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Summary

The MLL1 histone methyltransferase gene undergoes many distinct chromosomal rearrangements
to yield poor-prognosis leukemia. The remaining wild-type allele is most commonly, but not
always, retained. To what extent the wild-type allele contributes to leukemogenesis is unclear.
Here we show using rigorous, independent animal models that endogenous MLL1 is dispensable
for ML L-rearranged leukemia. Potential redundancy was addressed by co-deleting the closest
paralog, M//2. Surprisingly, M//2 deletion alone had a significant impact on survival of MLL-AF9-
transformed cells and additional A//1 loss further reduced viability and proliferation. We show
that MLL1/MLL2 collaboration is not through redundancy but regulation of distinct pathways.
These findings highlight the relevance of MLL2 as a drug target in MLL-rearranged leukemia and
suggest its broader significance in AML.
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Chen et al. report that wild-type MLL1 is dispensable for MLL fusion leukemia, but instead loss
of MLL2 reduces the survival of leukemia cells from human patients and in a mouse model of
MLL-AF9 AML. Combined loss of MLL1 and MLL2 further reduces leukemia cell viability.
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Introduction

The human Mixed Lineage Leukemia (MLL, MLL1, KMTZA) gene is disrupted by
chromosomal translocations and other rearrangements in acute lymphoblastic leukemia
(ALL) and acute myeloid leukemia (AML) at high frequency in infants and lower
frequencies in children and adults. Chromosomal translocations result in the fusion of the
amino-terminal part of MLL1 to one of more than 70 different partners forming gain-of-
function oncoproteins (Muntean and Hess, 2012; Slany, 2016). The gain-of-function activity
likely results from acquiring novel transcriptional effector domains from the fusion partner,
including direct interaction with a transcriptional Super Elongation Complex (SEC), as well
as the recruitment of the DOT1L histone H3, lysine 79 (H3K79) methyltransferase by many
of the common MLL fusion proteins (MLL-FPs) (Bitoun et al., 2007; Okada et al., 2005;
Yokoyama et al., 2010). Significant advances in understanding the mechanisms of
transformation have recently been made, including the elucidation of MLL-FP-driven
leukemogenic pathways (Muntean and Hess, 2012; Slany, 2016). Nonetheless, targeted
therapy for MLL-rearranged leukemia that is clinically effective so far remains elusive.

Similarity to the Drosgphila Trithorax (Trx) protein prompted studies demonstrating that
MLL1, like Trx, positively regulates target gene expression including homeobox (Hox)
genes (Yu et al., 1995). Trithorax and MLL1 contain a Su(var)3-9/Enhancer of Zeste/
Trithorax (SET) domain, also present in S. cerevisiae Setl. The connection between histone
methyltransferase (HMT) activity of the Set1/Trx related SET domains and gene activation
was first extrapolated from Set1 studies (Briggs et al., 2001; Nislow et al., 1997; Roguev et
al., 2001) and is generally conserved from yeast to humans (reviewed in (Herz et al., 2013)).
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In mammals, three pairs of SET domain-containing orthologs, namely MLL1 and 2, MLL3
and 4, and SETD1A and B (also called KMT2A and B, KMT2C and D, and KMT2F and G)
(Allis et al., 2007), perform H3K4 mono-, di-, and tri-methylation with different global and
gene-specific roles depending on cell type (Gu and Lee, 2013). These SET-domain
containing proteins are each multiprotein complexes that target chromatin through distinct
combinations of protein-protein and protein-DNA interactions, however they share several
SET-domain interacting proteins that influence enzymatic activity (Dou et al., 2006; Goo et
al., 2003; Shinsky et al., 2015; Wu et al., 2008; Yokoyama et al., 2004). The MLL1 and
MLL2 complexes are unique in their N-terminal interaction with Menin-LEDGF, a
subcomplex involved in binding to H3K36-methylated chromatin (Hughes et al., 2004;
Yokoyama et al., 2005; Zhu et al., 2016). In the case of MLL-FPs, this subcomplex
interaction is critical to sustain a leukemogenic gene program and has been the target of
successful inhibitory compounds (Borkin et al., 2015; Yokoyama et al., 2005).

A common feature of MLL1-rearranged patient blast cells is that most retain and express the
other intact, wild-type MLL1 allele. Because MLL-FPs lose the C-terminal SET domain
upon translocation, and yet MLL-FP target gene promoters remain H3K4me3-modified, it
has been assumed that endogenous MLL1 maintains this H3K4me status and facilitates
MLL-FP-mediated leukemogeneis. Several lines of investigation support this concept. First,
localization of MLL-AF9 to the HoxA locus in M//1 knockout fibroblasts cannot occur, but
can be restored by re-expression of full length MLL1 (Milne et al., 2010). Furthermore,
shRNA knockdown and genetic deletion of M//1in MLL-AF9 murine leukemia cells
reduced clonogenic potential and leukemia progression (Thiel et al., 2010). More recently, a
drug disrupting the interaction of MLL1 and a critical SET subcomplex component, WDRS5,
inhibited growth of MLL-AF9 leukemia cells in vitro (Cao et al., 2014). Collectively these
studies suggest that the HMT activity of MLL1 may contribute to expression of MLL-FP
target genes, a logical concept given the lack of H3K4-methyltransferase activity of the FPs.

On the other hand, occasionally the second MLL1 allele is lost in patient blasts (Tang et al.,
2014), as exemplified in the ML-1 leukemia cell line (Ohyashiki et al., 1986), suggesting
that the requirement for MLL1 is not absolute. Furthermore, MLL-FP-driven leukemia can
be initiated in cells genetically lacking the SET domain (thus the HMT activity) of
endogenous MLL1 as efficiently as wild-type cells (Mishra et al., 2014). This finding was
corroborated using domain scanning mutagenesis in established leukemia cells (Shi et al.,
2015). Given these discrepancies and the importance of discovering therapeutic targets in
ML L-rearranged leukemia, we rigorously re-addressed whether the endogenous MLL1
protein contributes to MLL-FP-initiated leukemia and whether redundancy with related
methyltransferases plays any roles in these conflicting observations.

Impact of MLL1 loss on MLL-FP-initiated AML

To determine the requirement for MLL1 in ongoing leukemia, we established MLL-FP-
transformed cells in which the Kmit2a gene (referred to as M//1) could be deleted upon
induction of Cre:=ERT2 (Cre*) using 4-hydroxytamoxifen (4-OHT) or tamoxifen (TAM)
(Figure 1A). Two critical controls were performed to ensure that MLL1-specific effects were
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measured. First, animals in which a single allele of M//1 was flanked by loxP sites (“floxed,
F) were used as negative controls, as the resulting heterozygotes experience Cre induction
and exhibit no overt phenotypes (data not shown). Second, we used deletion of Men1
(encoding Menin), an essential cofactor for MLL-fusion leukemia, as a reference. Multiple
genetic and pharmacologic studies confirm that Menin is required for growth of MLL-FP-
transformed cells (Borkin et al., 2015; Caslini et al., 2007; Yokoyama et al., 2005).

Bone marrow Lin7/Scal*/c-Kit* (LSK) cells transduced with MLL-AF9 or MLL-AF6 were
transformed in vitro by serially replating in methylcellose until blast colonies were enriched
and non-transformed cells failed to replate (not shown). These two fusion oncoproteins were
chosen as representative MLL-FPs that transform through distinct mechanisms, either
through direct SEC recruitment or not (Yokoyama et al., 2010). Pools of transformed cells
were treated briefly in liquid culture with 4-OHT to induce gene deletion (Figure 1A). The
resulting M//1- or MenI-deficient cells were then tested for serial replating activity as a
surrogate for self-renewal. Consistently, no reduction in colony forming unit (CFU)
frequency was observed upon initial plating in MLL-AF9- (Figure 1B) or MLL-AF6-
transformed (Figure 1D) M//1-deficient cultures or upon serial replating (data not shown).
M1 deletion persisted after removal of 4-OHT (Figure SIA-B), demonstrating the absence
of selective pressure to retain non-rearranged M//1. In contrast, a substantial reduction in
CFU was observed after MenZ deletion (Figure 1C and 1E). Furthermore, there was no
evidence of differentiation of MLL-AF9- or MLL-AF6-transformed M//Z-deficient cells
(Figure S1C and data not shown).

