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Abstract

Leukemic oncoproteins cause uncontrolled self-renewal of hematopoietic progenitors by

aberrant gene activation, eventually causing leukemia. However, the molecular
mechanism of aberrant gene activation remains elusive. Here, we showed that leukemic
MLL fusion proteins associate with the HBO1 histone acetyltransferase (HAT) complex
through their TRX2 domain. Among many MLL fusions, MLL-ELL particularly
depended on its association with the HBO1 complex for leukemic transformation. The C-
terminal portion of ELL provided a binding platform for multiple factors including AF4,
EAF1 and p53. MLL-ELL activated gene expression by loading an AF4 /ENL/P-TEFb
complex (AEP) onto the target promoters. The HBO1 complex promoted the use of AEP
over EAF1 and p53. Moreover, the NUP98-HBOL fusion protein exerted its oncogenic
properties via interaction with MLL but not its intrinsic HAT activity. Thus, the
interaction between HBO1 and MLL is an important nexus in leukemic transformation,

which may serve as a therapeutic target for drug development.
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Introduction

Mutated transcriptional regulators often cause uncontrolled self-renewal of
immature hematopoietic precursors, which leads to aggressive leukemia. MLL (also
known as KMT2A and MLL1) is a transcriptional maintenance factor that upregulates
homeobox (HOX) genes in development (Yu et al, 1998). Chromosomal translocations of
the MLL gene generate MLL fusion genes with more than 80 different partners to induce
leukemia (Meyer et al, 2018). MLL fusion proteins cause uncontrolled self-renewal by
constitutively activating various oncogenic genes (e.g., HOXA9, MEIS1), whose
expression is normally restricted in immature precursors such as hematopoietic stem cells
(HSCs) (Krivtsov et al, 2006). However, the mechanisms by which MLL fusion proteins
aberrantly activate the expression of HSC-specific genes remain elusive.

MLL fusion proteins form a complex with MENIN (Yokoyama et al, 2005;
Yokoyama et al, 2004), which leads to further association with LEGDF (Yokoyama &
Cleary, 2008). MLL fusion proteins bind to their target chromatin through the CXXC
domain of MLL, which specifically recognizes unmethylated CpGs, and the PWWP
domain of LEDGF, which selectively binds to di/tri-methylated histone H3 lysine 36
(H3K36me2/3) (Okuda et al, 2014). The CXXC and PWWP domains constitute the
minimum targeting module (MTM) which can stably bind to the MLL target gene
promoters (e.g., HOXA9). Because unmethylated CpGs and H3K36me2/3 marks are
associated with transcriptional activation, MLL fusion proteins target a broad range of
previously transcribed CpG-rich promoters. Although MLL fuses with a variety of
partners, most MLL-rearranged leukemia cases are caused by fusions with the AF4 family
(e.g., AF4 also known as AFF1, AF5Q31 also known as AFF4) and ENL family (e.g.,

ENL also known as MLLT1, AF9 also known as MLLT3) (Meyer et al., 2018). AF4
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family proteins form a biochemically stable complex with ENL family proteins and the P-
TEFb elongation factor (composed of CDK9 and CyclinT1/2), which we termed as AEP
(as in AE4 family/ ENL family/ P-TEFb complex) (Yokoyama et al, 2010). AF4 family
proteins recruit the SL1 complex (Okuda et al, 2015), which is composed of TBP and
TAF1A/B/C/D subunits, and is known to initiate ribosomal RNA transcription by RNA
polymerase | (Goodfellow & Zomerdijk, 2013). An artificial construct of MTM fused to
the binding platform for SL1 activated Hoxa9 and transformed hematopoietic progenitors
(HPCs) (Okuda et al., 2015), indicating that AF4 activates RNA polymerase |1 (RNAP2)-
dependent transcription, presumably by loading TBP onto the target promoters via SL1.
However, why MLL fusion proteins preferentially use the AEP/SL1-mediated
transcription pathway is unclear.

In this study, we identified the evolutionarily conserved TRX2 domain of MLL as
a key structure required for aberrant self-renewal mediated by MLL fusion proteins.
Subsequent proteomic approach identified the HBO1 (also known as KAT7 and MYST2)
HAT complex as an associating factor for the TRX2 domain. HBO1 is a member of
MYST HAT family responsible of the bulk of Histone H3 lysine 14 acetylation
(H3K14ac) (Mishima et al, 2011), and was recently identified as a therapeutic
vulnerability of leukemia stem cells by genetic screening (Au et al, 2020; MacPherson et
al, 2020). However, its molecular functions on leukemic proteins remain largely elusive.
Our detailed structure/function analysis demonstrated that HBO1-MLL interaction
promotes AEP-dependent gene activation in MLL fusion-mediated leukemic
transformation. Moreover, another leukemic fusion of nucleoporin-98 (NUP98) and

HBO1(i.e. NUP98-HBO1) also transformed HPCs via association with MLL. Hence, we
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95  propose that HBO1-MLL interaction modules can be utilized as molecular targets for
96 developing drugs that specifically dismantle the oncogenic transcriptional machinery.

97
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Results
TRX2 domain-mediated functions promote MLL fusion-dependent leukemic
transformation
MLL fusion proteins confer unlimited self-renewal ability, leading to immortalization of
HPCs (Lavau et al, 1997). MLL-ELL is one of the frequently observed MLL fusions
associated with acute myelogenous leukemia (AML) (Meyer et al., 2018). To determine
the domain structures required for MLL-ELL-mediated leukemic transformation, we
performed myeloid progenitor transformation assays (Lavau et al., 1997; Okuda &
Yokoyama, 2017b), wherein murine HPCs were retrovirally transduced with an MLL
fusion gene, and cultured in semisolid medium supplemented with myeloid cytokines
(Figure 1A). MLL-ELL transformed HPCs, as previously reported (DiMartino et al,
2000; Luo et al, 2001), featuring vigorous colony forming capacities at the third and
fourth passages, and elevated Hoxa9 expression at the first and second passages, whereas
a deletion mutant lacking the TRX2 domain failed to transform (Figures 1A and S1A),
underscoring the biological significance of the TRX2 domain. A minimalistic artificial
construct of HA-tagged MTM fused to an intact Occludin-homology domain (OHD) of
ELL failed to transform HPCs (see MTMh-ELL""), whereas inclusion of the TRX2
domain to MTM (hereafter denoted as MTMT) caused constitutive activation of Hoxa9
and immortalization of HPCs (see MTMTh-ELL""). These results indicate that MLL-ELL
transforms HPCs through TRX2 domain-mediated functions.

Next, we tested the structural requirements of other MLL fusions (i.e., MLL-AF6,
MLL-AF10, and MLL-ENL) (Figures 1B and S1A). An MLL-AF6 fusion construct, in
which MLL is fused to the RA1 and RA2 domains of AF6 (see MLL-AF6"), fully

transformed HPCs as previously reported (Liedtke et al, 2010). The minimalistic MTM-
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AF6 fusion construct (see MTMh-AF6") activated Hoxa9 expression in the early passages
but produced modest numbers of colonies in later passages, while inclusion of the TRX2
domain (see MTMTh-AF6") conferred much more vigorous transforming capacities.
Deletion of the TRX2 domain from a PWWP-MLL-AF6 fusion construct containing the
residues 641/1267 of MLL (P"641/1267h-AF6") abrogated its transforming ability,
suggesting that MLL-AF6 requires the TRX2 domain to exert its full transforming
potential (Figures 1B and S1A). Nonetheless, an MLL-AF6" construct lacking the TRX2
domain immortalized HPCs albeit less efficiently compared to MLL-AF6" (Figure S1B,
see MLL-AF6" dTRX2), suggestive of some compensatory functions mediated by the
MLL structure retained in MLL-AF6" but missing in P"641/1267h-AF6" (i.e., the residues
1/640 and 1268/1395). MLL-AF10 showed a similar trend, in line with our previous
report (Okuda et al, 2017) (Figures 1B and S1A, B). On the other hand, the oncogenic
properties of MLL-ENL were not severely affected by the loss of TRX2 domain in terms
of colony forming capacity (Okuda et al., 2014). However, the colony morphology of
immortalized cells (ICs) transformed by the MTMh-ENL construct (MTMh-ENL"-ICs)
was more differentiated compared to that of MTMTh-ENL"-ICs (Figure 1C), suggesting
that the TRX2 domain is required to block differentiation. Leukemogenesis in vivo was
compromised by deletion of the TRX2 domain for MLL-AF®6, -AF10, and -ENL (Figure
S1C). These results indicate that MLL fusion proteins rely on TRX2 domain-mediated
functions for leukemic transformation to varying degrees depending on their fusion
partners. Among the MLL fusions tested, MLL-ELL most heavily relies on TRX2

domain-mediated functions.

HBO1 complex associates with MLL proteins via the TRX2 domain at promoters
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We previously showed that the TRX2 domain binds to AF4 family proteins (Okuda et al.,
2017). Indeed, a FLAG-tagged MLL construct encompassing the residues 869/1152
efficiently co-precipitated with exogenously expressed AF4 or AF5Q31 (Figure S2A, see
fMLL 869/1152+37aa). However, deletion of the TRX2 domain from the FLAG-tagged
MLL-5"construct (containing the residues 1/1395: fMLL-5") did not impair co-
precipitation of AF4, indicating that the interaction with AF4 is not mediated by the
TRX2 domain. Sequencing analysis of the vector constructs revealed that the fMLL
869/1152+37aa construct contained an additional coding sequence for 37 residues derived
from the pCMV5 vector tethered in frame, which corresponds to a part of the Chorionic
somatomammotropin hormone 1 gene (Figure S2B). Removal of the additional 37
residues by introducing a stop codon resulted in complete loss of association with AF4
family proteins (Figure S2A, see fMLL 869/1251). Moreover, a FLAG-tagged GAL4
fusion construct tethered to the additional 37 residues co-precipitated with AF5Q31 (see
fGAL4+37aa). Thus, we concluded that our previous claim for the TRX2 domain as a
binding platform for AF4 family proteins was false.

