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SUMMARY
MLL1 fusion proteins activate HoxA9 gene expression and cause aggressive leukemias that
respond poorly to treatment, but how they recognize and stably bind to HoxA9 is not clearly
understood. In a systematic analysis of MLL1 domain recruitment activity, we identified an
essential MLL1 recruitment domain that includes the CXXC domain and PHD fingers and is
controlled by direct interactions with the PAF elongation complex and H3K4Me2/3. MLL1 fusion
proteins lack the PHD fingers and require pre-binding of a wild type MLL1 complex and CXXC
domain recognition of DNA for stable HoxA9 association. Together, these results suggest that
specific recruitment of MLL1 requires multiple interactions and is a precondition for stable
recruitment of MLL1 fusion proteins to HoxA9 in leukemogenesis. Since wild type MLL1 and
oncogenic MLL1 fusion proteins have overlapping yet distinct recruitment mechanisms, this
creates a “window of opportunity” that could be exploited for the development of targeted
therapies.

INTRODUCTION
Rearrangements of the MLL1 (Mixed Lineage Leukemia 1) gene are associated with
aggressive acute leukemias in both children and adults (Ayton and Cleary, 2001; Hess,
2004). The most common MLL1 rearrangements are cytologically visible chromosome
translocations that fuse amino terminal sequences of MLL1 in frame with a wide variety of
different partner genes creating novel fusion proteins (Ayton and Cleary, 2001 and see
Figure 1A). The prognosis for leukemias containing MLL1 translocations can vary but is
generally quite poor (Hess, 2004).
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The normal function of the MLL1 protein is to maintain the activation of developmentally
important genes such as the clustered Hox genes. Proper Hox gene expression is required for
normal embryogenesis as well as for normal hematopoietic differentiation. Wild type MLL1
is a large protein that is proteolytically cleaved in vivo by the Taspase 1 protease into an N
terminal 300 KDa fragment (MLL1N) and a C terminal 180 KDa fragment (MLL1C) (Hess,
2004). MLL1-mediated HOX gene activation is controlled in part by the enzymatic activity
of a C-terminal SET domain that “writes” a methyl (Me) mark on lysine 4 (K4) of histone 3
(Milne et al., 2002; Nakamura et al., 2002). Histone lysines can be mono- (Me1), di- (Me2),
or tri- (Me3) methylated, and it is the H3K4Me2 and 3 marks that are most highly correlated
with Hox gene activation in vivo (Milne et al., 2005a; Ruthenburg et al., 2007a).
H3K4Me2/3 promotes gene activation by acting as a docking site for PHD finger containing
“reader” proteins that have a variety of different functions (Ruthenburg et al., 2007a). MLL1
fusion proteins lose the C terminal SET domain (see Figure 1A) and instead promote gene
activation through recruitment of transcription elongation complexes (Yokoyama et al.,
2010; Lin et al., 2010) and promotion of H3K79Me2 (Milne et al., 2005b; Krivtsov et al.,
2008). H3K4Me3 and H3K79Me2 mediated activation of Hox genes is antagonized by
marks such as H3K9Me3 and H3K27Me3, both of which have important roles in gene
repression (Nottke, 2009).

HOXA9 is one of the more critical regulatory targets of MLL1 and MLL1 fusion proteins in
human leukemia. During hematopoiesis, HOXA9 is normally expressed in more primitive
cell types and is downregulated as differentiation proceeds. A hallmark of MLL1 mediated
human leukemias is the presence of persistent HOXA9 expression (Krivtsov and Armstrong,
2007) and HoxA9 expression alone can cause leukemia in mice (Thorsteinsdottir et al.,
2001). HoxA9 is directly bound and activated by MLL1 and MLL1 fusion proteins in
leukemia cells (Milne et al., 2005a; Milne et al., 2005b; Yokoyama and Cleary, 2008) and
continuous HOXA9 expression is essential for maintenance of the growth and leukemic
potential of MLL1 rearranged human leukemias (Milne et al., 2005; Faber et al., 2009). Both
wild type MLL1 and MLL1 fusion proteins are necessary for leukemic transformation (Thiel
et al, 2010), but it is unknown if they specifically cooperate in maintaining HoxA9
expression.

In mammals, MLL1 belongs to a family of H3K4 methyltransferases that also includes
MLL2 (aka MLL4), MLL3 (aka hALR), MLL4 (aka ALR), SET1A and SET1B
(Ruthenburg et al., 2007a). These methyltransferases all reside in distinct protein complexes
that contain the common subunits ASH2L, RBBP5 and WDR5 (Dou et al., 2005 and Figure
1A). Despite having similar enzymatic activities, these H3K4Me writer proteins regulate
different gene targets (Wang et al., 2009b; Issaeva et al., 2007; Lee et al., 2006; Glaser et al.,
2005). MLL1 is specifically required for HoxA9 expression (Milne et al., 2002; Milne et al.,
2005a) and is the only H3K4Me writer that has been directly implicated in human leukemia.
In fact, despite a very similar domain architecture and overall homology, fusion proteins
made using MLL2 in place of MLL1 are unable to transform mouse bone marrow (Bach et
al., 2009). It remains an open question why MLL1 is specifically required for HoxA9
expression, but one possibility is that there are distinct, HoxA9 specific recruitment
mechanisms for MLL1 and MLL1 fusion proteins.