To test the role of endogenous MLL1 in ongoing leukemia in vivo, animals engrafted with
either MLL-AF9 or MLL-AF6-transduced cells were injected with TAM after the peripheral
blood leukemia percentage reached ~20% (Figure S1D-E). Leukemogenesis proceeded with
the same kinetics as wild-type in M//I-deficient MLL-AF9- or MLL-AF6-initiated leukemia
(Figure 1F-G) despite efficient gene deletion (Figure S1F). Parallel experiments
demonstrated that MenZ deletion resulted in a survival advantage for the recipients (Figure
S1G) as has been previously shown (Caslini et al., 2007; Yokoyama et al., 2005).

We considered whether MLL1 loss would selectively affect leukemia stem cells (LSCs),
revealed only upon secondary transplantation, so we sorted viable, YFP*/Lin~/c-Kit* cells
(LSC-enriched (Krivtsov et al., 2006; Somervaille and Cleary, 2006)) from TAM-treated
primary recipients and engrafted them at limiting numbers to secondary recipients (Figure
1H). Both M//1-deleted (&) MI/IA2 and control M2 leukemia cells engrafted secondary
recipients and produced a rapidly fatal disease with similar kinetics (Figure 11 and S1H).
Leukemia cells from moribund mice remained M//Z-deficient with no selection for non-
deleted cells (Figure S11). CFUs of MLL-AF9 leukemia rendered M//I-deficient in vivo
(Figure 1H) were also not reduced (Figure 1J).

To clarify the impact of M//1 deletion, genes differentially expressed comparing M/Z~A and
control M//ZN* leukemia cells were determined using the LSC-enriched population from
TAM-treated primary recipients (Figure 1H). In agreement with the functional studies above,
very few genes differed between the control M//IA* and MI/IA2 cells, with 51 down-
regulated and 17 up-regulated genes identified based on a fold change =1.5 and p<0.05
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(Figure 1K and Table S1). Specifically, the expression of HoxA genes, which are strongly
dependent on M//1in normal hematopoietic stem and progenitor cells (HSPCs) (Jude et al.,
2007), was unaffected by M//1 deletion (Figure S1J). Therefore, loss of M//Zin MLL-FP-
initiated leukemia has no impact on leukemia self-renewal in vitro or leukemia progression
in vivo. This observation contrasts with the strong impact on leukemia progression and in
vitro growth upon MenZ1 deletion (Figure 1C, E, S1G).

Despite the significant gene expression and functional impacts of M//1 deletion on primary
HSPCs (Jude et al., 2007), it is possible that the strong driving pressure of the MLL-FP
results in compensation for MLL1 loss through unknown mechanisms. In fact, most M//1
knockout alleles are not true null alleles, with various portions of proteins expressed from
mutant alleles (Ayton et al., 2001; McMahon et al., 2007; Yagi et al., 1998; Yu et al., 1995).
To rule out compensation through remaining portions of MLL1 itself, or unpredicted
mechanisms, we reproduced the leukemia studies using a distinct conditional knockout allele
created in the Stewart laboratory (Figure S2A). Cre-mediated recombination results in no
detectable MLL1 protein (Denissov et al., 2014). As originally shown using the Ernst allele
(MIITE) (Jude et al., 2007) deletion using sorted LSK cells harboring the Stewart allele
(MIIZ3) resulted in significant down-regulation of Hoxa9, Meis1, Mecom/Evil and Prdm16
expression (Figure S2B). Consistent with our findings in MLL-FP-transformed cells (Figure
1), deletion of M//1 using the Stewart allele had no impact on the growth, CFU frequency or
colony size of MLL-AF9-transformed cells (Figure 2A-B). At the 4th serial replating after
M1 deletion, the cells remained fully deleted (Figure 2C and data not shown) and
expression of the MLL1 target genes Hoxa9and MeisI remained constant (Figure 2C).
Furthermore, CRISPR/Cas9-mediated editing of MLLZ in human MLL-AF9 leukemia cells
also showed that loss of endogenous MLL1 had no impact on cell growth (Figure 2D-F,
S2C-E). Together, our results demonstrate that MLL1 is not required to maintain MLL-FP-
transformed cell growth, in contrast to the strong dependence on Menin (Figure 1C, 1E,
S1G)(Caslini et al., 2007; Yokoyama et al., 2005). Furthermore, prototypical MLL1 target
genes are no longer under MLL1 control in MLL-AF9 leukemia cells.

An unexpected role for MlI2 in MLL-AF9-driven leukemia

MLL2 (KMT2B) is the most closely related to MLL1 in the SET domain as well as in
overall domain structure (Glaser et al., 2006) and there is some evidence that both can target
to Hoxloci and potentially compensate for each other (Denissov et al., 2014; Hughes et al.,
2004). MLLZ2is expressed at least as abundantly as MLLZin AML, including both MLL-
rearranged and other subtypes (Figure S3A). To determine whether MLL1 and MLL2
function redundantly to maintain leukemogenic target genes, we generated MLL-AF9-driven
leukemia cells as in Figure 1A using c-Kit* BM harboring combinations of M//1F, MII2F or
both alleles. As observed before, deletion of M//1 did not affect the initial CFUs, which was
also true of M//2deletion alone on the first plating (Figure 3A). However, co-deletion of
both genes significantly reduced CFUs (Figure 3A) although not as severely as the loss of
Men1 (Figure 1C). We also observed a significant reduction in colony size using M//1,Ml2
knockout leukemia cells (Figure 3B). Cell accumulation in liquid culture more clearly
illustrated the growth defects, revealing no difference for M//1 deletion but a ~50%
reduction for M//2-deficent MLL-AF9 cells after 9 days (Figure 3C-D). Strikingly, a >90%
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reduction in viable cells was observed at the same time point for M//1;M//2 knockout
leukemia cells (Figure 3E). To determine the basis for the reduced cell accumulation,
viability and proliferation assays were performed 5 days after initiating gene deletion. Cell
viability was reduced in M//2-deleted cells and was reduced further upon M//1,;MII2 co-
deletion (Figure 3F), consistent with increased cleaved Caspase-3, a hallmark of apoptosis in
MiII1;Ml12 double knockout cells (Figure S3B). The M//1;M//2 double knockout also
exhibited a slight but consistent reduction in proliferation (Figure 3G, S3C-E).
Differentiation was not observed with any of the genotypes except for Meni-deleted cells
(Figure 3H and S3F).

We asked whether human AML exhibited the same sensitivities to MLL1 and MLL2 loss
using an inducible CRISPR/Cas9-mediated gene editing system (Figure S4A). This
approach confirmed that MLL1 editing in all leukemia lines had little impact on cell growth,
including MLL-FP and other oncogene-expressing cell lines (Figure S4B-E). However, the
loss of MLL2 reduced growth and survival of all cell lines regardless of driver oncogene
(Figure S4B-E). In most lines tested (except HL-60), editing both HMTSs resulted in a
further significant reduction in cell growth compared to loss of MLL2 alone (Figure S4F).
These data underscore the significance of MLL2 and MLL2+MLL1 in survival and
proliferation of murine and human AML.

