferase
reporter kit (Promega) 24 h after transfection. Luciferase activ-
ity values were normalized to the Renilla luciferase activity and
expressed as the mean and standard deviation of triplicate
samples.

Myeloid progenitor transformation assay

The myeloid progenitor transformation assay was performed as
previously reported.74 In brief, cells were harvested from the

femurs and tibiae of 5-week-old female C57BL/6 mice.53 C-Kit-
positive cells were enriched with an anti-c-Kit antibody (Milte-
nyi Biotech, 130-091-224). Ecotropic retrovirus particles were
produced using PLAT-E packaging cells86 and were used for
viral transduction. The cells were transduced with a recombi-
nant retrovirus by spinoculation and then plated onto a meth-
ylcellulose medium (Iscove’s modified Dulbecco’s medium,
20% FBS, 1.6% methylcellulose, 100 mM b-mercaptoethanol)
containing murine stem cell factors, interleukin-3, and granulo-
cyte-macrophage colony-stimulating factors (10 ng mL¡1 of
each). G418 (1 mg mL¡1) was used to select the transduced
cells. Hoxa9 expression was quantified using RT-qPCR after
the first round of culture. Colony-forming units (CFUs) at the
third and fourth rounds were quantified per 104 plated cells,
after 4–6 d in culture. Experiments were approved by the Kyoto
University Institutional Animal Care and Use Committee.

RT-qPCR

RT-qPCR was performed as previously reported.74 Gene
expression was confirmed with qPCR, using the TaqMan
probes for Hoxa9 (Mm00439364_m1) and Gapdh
(Mm99999915_g1) (Life Technologies). The expression level of
Hoxa9 normalized to that of Gapdh and was determined using
a standard curve and the relative quantification method, as
described in ABI User Bulletin #2 (Applied Biosystems).
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