Menin and LEDGF/p75 have been implicated in MLL1 recruitment to HoxA9 (Yokoyama
and Cleary, 2008; Thiel et al, 2010). However, since menin (and by extension LEDGF/p75)
are components of both MLL1 and MLL2 complexes (Hughes et al., 2004; Yokoyama and
Cleary, 2008), these interactions alone can’t explain specific recruitment of MLL1 to
HoxA9. In Drosophila, recruitment of the MLL1 homolog Trithorax is partially disrupted by
mutations in the FACT elongation complex (Petruk et al., 2006), while in yeast, the MLL1
homolog SET1 is recruited by gene activation and the PAF elongation complex (Krogan et
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al., 2003; Ng et al., 2003). Although it has been recognized that a mammalian PAF
elongation complex (PAF1C) associates with methyltransferase activity (Rozenblatt-Rosen
et al., 2005), neither of these recruitment mechanisms have been fully characterized or
shown to function in mammals (Lee and Skalnik, 2008) or to differentiate between
mammalian MLL family members.

Here, we set out to systematically determine which protein domain interactions contribute
specifically to both wild type and MLL1 fusion protein recruitment to HoxA9. We have
identified a minimal recruitment domain that requires the CXXC/RD1 region and the PHD
fingers of MLL1. A CXXC/RD1 mediated direct interaction with PAF1C that is not
conserved with either hSET1 or with MLL2 is required for MLL1 recruitment to HoxA9. In
addition, MLL1 PHD3 binds directly to H3K4Me2/3 and this is also necessary for wild type
MLL1 recruitment. MLL1 fusion proteins lack the PHD fingers and are recruited to HoxA9
through direct interactions with PAF1 and CXXC domain recognition of DNA, but this is
only possible in the presence of an actively bound wild type MLL1 complex. Since MLL1
and MLL1 fusion proteins display overlapping yet distinct requirements for stable target
gene binding, details about these interactions could provide potential therapeutic “windows
of opportunity” between wild type and oncogenic versions of MLL1.

RESULTS
Wild type MLL1 is specifically required for activation of HoxA9 and recruitment of MLL1
complex members

To study MLL1 recruitment and HoxA9 regulation in vivo, we used Mll1− − mouse
embryonic fibroblast (MEF) cells and an Mll1−/− cell line that had full length MLL1 added
back (Mll1−/− + MLL1) for ChIP analysis across 6 Kb of the HoxA9 locus (Figure S1A).
MLL1 complex members are expressed in Mll1−/− cells (Figure 1B), but with the exception
of the menin protein, none of the complex members were detected bound to the HoxA9 locus
(Figures 1C and S1C, blue line). Expression of wild type MLL1 (Figure 1B) recruits the
MLL1 complex to the downstream region of HoxA9 (Figures 1C and S1C, blue line, primer
sets 4,5 and 6), increases canonical HoxA9 transcript expression (Figure S1B), and
drastically increases HoxA9 protein levels (Figure 1B). Global levels of H3K4Me2/3 are
unaffected by MLL1 expression (Figure 1B), but levels of H3K4Me2/3 and H3 acetylation
(AcH3) are significantly increased at HoxA9 in the region of the bound MLL1 complex
(Figures 1C and S1C, red line, primer sets 4,5 and 6).

Binding of the MLL1 complex and activation of HoxA9 also causes a decrease in the
repression marks H3K9Me3 and H3K27Me3 (Figure 1C, red versus blue line, primer sets 4,
5 and 6). Consistent with this, there is a decrease in binding of the ESET H3K9
methyltransferase in the same region (Figure 1C, red versus blue line, primer sets 5 and 6).
Continued repression of the upstream transcript of HoxA9 (Figure S1B) is strongly
correlated with a lack of MLL1 complex binding, a lack of H3K4Me2/3 or AcH3 and
maintenance of the H3K9Me3 and H3K27Me3 repression marks (Figures 1C and S1C red
line, primer sets 1, 2 and 3). These results show that wild type MLL1 recruitment is
necessary for robust activation of HoxA9 and that factors required for MLL1 recruitment
function only in the downstream (covered by primer sets 4, 5 and 6) but not the upstream
region of HoxA9 in these cells.

Multiple MLL1 domains are necessary for recruitment to HoxA9 in vivo
From the results in Figure 1, we determined that Mll1−/− cells provide a useful system for
analyzing MLL1 recruitment to HoxA9. To identify a minimal HoxA9 recruitment domain,
we made a series of constructs that express FLAG and HA double-tagged MLL1N
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fragments in Mll1−/− MEF cells (Figure 2B and Figure S2A) and used an anti-HA antibody
for ChIP across the HoxA9 locus (Figure 2C red line versus blue line empty vector control).
Unexpectedly, we find that a fragment (CX-P4:1067–1989) that lacks the menin and
LEDGF/p75 major interaction sites but contains the CXXC domain and PHD fingers (Figure
1A and Figure S2D), is sufficient for targeted recruitment to HoxA9 in vivo (Figure 2C, CX-
P4:1067–1989 panel, red line). Additionally, a CXXC/PHD fragment that lacks the HCFC1
interaction site, is also sufficient for recruitment to HoxA9 (Figure Figure S2C and D).
Fragments containing the CXXC region alone or PHD fingers 1–4 alone fail to associate
with HoxA9 (CXXC:1067–1432 and P1-P4:1432–1989, Figure 2C, red line). This suggests
that MLL1 recruitment to HoxA9 may require multiple interactions with different MLL1
domains.