To identify bona fide associating factors for the TRX2 domain, we purified two
exogenously expressed TRX2 domain-containing proteins (i.e., fGAL4-MLL 869/1124
and MTMTh) from the chromatin fraction of HEK293T cells using the fractionation-
assisted chromatin immunoprecipitation (fanChIP) method (Okuda et al., 2015), and
analyzed by mass spectrometry (Figure 2A). Components of the HBO1 complex
including HBO1, PHF16 (also known as JADE3), MEAF6, and ING5 were detected in
the purified materials (Avvakumov et al, 2012). Immunoprecipitation (IP)-western
blotting analysis confirmed that fGAL4-MLL 869/1124 co-precipitated with HBO1

complex components but not with exogenously expressed AF4 (Figures 2B and S3A). A
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series of MTMT fusion proteins associated with HBO1 and PHF16, while the respective
MTM fusion proteins did not (Figure 2C), confirming that the TRX2 domain mediates
interaction with the HBO1 complex. Domain mapping analysis of MLL showed that the
residues 869/1124 contain the major binding domains for the HBO1 complex (Figures
S3A). Moreover, fGAL4-MLL 1052/1124 co-precipitated with the HBO1 complex
components after DNasel treatment, indicating that association of MLL and HBOL1 is not
mediated by DNA (Figure S3B). It should be noted that a small amount of HBOL co-
precipitated with the MLL proteins lacking the TRX2 domain (Figure S3C, see fMLL-5
dTRX2 and fMLL-ENL dTRX2), suggesting that there is a secondary binding domain for
the HBO1 complex outside of the TRX2 domain, which may account for the moderate
effects of TRX2 domain deletion of the full length MLL fusion constructs (Figure S1B).
Interaction between endogenous MLL proteins and HBO1 was confirmed in
leukemia cell lines such as HB1119 and REH (Figure S3D, E). Chromatin
immunoprecipitation (ChIP) followed by deep sequencing (ChlIP-seq) of HB1119 cells,
which endogenously express MLL-ENL, demonstrated that HBO1 complex components
colocalized with MLL-ENL at the MLL target genes (e.g. MYC, HOXA9 and MYB) in a
genome-wide manner (Figure 2D, E). CRISPR/Cas9-mediated sgRNA competition
assays demonstrated that Hbo1l is required for the proliferation of various MLL fusion-
ICs (Figure 2F). These results are consistent with the recent reports, which showed that
the HBO1 complex associates with multiple MLL fusion proteins, and plays a critical role
in the maintenance of leukemia stem cells (Au et al., 2020; MacPherson et al., 2020).
Taken together, MLL fusion proteins associate with the HBO1 complex through the

TRX2 domain at the target promoters.
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MLL recruits the HBO1, AEP, and SL1 complexes to promoters
To elucidate the functional relationship between wild type MLL and the HBO1 complex,
we examined the genomic localization of the HBO1 complex, wild type MLL, and its
related transcriptional regulators in HEK293T cells (Figure 3A). MLL has been shown to
localize at the transcription start sites (TSSs) of CpG-rich genes including, RPL13A, MYC
and CDKN2C (Okuda et al., 2017). Distribution of the HBO1 complex was enriched at
promoter-proximal transcribed regions (0-2 kb from the TSS) (Figure 3B) consistent with
a previous report (Avvakumov et al., 2012), suggesting its implication in transcription
initiation/elongation. Similarly as in HB1119 cells, the HBO1 complex was localized at
the MLL-occupied promoters in a genome-wide manner. We previously showed that
MLL associates with the MOZ complex and yet-to-be activated RNAP2 whose
heptapeptide repeats are not phosphorylated (RNAP2 non-P) on target promoters
(Miyamoto et al, 2020), and colocalizes with various ENL-containing complexes
including the AEP and DOT1L complexes (Okuda et al., 2017). The ChlP signal
intensities of MLL were highly correlated with those of HBO1, MOZ, and RNAP2 non-P
(Figure 3C), supporting the functional interactions of MLL with those MLL-associated
factors. The ChlP signals of AEP (e.g., AF4, ENL) and SL1 (e.g., TAF1C) are weakly
corelated with that of MLL, presumably because AEP and SL1 are indirectly recruited to
MLL target promoters in a context dependent manner.

To examine the role of MLL in the genomic localization of the HBO1 complex,
we analyzed MLL-deficient HEK293T cells by qRT-PCR and ChIP-gPCR. MLL
knockout reduced the expression of MYC and CDKN2C (Figure 3D), as previously
reported (Miyamoto et al., 2020), and caused a marked reduction in the ChIP signals of

HBO1 complex components (i.e., PHF16, MEAFG) at the MYC and CDKN2C loci
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(Figure 3E). In addition, the ChlIP signals of AF4 and TAF1C were also reduced at these
loci. These results indicate that MLL recruits the HBO1, AEP, and SL1 complexes to the

target promoters.

MLL-ELL transforms through the common binding platform for AF4 and EAF1
Next, we investigated the function of the ELL portion in MLL-ELL-mediated leukemic
transformation. ELL has a transcriptional elongation activity, and is associated with a
variety of proteins including AF4- and EAF-family proteins (Lin et al, 2010; Shilatifard
et al, 1996; Simone et al, 2003; Simone et al, 2001). Myeloid progenitor transformation
assays demonstrated that an intact OHD, which is responsible for association with both
AF4 and EAF1 (Lin et al., 2010; Simone et al., 2001), is required for transformation as
previously reported (Figures 4A, B and S4A) (DiMartino et al., 2000; Luo et al., 2001).
ChIP-gPCR analysis of FLAG-tagged GAL4 constructs fused to ELL confirmed that
OHD is responsible for the recruitment of both AF4 and EAF1 (Figure 4C). Deletion of
OHD resulted in loss of interaction with both AF4 and EAF1 family proteins, which is
correlated with the transforming properties (Figure 4A-D). It should be noted that several
processed forms of AF4 (e.g., 110kDa) were observed in the co-precipitates, whose
amounts were more abundant in the chromatin fraction of HEK293T cells transiently
expressing GAL4-ELL proteins harboring an intact OHD (Figure 4B, D), suggesting that
ELL tethers both processed and unprocessed forms of AF4 to the chromatin. ELL-AF4
interaction was attenuated by co-expression of EAF1, whereas ELL-EAF1 interaction
was augmented by co-expression of AF4 (Figures 4E, F), suggesting that these

interactions occur sequentially, wherein the ELL-AF4 interaction precedes the ELL-
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241  EAF1 interaction (Figure 4G). Taken together, MLL-ELL exerts its transforming

242  properties through the common binding platform for AF4 and EAFL1.

243

244  AF4 and EAF1 form two distinct SL1/MED26-containing complexes

245  AF4 and EAFL1 family proteins share some structural similarities; both have the SDE

246 motif enriched with serine, aspartic acid, and glutamic acid, and the DLXLS motif whose
247  consensus sequence is LXXDLXLS (Figure 5A, B). The NKW motif was found in the
248  AF4 family but not in the EAF family. It has been demonstrated by our group and others
249  that the SDE motif of AF4 associates with the SL1 complex (Okuda et al., 2015) and its
250 DLXLS motif associates with MED26 (Okuda et al, 2016; Takahashi et al, 2011). IP-
251  western blotting analysis demonstrated that EAF1 also associated with SL1 and MED26
252  through its C-terminal domain containing the SDE and DLXLS motifs (Figure 5C). ChIP-
253  gPCR analysis confirmed that the C-terminal portion of EAF1 recruited TAF1C and

254  MED26 to the GAL4-responsive promoter (Figure 5D, see fGAL4-EAF1-C).

255  Nevertheless, the GAL4-ELL fusion failed to associate with or recruit TAF1C and

256 MED26 (Figure 5C, D, see fGAL4-ELL"), indicating that ELL-bound EAF1 or AF4 is
257  unable to interact with TAF1C and MEDZ26, and therefore must dissociate from ELL to
258  form a complex with SL1 and MED26. It should be noted that GAL4-EAF1 failed to pull
259  down endogenous AF4 and ENL, while GAL4-AF4 containing an ELL binding domain
260 (ALF) (see fGAL4-AF4-2N&C) also failed to pull down exogenously expressed EAFL,
261 indicating that the AF4/ELL/EAF1 trimer complex is unstable and that ELL mostly binds
262  AF4- or EAF-family proteins in a mutually exclusive manner.

263 In addition, GAL4-EAF1 co-precipitated with exogenously expressed EAF1

264  through the EAF family homology domain (EHD), indicating that EAF1 forms a
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homodimer (Figure 5C, D). It has been shown that EAF1 binds ELL through two distinct
contacts (Simone et al., 2003). Accordingly, both N- and C-terminal halves of EAF1 co-
precipitated with endogenous ELL (see fGAL4-EAF1-N and -C, where no HA-tagged
protein was co-expressed). However, when EAF1 was overexpressed, co-precipitation of
endogenous ELL by the C-terminal half of EAF1 was no longer detected, suggesting that
free ELL preferentially binds to an EAF1 dimer over the single contact-mediated
interaction with the C-terminal half of EAF1. GAL4-ELL co-precipitated with
endogenous ELL presumably mediated by an EAF1 dimer, whereas it failed to pull down
ELL when exogenous ELL was overexpressed to absorb free EAF1 dimers. Taken
together, these results suggest that ELL forms at least two different stable complexes, one
is with AF4 family proteins, which subsequently leads to the formation of an
AEP/SL1/MED26 complex (Figure 5E), and the other is an EAF1/ELL dimer, which
leads to the formation of an EAF1/SL1/MED26 complex (Figure 5F). These two
SL1/MEDZ26 containing complexes are similar in composition, but different in three key
functions. The AEP/SL1/MED26 complex has the NKW motif which is essential for
AF4-dependent gene activation (Okuda et al., 2015), and contains P-TEFb which
promotes transcription elongation, and ENL family proteins which tether AEP on
acetylated chromatin (Erb et al, 2017; Li et al, 2014; Wan et al, 2017). Thus, we
presumed that the AEP/SL1/MED26 complex is competent for transactivation whereas

the EAF1/SL1/MED26 complex is not.