To test whether the co-deletion of M//Z and M//2 affected ongoing leukemogenesis in vivo,
we expanded control Cre*; MII1F+: MII2F1* and Cre*; MIIZFF; M2 F/F, MLL-AF9-
transformed leukemia cells in primary recipients, transplanted equal number of leukemia
cells into secondary recipients, then initiated deletion through TAM injections when the
peripheral blood leukemia percentage reached ~20% (Figure 4A). In contrast to our
observations with M//1 (Figure 1F-G), we observed significantly delayed latency in
recipients of M//1,MI/2 double knockout leukemia cells (Figure 4B). Further, M//1,MI/2-
deficient leukemia cells generated in vivo yielded reduced CFUs, smaller colonies, reduced
growth and reduced survival in vitro (Figure 4C-G).

MLL1 and MLL2 collaborate to regulate gene expression and leukemia maintenance

To determine the molecular pathways regulated by MLL1/MLL?2 proteins and gain insight
into their collaboration, we investigated genes deregulated by acute M//1 and/or MII2
deletion in MLL-AF9 leukemia cells. RNA-sequencing (RNA-seq) was performed using
cells 3 days after initiating gene deletion, which was determined optimal for protein
reduction (Glaser et al., 2009) and reduced expression of direct target genes (data not
shown). Similar to what we observed previously (Figure 1K) few (69) genes were altered by
M1 deletion alone, 171 were deregulated by M//2 deletion alone and 444 genes deregulated
by the MII1;MII2 compound knockout given the same criteria for analysis (Figure 5A and
Table S2-S4). To assess potential overlap in the pathways regulated by these two proteins,
we focused on down-regulated genes, since both MLL1 and MLL2 predominantly activate
or maintain expression of direct target genes (Artinger et al., 2013; Austenaa et al., 2012). In
addition to the limited overlap in genes down-regulated by M//1- versus M//2-deletion
(16%), it appeared that M//2-dependent genes dominated the transcriptional landscape of the
double knockout. For example, only 5% of the down-regulated genes in the M//1;MII2
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double knockout cells were shared with the M//Z-knockout, whereas M//2-dependent genes
were 30% of the double knockout category (Figure 5B and Table S5). Nonetheless, 68% of
the down-regulated genes in M//1;M//2 double knockout leukemia cells are unique (Figure
5B and Table S5).

To broadly consider the cellular pathways affected in the M//1,;M//2 knockout leukemia
cells, we performed Gene Ontology (GO) term enrichment. The top up-regulated GO terms
observed in M//1;MI//2 double knockout cells included “cell death”, “apoptosis” and
“necrosis”, while the top down-regulated showed “proliferation” and “viral infection” terms
(Figure 5C and Tables S2-S4). A progressive enrichment in these gene categories was
observed in M1, MIIZ, and MI/1;MI/2 double knockout cells (Figure 5D), in accord with
the increased cell death and decreased cell proliferation phenotypes we observed in
MII1,;MlI2-deleted leukemia cells in Figure 3.

To specifically address whether M//1;M//2loss affected MLL-AF9 target genes, we
performed Gene Set Enrichment Analysis (GSEA) comparing to gene sets representing
MLL-AF9-regulated or bound genes (Bernt et al., 2011; Zuber et al., 2011). Neither gene set
reached significance (p=0.05) in any of our RNA-seq data (Figure 6A). Similarly, neither
DOT1L-regulated nor Hoxa9/Meis1-regulated genes were enriched (Figure S5, (Bernt et al.,
2011; Huang et al., 2012)). In contrast, Men1 deletion significantly enriched MLL-AF9-
upregulated and MLL-AF9-bound gene sets (NES=2.13, 2.17, p<0.001, data not shown),
consistent with its direct impact on MLL-FPs. qRT-PCR of representative MLL-AF9 target
genes corroborated the GSEA findings including the small but reproducible reduction in
JmydIcand Runx2expression in MII1;M//2-deleted cells (Figure 6B). Thus, the majority of
MLL-AF9-regulated genes are not affected by M//1;MI/2 co-deletion.

Interestingly, several previously characterized MLL2 target genes (Magohb, Pigp) (Austenaa
etal., 2012; Glaser et al., 2006; Ladopoulos et al., 2013) were significantly down-regulated
in the M//2-deficient leukemia cells, and further down-regulated in the double knockout cells
(Figure 7A). To gain insight into possible mechanisms of collaboration between MLL1 and
MLL2, we performed chromatin immunoprecipitation (ChIP) experiments focusing on these
previously characterized MLL2 target genes in all three genotypes. The promoter regions of
both Pigp and Magohb exhibited reduced H3K4me3 enrichment in the M//2, but not M//1
knockout cells, but this was not exacerbated in the M//1;M//2 double knockout cells (Figure
7B), suggesting a contributory role for MLL1 that is distinct from promoter H3K4
methylation. We then examined overall H3K4 methylation levels and found that loss of
MLL2 resulted in the overall reduction in H3K4me2/me3 levels, which again was not
exacerbated by MLL1 loss (Figure 7C). The overall reduction of H3K4me2/me3 as
determined by densitometry was 40-70% (Figure 7D). This observation is more severe, but
consistent with findings in M//2-deficient macrophages and embryonic stem cells (Austenaa
etal., 2012; Denissov et al., 2014).

Survival pathways uniquely affected by co-deletion of Mll1 and MII2

Apparent from the RNA-seq data of M//1;MI/2knockout leukemia cells was reduction in
components of three major pathways previously implicated in AML survival (NFxB,
integrin B-3 and IL-3). First, reduced tonic NFxB signaling was inferred based on an
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enrichment for RelA (NFxB)-dependent genes in the M//1,M//2knockout data set using
GSEA (Figure 8A). This observation was confirmed in independent samples rendered
M1, Ml2-deficient either in vitro or in vivo (Figure 8B—C). Furthermore, the induction of
NFxB-regulated genes in M//1;MlI2-deficient MLL-AF9 leukemia cell by
lipopolysaccharide (LPS) was profoundly attenuated (Figure S6A). LPS activates NFxB
signaling through toll-like receptor 4 (TLR4), and as shown previously (Austenaa et al.,
2012), this phenomenon in M//2-deficient macrophages was attributed to reduced Pigp,
encoding a critical component of an enzyme complex that adds glycosyl
phosphatidylinositol (GPI) anchors to cell surface proteins (Ferguson et al., 2009). In the
Austenaa et al. study, reduced surface expression of CD14, a GPI-modified TLR4 co-
receptor was responsible for attenuated NFxB signaling. This mechanism likely operates in
MLL-AF9-transformed cells as well, since overexpression of a GPI-independent form of
CD14 (CD14-TM) can partially rescue expression of NFxB-dependent genes in M//1,MII2
double knockout cells (Figure S6B). Given the evidence that inhibition of NFxB can
severely limit MLL-AF9 leukemogenesis (Kuo et al., 2013) and is known to play a pro-
survival or LSC-maintenance role in AML with diverse cytogenetics (Guzman et al., 2001;
Kagoya et al., 2014), it is likely that this defect contributes to reduced survival of M//1,;MI/2
knockout MLL-AF9 cells.

The second survival pathway affected in the M//Z1;M//2 double knockout leukemia cells is
represented by integrin p-3/CD61 (encoded by /tgh3). The /tgb3transcript was confirmed to
be consistently down-regulated in M//1,;M//2 double knockout leukemia cells, but not in
either single knockout (Figure 8D and Figure S6C). In leukemia cells 3 days after M//1,MII2
deletion, the CD61* population and the mean fluorescence intensity (MFI) within this
population dropped ~2-fold (Figure 8E—F). Interestingly, the enrichment of H3K4me3 at the
promoter of the /tgb3 gene was also reduced, suggesting this gene may be a direct target of
MLL2 in leukemia cells (Figure S6D and data not shown). Previous studies had
demonstrated that MLL-AF9 leukemia is particularly sensitive to depletion of integrin -3 as
knockdown of /fgb3inhibits MLL-AF9-driven leukemogenesis in vivo, as does inhibition of
its intracellular signaling component, Spleen Tyrosine Kinase (SYK, (Miller et al., 2013)).