The CXXC/RD1 domain of MLL1 interacts with the PAF complex
From the results in Figure 2, we determined that there are potentially one or more essential
recruitment activities in the PHD fingers as well as in the region containing the CXXC
domain of MLL1. To identify proteins that could potentially be involved in recruitment,
FLAG-HA (fh) tagged CXXC:1067–1432 and fh-P1-P4:1432–1989 MLLN fragments were
stably expressed in 293 cells and subjected to a one-step FLAG purification under mild
wash conditions. Consistent with previous more rigorous purifications (Dou et al., 2005),
mass spectroscopy analysis identified the core complex members HCFC1 and HCFC2
(Figure 3A). Interestingly, several CXXC interacting proteins were also identified (CTR9,
RTF1, SKI8, red, Figure 3A), all of which are components of the PAF elongation complex
(PAF1C, Kim et al, 2009;2010). Western blots confirmed the specificity of the PAF1C and
HCFC1 interactions (Figure 3B). Sequences surrounding the MLL1 CXXC domain have
previously been shown to interact directly with the repressor proteins HDAC1 and BMI1
(Xia et al., 2003), but under our IP conditions, we failed to detect this interaction (Figure
3B).

The PAF1C interaction is specific for MLL1
If PAF1C is required for recruitment of MLL1 to HoxA9, we might expect that the
interaction would be specific for MLL1 and not involve other MLL family members. To test
this possibility, we used a FLAG tagged common subunit (f-WDR5) to purify multiple MLL
family complexes (Figure S3A) which were then incubated with either GST alone or a
recombinant, purified GST-PAF1 complex (Figure S3B). GST-PAF1C specifically interacts
with MLL1 complex components (Figure 3D), but not with either SET1 or MLL2 (Figure
3D). Immuno-precipitation (IP) experiments in 293 cell nuclear extracts confirm this result
and show a specific interaction between MLL1 and PAF1 (Figure 3E). Interestingly, under
these conditions, hSET1 also IP’s with MLL1C (Figure 3E, lane 3), suggesting that there
may be an interaction between these two methyltransferase complexes.

Only a small amount of PAF1 and MLL1 IP together (Figure 3E), suggesting that either this
interaction is weak or that it occurs at only a few loci. To differentiate between these two
possibilities, we used MLL1 and PAF1 specific antibodies for immunofluorescence
experiments in 293 cells (Figure 3F) and in Mll1−/− + MLL cells (Figure S3C).
Interestingly, overlap between PAF1 and MLL1 is relatively rare (See Figure 3F, inset for
an example), suggesting that the interaction between MLL1 and the PAF complex occurs
only at a small number of specific sites in vivo.

The CXXC containing RD1 region of MLL1 interacts directly with PAF1
For direct interaction studies, the MLL1 CXXC region was divided into GST-RD1 and
GST-RD2 subfragments as in Xia et al., 2003 (Figure 4A). GST pull-down experiments with
a recombinant, purified PAF complex (Figure 4A) shows that PAF1C interacts specifically

Milne et al. Page 4

Mol Cell. Author manuscript; available in PMC 2011 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with RD1, the region that contains the CXXC domain (Figure 4A and Figure S4A). Pull-
down experiments with GST-RD1 and individually expressed FLAG (f-) tagged
recombinant components of PAF1C reveal that it is the PAF1 component of the complex
that interacts specifically and directly with RD1 (Figure 4B). We next wanted to
characterize the PAF1 interaction more carefully in order to design point mutations for in
vivo studies.

An R1153A point mutation in MLL1 disrupts the interaction between PAF1 and MLL1
To narrow down the PAF1/MLL1 interaction domain, we constructed a series of deletions
across the RD1 region (Figure 4C), but efficient binding to PAF1 was only seen with the
entire intact RD1 region (Figure 4C). The equivalent of the CXXC containing RD1 regions
of MLL2 and CFP1 (the CXXC containing component of the hSET1 complex) do not
interact with PAF1 (Figure 4C and Figure S4B), providing further evidence that PAF1
interacts specifically with MLL1 and does not directly recruit the MLL2 or hSET1
complexes.

The CXXC domain has previously been shown to bind to unmethylated CpG rich DNA and
structural analyses have identified the specific residues that are directly involved in DNA
binding (Allen et al., 2006; Cierpicki et al., 2009). Residues on the opposite face of the DNA
binding pocket are potentially available for interactions with other proteins (Allen et al.,
2006; Cierpicki et al., 2009). Using these structural analyses, we made three point mutations
(R1153A, Q1162A and Q1195A) in residues that specifically have no effect on DNA
binding (Allen et al., 2006), do not disrupt the overall fold of the CXXC domain (Allen et
al., 2006), are not conserved between MLL1 and MLL2 (Figure 4D), and map to the
opposite face of the DNA binding fold (Allen et al., 2006). The R1153A point mutation was
especially interesting to us because it converts an R in MLL1 to a matching A residue in
MLL2. Since the in vitro DNA binding properties of the MLL1 and MLL2 CXXC domains
are similar (Bach et al., 2009), this is further evidence that the R1153A point mutation has
no effect on DNA binding. As a control, we also used a point mutation (K1176A, Figure
4D) that does not affect the three-dimensional folding of the CXXC domain, but is essential
for DNA binding (Allen et al., 2006).

In GST pull-down experiments, the R1153A point mutation in the CXXC domain disrupts
the RD1/PAF1 interaction and reduces binding significantly (Figure 4D, bottom) while point
mutations in either the DNA binding fold (K1176A) or the Q1162A or Q1195A residues
have no effect on the RD1/PAF1 interaction (Figure 4D, bottom). This result is especially
significant considering that the R1153A mutation makes MLL1 more closely mimic MLL2,
which does not interact with PAF1.