Interaction with AEP drives MLL-ELL-mediated leukemic transformation, while

homodimerization promotes MLL-EAF1-mediated transformation
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288  Previously, Luo et al. demonstrated that an artificial fusion construct of MLL and EAF1
289  transformed HPCs and induced leukemia (Luo et al., 2001), which suggested that the

290  ELL-EAF1 interaction played a major role in MLL-ELL-mediated leukemic

291 transformation. To examine the structural requirements for MLL-EAF1-mediated

292  transformation, we generated artificial fusion constructs in which MTM or MTMT is

293  fused to EAF1 domains and examined their transforming properties (Figures 5G and

294  S5B). As reported previously (Okuda et al., 2015), an MTM construct fused to the AF4
295  portion containing the SDE and NKW motifs (see MTMh-AF4-2C-abc) activated Hoxa9
296  expression and immortalized HPCs, while removal of the NKW motif (see MTMh-AF4-
297  2C-ab) resulted in loss of transformation (Figure 5G). Accordingly, an MTM construct
298  fused to the C-terminal half of EAF1 containing the SDE motif but lacking the NKW
299  motif failed to transform HPCs (see MTMh-EAF1-C). However, an MTM construct fused
300 to the entire EAF1 demonstrated partial transforming properties, which maintained the
301  expression of Hoxa9 in the early passages, but failed to immortalize HPCs (see MTMh-
302 EAF1). MTMT constructs fused to the EHD fully transformed HPCs (Figure 5G, see

303 MTMTh-EAF1 and MTMTh-EAF1-N). This trend is reminiscent of MLL-AF6 which
304  transforms HPCs by homodimerization (Figure 1B) (Liedtke et al., 2010), and suggests
305 that MLL-EAFL1 transforms by EHD-mediated homodimerization, rather than by ELL-
306 EAF1 interaction. Knockdown of Enl in MLL-ELL-ICs perturbed colony formation and
307  Hoxa9 expression, while its effects on MLL-ENL-1Cs were relatively limited presumably
308  because MLL-ENL can directly recruit AEP. With these results, we speculated that MLL-
309  ELL transforms HPCs through recruitment of AEP, while MLL-EAF1 transforms via
310  homodimerization in a mechanism similar to MLL-AF6.

311
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MLL-ELL transforms hematopoietic progenitors via association with AEP, but not
with EAF1 or p53.
To further evaluate the roles of the ELL-AF4 and ELL-EAFL1 interactions in MLL-ELL-
mediated leukemic transformation, we next introduced S600A/K606T double mutation
(hereafter denoted as SA/KT) to the ELL portion, which was initially predicted to impair
ELL-AF4 interaction based on the structural data for the ELL2/AF5Q31 complex (Qi et
al, 2017). Indeed, the mutation severely attenuated ELL-AF4 interaction (Figure 6A, see
fGAL4-ELL"™" SA/KT). However, a substantial amount of AF4 (mostly the processed
from of AF4) remained associated to the SA/KT mutant, while co-precipitation of EAF1
was completely abolished. These results suggest that SA/KT mutation abolishes the
primary contact of ELL for AF4 and EAF1, while there is a secondary contact for AF4
which is unaffected by this mutation. Western bloting of the input samples of the
chromatin fraction showed that fGAL4-ELL"™™ SA/KT increased the amount of processed
forms of AF4 in the chromatin fraction like fGAL4-ELL"", thus confirming the
interaction with fGAL4-ELL"™" SA/KT and AF4. ChIP-gPCR analysis confirmed that
exogenously expressed AF4 was recruited to the target chromatin by fGAL4-ELL"™"
SA/KT, while EAF1 was not (Figure 6B). Moreover, fGAL4-ELL"™" SA/KT co-
precipitated endogenous AF4 and AF5Q31, while it failed to pull down p53, another ELL
associating factor (Wiederschain et al, 2003) (Figure S6A). fGAL4-ELL"" SA/KT
recruited a substantial amount of endogenous ENL and CyclinT1 to the GAL4-responsive
promoter (Figure S6B), indicating that the SA/KT mutant is competent for loading AEP
onto chromatin.

Next, we examined the effects of the SA/KT mutation on the transforming

properties of MLL-ELL. Both Hoxa9 expression and colony-forming potentials were
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maintained by MLL-ELL SA/KT-ICs (Figures 6C and S6C). Remarkably, the MTM
construct fused to ELL carrying the SA/KT mutation (see MTMh-ELL"" SA/KT)
activated Hoxa9 and immortalized HPCs albeit with low clonogenicity despite the lack of
TRX2 domain, suggesting that the SA/KT mutation partially compensates for the lack of
interaction with the HBO1 complex. MLL-ELL SA/KT induced leukemia in vivo (Figure
6D), indicating that direct recruitment of EAF1 or p53 is dispensable for MLL-ELL-
mediated leukemic transformation. sgRNA competition assays showed that loss of Eafl
has a marginal inhibitory effect on proliferation of MLL-ELL-ICs ex vivo, while loss of
Trp53 accelerated it, suggestive of non-essential roles for EAF1 and an inhibitory role for
p53 in MLL-ELL-mediated transformation (Figure S6D). IP-western blotting of the
MTMh- or MTMTh-ELL"" SA/KT showed that association with AF4 and ENL through
the presumed secondary contact is enhanced by the presence of TRX2 domain while p53
association remained abolished (Figure 6E). Leukemia cells (LCs) of MLL-ELL were
particularly sensitive to WM1119, a pan MYST family HAT inhibitor (MacPherson et al.,
2020), compared to other MLL fusion-LCs (Figure S6E), suggesting that HBO1-mediated
protein acetylation may be implicated in the enhancement of ELL-AF4 association. In
summary, the results suggested that MLL-ELL transforms HPCs via interaction with AF4
family proteins, which is normally promoted by the HBO1 complex but hindered by other

ELL-associated factors.

NUP98-HBOL1 fusion transforms myeloid progenitors through interaction with MLL
NUP98-HBOL fusion has been found in chronic myelomonocytic leukemia and was
shown to induce clinically relevant leukemia in mice (Hayashi et al, 2019). NUP98-

HBOL transformed HPCs ex vivo, accompanying with high level Hoxa9 expression
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(Figure 7A). Fusion of NUP98 and homeodomain proteins (e.g., NUP98-HOXA9) has
been shown to induce leukemia in mouse models (Kroon et al, 2001). The homeodomain
of HOXAO9 possesses a sequence-specific DNA binding ability, demonstrated by ChlIP-
gPCR analysis on a HOXA®9 binding site within the HOXA7 locus (Figure S7TA). A
FLAG-tagged NUP98-HOXAS9 construct (FNUP98-HOXAS9) bound to the HOXA9
binding site, whereas fNUP98-HBOL did not, suggesting that HBO1 provides an
alternative chromatin targeting function which differs from that of HOXA9
homeodomain. Because the HBO1 complex binds MLL (Figure 7B), we hypothesized
that the HBO1 portion may confer a targeting ability through association with MLL. To
test this hypothesis, we generated an artificial NUP98 fusion construct in which MENIN
is fused to NUP98 and examined its transforming properties. Indeed, NUP98-MENIN
transformed HPCs (Figure 7C). Artificial NUP98 constructs fused with an HBO complex
component (i.e., INUP98-MEAF6 or -ING5) also transformed HPCs. IP-western blotting
showed that these artificial NUP98 fusions associated with MLL in the chromatin fraction,
supporting the hypothesis that NUP98-HBO1 transforms HPCs via interaction with MLL
(Figure 7D). The 5" portion of NUP98 did not co-precipitate MLL in this setting (see
fNUP98-5"), consistent with a previous report (Shima et al, 2017). However, it should be
noted that the 5 portion of NUP98 was shown to localize in proximity with MLL (Xu et
al, 2016) and promote the physical interaction of NUP98-HOXA9 with MLL (Shima et
al., 2017). The sgRNA competition assay demonstrated fNUP98-HBO1-1Cs depended on
MII for continuous proliferation (Figure 7E), similarly to fNUP98-HOXAO-ICs as
reported previously (Shima et al., 2017; Xu et al., 2016). However, both fNUP98-
HOXAO9- and fNUP98-HBO1-ICs were mildly sensitive to MENIN-MLL interaction

inhibitor (MI-2-2) (Shi et al, 2012), and were not rendered completely differentiated
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384  unlike MLL-AF10-1Cs (Figure 7F), suggesting that a MENIN-less MLL complex may
385  sufficiently recruit NUP98-HBOL to the target chromatin. Interestingly, E5S08Q amino
386  acid substitution, which kills its HAT activity (Foy et al, 2008) but retains the binding
387  capacities to MLL, did not impair the transforming property of NUP98-HBOL1 (Figure
388 7C, D, see fNUP98-HBOL1 EQ). Moreover, WM1119 did not induce complete

389  differentiation of NUP98-HBO1-ICs unlike MLL-AF10-ICs (Figure S7B). These results
390 indicate that interaction with MLL, but not the intrinsic HAT activity, mediates NUP98-
391 HBO1-mediated leukemic transformation.