Finally, the //3ratranscript was also confirmed to be reduced by ~50% in M//1;M//2 double
knockout leukemia cells (Figure 8G). M//2-deficient leukemia cells could be partially
rescued by culturing cells in high (=10 ng/mL) IL-3 whereas the double knockout cells could
only be slightly rescued (Figure 8H). Furthermore, re-expression of IL3Ra partially rescued
the double knockout cells (Figure S6E). In addition to playing a critical role in the survival
of AML cells, this cytokine receptor (also called CD123) identifies a repopulating fraction
of AML (Jordan et al., 2000) and is a target of antibody-, cell- and toxin-based therapeutics
in AML and other hematologic malignancies (Liu et al., 2015).

To determine the relative importance of MLL2 target genes and pathways deregulated upon
co-deletion of M//1and M//2, we expressed genes in Cre*; MI1F/F; MIIZF/F cells, treated
cells with 4-OHT to induce deletion, then measured cell viability 4 days later. This test
included Pigp, Magohb, Itgh3and //3ra (likely direct MLL2 targets), as well as the pro-
survival proteins Bcl-xL and Bcl-2 to test the degree to which blocking cell death compares
to re-expression of more upstream regulators. Re-expression of most individual genes was
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not sufficient to restore cell viability, however, the expression of Bcl-xL, Bcl-2 or IL3Ra
significantly restored cell viability, and to a lesser extent, cell accumulation post-M//1;MI/2
deletion (Figure S6E), illustrating the significant role of IL-3 signaling and cell survival
machinery. Given the depth of gene expression changes in M//1;MI/2-deficient leukemia
cells, it is not surprising that a single gene does not fully rescue the survival defects.
However, due to the significant impact of individual inhibition of NF«B, integrin p-3 or IL-3
signaling (Kuo et al., 2013; Liu et al., 2015; Miller et al., 2013), the reduction of all 3
pathways concurrently in the M//1,;MI/2 knockout cells would be predicted to dramatically
reduce survival and proliferation.

Since there are currently no drugs that selectively target MLL2, or both MLL1+MLL2, we
determined whether we could recapitulate the effects observed in M//1,M//2 double
knockout leukemia cells using a pharmacologic approach targeting downstream pathways.
Pharmacologic inhibitors of NFxB and integrin $-3/SYK have been tested individually on
MLL-FP leukemia cells (Kuo et al., 2013; Miller et al., 2013). To test pharmacologic co-
inhibition of these pathways, we used combinations of the 1«B kinase (IKK) inhibitor V11
and R406 to inhibit SYK signaling together with reduced IL-3 concentration. Although
single treatment had minimal toxicity, double treatment showed a range of synergism, and
combined inhibition of NFxB, integrin -3 and IL-3 signaling were significantly more
effective than pair-wise combinations (Figure 81 and Figure S7). Synergy between NFxB
and SYK inhibition was observed for other MLL-FP-driven murine and human AML
samples (Figure STA-B and Table S6), and variably in other genetically defined models of
AML (Figure S7A-B and Table S6). Importantly, human cord blood CD34* progenitors
were less sensitive to the drug combination than primary human AML when compared side-
by-side, although a much greater sample number would be required to make conclusions
regarding the categories of AML exhibiting sensitivity to this drug combination. These data
suggest that MLL2, with contribution from MLL1, may regulate critical survival targets in
multiple cytogenetic categories of AML. These data also illustrate that predictions from the
genetic data, despite the lack of effective MLL2 inhibitors, may be informative for defining
targetable pathways for which inhibitors exist. Nonetheless, these findings demonstrate
therapeutic value in targeting the MLL2 histone methyltransferase in AML and further
predict that this approach would be complementary to direct MLL-FP targeting as occurs
using compounds that inhibit Menin interaction (Figure 8J).

Discussion

The current study initially aimed to unambiguously determine the role of endogenous MLL1
in MLL-FP-driven leukemia. We found that neither MLL-AF9- nor MLL-AF6-initiated
leukemia was affected by deleting endogenous M//1. Differentiation, proliferation, survival,
self-renewal in vitro and in vivo, as well as the maintenance of leukemogenic MLL-FP
direct target gene expression were all unaffected by deletion of endogenous M//1 using two
distinct conditional knockout models and human leukemia cells. Importantly, loss of M//1
alone can have a major impact in other AML models, including those initiated by MN1 and
Nup98 fusion proteins (Riedel et al., 2016; Xu et al., 2016). In searching for an explanation
for our results, we uncovered a role for the MLL1 paralog, MLL2, which had not previously
been implicated in leukemia. We show that M//2 deletion reduced MLL-AF9 leukemia cell
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survival, and that the co-deletion of both M//Z and M//2resulted in more severe reductions
in survival, proliferation and gene expression than either individual gene deletion. Our
conclusions regarding the role of MLL1 in MLL-FP leukemia differ from prior studies (Cao
etal., 2014; Thiel et al., 2010) possibly due to combined effects of Cre induction and M//1
deletion, since we and others have found reduced cell viability upon sustained Cre
expression (Li et al., 2014; Zhu et al., 2012), which we have minimized in this study through
optimizing protocols for induction. Also, the pharmacologic inhibition of MLL1 (Cao et al.,
2014) resulted in very different gene expression changes than our genetic deletions, possibly
due to unpredicted effects of the new compounds in cells. Future side-by-side comparisons
and treatment of M//Z-deficient AML cells will clarify these discrepancies.

Because M//1 deletion has such a severe impact on bone marrow hematopoiesis (Gan et al.,
2010; Jude et al., 2007; McMabhon et al., 2007), the discovery that M//2 plays a larger role in
sustaining MLL-FP-driven leukemia presents an encouraging opportunity for targeted
therapy. The data presented here suggest a larger therapeutic index upon inhibition MLL2 as
compared to MLL1 inhibition in leukemia patients. MLL2 loss affects oocyte viability,
female fertility and early embryogenesis (Andreu-Vieyra et al., 2010; Denissov et al., 2014)
but has little apparent impact on normal hematopoiesis or tissue homeostasis in adult
animals (Glaser et al., 2009). In this leukemia model it appears that the HMT activity of
MLL2 is involved in its leukemia maintenance role, based on the observation of reduced
global and MLL2 target gene-specific H3K4me2/3 levels. This is in contrast to the lack of
requirement for the MLL1 HMT activity/SET domain in MLL-AF9-driven leukemia
(Mishra et al., 2014). Thus selective targeting the HMT activity of MLL2 may limit ongoing
leukemogenesis without affecting normal tissue homeostasis.

The mechanism(s) by which MLL1 collaborates with MLL2 to promote leukemia survival
and proliferation are currently unclear. Examination of genes that are unaffected by M//1
deletion on its own, but exacerbated by M//1 deletion in the M//2-deficient background
shows that the reduction in H3K4me3 enrichment around the transcription start site is not
exacerbated in the double knockout. Therefore, it is possible that the contribution of MLL1
to the double knockout phenotype occurs through mechanisms other than its HMT activity,
as suggested by our prior studies (Mishra et al., 2014). These mechanisms could be indirect,
such as maintaining expression of synergistic signaling pathways that influence MLL2 target
gene expression through non-HMT activities of the MLL1 protein complex. Alternatively, it
is possible that MLL1 acts as an HMT in subtle ways that influence MLL2 target genes that
were not detected in prior studies. Although the loss of promoter H3K4me2/3 enrichment
due to M//2deletion may not be sufficient to reduce the expression of a gene in some cases
(eg. (Austenaa et al., 2012)), it may expose the gene to repressive histone modifications,
which may be influenced by the absence of M//1. Interestingly, the co-deletion of
JmyjdZa/b/c, H3K9 demethylases, also resulted in reduced Magohb and //3ra expression as
we observed in the M//1;M//2knockout MLL-AF9 cells (Agger et al., 2016). These
observations suggest that Magohb and //3ra represent a class of genes in leukemia cells that
are poised for H3K9me3-mediated repression upon the loss of H3K4me2/3.

