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SUMMARY

ML L-rearrangements produce fusion oncoproteins that drive leukemia development, but the direct
effects of MLL-fusion inactivation remain poorly defined. We designed models with degradable
MLL::AF9 where treatment with small molecules induces rapid degradation. We leveraged the
kinetics of this system to identify a core subset of MLL::AF9 target genes where MLL::AF9
degradation induces changes in transcriptional elongation within fifteen minutes. MLL::AF9
degradation subsequently causes loss of a transcriptionally active chromatin landscape. We used
this insight to assess the effectiveness of small molecules that target members of the MLL::AF9
multi-protein complex, specifically DOT1L and MENIN. Combined DOT1L/MENIN inhibition
resembles MLL::AF9 degradation, whereas single agent treatment has more modest effects on
MLL::AF9 occupancy and gene expression. Our data show that MLL::AF9 degradation leads to
decreases in transcriptional elongation prior to changes in chromatin landscape at select loci and
combined inhibition of chromatin complexes releases the MLL::AF9 oncoprotein from chromatin
globally.
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Olsen et al. couple MLL::AF9 degradation with genome-wide transcriptional and chromatin
analyses to characterize acute consequences of MLL::AF9 loss. MLL::AF9 degradation
suppresses transcriptional elongation within minutes, whereas chromatin changes are induced
subsequently. Dual targeting of the MLL::AF9-complex via combined DOT1L/MENIN inhibition
mimics MLL::AF9 degradation by inducing global MLL::AF9 chromatin loss.

INTRODUCTION

Acute leukemia is the most common pediatric malignancy and remains difficult to treat
with most adult patients dying from their disease. Chromosomal translocations involving
the mixed lineage leukemia (MLL1, KMTZA) gene on Chromosome 11q23 give rise

to a genetically distinct subset of leukemia, namely ML /L-rearranged acute myeloid and
lymphoblastic leukemia (AML and ALL, respectively) that account for approximately
5-10% of leukemia (Meyer et al., 2018; Muntean and Hess, 2012). ML L-translocations
produce a chimeric gene that encodes an oncogenic MLL-fusion protein. The oncogenic
fusion protein consists of the N-terminus of the MLL1 protein fused to the C-terminus
of one of over 80 known fusion partners (Meyer et al., 2018). One of the most common
translocation partners is AF9on chromosome 9p22 (Winters and Bernt, 2017).

MLL-fusion proteins bind to DNA/chromatin and transform hematopoietic stem and
progenitor cells by induction of stem cell associated gene programs (Krivtsov et al., 2006).
Multiple chromatin regulators and co-factors interact with MLL-fusion proteins in large,
multisubunit complexes. These complexes include transcription and chromatin regulators
like MENIN (YYokoyama et al., 2005), disruptor of telomeric silencing 1-like (DOT1L)
(Okada et al., 2005), and members of the Super Elongation Complex (SEC) (Lin et al., 2010;
Mueller et al., 2007; Yokoyama et al., 2010; Zeisig et al., 2005), many of which have been
shown to be important for MLL-fusion driven gene expression and leukemia development.

Since MLL-fusion proteins do not lead to direct activation of an enzyme, identification
of small molecules that directly target the fusion protein has been difficult. However,
recent studies have shown that it is possible to disrupt critical activities of multi-
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protein complexes, thereby modulating cancer-specific gene expression patterns (reviewed
in Bradner et al., 2017). In MLL-rearranged leukemia, for example, small molecule
inhibition of the MENIN:MLL1 protein:protein interaction has been shown to be a
potential therapeutic strategy (Borkin et al., 2015; Grembecka et al., 2012; Krivtsov et

al., 2019). Similarly, catalytic inhibition of the methyltransferase DOT1L with EPZ-5676
(Pinometostat, Epizyme) has shown promise (Daigle et al., 2011, 2013; Stein et al., 2018).
Interestingly, MENIN and DOTL1L inhibition have also been reported to synergize to inhibit
cell proliferation (Dafflon et al., 2017; Kihn et al., 2016; Okuda et al., 2017), but the
mechanism behind this synergy is largely unknown.

In order to define the immediate consequences of MLL::AF9 inactivation and to compare
these to DOTLL and MENIN inhibition, we characterized the molecular and phenotypic
consequences of direct PROteolysis-TArgeting-Chimeras (PROTACSs)-mediated MLL::AF9
degradation. The rapid kinetics of this approach allowed us to assess chromatin state and
gene expression changes within minutes after MLL::AF9 degradation, thereby enabling us to
distinguish direct immediate effects from potential secondary and compensatory changes.
Ultimately, we were able to leverage this mechanistic insight to dissect how DOT1L

and MENIN inhibition compare to rapid degradation of MLL::AF9 and why the DOT1L/
MENIN combination is so effective.