392
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Discussion

Most MLL fusion proteins constitutively recruit AEP to immortalize HPCs (Takahashi &
Yokoyama, 2020). However, it was unclear how MLL-ELL exerts its oncogenic
properties, because an artificial MLL-EAF1 fusion immortalizes HPCs (Luo et al., 2001).
AF4- and EAF-family proteins share structural similarities, both of which have the SDE
motif which binds SL1 (Figure 5) (Okuda et al., 2016). We previously demonstrated that
the combination of SDE and NKW motifs is required for transcriptional activation
(Okuda et al., 2015). Because EAF1 does not have an NKW motif, EAF1 is incompetent
for transcriptional activation, and therefore MTMh-EAF1-C did not transform HPCs
(Figure 5G). Instead, EAF1 homodimerizes through its EHD. The MTMT-EHD fusion
(e.g. MTMTh-EAF1-N) transformed HPCs in TRX2 domain-dependent manner, similar
to MLL-AF6, which is known to transform HPCs via homodimerization (Liedtke et al.,
2010). Thus, we concluded that MLL-EAF1 transforms HPCs via homodimerization. The
S600A/K606T double mutation on ELL completely abrogated the interaction with EAF1,
while retaining some binding capacity to AF4, and did not impair MLL-ELL-mediated
transformation. Thus, we concluded that MLL-ELL transforms HPCs via association with
AF4 family proteins, but not with EAF1 (Figure 7G).

ChIP-gPCR analysis indicated that ELL recruited AF4 and ENL to the target
chromatin, but was unable to further recruit SL1 and MED26 (Figure 5D), suggesting that
the AEP complex must dissociate from ELL to function as a transcriptional activator.
Thus, MLL-ELL is a loading factor, but not a nucleating factor (like MLL-ENL), of the
AEP complex. In our previous study, we showed that MLL-AF10 is also an AEP loading
factor which loads ENL onto chromatin (Okuda et al., 2017). It remains unclear how

MLL-AF6, a dimer type of MLL fusion, affects the function of AEP and transforms
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HPCs. Nonetheless, ChIP-gPCR analysis showed that MLL-AF6 co-localized with AEP
components at its target promoters (Yokoyama et al., 2010), suggesting that MLL-AF6
also loads AEP to the target chromatin via unknown mechanisms. All of the presumed
AEP loading factor type MLL fusions (i.e. MLL-ELL, MLL-AF10, and MLL-AF®6)
showed susceptibility to Enl knockdown, while the AEP nucleating factor type MLL
fusions (e.g., MLL-ENL) were relatively resistant (Figure S5B) (Okuda et al., 2017;
Yokoyama et al., 2010). Moreover, the AEP loading factor type MLL fusions exhibited
some degree of dependency on the TRX2 domain, which mediates HBO1 complex
recruitment (Figures 1 and S1). These results suggest that the HBO1 complex promotes
loading of the AEP complex onto target chromatin (Figure 7G). Hence, the inhibitors that
interfere with the MLL-HBO complex interaction may be highly effective for the AEP
loading factor type MLL fusions.

Like MLL, NUP98 fuses with a variety of partners (Gough et al, 2011). NUP98
fusion partners can be roughly subdivided into three groups; the homeodomain containing
protein type (e.g., NUP98-HOXA?9), the chromatin reader type (e.g., NUP98-HBO1, -
LEDGF, -MLL, -NSD1, -PHF23, -BPTF, and -KDM5A), and the coiled-coil structure
containing protein type. Among the chromatin reader type NUP98 fusions, MLL and
LEDGF are components of the MLL complex (Yokoyama & Cleary, 2008), which targets
previously transcribed CpG-rich promoters through association with unmethylated CpGs
and di/tri-methylated histone H3 lysine 36 (H3K36me2/3) (Okuda et al., 2014), and di/tri-
methylated Histone H3 lysine 4 (H3K4me2/3) (Milne et al, 2010; Wang et al, 2010).
NUP98-NSD1 was shown to activate HOX-A genes through the association with
methylated H3K36 marks (Wang et al, 2007), and NUP98-PHF23, -BPTF, and-KDM5A

were through association with H3K4me2/3 marks (Zhang et al, 2020). Thus, the

20
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chromatin reader type NUP98 fusions confer a targeting ability to the chromatin of the
HOX-A loci by interacting with specific chromatin modifications and/or chromatin
binding proteins. Some NUP98 fusions including NUP98-HBO1 and -LEDGF appear to
target through interaction with MLL. This was evident from the immortalization of HPCs
by the artificial fusion of NUP98 and MENIN (Figure 7C). It has been reported that a
subset of MLL target genes are regulated in a MENIN-independent manner (Artinger et
al, 2013). In addition, an artificial construct of MLL, lacking the MENIN-binding motif,
but retaining the CXXC domain and the PHD finger 3 localized at the HOXA9 locus,
presumably through the association with unmethylated CpGs and H3K4me2/3(Milne et
al., 2010; Wang et al., 2010), suggesting that wild type MLL can bind to some of its
target chromatin in a MENIN-independent manner. The NUP98-MLL fusion genes found
in patients do not retain the structures responsible for interaction with MENIN and
LEDGF (Kaltenbach et al, 2010), suggesting that the MLL portion in NUP98-MLL
confers its targeting ability in a MENIN-independent manner. NUP98-HBO1-ICs
proliferate depending on MLL, but are relatively resistant to the MENIN-MLL interaction
inhibitor compared with MLL-AF10-ICs (Figure 7), indicating that a MENIN-less MLL
complex may sufficiently recruit NUP98-HBOL. Taken together, the results suggest that a
subset of NUP98 fusions target the HOX-A loci via association with MLL and activate
transcription by NUP98-mediated functions (Figure 7G).

This study demonstrated that various MLL fusions and NUP98 fusions transform
HPCs via HBO1-MLL interaction (Figure 7G). Hence, we propose that the binding
modules for this interaction can be a good molecular target for drug development. HBO1-

MLL interaction inhibitors would complement the therapeutic effects of the emerging
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464  MENIN-MLL interaction inhibitors (Klossowski et al, 2019; Krivtsov et al, 2019) to treat
465  malignant leukemia with subsets of MLL- and NUP98-fusions.

466
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Materials and Methods

Materials Availability

Materials generated in this study will be provided upon request.

Data and Code availability

ChlP-seq data, CIRA-seq data, and RNA-seq data have been deposited at the DDBJ
(DNA Data Bank of Japan) Sequence Read Archive under the accession numbers
(DRA010818, DRA004871, DRA004872, DRA010819, DRA008732, DRA008734, and,

DRAO004874) and sample IDs listed in Tables S4.

Experimental model and subject details

Vector constructs

For protein expression vectors, cDNAs obtained from Kazusa Genome Technologies Inc.
(Nagase et al, 2008) were modified by PCR-mediated mutagenesis and cloned into the
pPMSCYV vector (for virus production) or pPCMV5 vector (for transient expression) by
restriction enzyme digestion and DNA ligation. The MSCV-neo MLL-ENL, and MLL-
AF10 vectors have been previously described (Okuda et al., 2017). sgRNA-expression
vectors were constructed using the pLKO5.sgRNA.EFS.GFP vector (Heckl et al, 2014).
shRNA-expression vectors were constructed using a pLKO.1 vector, or were purchased

from Dharmacon. The target sequences are listed in Table S2 (sgRNA).

Cell lines
HEK293T cells were a gift from Michael Cleary and were authenticated by the JCRB

Cell Bank in 2019. HEK293TN cells were purchased from System Biosciences. The cells
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494  were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with

495  10% fetal bovine serum (FBS) and penicillin-streptomycin (PS). The Platinum-E (PLAT-
496  E) ecotropic virus packaging cell line—a gift from Toshio Kitamura (Morita et al,

497  2000)—was cultured in DMEM supplemented with 10% FBS, puromycin, blasticidin,
498 and PS. The human leukemia cell lines HB1119 and REH, gifts from Michael Cleary
499  (Tkachuk et al, 1992), was cultured in RPMI 1640 medium supplemented with 10% FBS
500 and PS. Cells were incubated at 37 °C in a 5% CO, atmosphere. HEK293T-LUC cells
501  were generated by transduction of the lentivirus carrying pLKO1-puro-FR-LUC, as

502  described previously (Okuda et al., 2015). Murine myeloid progenitors immortalized by
503  various transgenes were cultured in RPMI 1640 medium supplemented with 10% FBS,
504  and PS containing murine stem cell factors, interleukin-3, and granulocyte-macrophage
505  colony-stimulating factor (1 ng/mL of each).

506

507  Western blotting

508  Western blotting was performed as previously described (Yokoyama et al, 2002). Briefly,
509 proteins were separated electrophoretically in an acrylamide gel and were transblotted
510 onto nitrocellulose sheets using a mini transblot cell (Bio-Rad). The nitrocellulose sheets
511  were blocked with 5% skimmed milk in T-PBS (phosphate-buffered saline containing
512 0.1% Tween 20) for 1 h, rinsed twice with T-PBS, and incubated with primary antibodies
513  suspended in 5% skim milk in T-PBS overnight. The blots were then washed twice with
514  T-PBS and incubated with peroxidase-conjugated secondary antibodies for 2 h.

515  Chemiluminescence was performed using the ECL chemiluminescence reagent (GE

516  Healthcare). The antibodies used in this study are listed in Table S1.

o17
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518  Virus production

519  Ecotropic retrovirus was produced using PLAT-E packaging cells (Morita et al., 2000).
520  Lentiviruses were produced in HEK293TN cells using the pMDLg/pRRE, pRSV-rev, and
521 pMD2.G vectors, all of which were gifts from Didier Trono (Dull et al, 1998). The virus-
522  containing medium was harvested 24-48 h following transfection and used for viral

523  transduction.