Analysis of genes deregulated in M//1;M//2double knockout cells identified least three
major AML survival pathways that are impaired. We show that tonic NFxB signaling is
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attenuated, integrin -3 level is reduced, and that IL-3 signaling is ineffective upon co-
deletion of M//1and MI//2. The mechanisms connecting these transcriptional changes to
MLL1/MLL2 are likely both direct and indirect. One mechanism proposed to account for
the sensitivity of MLL-rearranged leukemia to NFxB inhibition was an inter-dependence
between RelA/NFxB and MLL1/MLL-FPs to sustain leukemogenic target gene expression
such as Hoxa9and MeisI (Kuo et al., 2013). Although our data also show a profound
reduction in basal and inducible NFxB target gene response, it appears to occur through a
mechanism more similar to the signaling defect reported in M//2V2 macrophages (Austenaa
et al., 2012), since it can be partially rescued by transmembrane-targeted CD14 and is
specific to TLR4 ligands (data not shown). Furthermore, we do not observe a reduction in
Hoxa9/Meis1 or their target genes. Nonetheless, a chromatin-based mechanism (Kuo et al.,
2013) may also contribute to the reduced viability of M//1;Ml/2knockout leukemia cells,
particularly in vivo where the signal for NFxB activation is unknown.

Pharmacologic inhibition of three pathways under MLL2/MLL1 control was sufficient to
synergistically kill MLL-AF9 leukemia, recapitulating the survival defect observed upon
MiII1;MI/2 deletion. Furthermore, the fact that the M//1;M//2-deficient leukemia cells do not
exhibit down-regulation of direct MLL-AF9 target genes suggests that combining MLL2 or
MLL1+MLL2 inhibition with compounds that disrupt the Menin-MLL interface (Borkin et
al., 2015) or DOT1L activity (Bernt et al., 2011) would further sensitize cells and improve
cell Killing in this category of poor-prognosis leukemia. More broadly, the pathways under
MLL2/MLL1 control are not specific to MLL-AF9-driven AML and have been implicated in
other cytogenetic categories of AML, suggesting that targeting MLL2 or MLL1+MLL2 may
be generally applicable in AML treatment.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further info and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Patricia Ernst (patricia.ernst@ucdenver.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Animal studies were conducted in accordance with IACUC-approved animal
protocols at Dartmouth College, University of Colorado, Denver and in accordance with
German animal welfare legislation. The Ernst M//17/F, Stewart MI/1F/F, MII2/F and
Men1/F mice were intercrossed with male R26CreER mice from Artemis or The Jackson
Laboratories. Recipients were C57BL/6 or B6.SJL (Plprca Pep3b/Boy.J) female mice
between 6 and 12 weeks of age, purchased from The Jackson Laboratory. Deletion
efficiency for all alleles was determined by gRT-PCR or semi-quantitative genomic PCR
using the primers listed in Table S7.

Mouse cell culture—LSK cells were cultured in SFEM medium (Stemcell Technology)
supplemented with 300 ng/mL murine SCF (R&D), 20 ng/mL murine IL-11, 4 ng/mL
murine FIt3L and 50 pg/mL gentamicin (Mediatech, Inc.). MLL-AF9, MLL-AF6, Cbff3-
SMMHC/Nras®12P, MN1 and BCR-ABL/NUP98-HOXA9 leukemia cells were cultured in
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Iscove’s Modified Dulbecco’s medium (IMDM, Mediatech, Inc.), BSA/insulin/transferrin
(BIT, Stemcell Technology), 15% fetal bovine serum (FBS, Gibco), 2 mM L-glutamine
(Mediatech, Inc.), 50 uM 2-mercaptoethanol (2-ME), 50 pg/mL gentamicin, 50 ng/mL
murine SCF, 10 ng/mL murine IL-6 and 10 ng/mL murine 1L-3.

Human cell culture—All human studies were performed with informed consent and
approval from the Colorado Multiple Institutional Review Board. MOLM-14, MV4;11,
KASUMI-1 and HL-60 cells were cultured in RPMI 1640 (Mediatech, Inc.), 10% FBS and
50 pg/mL gentamicin. MONO-MAC-1 cells were cultured in IMDM, 10% FBS and 50
pg/mL gentamicin. Umbilical cord blood cells were obtained from Clinimmune Labs;
mononuclear cells were purified on Ficoll-Paque PLUS (GE Healthcare Life Sciences), then
CD34* cells were enriched following the manufacturer’s instructions (Miltenyi Biotec).
Primary AML cells were obtained from the adult AML or pediatric tissue banks at the
University of Colorado School of Medicine or Children’s Hospital Colorado. Detailed AML
sample information is shown in Table S6. Both CD34* (fresh or frozen) and AML (frozen)
samples were cultured in IMDM, 20% BIT, 30 pg/mL LDL, 50 uM 2-ME, 50 pg/mL
gentamicin, 100 ng/mL human SCF, 10 ng/mL human TPO, 10 ng/mL human FIt3L, 10
ng/mL human IL-3 and 10 ng/mL human IL-7.

METHOD DETAILS

Recombinant DNA—The MSCV-MLL-AF6-YFP plasmid was generated by transferring
an EcoRlI to Sall fragment from the MLL-AF6-neo vector to MSCV-IRES-YFP. The
plasmids used for re-expression (Figure S6E) were obtained by cloning murine /tgb3,
murine Magohb (both amplified from mouse cDNA), murine //3ra (purchased from
SinoBiological), human BCLZ2L 1 (Addgene) and human BCLZ (Dr. Kazuhito Yamamoto)
into MSCV-IRES-hCDA4.

Drug treatment—For NFxB activation, MLL-AF9 leukemia cells were treated with 100
ng/mL LPS for the time indicated in the figure. Both R406 and IKK inhibitor VII were
dissolved in DMSO for drug treatment. Cre induction in leukemia cells was initiated in
culture medium supplemented with 50-100 nM 4-OHT dissolved in ethanol. TAM was
dissolved in sunflower oil; 2 mg per mouse was injected intraperitoneally every other day
using 2—3 doses.

Retroviral procedures, transformation and engraftment of MLL-FP cells—
Retroviral supernatants were produced using 293T cells as described (Artinger et al., 2013).
To produce leukemia lines, LSK or c-Kit-enriched cells were purified, pre-stimulated
overnight, and transduced as described (Artinger et al., 2013) with MSCV-MLL-AF9-YFP,
MSCV-MLL-AF9-GFP or MSCV-MLL-AF6-YFP retroviral supernatant. Transduced cells
were either replated in M3434 medium (StemCell Technologies) every 5-7 days, or
transplanted by retro-orbital injection together with 0.4 million unfractionated bone marrow
cells into lethally irradiated recipients. Animals were given Baytril-containing sterile water
(0.1 mg/mL, Bayer) for 3 weeks post-transplantation. The emergence of AML was
confirmed by the presence of CD45.1*/YFP* or CD45.2*/YFP™ blasts in peripheral blood.
After disease onset, leukemia cells were harvested from the bone marrow and transplanted
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into sublethally irradiated secondary recipients. Recipient conditioning was performed on a
Cs137 irradiator using 950 Rads given in 2 doses 4 hours apart for lethal dose, or 450 Rads in
a single dose for sublethal irradiation.