The third PHD finger of MLL1 binds specifically and directly to H3K4Me2/3
In Figure 2 we showed that the PHD fingers are also necessary for recruitment of MLL1 to
HoxA9. Close examination of the amino acid sequences of the four PHD fingers of MLL1
suggested that PHD 3, but not PHD 1, 2 or 4 has H3K4Me binding activity (Ruthenburg et
al., 2007a and Figure S4C). An MLL1 fragment containing all 4 PHD fingers bound
specifically to H3K4Me2/3 (Figure 4E). A PHD3 W1594E point mutation abolished the
H3K4Me2/3 interaction (Figure 4E), indicating that neither PHD1, 2 nor 4 can interact with
H3K4Me. Specific PHD3 binding to H3K4Me2/3 was confirmed with recombinant, purified
PHD3/Bromodomain protein (Figure 4F) and is further supported by a recently determined
PHD3/H3K4Me structure (Wang et al., 2010).
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The MLL1 recruitment domain requires an interaction with PAF1 and H3K4Me2/3 to bind to
HOXA9 in vivo

Having characterized several interactions, we used α-HA ChIP to determine the relative
importance of each interaction for binding of the MLL1 recruitment domain to HoxA9.
Disruption of the DNA binding activity of the CXXC domain has only a mild effect on
binding to HoxA9 (Figure 5B, K1176A panel), while the PAF1 mutation almost completely
disrupts recruitment to HoxA9 (Figure 5B, R1153A panel). Surprisingly, even though
H3K4Me2/3 levels are quite low at HoxA9 in Mll1−/− cells (see Figure 1C and Figure
S1D), disruption of H3K4Me binding with the W1594E mutation abolishes CX-P4
1067:1989 binding to the coding region, although not the promoter, of HoxA9 (Figure 5B,
W1594E panel). Binding of CX-P4 1067:1989 has no effect on H3K4Me3 or AcH3 levels at
HoxA9 (Figure S5A), suggesting that the small peak of H3K4Me2/3 in the coding region at
HoxA9 (Figures S1D and S5A, compare probes 4, 5 and 6 to 1, 2 and 3) is sufficient for
promoting the recruitment of MLL1. Point mutations that disrupt PHD fingers 1,2 and 4
have no effect on binding of CX-P4 1067:1989 to HoxA9 (Figure S5B and C and see also
Figure S2C), which suggests that the other PHD fingers of MLL1 are not required for
recruitment. Significantly, all three point mutations combined completely abolish binding of
the MLL1 recruitment domain to HoxA9 (Figure 5B,W1594E-K1176A-R1153A bottom
panel). Taken together, these results suggest that DNA binding, H3K4Me2/3 binding and the
PAF1 interaction are all necessary to recapitulate the wild type MLL1 binding pattern at
HoxA9 in Mll1−/− cells.

The MLL-AF9 leukemogenic fusion protein requires pre-binding of the MLL1 wild type
complex for recruitment to an active HOXA9 locus

Our data shows that both the PHD fingers and CXXC domain are necessary for recruitment
of MLL1 to HoxA9 in Mll1−/− cells. MLL1 fusion proteins, however, retain the CXXC
domain but not the PHD fingers of MLL1 (see Figure 1A). Consistent with these results, a
FLAG-HA (fh) tagged MLL-AF9 fusion protein cannot bind to or activate the HoxA9 locus
in Mll1−/− cells (Figures 6B and S6A and B). Conversely, when fh-MLL-AF9 is expressed
in Mll1−/− + MLL1 cells (see Figure S6C), fh-MLL-AF9 is able to bind to the downstream
region of HoxA9 (Figure 6C) where wild type MLL1 is bound (see Figure 1). These results
suggest that MLL1 fusion protein recruitment to HoxA9 requires pre-binding of the wild
type MLL1 complex to create an “open” chromatin state and provides a mechanistic
explanation for the observation that wild type MLL1 is necessary for fusion protein
mediated leukemogenesis (Thiel et al., 2010).

The MLL-AF9 leukemogenic fusion protein minimal recruitment domain requires DNA
binding and the PAF1 interaction for recruitment to an active HoxA9 locus

Since MLL1 fusion proteins contain only the CXXC “half” of the MLL1 recruitment
domain, we wanted to determine if the CXXC domain interactions are important for MLL1
fusion protein recruitment. We compared binding of full length fh-MLL-AF9 to fh-MLL-
AF9 with CXXC mutations in either K1176A (DNA binding) or R1153A (PAF1 interaction)
in Mll1−/− + MLL1 cells (Figures 6C-F). Using an α-HA antibody, ChIP experiments
reveal that the R1153A/PAF1 disruption reduces fh-MLL-AF9 binding by about two-fold
(Figure 6D), while a K1176A/DNA binding mutation drastically reduces fh-MLL-AF9
binding across HoxA9 (Figure 6E). This result contrasts that with the wild type MLL1
protein, which has only a minimal requirement for the DNA binding activity of the CXXC
domain (Figure 5B). Significantly, an R1153A/K1176A double mutant completely abolishes
binding across HoxA9 (Figure 6F), suggesting that these two interactions are both important
to recapitulate MLL-AF9 binding across HoxA9. Amazingly, expression of the minimal
fragment necessary to interact with PAF1 and bind to DNA (fh-CXXC RD1:1067–1250), is
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sufficient to recapitulate full length MLL-AF9 binding across HoxA9 in Mll1−/− + MLL
cells (Figure 6H).

We have found that without the PHD fingers, MLL1 cannot be recruited to HoxA9 in Mll1−/
− cells, but in Mll1−/− + MLL1 cells the CXXC RD1:1067–1250 domain alone is sufficient
for recruitment to HoxA9. In order to see if PHD3 binding to H3K4Me2/3 contributes to
HoxA9 binding in Mll1−/− + MLL1 cells, we compared binding of the fh-CX-P4 1067:1989
recruitment domain (which contains both the CXXC domain and PHD fingers) with fh-
MLL-AF9 in Mll1−/− + MLL1 cells. The fh-CX-P4 fragment shows about a two fold
increase in binding compared to fh-MLL-AF9 (Figure 6I, probes 4 and 5) in the peak region
of H3K4Me (compare Figure 6I, probes 4 and 5 with H3K4Me2/3 in Figure 1C and Figure
S1C). The W1594E mutation in PHD3 disrupts this PHD mediated increase in binding
(Figure 6J, probes 4 and 5).