524

525  Myeloid progenitor transformation assay

526  The myeloid progenitor transformation assay was carried out as previously described
527  (Lavau et al., 1997; Okuda & Yokoyama, 2017b). Bone marrow cells were harvested
528  from the femurs and tibiae of 5-week-old female C57BL/6J mice. c-Kit" cells were

529  enriched using magnetic beads conjugated with an anti-c-Kit antibody (Miltenyi Biotec),
530 transduced with a recombinant retrovirus by spinoculation, and then plated (4 x 10°

531  cells/sample) in a methylcellulose medium (Iscove’s modified Dulbecco’s medium, 20%
532  FBS, 1.6% methylcellulose, and 100 uM B-mercaptoethanol) containing murine stem cell
533  factor (mSCF), interleukin 3 (mIL-3), and granulocyte-macrophage colony-stimulating
534  factor (NGM-CSF; 10 ng/mL each). During the first culture passage, G418 (1 mg/mL) or
535  puromycin (1 pg/mL) was added to the culture medium to select the transduced cells.
536 Hoxa9 expression was quantified by RT-qPCR after the first passage. Cells were then re-
537  plated once every 5 days with fresh medium. Colony-forming units were quantified per
538  10* plated cells at each passage.

539

540  Invivo leukemogenesis assay
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In vivo leukemogenesis assay was carried out as previously described (Lavau et al., 1997;
Okuda & Yokoyama, 2017a). Cells positive for c-Kit (2 x 10°), prepared from mouse
femurs and tibiae, were transduced with retrovirus by spinoculation and intravenously
transplanted into sublethally irradiated (5-6 Gy) 8-week-old female C57BL/6JJcl
(C57BL/6J) mice. Moribund mice were euthanized and the cells isolated from their bone
marrow were cultured in methylcellulose medium used for myeloid progenitor
transformation assays for more than three passages to remove untransformed cells and
then subjected to secondary transplantation. For secondary leukemia, leukemia cells (2 x
10°) cultured ex vivo were transplanted in the same manner as the primary
transplantation. This protocol was approved by the National Cancer Center Institutional

Animal Care and Use Committee.

gRT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and reverse-transcribed
using the Superscript 111 First Strand cDNA Synthesis System (Thermo Fisher Scientific)
with oligo (dT) primers. Gene expression was analyzed by gPCR using TagMan probes
(Thermo Fisher Scientific). Relative expression levels were normalized to those of
GAPDH/Gapdh and determined using a standard curve and the relative quantification
method, according to the manufacturer’s instructions (Thermo Fisher Scientific).

Commercially available PCR probe sets were used are listed in Table S1.

Fractionation-assisted chromatin immunoprecipitation (fanChlP)

Chromatin fractions from HEK293T and HB1119 cells were prepared using the fanChIP

method, as described previously (Okuda et al., 2014). Cells were suspended in CSK

26
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buffer (100 MM NaCl, 10 mM PIPES [pH 6.8], 3 mM MgCl,, 1 mM EGTA, 0.3 M
sucrose, 0.5% Triton X-100, 5 mM sodium butyrate, 0.5 mM DTT, and protease inhibitor
cocktail) and centrifuged (400 x g for 5 min, at 4 °C) to remove the soluble fraction. The
pellet was resuspended in MNase buffer (50 mM Tris-HCI [pH 7.5], 4 mM MqgCl,, 1 mM
CaCly,, 0.3 M sucrose, 5 mM sodium butyrate, 0.5 mM DTT, and protease inhibitor
cocktail) and treated with MNase at 37 °C for 3—6 min to obtain oligonucloesomes.
MNase reaction was then stopped by adding EDTA (pH 8.0) to a final concentration of
20 mM. An equal amount of lysis buffer (250 mM NaCl, 20 mM sodium phosphate [pH
7.0], 30 mM sodium pyrophosphate, 5 mM EDTA, 10 mM NaF, 0.1% NP-40, 10%
glycerol, 1 mM DTT, and EDTA-free protease inhibitor cocktail) was added to increase
solubility. The chromatin fraction was cleared by centrifugation (15000rpm for 5m, 4 °C)
and subjected to immunoprecipitation with specific antibodies and Protein-G magnetic
microbeads (Invitrogen) or with anti-FLAG M2 antibody-conjugated beads (Table S1).
Immunoprecipitates were then washed five times with washing buffer (1:1 mixture of
lysis buffer and MNase buffer with 20 mM EDTA) and eluted in elution buffer (1% SDS
and 50 mM NaHCOg). The eluted material was analyzed by multiple methods including
western blotting, qPCR, and deep sequencing. Optionally, the immunoprecipitates were
washed twice with washing buffer, twice with MNase buffer, and then treated with
DNase | (Qiagen) for 15 min with room temperature. The immunoprecipitates were
further washed four times with washing buffer, and eluted using elution buffer. The

eluted materials were subjected to western blotting and SYBR green staining.

ChIP-gPCR and ChlIP-seq

2F
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The eluted material obtained by fanChIP was extracted using phenol/chloroform/isoamyl
alcohol. DNA was precipitated with glycogen, dissolved in TE buffer, and analyzed by
gPCR (ChIP-gPCR) or deep sequencing (ChIP-seq). The gPCR probe/primer sequences
are listed in Table S3. For deep sequencing, DNA was further fragmented (~150 bp)
using the Covaris M220 DNA shearing system (M&M Instruments Inc.). Deep
sequencing was then performed using the TruSeq ChIP Sample Prep Kit (Illumina) and
HiSeq2500 (Illumina) at the core facility of Hiroshima University. Data were visualized
using Integrative Genome Viewer (The Broad Institute). Raw reads in FASTQ format
were trimmed using Cutadapt and aligned to the reference genome hg19 with BWA (Li &
Durbin, 2009; Martin, 2011). Accession numbers and sample IDs are listed in the Table

S4.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
Proteins were digested with trypsin and tandem mass spectrometry was performed using
an LTQ Orbitrap ELITE ETD mass spectrometer (Thermo Fisher Scientific), as described

previously (Okuda et al., 2017).

SgRNA competition assay

Cas9 was introduced via lentiviral transduction using the pKLV2-EFla-Cas9Bsd-W
vector (Tzelepis et al, 2016). Cas9-expressing stable lines were established with
blasticidin (10-30 pg/mL) selection. The sequences of sgRNAs are listed in Table S2.
The targeting sgRNA was co-expressed with GFP via lentiviral transduction using

pLKO5.sgRNA.EFS.GFP vector (Heckl et al., 2014). Percentages of GFP™ cells were
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initially determined by FACS analysis at 2 days after sgRNA transduction, and then

measured every 4 days.

Accession numbers
Deep sequencing data used in this study have been deposited in the DNA Data Bank of
Japan (DDBJ) Sequence Read Archive under the accession numbers listed in Table S3

(ChlP-seq, CIRA-seq, and RNA-seq)

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 software. Data are presented
as the mean with standard deviation (SD). Multiple comparisons were performed by two-
way ANOVA. The statistical tests were two-sided. Mice transplantation experiments
were analyzed by the log-rank test and Bonferroni correction was applied for multiple
comparisons. P values < 0.05 were considered statistically significant. n.s.: P> 0.05, *: P

<0.05, **: P<0.01, ***: P<0.001, and ****: P <0.0001.
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Figure 1. TRX2 domain-mediated functions promote ML L-fusion-dependent
leukemic transformation

A. Structure/function analysis of MLL-ELL. Various MLL-ELL constructs were
examined for transformation of myeloid progenitors. HA-tag (h: indicated as a red
triangle) was fused to MTM and MTMT constructs. A schema of myeloid progenitor
transformation assay is shown on top. Hoxa9 expression normalized to Gapdh in first
round and second round colonies (left) is shown as the relative value of MLL-ELL
(arbitrarily set at 100%) with error bars (mean + SD of PCR triplicates). Colony-forming
ability at third- and fourth-round passages (right) is shown with error bars (mean + SD of
>3 biological replicates).

B. Requirement of the TRX2 domain for various MLL fusion proteins in leukemic
transformation. Various MLL fusion constructs were examined for transformation of
myeloid progenitors as in Figure 1A.

C. Colony morphologies of MTMTh or MTMh-ENL’-transformed cells. The colonies on
day 5 of fourth passage are shown with a scale bar. The ratio of compact colonies (>100
total colonies were counted in each experiment) is shown on the left (mean + SD of six
biological replicates). Representative images are shown on the right.
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665 promoters
666  A. Purification of TRX2 domain-associating factors. A FLAG-tagged (f: indicated as a
667  blue triangle) GAL4 DNA binding domain fused with the MLL fragment containing the
668  residues 869-1124 or HA-tagged MTMT fragment was transiently expressed in
669 HEK293T cells. A schema of fanChIP method is shown on top. The transgene products
670  were purified from the chromatin fraction and analyzed by mass spectrometry. Silver-
671  stained images (right) of the purified materials are shown. Asterisk indicates the position
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of the transgene products. A Venn diagram of identified TRX2 domain-associating
factors by mass spectrometry is shown.

B. Association of GAL4-TRX2 fusion with HBO1. IP-western blotting of the chromatin
fraction of HEK293T cells transiently expressing FLAG-tagged GAL4-MLL 869/1124
construct and Xpress-tagged AF4 (xAF4) was performed. Co-purification of HBO1, but
not xAF4, was confirmed.

C. TRX2 domain-dependent association with the HBO1 complex. IP-western blotting of
the chromatin fraction of virus-packaging cells, transiently expressing various HA-tagged
MTMT (or MTM) fusion constructs, was performed.

D. Genomic localization of MLL and the HBO1 complex components in HB1119 cells.
The ChlP-seq profiles were visualized using the Integrative Genomics Viewer (The
Broad Institute). The minimum value of the y-axis was set at 0, while the maximum value
for each sample is indicated.