Flow cytometry and sorting—Cells were stained on ice in Hanks buffered saline
solution (HBSS, Mediatech, Inc.) plus 2% FBS and sorted using a FACSAria (BD
Biosciences). FlowJo software was used to analyze data from BD FACS Calibur, BD LSR
Fortessa X-20 or EMD Millipore Guava. All the antibodies used for flow cytometry are
listed in the Key Resource section above. Lineage antibodies included CD3e, IL-7Ra., CD8,
CD19, Ter119, CD4, Gr-1, B220 and CD11b. The LSC-enriched population was defined as
YFP*/Lin~/c-Kit*; lineage antibodies in this case were CD3g, IL-7Ra, CD8, CD19, Ter119,
CD4 and B220.

Cell viability and proliferation assays—Viability was determined by PI (1 pg/mL)
exclusion and Annexin V staining. The bromo-deoxyuridine (BrdU) incorporation assay was
performed according to the manufacturer’s protocol using the APC BrdU Flow Kit using a
30 minute incubation with BrdU. Cell growth assays were initiated by plating 2,500-20,000
cells/200 uL with medium exchange the day of cell counting. Live cell enumeration was
performed using EMD Millipore Guava.

Quantitative PCR reactions—Cells were lysed in TRIzol and RNA was purified with
either RNeasy Mini Kits or Direct-zol RNA MiniPrep Kits. cDNA was produced using
SuperScript 111 (Invitrogen) and qRT-PCR assays were performed using TagMan Gene
Expression Master mix (Applied Biosystems) and iTag Universal Sybr Green (Bio-Rad)
using primers or Tagman assays listed in Table S7.

ChIP-PCR assay—Two million cells were fixed with 1% formaldehyde (Sigma-Aldrich)
at room temperature for 10 minutes then quenched with 0.125 M glycine. After washing,
cells were resuspended in ChlIP lysis buffer (1% SDS, 10 mM EDTA and 50 mM Tris-HCl
pH 8.1) and sonicated using 30 minutes, 65% power, 30 seconds on and 30 seconds off
(Active Motif). The sonicated chromatin was diluted using ChIP dilution buffer (0.01%
SDS, 1.1% Triton-X100, 1.2 mM EDTA, 167 mM NaCl and 16.7 mM Tris-HCI pH 8.1). An
aliquot was removed for the input control, then anti-H3K4me3 (Abcam) or anti-H3 antibody
was added and incubated overnight. Protein A and Protein G Dynabeads (10 pL each) were
added and incubated for 2 hours at 4°C. Beads were then sequentially washed with low salt
wash buffer (0.5% SDS, 1% Triton-X100, 2 mM EDTA, 150 mM NacCl and 20 mM Tris-
HCI pH8.1), high salt wash buffer (0.5% SDS, 1% Triton-X100, 2 mM EDTA, 500 mM
NaCl and 20 mM Tris-HCI pH 8.1), LiCl wash buffer (0.25 M LiCl, 1% IGEPAL-CH630,
1% deoxycholic acid, 1 mM EDTA and 10 mM Tris-HCI pH 8.1) and TE (1 mM EDTA and
10 mM Tris-HCI pH8.1). Washed beads were mixed with elution buffer (1% SDS, 0.1 M
NaHCO3 and 2 M NaCl) and crosslinks were reversed by overnight incubation at 65°C. A
final concentration of 0.4 pg/mL RNase A and 0.5 ug/mL Proteinase K were added
sequentially. Genomic DNA was collected from the supernatant after bead separation,
phenol/chloroform extraction, and ethanol precipitation with 50 pg glycogen. The
concentration of genomic DNA was determined using the Qubit dSDNA HS Assay Kit.
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Genomic DNA was diluted to 0.05 ng/uL and 1 pL used for gqRT-PCR. The relative
enrichment of H3K4me3 or H3 was expressed as the fold-change over the input: 2 ~ [Ct
(input) — Ct (ChlIP)].

Rescue assay—In vitro transformed MLL-AF9 cells were transduced with retroviral
supernatant produced from MSCV-puro based viruses encoding either Pigp or CD14-TM, or
MSCV-IRES-hCD4 based viruses encoding integrin -3, Magohb and IL3Ra., Bcl-xL or
Bcl-2. Cells were either grown in 2.5 ug/mL puromycin or hCD4" cells sorted and expanded
for 3 weeks, then triplicate cultures were treated with 100 nM 4-OHT for 24 hours. The 4-
OHT was then washed out and cells were allowed to grow an additional 2 days (for day 3
analyses) or 4 days (for day 5 analyses). Relative viability is shown for day 5 and represents
cells that are PI negative normalized to ethanol-treated controls. Relative fold expansion
represents live (P1 negative) cell counts normalized to ethanol-treated controls.

CRISPR/Cas9 editing—LentiCas9-EGFP (Donated by Dr. Phil Sharp & Dr. Feng Zhang)
and pCW-Cas9 (Donated by Dr. Eric Lander & Dr. David Sabatini) were purchased from
Addgene. All Lenti-guided RNA (gRNA)-BFP vectors were purchased from the Functional
Genomics Shared Resource at the University of Colorado Cancer Center. MOLM-14 cells
were transduced with LentiCas9-EGFP and Lenti-gRNA-BFP viruses sequentially and
GFP*/BFP* cells were sorted on day 7 for expansion as pools and single clones. Isolation,
subcloning and sequencing of edited genomic DNA was performed from samples on day 26.
Human leukemia cell lines transduced with pCW-Cas9 were selected and maintained in
culture medium with 2.5 ug/mL puromycin. Two days after transducing with gRNA
lentivirus, cells were treated with 1 ug/mL doxycycline (except KASUMI-1 which was
treated with 0.25 ug/mL doxycycline) to induce Cas9 expression. CD38 gRNA was used as
the positive control and the targeted mutation of CD38 gene was detected through
disappearance of surface CD38 by flow cytometry.

Western blot—The cleaved Caspase-3 western was performed by lysing cells in ELB
buffer (250 mM NaCl, 0.1% NP40, 50 mM HEPES buffer pH 7, 5 mM EDTA, 1 mM PMSF
and protease inhibitor). Human leukemia cells were lysed using Buffer H (20 mM HEPES
pH7.9, 1.5 mM MgCl,, 10 mM KCI and protease inhibitor) and dounced using 1 mL
syringes with 26G1/2 needles; nuclei were extracted with Buffer D (10 mM HEPES pH7.9,
1.5 mM MgCl,, 0.2 mM EDTA pH8.0, 0.42 M KCI, 20% glycerol and protease inhibitor).
Histone was prepared by first lysing cells with Histone Lysis Buffer (0.5% Triton and 0.2 M
HCI) and then extracted at 4°C overnight with 0.2 N HCI. All the western blot antibodies are
listed in the Key Resource section.