Recruitment of the MLL-AF9 fusion protein to the HoxA9 locus is essential for HoxA9 gene
activation in leukemogenesis

In leukemia, except in a few rare instances, MLL1 fusion protein translocations involve only
one allele of MLL1 and leave one wild type copy of MLL1 untouched (Ayton and Cleary,
2001). We have previously used an in vitro assay to show that leukemogenic oncogenes
have the ability to transform mouse bone marrow cells (Wang et al., 2009a and summarized
in Figure 7A top).

To test whether MLL-AF9 recruitment to HoxA9 was important for leukemic
transformation, we transduced mouse bone marrow cells with normal fh-MLL-AF9, fh-
MLL-AF9 R1153A/PAF1 (R1153A) point mutants, or fh-MLL-AF9 K1176A/DNA
(K1176A) point mutants. An empty vector was used as a negative control and untagged
MLL-ENL and a FLAG tagged NUP98-Jarid fusion protein were used as positive controls.
The NUP98-Jarid fusion protein is unrelated to MLL1 fusion proteins, but it causes
leukemia in a HoxA9 dependent manner (Wang et al., 2009a). For all of the fh-MLL-AF9
constructs, five independent retroviral transductions were tested and cell counts and gene
expression assays were averaged across lines where appropriate.

The fh-MLL-AF9 lines and the MLL-ENL and Nup JARID positive controls all showed
exponential growth (Figure 7A) and increased HoxA9 expression (Figure 7B). fh-MLL-AF9
lines with the K1176A/DNA mutation, R1153A lines #1 and 2 and cells transformed with an
empty vector failed to grow (Figure 7A) and showed an inability to maintain HoxA9
expression (Figure 7B). R1153A/PAF mutant lines #3,4 and 5 all showed exponential
growth (Figure 7A), although they only maintained an intermediate level of HoxA9
expression (Figure 7B) and have increased expression of the Gr1 cell surface marker (fh-
MLL-AF9 line#1 vs. R1153A#1, Figure S7B), suggesting that they are slightly more
differentiated than WT controls. Most of the fh-MLL-AF9 transduced cells expressed MLL-
AF9 at roughly equal levels (Figure S7A), but R1153A cell lines 3,4 and 5 had MLL-AF9
expressed at 4–5 fold higher levels relative to normal fh-MLL-AF9 (Figure S7A). These
results suggest two things: 1) since the R1153A mutation only disrupts MLL-AF9 binding
by about half (see Figure 6D), this defect can be partially overcome by higher level
expression levels of the MLL-AF9 construct, and 2) the K1176A mutation that severely
disrupts fhMLL-AF9 recruitment (see Figure 6E), also completely abolishes the ability of
this protein to cause leukemic transformation in bone marrow cells (Figure 7A).

Our results above would predict that for efficient leukemic transformation, the HoxA9 locus
in progenitor enriched cells should have MLL1 already bound to it. Using ChIP, we found
that wild type MLL1 was bound across the entire HoxA9 locus in progenitor enriched cells
(Figure 7C, blue line). AcH3, H3K4Me3 and H3K27Me3 are spread across the entire HoxA9
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locus, while there is almost no detectable H3K9Me3 in progenitor cells at HoxA9 (Figure
7C, blue line). Levels of H3K27Me3 may be due to small amounts of differentiated cells
present. Using line#1 for ChIP analysis, we found that fh-MLL-AF9 binds across the entire
HoxA9 locus in a pattern that mirrors wild type MLL1 binding (Figure 7C) and causes an
increase in H3K4Me3 and H3K79Me2 levels (Figure 7C and Figure S7C, red line versus
blue line). These results indicate that, similar to Mll1−/− + MLL cells, in progenitor
enriched cells HoxA9 has wild type MLL1 bound to it and has low levels of H3K9Me3.

To further test whether the PAF1 protein is required for MLL-AF9 and/or MLL1 binding to
HoxA9, we used siRNA’s to partially knockdown PAF1 in fh-MLL-AF9 line#1 (Figure 7D).
By ChIP analysis, PAF1 binding to the HoxA9 locus was reduced by about 30% (Figure
7D), and both MLL1 and fh-MLL-AF9 binding was reduced about 40–50% (Figure 7D).
Overall H3 levels were not affected by the PAF1 siRNA, but there was a reduction in
H3K4Me3 and H3K79Me2 that mirrored the loss of MLL1 and fh-MLL-AF9 binding
(Figure 7D). Thus in transformed myeloblast cells, PAF1 is required for stable binding of
both MLL1 and MLL1 fusion proteins and for H3K4 and H3K79 methylation at HoxA9.
Taken together, these results show that both DNA binding and the PAF1 interaction
contribute to recruitment of the MLL-AF9 fusion protein in leukemia cells.

DISCUSSION
Wild type MLL1 protein is recruited to HoxA9 in vivo through interactions with PAF1 and
H3K4Me2/3

MLL family members regulate a wide range of different gene targets, but little is known
about the mechanisms that control preferential recruitment of MLL1 or MLL1 fusion
proteins to the HoxA9 locus in leukemia. In this study, we have identified a minimal MLL1
recruitment domain that is controlled by a CXXC/RD1 domain interaction with PAF1 and
an MLL1 PHD3 direct interaction with H3K4Me2/3.