E. Average distribution of proteins near the TSSs of HB1119 cells. Genes whose MLL
ChIP signal/input ratio at the promoter proximal transcribed region was > 5 were defined
as MLL target genes. Average ChlIP signal distribution of indicated proteins at the MLL
target genes (red) or all genes (black) is shown. The y-axis indicates the frequency of the
ChlP-seq tag count (ppm) in 25 bp increments.

F. Requirement of HBOL1 for myeloid progenitors immortalized by various oncogenes.
SgRNA competition assays for Hbol were performed on immortalized myeloid
progenitors. The ratio of GFP-positive cells co-expressing sgRNA was measured by flow
cytometry. sgRNA for Renilla luciferase (Ren) was used as a negative control, which
does not affect proliferation. sgRNA for Rpa3 was used as a positive control, which
impairs proliferation.
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Figure 3. MLL recruits the HBO1 and AEP/SL1 complexes to promoters

A. Genomic localization of various transcriptional regulators/epigenetic marks in
HEK293T cells. ChlP-seq analysis was performed on the chromatin of HEK293T cells
for the indicated proteins/modifications. CIRA-seq data for unmethylated CpGs (unMe
CpGs) and RNA-seq data are shown for comparison.
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B. Average distribution of proteins near TSSs of HEK293T cells. Average ChlIP signal
distribution of indicated proteins at the MLL target genes (red) or all genes (black) is
shown as in Figure 2E.

C. Relative occupation by multiple factors at all TSSs. ChlP-seq or CIRA-seq tags of
indicated proteins at all genes were clustered into a 2 kb bin (0 to +2 kb from the TSS)
and are presented as XY scatter plots. Spearman’s rank correlation coefficient (p) is
shown.

D. Expression of MLL target genes in two independently generated MLL-deficient clones.
Relative expression levels normalized to GAPDH are shown with error bars (mean £ SD
of PCR triplicates) by RT-qPCR. Data are redundant with our previous report(Miyamoto
et al., 2020)

E. Localization of MLL, the HBO1 complex, AEP, and the SL1 complex in two
independently generated MLL-deficient clones. ChIP-qPCR was performed for indicated
genes using qPCR probes designed for the TSS of each gene. ChIP signals are expressed
as the percent input with error bars (mean £ SD of PCR triplicates). Statistical analysis
was performed by ordinary two-way ANOVA comparing each sample with the parent
cells. *P <0.05., **P <0.01. ***P <0.001., ****P <0.0001.
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A. Requirement of the OHD in MLL-ELL-mediated transformation. Various MLL-ELL
constructs carrying mutations in the ELL portion were examined for transformation of
myeloid progenitors, as in Figure 1A.

B. OHD-dependent association with AF4. IP-western blotting of the chromatin fraction of
virus packaging cells, transiently expressing various HA-tagged MTMT-ELL fusion
constructs, was performed. Endogenous AF4 proteins co-purified with MTMTh-ELL
proteins were visualized by anti-AF4 antibody.

C. Recruitment of exogenously expressed AF4 or EAF1 by ELL. HEK293TL cells
(Okuda et al., 2015), which harbor GAL4-responsive reporter, were transfected with
FLAG-tagged GALA4 fusion proteins, xAF4, and HA-tagged EAF1 (EAF1h), and were
subjected to ChIP-gPCR analysis. A gPCR probe near the GAL4-responsive elements
(UAS) was used. The ChIP signals were expressed as the percent input with error bars
(mean = SD of PCR triplicates). TATA: TATA box, LUC: Luciferase.

D. Association of ELL with exogenously expressed AF4 or EAF1 on chromatin. IP-
western blotting of the chromatin fraction of HEK293TL cells transiently expressing
various FLAG-tagged GAL4-ELL proteins along with xAF4 and EAF1h was performed.
E. Effects of overexpression of AF4 or EAF1 on ELL complex formation at the promoter.
ChIP-gPCR analysis of HEK293TL cells transiently expressing various combinations of
FLAG-tagged GAL4-ELL proteins, xAF4, and EAF1h was performed as in Figure 4C.

F. Effects of overexpression of AF4 or EAF1 on ELL complex formation. IP-western
blotting of the chromatin fraction of HEK293TL cells, transiently expressing various
combinations of FLAG-tagged GAL4-ELL proteins, xAF4, and EAF1h, was performed
as in Figure 4D.

G. A model of sequential association between ELL, AF4 family proteins, and EAF family
proteins.
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terminal homology domain, EHD: EAF homology domain responsible for
homodimerization and interaction with ELL.

B. Alignment of the amino acid sequences of the SDE, DLXLS, and NKW motifs of
human AF4 family proteins and EAF family proteins. Conserved residues are indicated
by asterisks.

C. Association of EAF1, ELL, and AF4 domains with various associating factors on
chromatin. IP-western blotting of the chromatin fraction of HEK293TL cells transiently
expressing various FLAG-tagged GAL4 fusion proteins, with or without indicated HA-
tagged constructs, was performed as in Figure 4D. Endogenous proteins were detected by
specific antibodies for each protein, while exogenous proteins were detected by
antibodies for FLAG or HA tag.

D. Recruitment of various transcriptional regulatory proteins by EAF1, ELL, and AF4
domains. ChIP-gPCR analysis of HEK293TL cells transiently expressing various
combinations of FLAG-tagged GALA4 fusion proteins along with indicated HA-tagged
constructs was performed as in Figure 4C.

E. Putative complex recruitment mediated by ELL-AF4 interaction.

F. Putative complex recruitment mediated by ELL-EAF1 interaction.

G. Structural requirement of MTM-AF4 pSER fusion and MTMT-EAF1 fusion. Various
MTMh/MTMTh constructs fused with EAF1 domains were examined for transformation
of myeloid progenitors as in Figure 1A.
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783  ELL proteins with or without S600A/K606T substitutions (SA/KT) along with xAF4 and
784  EAF1h was performed as in Figure 4D.

785  B. Recruitment of exogenously expressed AF4 or EAF1 by ELL mutant proteins. ChlP-
786  PCR analysis of HEK293TL cells transiently expressing FLAG-tagged GAL4-ELL
787  proteins with or without the SA/KT mutation along with xAF4 and EAF1h was

788  performed as in Figure 4C.

789  C. Effects of the SA/KT mutation on MLL-ELL-mediated leukemic transformation ex
790  vivo. Various MLL-ELL constructs with or without the SA/KT mutation were examined
791  for transformation of myeloid progenitors as in Figure 1A.

792  D. Effects of the SA/KT mutation on MLL-ELL-mediated leukemic transformation in
793  vivo. MLL-ELL or its SA/KT mutant was transduced to c-Kit-positive hematopoietic
794  progenitors and transplanted into syngeneic mice (n = 20). Primary leukemia cells were
795  harvested from the bone marrow and transplanted into secondary recipient mice (n = 20).
796  E. Enhanced interaction of ELL with AEP mediated by the TRX2 domain. IP-western
797  blotting of the chromatin fraction of virus packaging cells transiently expressing various
798 HA-tagged MTMT-ELL fusion constructs (with or without the SA/KT mutation), was
799  performed. Endogenous proteins co-purified with MLL-ELL proteins were visualized by
800  specific antibodies.

801
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as in Figure 1 A. Relative Hoxa9 expression in first round colonies was analyzed. Asterisk
indicates that the qPCR probe detected human HOXA9 coding sequence included in the
NUP98-HOXAY construct in addition to endogenous murine Hoxa9.

B. Association with MLL by NUP98-HBO1. The chromatin fraction of virus packaging
cells transiently expressing the indicated transgenes was subjected to IP-western blotting.
Endogenous MLL" fragment was detected by specific anti-MLL antibody.

C. Structural requirement of various NUP98 fusions for leukemic transformation.
Indicated NUP98 fusion constructs were examined for transformation of myeloid
progenitors as in Figure 1A.

D. Association with MLL by various NUP98 fusions. IP-western blotting was performed
as in Figure 7B.

E. Requirement of the MIl gene for NUP98 fusion-immortalized cells. SgRNA
competition assays for MIl were performed on NUP98-HOXA9- and NUP98-HBO1-
immortalized cells as in Figure 2F.

F. Effects of pharmacologic inhibition of MENIN-MLL interaction on NUP98 fusion-
immortalized cells. NUP98-HBO1- and NUP98-HOXA9-immortalized cells were
cultured in the presence of 10 uM of MI-2-2 MENIN-MLL interaction inhibitor, and their
proliferation was monitored every 3 days. MLL-AF10-immortalized cells were also
analyzed as a positive control. VC: vehicle control

G. Models of MLL-ELL- and NUP98-HBO1-mediated gene activation
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21  Figure S1. TRX2 domain promotes MLL-rearranged leukemogenesis, related to
22  Figurel

23 A. Protein expression from various MLL fusion constructs. Virus-packaging cells
24 transiently expressing each MLL fusion construct shown in Figures 1 and S1 were
25 analyzed by western blotting with the indicated antibodies.


https://doi.org/10.1101/2021.01.08.425834
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.08.425834; this version posted January 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

26
27
28
29
30
31
32
33
34

made available under aCC-BY 4.0 International license.

B. Negative effects imposed by the loss of TRX2 domain on transformation ex vivo.
Various MLL fusion constructs lacking the TRX2 domains were examined for
transformation of myeloid progenitors as in Figure 1A.