QUANTIFICATION AND STATISTICAL ANALYSIS

Genomic studies—For the gene expression arrays shown in Figure 1K, LSC-enriched
cells from recipients of MLL-AF9 cells with the genotype of Cre*; MII1F* or Cre*; MIl1F/F
were sorted 3 days after the second dose of TAM. RNA was prepared using RNeasy Mini kit
and then labeled using the GeneChip 3’ IVT PLUS Reagent Kit. The labeled products were
hybridized to mouse 430 2.0 Arrays at the Dartmouth Genomics and Microarray Laboratory.
CEL files were normalized using the GCRMA method and differentially expressed genes
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were determined by ANOVA in R using unfiltered expression values with a fold change
cutoff of 1.5 and p value of 0.05. For RNA-seq, RNA prepared as above was measured on an
Agilent Bioanalyzer (Agilent Technologies). Illumina HiSeq libraries were prepared and
sequenced by the Genomics and Microarray Core Facility at the University of Colorado
Anschutz Medical Campus. Sequenced single-end reads were mapped to the mouse genome
(mm210) by GSNAP, expression (FPKM) derived by Cufflinks2, and differential expression
analyzed with ANOVA in R (Baird et al., 2014). GSEA was performed in GSEA v2.1.0
software with 1,000 data permutations and gene set as the permutation type using genes with
a minimal average expression of 0.5 FPKM (Figure 6A, Figure 8A and Figure S5). All the
customized gene sets were obtained by using the list in the original papers except the RelA-
dependent gene set which was obtained by reanalyzing in GenePattern and selecting the top
200 in the wild-type compared to knockout with p<0.05. GO-term enrichment was
performed with Ingenuity Pathway Analysis. Only pathways with Z scores >1 or Z scores <
-1 are shown in Figure 5C. RNA-seq from Lavallée et al. was downloaded and normalized
expression (FPKM) for MLL1 and MLL2 were plotted based on phenotypes.

Data analysis, statistics and imaging—Statistical analyses were performed using
Prism 6 software. Student’s t tests were used and error bars reflect standard deviation unless
otherwise indicated. Survival analysis used the Log-rank (Mantel-Cox) test. Drug synergy
was analyzed with CompuSyn software. Microscope images were taken with an Olympus
Inverted Phase contrast microscope (CKX41, 40x objective) and processed using ImageJ.
Image intensity for figures was adjusted with Adobe Illustrator CC uniformly for all blots.

DATA AND SOFTWARE AVAILABILITY

The microarray and RNA-seq data reported in this article have been deposited at the NCBI
Gene Expression Omnibus with the following accession codes GSE93621, GSE93622 and
GSE93623.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Chromosomal translocations disrupting the MLL 1 gene produce oncogenes that confer
poor prognosis in childhood and adult leukemia. Despite extensive studies, effective
strategies for targeting MLL fusion proteins (MLL-FPs) have not yet reached clinical
practice. Here we address the question of whether the non-rearranged MLL1 allele plays
arole in ML/-rearranged leukemia and thus would be a rational therapeutic target. We
find that deletion of endogenous M//1 has no impact on MLL-FP-driven leukemogenesis.
However, we discover an unexpected role for its closest paralog, M//2. MI/2 deletion
reduces the survival of MLL-AF9 leukemia and M//1 deletion in this context exacerbates
this effect and reduces leukemogenesis in vivo. These data support the concept that
targeting MLL2 itself would be a valuable therapeutic strategy.
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Highlights

MLL1 is dispensable for MLL-fusion protein-initiated acute myeloid
leukemia

MLL2 loss reduces the survival of MLL-AF9-transformed cells

Co-deletion of M//1and M//2reveals collaborative rather than redundant
activities

MII2and MII1 together promote three major AML survival pathways
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Figure 1. Endogenous MLL1 is dispensable for leukemia maintenance
A) Scheme to test the role of endogenous MLL1 in MLL-FP-transformed leukemia cells.

LSK cells from the indicated genotypes were transduced with bicistronic MLL-AF9 or
MLL-AF6 retroviruses (YFP). Transduced cells were serially replated 4-6 times to select for
transformed cells, treated with 50 nM 4-OHT in liquid culture for 24 hours, then subjected
to CFU assays. In parallel, MLL-FP-transduced cells were engrafted into recipients. TAM
was injected as indicated in the STAR Methods. B-E) CFU results from MLL-AF9- (B-C)
or MLL-AF6- (D-E) transformed cells of the indicated genotypes. M//1- (B and D) or
Men1-deficient (C and E) CFUs were scored 7 days after plating in triplicate and then
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normalized to the CFU numbers obtained without 4-OHT. Bars represent normalized
averages = standard deviation (SD) from two independent experiments; ns, not significant;
**** p<0.0001. F-G) Kaplan-Meier survival curves of recipient animals engrafted with 0.3
million MLL-AF9- (F) or 1 million MLL-AF6- (G) transduced cells of the indicated
genotypes (n=6-9 per genotype). TAM injections are indicated by dashed lines. H) Scheme
for isolating an LSC-enriched population (YFP*/Lin/c-Kit*) from primary MLL-AF9
leukemia recipients 5 days after initiating TAM injections. 1) Kaplan-Meier survival curve
for mice transplanted with 2,500 M//ZN* or MI/IA2 (n=9 per genotype) LSC-enriched
MLL-AF9 cells from primary recipients. J) CFU frequency was assessed as indicated in (B)
(n=4 per genotype). Bars indicate averages + SD; ns, not significant. K) Volcano plot of
microarray results comparing sorted, LSC-enriched M//Z2* and MI/IA2 MLL-AF9
leukemia cells (n=4 per genotype). The fold change of normalized expression values versus
-Log1g (p value) is shown. Differentially expressed genes are listed in Table S1. See also
Figure S1 and Table S1.
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Figure 2. Two distinct MII1 targeting strategies corroborate lack of requirement for MLL1
A) Serial replating of MLL-AF9-transformed leukemia cells after deletion of M//1 using

either the MI/1F (generated in Ernst laboratory) or MI//1° (generated in Stewart laboratory)
conditional knockout alleles. One thousand cells were replated and CFUs were scored in
triplicate every 5 days. CFUs were normalized to ethanol (EtOH)-treated cultures for each
genotype. Bars indicate averages of triplicate cultures + SD. Representative results of three
independent experiments are shown. B) Representative colony images at the end of the 5th
replating. C) Expression of MIl1 Hoxa9and Meis1 at the end of the 1st and 4th serial
replating as measured by gRT-PCR. Bars indicate triplicate PCR reactions + SD.
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Representative results of two independent experiments are shown. D) Sequence of 5-6
independent genomic clones from each of 3 single cell line clones after CRISPR/Cas9
targeting (day 26) of human MLL1(KMTZA) in MOLM-14 cells. The relevant region is
shown with dashes representing deleted nucleotides. E) MLL1-C terminal western blot from
cell clones shown in D after sequencing. F) Growth of MLL1-deficient clones (red,
KMT2A) versus non-targeting (blue dash, NT) clones after sequencing. Average normalized
viable cell counts from 3 independent clones per genotype are shown * SD. See also Figure
S2.
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Figure 3. Loss of MLL2 affects the growth of MLL-AF9 leukemia cells and collaborates with
MLL1 loss

A) Results of CFU assays performed after M//1, MII2 or MII1;,MI/2 deletion in MLL-AF9-
transformed leukemia cells. The M//1 floxed allele is the M//1° version. Leukemia cells
were treated with 100 nM 4-OHT for 24 hours, washed, cultured an additional 48 hours and
plated on methylcellulose. Colonies were scored in triplicate at 7 days and normalized to
EtOH-treated controls; averages of two independent experiments + SD are shown; ****
p<0.0001. B) Representative colony image from Cre*; MII1/F, Cre*; MIIZFF or