Mammalian PAF1C is composed of 6 subunits that includes CTR9, LEO1, RTF1, PAF1,
CDC73 and SKI8 (Kim et al, 2009; 2010). Detailed in vitro studies have indicated that
PAF1C has a distinct role in directly facilitating transcription elongation, as well as
promoting H2BK120 ubiquitylation (uH2BK120) by recruiting a BRE1 complex (Kim et al.,
2009; 2010). uH2BK120 is required for global H3K4Me3 and H3K79Me2 levels (Kim et
al., 2009), which suggests that PAF1C has an important role in controlling histone
methylation through uH2BK120. In yeast, there is evidence that PAF1C can also recruit
H3K4Me activity through recruitment of SET1, but a direct interaction between the proteins/
complexes has not been established (Krogan et al., 2003). Although it still remains formally
possible that other MLL family members interact with PAF1, our studies failed to observe
an MLL2 or human SET1 interaction with PAF1C (also see Lee and Skalnik, 2008). Instead,
we provide evidence of a direct link between PAF1C and H3K4Me through recruitment of
MLL1.

The specificity of this interaction suggests that PAF1 could be part of the mechanism for
specifically recruiting MLL1 to HoxA9. Interestingly, since overlap between MLL1 and
PAF1 in vivo is not complete (Figure 3F), this suggests that the MLL1/PAF1 interaction
alone is not sufficient for MLL1 recruitment to all target genes. Instead, Ruthenburg et al
(2007b) have suggested that chromatin-associated proteins and the complexes that they
reside in could be recruited to gene targets through multiple weak or transient interactions
that together produce specificity and stable binding. In the case of MLL1, binding to either
H3K4Me or PAF1 alone may not be sufficient for recruitment, but the combined
interactions could produce stable and specific recruitment of MLL1 to HoxA9. Our data do
not rule out the possibility that other interactions also contribute to this effect or that a single
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MLL1 protein interacts sequentially with PAF1 and H3K4Me, creating transient
subcomplexes.

MLL1 fusion proteins are dependent on wild type MLL1 binding for recruitment to HoxA9
We have shown that the MLL-AF9 fusion protein can only bind to HoxA9 in regions where
MLL1 is present (Figure 6B and C and Figure 7C). We have no evidence for a direct
protein-protein interaction between MLL1 and MLL-AF9, so we instead favour the idea that
H3K9Me mediated repression prevents binding of the MLL1 fusion protein while higher
levels of gene activation promote recruitment of the fusion protein. More specifically, the
order of events that we envision is that wild type MLL1 is recruited to HoxA9 through
interactions with H3K4Me, PAF1 and DNA (Figure 7E 1) and are together able to stabilize
MLL1 binding even though repressors such as ESET are present (Figure 7E 1). MLL1-
mediated activation of the HoxA9 locus and binding to CpG rich DNA disrupts binding of
repressors such as ESET (Figure 7E 2). This allows an MLL1 fusion protein to bind through
interactions with PAF1 and with CpG rich DNA (Figure 7E 3) and also perhaps through
other uncharacterized interactions. MLL1 fusion proteins may be more dependent on the
DNA binding activity of the CXXC domain because they lack PHD fingers and do not have
the additional stabilizing effect of binding to H3K4Me. It is not clear exactly how the
presence of H3K9Me blocks MLL1 fusion protein binding, but the CXXC domain
containing MBD1 protein represses HoxA cluster genes and correlates with sites of
H3K9Me (Sakamoto et al., 2007). Thus, MBD1 could block MLL-AF9 fusion protein
binding by competing for CpG rich DNA binding sites.

Our findings call attention to differences in recruitment and stable binding between the wild
type MLL1 protein and leukemogenic MLL1 fusion proteins, which could, in turn, be
exploited for the development of targeted therapies. For instance, we predict that inhibitors
designed to specifically target the DNA binding pocket of the CXXC domain 19 would be
more disruptive on MLL1 fusion proteins than the wild type MLL1 protein itself. We look
forward to further experiments aimed at testing this and related hypotheses as the “rules of
recruitment” become better understood for MLL1 and other such chromatin remodeling
activities that lie at the heart of normal and abnormal pathways of development and
differentiation

Experimental Procedures
Transfection of Cell lines—Mll1−/− MEF cells were transfected with various constructs
using an Amaxa Nucleofector machine according to the manufacturer’s instructions. 293
cells were transfected using Fugene 6 (Roche).

Chromatin Immunoprecipitation (ChIP) Experiments—The ChIP protocol was
followed as outlined in Milne et al., 2009 using a formaldehyde fixation protocol for histone
ChIP and a DMP/formaldehyde double fixation protocol for MLL1 complex members.
Results were quantified relative to inputs as explained in detail in Milne et al., 2009 and
using a 7300 ABI Real Time PCR machine. Taqman primer/probe sets are listed in
supplemental procedures.

Gene expression—cDNA was made and gene expression was quantified for Mll1−/−
MEF cells and mouse bone marrow cells as in Milne et al., 2005b. Taqman primer/probe
sets are listed in supplemental procedures.

FLAG one step purifications and immunoprecipitations—Nuclear extracts
expressing either FLAG-HA tagged CXXC or P1-P4 were incubated with M2 beads in
50mM Tris, pH 7.5, 300mM KCl and 20% Glycerol. Beads were washed 4X in 50mM Tris,
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pH 7.5, 150mM KCl, 0.05% NP-40, and 20% glycerol. IP’s of native MLL family
complexes were done with the antibodies listed in supplemental procedures and with 5X
washes of 50mM Tris, pH 7.5, 200mM KCl, 0.1% NP-40, and 20% glycerol. Nuclear
extracts expressing FLAG tagged WDR5 were incubated with M2 beads in 50mM Tris, pH
7.5, 300mM KCl and 20% Glycerol and washed 3X in binding buffer along with 0.1%
NP40. Bound proteins were eluted with FLAG peptide.