C. Negative effects imposed by the loss of TRX2 domain on transformation in vivo.
Leukemogenic activity of MLL fusion constructs was examined. Each MLL fusion
construct was transduced to c-Kit-positive hematopoietic progenitors and transplanted
into syngeneic mice (n=10). Statistical analysis was performed using the log-rank test
and Bonferroni correction with the wild type control. *P < 0.05. ****. P <(.0001.
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Figure S2. TRX2 domain does not mediate association with AF4 family proteins,
related to Figure 2

A. AF4 family proteins bind the additional 37 residues derived from the expression
vector. Immunoprecipitation-western blotting of the chromatin fraction of HEK293T
cells transiently expressing various FLAG-tagged MLL constructs along with
XAF4/xAF5Q31, was performed using fanChIP method.

B. Sequence of the additional residues derived from the pCMV5 vector. The coding
sequence for the additional 37 amino acids were tethered to MLL in frame. A part of it
corresponded to the Chorionic somatomammotropin hormone 1 gene.
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47  Figure S3. HBO1 complex binds to the TRX2 domain of MLL independently of
48 DNA, related to Figure 2

49  A. Domain mapping of MLL for interaction with the HBO1 complex. IP-western

50  blotting of the chromatin fraction of HEK293T cells transiently expressing various

51  FLAG-tagged MLL constructs was performed as in Figure 2B.

52  B. Effects of DNase treatment on the interaction between MLL and the HBO complex.
53  Co-precipitates were treated with DNasel, washed multiple times, and analyzed by

54 western blotting. DNA was detected by SYBR green.

55  C. Interaction with HBO1 through multiple contacts. IP-western blotting of the

56  chromatin fraction of HEK293T cells transiently expressing various FLAG-tagged MLL
57  constructs was performed as in Figure 2B.
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D. Interaction between MLL proteins and HBO1 in HB1119 leukemia cells. IP-western
blotting of the chromatin fraction of HB1119 cells was performed using anti-MLL
antibody.

E. Interaction between MLL and HBO1 in REH leukemia cells. IP-western blotting of
the nucleosome fraction of REH leukemia cells was performed (using anti-MLL
antibody) by the nucfrlP method.
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Figure S4. Protein expression from various MLL fusion constructs, related to
Figure 4

Virus-packaging cells transiently expressing each MLL fusion construct were analyzed
by western blotting with indicated antibodies.
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74 Figure S5 Roles for AEP in MLL-ELL-mediated leukemic transformation, related
75 toFigure5

76  A. Protein expression from various MLL fusion constructs. Virus-packaging cells

77  transiently expressing each MLL fusion construct were analyzed by western blotting

78  with indicated antibodies.

79  B. Effects of Enl knockdown on MLL-ELL- and MLL-ENL-ICs. MLL-ELL- and

80  MLL-ENL-ICs were transduced with shRNA for endogenous Enl and analyzed for gene
81  expression normalized to Gapdh by qRT-PCR (mean = SD of PCR triplicates) and

82  relative colony forming units (mean £ SD of >3 biological replicates).

83
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85  Figure S6 Roles for EAF1 and p53 in MLL-ELL-mediated transformation, related
86 toFigure6

87  A. Mutations in ELL selectively abrogated the interaction with p53. IP-western blotting
88  of the chromatin fraction of HEK293TL cells transiently expressing FLAG-tagged

89  GAL4-ELL proteins with or without S600A/K606T substitutions (SA/KT) was

90 performed as in Figure 4D. Endogenous AF4 family proteins and p53 co-purified with
91  GAL4-ELL proteins were detected by anti-AF4-, AF5Q31-, and p53-antibodies.

92  B. Recruitment of endogenous AEP proteins by ELL mutant proteins. ChlIP-gPCR

93  analysis of HEK293TL cells transiently expressing FLAG-tagged GAL4-ELL proteins
94  with or without the SA/KT mutation was performed as in Figure 4C. ChlIP signals of
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endogenous ENL and Cyclin T1 were detected using the anti-ENL- and Cyclin T1
antibodies.

C. Protein expression from various MLL fusion constructs. Virus-packaging cells,
transiently expressing each MLL fusion construct, were analyzed by western blotting
with the indicated antibodies.

D. Requirement of EAF1 and p53 for MLL-ELL-immortalized cells. sgRNA
competition assays for Eafl and Tp53 were performed as in Figure 2F.

E. Sensitivity to pan MYST HAT inhibitor. LCs for various MLL fusions were cultured
in the presence of WM1119, a pan MYST HAT inhibitor, and their relative
Colony-forming units (mean = SD of 3 biological replicates) were monitored.

10
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108  Figure S7 Functional differences between NUP98-HOXA9 and NUP98-HBO1,
109 related to Figure 7

110  A. Targeting ability to the HOXA®9 binding site. Virus packaging cells transiently

111 expressing indicated transgenes were subjected to ChIP-gPCR analysis. The per cent
112 input values of each probe (mean + SD of PCR triplicates) are shown. A HOXA9

113  binding site was previously identified at the HOXA7 locus (Shima et al, 2017). The
114  CD4 locus was analyzed as a negative control.

115  B. Effects of pharmacologic inhibition of MYST HATs on NUP98 fusion-immortalized
116  cells. NUP98-HBO1- and NUP98-HOXA9-ICs were cultured in the presence of 10 uM
117  of WM1119 MYST HAT inhibitor and their proliferation was monitored every 3 days.
118  MLL-AF10-immortalized cells were also analyzed as positive control. VC: vehicle

119  control

120

121
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Table S1. Materials

Reagent or Resource Source Identifier
MNase Sigma-Aldrich N3755-200U
Protein-G Magnetic beads Thermo Fisher Scientific 1004D
FLAG M2

antibody-conjugated beads Sigma-Aldrich M8823

c-Kit magnetic beads Miltenyi Biotec 130-091-224
RNeasy Mini Kit Qiagen 74106
SuperScript™ III First-Strand

Synthesis System Thermo Fisher Scientific 18080051
TruSeq ChlIP Sample Prep

Kit SetB Illumina IP-202-1024
SureSelect Strand Specific

RNA Library Prep Kit Agilent Technologies G9691A
Protease inhibitor cocktail Roche 11873580001
RNase-free DNase set Qiagen 79254
MI-2-2 Calbiochem 444825
WM1119 Enamine EN300-1719156

Antibodies for ChlP, IP,
and WB

MLL(N)
MLL(N)

MOZ
AF4

TAF1C

AF17

DOT1L

CyclinT1

Cell Signaling Technology
Generated in
house('Yokoyama et al, 2002)
Activmotif

Santa Cruz Biotechnology
Bethyl Laboratories

Bethyl Laboratories

Bethyl Laboratories

Santa Cruz Biotechnology

12

14689S
rpN1

39868
sc-49350
A303-698A
A302-198A

A300-953A

sc-8127
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ENL Cell Signaling Technology 14893S
Histone H3K4me3 Active motif 39159

Histone H3K18ac Abcam ab1191
RNAP2 non-P Abcam 8WG16/ab817
RNAP2 Ser5-P Millipore 05-623

FLAG Sigma-Aldrich F3165/M2
FLAG Sigma-Aldrich F7425

HA Roche 3F10/11867423001
Xpress Santa Cruz Biotechnology sc-7270

ELL Cell Signaling Technology 14468S

HBO1 Abcam 70183

PHF16 Abcam 129495
MEAF6 STJ 116836

ING4 Abcam 108621
MLL(C) Cell Signaling Technology 14197S

AF4 Bethyl Laboratories A302-344A
AF5Q31 Bethyl Laboratories A302-538A
P53 Santa Cruz Biotechnology sc-126

gPCR primers (human)

GAPDH

Thermo Fisher Scientific

Hs02786624 g1

HOXA9 Thermo Fisher Scientific Hs00365956 _m1
MYC Thermo Fisher Scientific Hs01570247_m1
RPL13A Thermo Fisher Scientific Hs04194366_g1
CDKN2C Thermo Fisher Scientific Hs00176227_m1
gPCR primers (mouse)
Gapdh Thermo Fisher Scientific Mm99999915 g1
Hoxa9 Thermo Fisher Scientific Mm00439364 m1
Enl Thermo Fisher Scientific Mm00452080_m1
Recombinant DNA
pMSCV-neo Clontech
Addgene (gift from Benjamin
pLKO5.EFS.GFP Ebert)(Heckl et al, 2014) Addgene #57822
Addgene (gift from Kosuke
pKLV2-Cas9.bsd Yusa)(Tzelepis et al, 2016) Addgene #68343
Addgene (gift from Didier
pMDLg/pRRE Trono)(Dull et al, 1998) Addgene #12251

13
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Addgene (gift from Didier

pPRSV-rev Trono)(Dull et al., 1998) Addgene #12253
Addgene (gift from Didier

pMD2.G Trono)(Dull et al., 1998) Addgene #12259
Addgene (gift from Bob
Weinberg)(Stewart et al,

pLKO.1-puro 2003) Addgene #8453

pLKO.1-sh-Enl-puro GE Healthcare TRCNO0000084405

Software

GraphPad Prism7 GraphPad Software Inc.