Cre*; MITF/F; MII2FF leukemia cells treated with EtOH or 4-OHT after 7 days growth in
methylcellulose. C-E) Leukemia cell growth in liquid culture was quantified after deleting
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M1, MII2 or both genes (M1, MII2). In each panel, the top graph illustrates deletion of a
single allele (F/+ controls) and bottom graph represents homozygous deletion of the
indicated gene(s). Deletion was initiated (t=0) as described in (A) for M//1 (C), Ml/2 (D) or
MII1;MII2 (E) then live cell numbers were determined in triplicate cultures from day 3 to
day 9 and normalized to day 3 input cell number. Error bars reflect SD. Representative
results of two independent experiments are shown. F) Cell viability was determined at day 5
post-deletion in triplicate cultures. Bars indicate averages + SD; **, p<0.01; ***, p<0.001.
G) Proliferation was measured using BrdU assays 5 days after initiating gene deletion. Bars
indicate averages from three independent experiments + SD; **, p<0.01. H) Representative
Wright-Giemsa-stained cytospin images of MLL-AF9 leukemia cells 5 days post-deletion
comparing Men1to MII1;MI/2knockout cells. Differentiated cells are indicated by black
arrows. See also Figure S3-S4.
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Figure 4. MI11;MII2 deletion delays leukemogenesis in vivo and impairs AML growth
A) Starting peripheral blood leukemia percentage prior to TAM injections. MLL-AF9

leukemia cells were generated by transducing LSK cells and defined as CD45.2*/YFP*. Bars
indicate averages from 6-7 mice per genotype + SD; ns, not significant. B) Kaplan-Meier
curve showing the survival of TAM-treated Cre™; MII177+; MII27* (n=7) and

Cre*; MIIZFF: MII2F/F (n=6) MLL-AF9 leukemia recipients. Dotted lines indicate TAM
injections. C) CFU assay was performed using 1,000 sorted CD45.2*/YFP™* cells from
recipients 5 days after the TAM treatment (n=3 per genotype). Bars indicate averages + SD;
*, p<0.05. D) The total viable cell number per plate was determined 7 days after plating.
Bars indicate averages + SD; **, p<0.01. E) Three representative colony images are shown
from the cultures described in (C). F) Cell growth in liquid culture. Two thousand five
hundred leukemia cells from TAM-treated recipients were used to initiate liquid culture and
live cells were enumerated every other day. Triplicate cultures from 3 donors per genotype
were normalized to input cell number, averaged and represented as relative cell number.
Error bars represent SD. G) Leukemia cell viability at day 4 of the liquid culture. Bars
indicate averages of triplicate cultures from 3 individual donors per genotype + SD; ****
p<0.0001.
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Figure 5. Genome-wide transcriptional consequences of MIl1-, M112- and MII1;MII2- deletion in
MLL-AF9 leukemia cells

A) Volcano plots representing RNA-seq data comparing individual or co-deletion of M//1
and M//2in MLL-AF9-transformed cells. Data was obtained from duplicate cultures 72
hours after initiating deletion. Differentially expressed genes were determined by comparing
each 4-OHT-treated sample to its own EtOH control. Genes with fold change 21.5 and
p<0.05 are listed in Table S2-S4. B) Venn diagram illustrating overlap in down-regulated
genes. The genes in each category are indicated in Table S5. C) GO term enrichment using
Ingenuity Pathway Analysis (IPA) “diseases or functions” category. Shown are the top 10
up-regulated and down-regulated pathways after M//1,;M//2 deletion based on —Log1o(p
value). D) Z scores for selected pathways shown for all 3 genotypes (M//1, MI/2 or
MII1;MI/2 double knockout). Pathways selected reflect the largest Z scores in the double
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knockout cells from the IPA category described in (C). All categories were enriched with
p<1012 except “viral infection” in the M//1 knockout data, which was enriched with
p=9.68x10%. See also Table S2-S5.
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Figure 6. Co-deletion of MII1 and MII2 does not significantly deregulate MLL-AF9 fusion target

genes

A) GSEA plots showing the lack of significant enrichment of MLL-AF9-regulated genes or
direct MLL-AF9-bound targets in MLL-AF9 leukemia cells with M//1, MII2 or MII1;MI2
co-deletion. Gene sets are described in STAR Methods. B) Validation of select MLL-AF9
target gene expression using three randomly picked clones from each leukemia pool.
Expression of the indicated genes was determined 72 hours post-deletion. Bars represent
gRT-PCR results from 3 independent clones + SD. See also Figure S5.
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Figure 7. Reduced expression of MLL2 target genes is exacerbated by loss of MLL1, but through
mechanisms other than H3K4 methylation

A) Validation of RNA-seq results using qRT-PCR focusing on direct MLL2 target genes.
Three independent clones randomly picked from each leukemia pool were tested for
expression of the indicated genes 72 hours post-gene deletion. Bars represent PCR data from
3 independent clones + SD; **, p<0.01; ***, p<0.001. B) ChIP-PCR to detect H3K4me3
enrichment at Pigp and Magohb promoter regions was performed 72 hours after gene
deletion. Shown is the fold enrichment compared to input, representative of two individual
experiments. Bars represent averages from triplicate PCR reactions + SD. C) Representative
western blotting showing levels of total H3K4mel, H3K4me2 and H3K4me3 in MLL-AF9
leukemia cells 72 hours after initiating gene deletion. D) Quantification of H3K4me1/2/3
western blots. Pixel density was normalized to the EtOH-treated control. The average
normalized intensity from 3 independent experiments + SD is shown.
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Figure 8. Altered NFxB, integrin -3 and IL-3 pathways in MI11;MII2 deficient MLL-AF9
leukemia

A) GSEA plot showing the enrichment of RelA-regulated genes in the control compared to
M1, Ml2-deleted MLL-AF9-transformed cells. B) Expression of representative NFxB
targets in M//1;Ml/2-deleted MLL-AF9 leukemia cells produced in vitro. gRT-PCR was
performed 72 hours post-deletion. Bars indicate averages of triplicate PCR reactions + SD
and experiments were reproduced twice; **, p<0.01; ****, p<0.0001. C) Expression of
representative NFxB targets in M//1;M//2-deleted MLL-AF9 leukemia cells produced in
vivo. Five days after TAM injections, leukemia cells (CD45.2*/YFP*) were sorted and
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expression of NFxB target genes was determined by gRT-PCR. Averages from 2-3
recipients per genotype are shown + SD; *, p<0.05; ***, p<0.001. D) The expression level
of /tgb3was validated in independently transformed MLL-AF9 leukemia cells by gRT-PCR.
Averages from two recipients per genotype = SD are shown; ***, p<0.001. E) CD61
staining by flow cytometry after M//1;MI/2 deletion evaluated 72 hours after EtOH or 4-
OHT treatment as in (D). Shown are representative histograms from three independent
experiments. Neg indicates unstained control. F) Cell surface CD61 expression was
significantly reduced in M//1;M//2 double knockout leukemia cells. Transformed MLL-AF9
leukemia cells were treated as in (D) and the geometric mean fluorescent intensity was
graphed. Bars indicate averages of triplicate cultures + SD; **, p<0.01. G) The expression
level of //3ratranscript was validated in independently transformed MLL-AF9 pools by
gRT-PCR with EtOH- or 4-OHT-treated samples. Data represents averages from two
recipients per genotype + SD; **, p<0.01. H) Cell viability at different IL-3 concentrations
using Cre*; MIIIFF, Cre*; MIIZF/F or Cre*; MIIF/F; MIIZF/F leukemia cells treated with EtOH
or 4-OHT. Seventy-two hours after initiating gene deletion, leukemia cells were cultured
with 0.1 or 10 ng/mL IL-3. Data represents average percentage of viable cells 3 days later
from triplicate cultures + SD. I) MLL-AF9 leukemia cell viability with individual or
combined treatment of IKK inhibitor VII (0.5 uM) + R406 (0.5 uM) + low IL-3 (0.1 ng/mL)
for 3 days. Data represents averages of triplicate cultures + SD; **** p<0.0001. J) Model
illustrating the role of MLL-FPs and MLL1/MLL2 in maintaining leukemia survival and
proliferation. MLL-FP-regulated pathways are largely distinct from MLL1/MLL2-regulated
pathways. Loss of both MLL1 and MLL2 deregulates NFxB, integrin -3 and I1L-3
pathways, reducing survival and proliferation. The dashed arrow indicates that MLL1
contributes to these processes through unknown collaborative mechanisms, which likely do
not involve HMT activity. See also Figure S6-S7 and Table S6.
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