Immunofluorescence staining—Immunofluorescence staining was performed using a
standard protocol and the following antibody dilutions: rabbit PAF1 1:500 (Bethyl), mouse
MLL1 1:100 (Millipore). Details are provided in supplemental procedures.

Reconstitution of the hPAF Complex—As outlined in Kim et al, 2010.

GST pulldown Assays—For GST-pull down assays, 500ng of GST-fused proteins and
200 ng of purified factors were mixed with glutathione-Sepharose 4B beads in binding
buffer (20 mM Tris-Cl [pH 7.9], 300 mM KCl, no EDTA, 20% glycerol, 0.1% NP-40) and
washed 3X in the same buffer. Bound proteins were analyzed by western blotting and/or
colloidal blue staining.

Peptide pull-down assay—Pull-downs using biotinylated histone peptide and
recombinant protein was performed as described (Wang et al., 2009a). Results were run on a
gel and stained with coomassie blue or blotted and probed with an α-HA antibody.

RNA interference—The WT#1 myeloblast cell line was treated with control or mouse
PAF siRNA duplex (Dharamacon) using an Amaxa Nucleofector machine according to the
manufacturer’s instructions.

Haematopoietic cell transformation assays—Protocols for the culture of primary
murine haematopoietic stem/progenitor cells were previously described (Wang et al, 2009a).
In brief, 100,000 lineage-negative bone marrow stem/progenitor cells were subjected to
retroviral infection, followed by kinetics analyses of proliferation versus differentiation

FACS analysis—Approximately 5×10^5–1×10^6 cells were washed and stained with
antibodies from BD Pharmingen before FACS analysis and were compared to unstained
control cells. Anti-cKit-FITC was used at 1:1000, anti-Gr1-PE at 1:500, and anti-Mac1-
FITC at 1:5,000.

Antibodies used, primer/probe sequences and mass spec techniques are in Supplemental
procedures