FlowJo BD Biosciences

Integrative Genomics Viewer (Thorvaldsdottir et al, 2013)

Cutadapt (Martin, 2011)

BWA (Li & Durbin, 2009)

Cell line

Human: HEK293T

Authenticated by
JRCB cell bank in

Gift from Michael Cleary 2019

Human: HB1119 Gift from Michael
Cleary(Tkachuk et al, 1992)

Human: REH Gift from Michael
Cleary(Yokoyama et al,
2004)

Human: PLAT-E Gift from Toshio
Kitamura(Morita et al, 2000)

Human: HEK293TN System Biosciences

Human: HEK293T dMLLc3  Generated
in-house(Miyamoto et al,
2020)

Human: HEK293T dMLLc7  Generated
in-house(Miyamoto et al.,
2020)

Human: HEK293TL Generated in-house(Okuda et
al, 2015)

Mouse

Mouse: C57BL/6J CLEA Japan

14
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Table S2. sgRNA sequences

SgRNA Sequence

Hbo1#6 AGCCGCCGGCAATGCCGCGA
Hbo1#8 CCTCTCAGCTGACGAATGCA
Eafl#l ATTGTCTTCGCCTGCGCTGC
Eafl#2 TTCCCTTTGAACACCGTCAT
Eafl#3 GCTGTCGTCGTCACTTCCCG
Trp53#1 AGTGAAGCCCTCCGAGTGTC
Trp53#2 AACAGATCGTCCATGCAGTG
Trp53#3 TGAGGGCTTACCATCACCAT
MII#1 GATCGCCGCCCTTTCTTCAC
MII#2 AGGCGGTGCGGACAATGTCC
Rpa3 GCTGGCGTTGACGCGCGCTT
Ren GGATGATAACTGGTCCGCAG

15
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128

Table S3. Custom gPCR probe/primer sequences

Target Forward Reverse Reporter

name

EVI-1 TCACCAGACAGTC GAAGGGCGTGCA CCCGCCCAAACAG

pre-TSS ATCAATCTCTCT AAATTTTCAAAC CAT

EVI-1 GCTGCGGAGGATC CTCCTTCCCAGTT CAGGAGGAGGAG

TSS TGAAAGG CCAATGGG AGTTT

EVI-1 CACCACCCTTCAT TGGCAGCTTCCTG AAGCTGAGATTTT

post-TSS  CTCTTTAGCAT GAGATATAAAAG CCC

RPL13A- GGATAAACTGAGG GTGTCTGGTCGAC ACCTGGAGAAACC

U1K CCCAGATAAGG TTCACTGT C

RPL13A- GCCGGGTGGGATC GCTCCGCAAAACA CAGAGAGGGTGC

TSS CA TGCAAGA GACCCCATT

RPL13A- GCTCATTGCAACC CCCAGGTACTCGG CCCAAGTTCAAGT

post-TSS  TCTGCTT GAAGCT GATTCT
CTCCACAACCGTC

CDKN2C- TTAAATAACAAAC GCGGGCTTGAGTC CAGCTGCCCCAAT

pre-TSS C TGTGA TC

CDKN2C- GGCGGCTGCCCTG CCCGGTGCCACTT CTGTGCCCCTTTG

TSS T TGC CTG

CDKN2C- CTGTGGAGTCGTC CGATTCACACGTG CCTCGCCTCGCTT

post-TSS ~ AGAATTCTTCAT ATTATTCAGCAAA TT

GCATTATGTATGC

MYC- GCGGTATCTGCTG ACAGCTATCTGGA CTGGGTGGAAGGT

pre-TSS CTTTGG T ATCC
CCGGCTAGGGTGG GAGGCGAAGCCCC CAGGAcCGCccceGCA

MYC-TSS AAGAG CTATTC GCG

MYC- GGGTAGGCGCAG GGTTTTTCCAAGT ATGTGTCCGATTC

post-TSS  GCA CAACGATTCCA TCC
CTCCACAACCGTC

CDKN2C- TTAAATAACAAAC GCGGGCTTGAGTC CAGCTGCCCCAAT

pre-TSS C TGTGA TC

CDKN2C- GGCGGCTGCCCTG CCCGGTGCCACTT CTGTGCCCCTTTG

TSS T TGC CTG

CDKN2C- CTGTGGAGTCGTC CGATTCACACGTG CCTCGCCTCGCTT

post-TSS ~ AGAATTCTTCAT ATTATTCAGCAAA TT

16
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TGTCCGAGCAAGG
GATGATATTG
GCAGCGGGCAAG
AAAGAC
GGACTCACTGTCC
CTCCTGAA
GGCTGGCAGTGAC
AGAACT
GCCTTCCCCGTCT
GGAT
GACGCCTACGGCA
ACCT
TGCCAGGGTCCAT
TTCAAGATG
GCACCACCCTCCC
AGAC

CCAAGTCACTCTG
CACTACCA
ACGTTCCCCTCCC
TCTCA
CTTCAAGGCCATG
AGGTCTCA
CCGGCACTTGGTA
ATCAATCATCTA
ACTCTGCCCAAGT
CTTCTCTCA
GCCTTTGGCGAGG
TCACT
CCCTCATCCCCAG
GACCTT
CCAGCCAGCACAA
AATAGGTAGTTT

17

ACTGCCACCATGC
CAAT
CCGAGTCTGACCA
CCTTAC
TCAGCCTTTCCGC
CCTC
CTGGTTCTGGTCT
ATAAACT
CAGGCCGGACTTA
GAC
CCCTGCGCCTCCT
AC
CTCTGTCCTCATTC
CcC
CCGCAAGAAAGTG
AATCT
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Table S4. Accession numbers of NGS data

Sample name DRA accession number Sample ID

HB1119-fanChIP-INPUT DRA010818 SAMD00247188
HB1119-fanChIP-MLLn DRA004871 SAMDO00055685
HB1119-fanChIP-HBO1 DRA010818 SAMD00247189
HB1119-fanChlIP-PHF16 DRA010818 SAMD00247190
HB1119-fanChlP- MEAF6 DRA010818 SAMD00247191
HB1119-fanChlP- ING4 DRA010818 SAMD00247192
HB1119-fanChIP-RNAP2 Ser5-P DRA010818 SAMD00247193
HB1119-fanChIP-RNAP2 non-P  DRA010818 SAMD00247194
293T-fanChIP-INPUT DRA004872 SAMDO00055699
293T-fanChIP-H3K4me3 DRA004872 SAMDO00055702
293T-fanChIP-MLL DRA010819 SAMD00247195
293T-fanChIP-HBO1 DRA010819 SAMD00247196
293T-fanChIP-PHF16 DRA010819 SAMD00247197
293T-fanChIP-ING4 DRA010819 SAMD00247198
293T-fanChIP-MEAF6 DRA010819 SAMD00247199
293T-fanChIP-MOZ DRA008732 SAMD00180127
293T-fanChIP-ENL DRA010819 SAMD00247200
293T-fanChIP-H3K18ac DRA008732 SAMDO00180131
293T-fanChIP-DOT1L DRA004872 SAMDO00055697
293T-fanChIP-AF17 DRA004872 SAMDO00055710
293T-fanChIP-AF4 DRA004872 SAMDO00055708
293T-fanChIP-CCNT1 DRA008732 SAMD00180125
293T-fanChIP-TAF1C DRA004872 SAMDO00055705
293T-fanChIP-RNAP2 non-P DRA010819 SAMD00247201
293T-fanChIP-RNAP2 Ser5-P DRA004872 SAMDO00055704
293T-CIRA-INPUT DRA008734 SAMD00180208
293T-CIRA-unMe CpGs DRA008734 SAMDO00180209
293T-RNA DRA004874 SAMDO00055715

Additional information regarding the NGS data

ChlP-seq data, CIRA-seq data, and mMRNA-seq data are deposited in DDBJ data archive

and are available under the accession numbers and temporary access keys described

below.

18
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ChIP-seq and CIRA-seq files related to this study have been deposited in the DNA Data
Bank of Japan (DDBJ) under the DRA accession numbers (GEA accession numbers) of
DRA004871(E-GEAD-319), DRA004872(E-GEAD-320), DRA008732(E-GEAD-322),
DRA008734(E-GEAD-324), DRA010818(E-GEAD-401), DRA010819(E-GEAD-402).
The Fastq files of DRA004871(E-GEAD-319), DRA004872(E-GEAD-320),

total number of reads and uniquely mapped reads length of reads type of reads
HB1119-fanChIP-INPUT 37,157,634 32,242,893 50 single-end
HB1119-fanChIP-MLLn 27,823,993 22,362,095 50 single-end
HB1119-fanChIP-HBOL1 48,063,278 41,419,128 50 single-end
HB1119-fanChlIP-PHF16 39,286,468 33,831,669 50 single-end
HB1119-fanChIP-MEAF6 40,233,677 34,248,018 50 single-end
HB1119-fanChIP-ING4 37,184,884 31,018,894 50 single-end
HB1119-fanChIP-RNAP2 Ser5-P 37,064,277 32,941,328 50 single-end
HB1119-fanChIP-RNAP2 non-P 24,795,260 22,131,044 50 single-end
293T-fanChIP-INPUT 34,176,787 29,856,157 50 single-end
293T-fanChIP-H3K4me3 29,493,262 25,543,458 50 single-end
293T-fanChIP-MLL 30,988,174 26,294,921 50 single-end
293T-fanChIP-HBO1 29,580,779 25,601,332 50 single-end
293T-fanChIP-PHF16 27,550,541 23,664,906 50 single-end
293T-fanChIP-ING4 26,958,615 23,123,362 50 single-end
293T-fanChIP-MEAF6 27,884,294 24,082,140 50 single-end
293T-fanChIP-MOZ 27,874,246 20,175,414 50 single-end
293T-fanChIP-ENL 28,833,149 24,650,292 50 single-end
293T-fanChIP-H3K18ac 46,286,322 40,319,953 50 single-end
293T-fanChIP-DOTL1L 26,657,236 22,155,835 50 single-end
293T-fanChIP-AF17 30,323,037 25,112,836 50 single-end
293T-fanChIP-AF4 29,290,866 22,783,533 50 single-end
293T-fanChIP-CCNT1 29,590,957 25,037,499 50 single-end
293T-fanChIP-TAF1C 29,729,743 24,939,481 50 single-end
293T-fanChIP-RNAP2 non-P 38,787,123 33,731,622 50 single-end
293T-fanChIP-RNAP2 Ser5-P 29,575,826 26,321,315 50 single-end
293T-CIRA-INPUT 22,076,417 18,287,840 50 single-end
293T-CIRA-unMe CpGs 22,131,576 10,799,441 50 single-end
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