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Recruitment of the MLL1 complex is required for HoxA9 activation
(A) Important MLL1 domains and protein interactions. The MLL1 protein is proteolytically
cleaved in the cell into N terminal (MLL1N) and C terminal (MLL1C) proteins. All MLL1
leukemogenic fusions break just before the first PHD finger (line, Leukemia Breakpoint).
Two MLL1 fusion proteins MLL-AF9 and MLL-ENL are shown as examples. (B) HoxA9
protein expression depends on the expression of MLL1. Extracts were prepared from Mll1−/
− mouse embryonic fibroblast (MEF) knockout cells (lane −) and Mll1−/− MEF cells that
have been reconstituted with full length MLL1 (lane +). Western blots were probed with the
antibodies indicated. (C) Chromatin immunoprecipitation (ChIP) experiments at HoxA9 in
Mll1−/− (blue line) versus Mll1−/− reconstituted with MLL1 (red line) MEF cells using the
antibodies indicated. A schematic of the mouse HoxA9 locus with red boxes indicating the
positions of 6 primer/probe sets is shown at the bottom of the ChIP figures. ChIP results
shown are typical for at least two independent experiments. Error bars represent standard
deviation of three PCR reactions. See also Figure S1.
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Figure 2. The CXXC domain and PHD fingers are sufficient for targeting MLL1 to the HoxA9
locus in vivo
(A) Legend for the ChIP experiments in C. Blue line= ChIP in cells transfected with an
empty vector, Red line= ChIP in cells transfected with the constructs indicated and Grey
dots = the binding pattern of full length MLLN for comparison. (B) Schematics showing the
series of deletion constructs. (C) The regions containing the MLL1 CXXC domain and the
PHD fingers are both necessary for targeting MLL1 to the HoxA9 locus. Different fragments
of the MLL1 N terminus were FLAG and HA (fh) double tagged and expressed in Mll1−/−
MEFs and α-HA ChIP experiments were performed. ChIP results shown are typical for at
least three independent experiments. Error bars represent standard deviation of three
separate PCR reactions. See also Figure S2.
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Figure 3. The MLL1 complex interacts specifically with the PAF elongation complex
(A) 293 cells stably expressing either FLAG-HA tagged (fh) CXXC:1067–1432 or fh-P1-
P4:1432–1989 were subjected to a one step FLAG purification. Mass spectroscopy analysis
identified components of the MLL1 core complex (HCFC1 and HCFC2) and components of
PAF1C (shown in red) (B) FLAG IP’s were done from 293 cell nuclear extracts expressing
either an empty vector (1), fh-CXXC:1067–1432 (2) or fh- P1-P4:1432–1989 (3). Western
blots were probed with the antibodies indicated. (C) Scheme for purification of multiple
MLL family complexes from HeLa extracts expressing a FLAG (f-) tagged WDR5 protein.
(D) GST-PAF1C specifically interacts with components of the MLL1 complex. The f-
WDR5 preparation was subjected to GST pulldowns in the presence of either GST or a
GST-hPAF1C and the results were blotted and probed with the antibodies indicated. (E)
PAF1 interacts with the MLL1 complex in vivo. 293 nuclear extracts were used for IP’s with
the antibodies indicated and western blots were probed with the antibodies indicated. (F)
Immunofluorescence of PAF1 (red) and MLL1 (green) in 293 cells. PAF1 and MLL1
overlap in only discrete regions, a blowup of a region of overlap is shown as an example
(white box). The white bar represents 5μm. See also Figure S3.
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Figure 4. The MLL1 CXXC/RD1 domain interacts directly with PAF1 and PHD finger 3
interacts directly with H3K4Me2/3
(A) PAF1C interacts directly with the CXXC containing RD1 fragment of MLL1. The
MLL1 CXXC region was divided into two fragments (RD1 and RD2) and expressed as
recombinant GST proteins. Purified GST (1), GST-RD1 (2) and GST-RD2 (3) were used in
GST pulldown experiments with a recombinant purified PAF1C. Westerns were probed with
the antibodies indicated. (B) The PAF1 component of PAF1C interacts directly with MLL
RD1. GST-RD1 was used in a GST pulldown experiment with individual FLAG (f-) tagged
components of human PAF1C as shown. The upper panel is a gel stained with colloidal blue
and the lower panels are western blots of the same pulldowns using the antibodies indicated.
(C) Only full length MLL1-RD1 interacts efficiently with PAF1, while MLL2-RD1 does
not. A series of deletions of the MLL1 RD1 region were made and subjected to GST
pulldowns with purified f-PAF1. Westerns were probed with the antibodies indicated. (D)
Top: conservation with MLL2 and the positions of point mutations made in the MLL1
CXXC domain are shown. Bottom: The R1153A point mutation disrupts the direct
interaction between purified GST-RD1 and purified f-PAF1 protein. GST pulldowns were
done as in (A). (E) PHD fingers 1 to 4 with and without a point mutation in PHD3
(W1594E) were FLAG and HA double tagged and expressed in 293 cells. Nuclear extracts
were subjected to peptide pulldowns as indicated and probed with the antibodies shown. (F)
Recombinantly expressed and purified dual PHD3/Bromodomain of MLL1 binds
specifically to H3 lysine 4 di and trimethyl peptides (top panel). A W1594E point mutation
in PHD3 abolishes this interaction (bottom panel). See also Figure S4.
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Figure 5. Binding to H3K4Me and PAF1 are both necessary for recruitment of MLL1 across
HoxA9 in vivo
(A) Legend for the ChIP experiments in C. Blue line= HA ChIP in cells transfected with an
empty vector, Red line= HA ChIP in cells transfected with the CX-P4 constructs indicated
and Grey dots = the binding pattern of CX-P4 with no mutation. (B) PAF1 and H3K4Me
interactions are important for recruiting MLL1 to HoxA9. Using α-HA ChIP, recruitment of
the MLL1 fh-CX-P4 protein to HoxA9 in Mll1−/− MEF cells (no mutant) was compared to
individual PHD3 W1594E, K1176A and R1153A point mutations and a triple mutant. ChIP
results shown are typical for at least two independent experiments. Error bars represent
standard deviation of three separate PCR reactions. (C) An α-HA western blot showing
expression of the wild type and mutant constructs from the experiments in B. W,K,R mut =
the W1594E, K1176A, R1153A triple mutant. See also Figure S5.
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Figure 6. The MLL-AF9 fusion protein needs wild type MLL1, PAF1 and DNA binding for
recruitment to HoxA9
(A) Legend for the ChIP experiments in B-J. Blue line= HA ChIP in cells transfected with
an empty vector, Red line= HA ChIP in cells transfected with the constructs indicated and
Grey dots = the binding pattern of fh-MLL-AF9 in Mll1−/− + MLL cells for comparison.
(B) – (J) α-HA ChIP across HoxA9 for the constructs and in the specific cell lines as
indicated. ChIP results shown are typical for at least three independent experiments. Error
bars represent standard deviation of three separate PCR reactions. See also Figure S6.
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Figure 7. Recruitment of fh-MLL-AF9 to HoxA9 in bone marrow cells is essential for leukemic
transformation
(A) Leukemogenic transformation of MLL-AF9 constructs. Retrovirally expressed FLAG
and HA tagged (fh-) MLL-AF9 fusion protein constructs that were either normal for MLL-
AF9 or had R1153A (PAF1 disruption), or K1176A (DNA binding disruption) point
mutations were transduced into murine bone marrow cells, along with empty vector,
untagged MLL-ENL, and triple FLAG tagged NUP98-Jarid controls. Error bars represent
the standard deviation of averaged, cumulative cell numbers across five independent lines
for each construct. (B) HoxA9 expression in transformed and control cell lines. Cells from
(A) were tested for HoxA9 expression and the average values across all five independent cell
lines per construct are shown. Error bars represent standard deviation. HoxA9 expression in
Mll1−/− and Mll1−/− + MLL cell lines are also shown for comparison. (C) ChIP in
progenitor enriched (Blue line) and fh-MLLAF9 (line #1, Red line) cells with the antibodies
indicated. ChIP experiments in Mll1−/− + MLL cells are shown for comparison (Grey dots).
(D) PAF1 is required for MLL1 and MLL-AF9 binding to HoxA9. The fh-MLLAF9#1 cell
line was treated with control vs PAF1 siRNA’s and the cells were subjected to western blot
(inset) and ChIP analysis using the antibodies indicated. α-HA antibody recognizes the HA
tagged MLL-AF9 fusion protein. ChIP results were quantified using a primer/probe set for
the silent Hoxc8 locus or the mouse HoxA9 coding region (primer/probe set 5 from D). ChIP
signal was quantified to inputs and then relative to the HoxA9 control signal which was
arbitrarily set to 100. (E) 1= wild type MLL1 is recruited to HoxA9 through interactions with
H3K4Me, PAF1 and DNA. 2= MLL1-mediated activation of the HoxA9 locus disrupts
binding of repressors such as ESET and creates a more “open” chromatin conformation. 3=
An MLL1 fusion protein can now bind through interactions with PAF1 and with CpG rich
DNA. ChIP results shown are typical for at least two independent experiments. Error bars
represent standard deviation of three separate PCR reactions. See also Figure S7.
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