Degradation of MLL::AF9 induces cellular differentiation and apoptosis

Small molecules that inhibit members of the MLL::AF9 multi-protein complex primarily
induce differentiation with only modest induction of apoptosis. Thus, we wanted to assess
the phenotypic changes upon degradation of the MLL::AF9 fusion protein itself. We
utilized the dTAG system where the MLL::AF9 fusion oncoprotein is fused to mutant
FKBP12 (FKBP12F36V) and treatment with hetero-bifunctional molecules that bind to
both FKBP12F36V and the E3 ubiquitin ligase Cereblon (dTAG-13) (Erb et al., 2017;
Nabet et al., 2018) or VHL (dTAG-VHL) (Nabet et al., 2020) induce proteasomal
degradation. We generated murine leukemias with degradable MLL::AF9 by transducing
murine hematopoietic stem and progenitor cells (Lin~Scal*c-kit*, LSK) with either C- or
N-terminally HA-FKBP12-tagged MLL::AF9 (Krivtsov et al., 2006). Only the C-terminal
tag had the same kinetics of leukemogenesis as the unmodified MLL::AF9 construct (Figure
S1A), most likely because the N-terminal tag interfered with MLL::AF9’s chromatin
localization since various DNA binding motifs and the MENIN binding domain are
located at the N-terminus (Allen et al., 2006; Cierpicki et al., 2010; Hughes et al., 2004;
Milne et al., 2010; Yokoyama and Cleary, 2008; Yokoyama et al., 2005). We confirmed
that the mice were leukemic (Figure S1B) and that the FKBP12-tagged cells have the
same growth kinetics and the same expression level of well-established MLL::AF9 target
genes (Braekeleer et al., 2014; Faber et al., 2009; Kumar et al., 2009; Wong et al.,

2007) as the non-FKBP12-tagged cells (Figure S1C and D). Intracellular FACs using an
HA-directed antibody confirmed that treatment with dTAG-13 induced MLL::AF9 protein
degradation in a time-dependent manner (Figure S1E). Moreover, treatment with the
negative control compound, dNEG-13, (Nabet et al., 2020), had no effect on MLL::AF9

Mol Cell. Author manuscript; available in PMC 2023 March 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Olsen et al.

Page 4

protein level, confirming that the degradation we observe is mediated by Cereblon (Figure
S1F). Co-treatment of dTAG-13 with the proteosome inhibitor carfilzomib or Nedd8
activating enzyme inhibitor MLN-4924 rescued MLL::AF9 degradation, consistent with the
mechanism of action of dTAG-13 (Figure S1G). We also transduced human hematopoietic
stem and progenitor (CD34™) cells, isolated from human cord blood, with either the
unmodified MLL::AF9 construct or the C-terminally tagged MLL::AF9-HA-FKBP12
construct as previously described (Horton et al., 2013; Mulloy et al., 2008; Schneidawind

et al., 2018). Unlike the murine system, treatment with dTAG-13 only had modest effects
on MLL::AF9 protein level, as visualized by Western blot using an HA-directed antibody
(Figure 1A). However, treatment with a newer degrader molecule, dTAG-VHL, which
utilizes the E3 ligase VHL instead of Cereblon (Nabet et al., 2020), led to robust MLL::AF9
degradation (Figure 1A). The differential sensitivity to dTAG-13 versus dTAG-VHL is most
likely due to differing expression levels of the corresponding E3 ligases, Cereblon and
VHL. While both ligases are expressed equally in the murine cells, VAL is more highly
expressed in the MLL::AF9 transformed human CD34+ cells (data not shown). Treatment
with the negative control compound, dNEG-VHL had no effect on MLL::AF9 protein level,
even after 24 hours of treatment (Figure 1B). In summary, we generated both human and
murine leukemia systems where we could induce potent degradation of the MLL::AF9
fusion protein.

Next, we assessed how MLL::AF9 degradation affected the expression of previously defined
MLL::AF9 targets like ME/SIand HOXA genes. Treatment with dTAG-VHL, but not
dNEG-VHL, led to significant downregulation of ME/S1 as well as HOXA7 (Figure 1C,
top). In the untagged MLL::AF9 cells neither treatment with dTAG-VHL nor with ANEG-
VHL had any effects (Figure 1C, bottom). Analogous trends were observed in the murine
cells, where dTAG-13 treatment induced a dose- and time-dependent reduction in MeJs/and
HoxA9 expression only in the HA-FKBP12-tagged cells, but not in the untagged MLL::AF9
cells (Figure S1H). Again, no effects on gene expression were observed upon dNEG-13
treatment (Figure S1I). These data indicate that we can degrade MLL::AF9 leading to
decreased expression of previously defined MLL::AF9 target genes, with no obvious off-
target effects in either the human or murine system.

To assess the cellular consequences of MLL::AF9 degradation, we performed proliferation,
differentiation, and apoptosis studies. dTAG-13/dTAG-VHL treatment severely impaired
proliferation in the human (Figure 1D and E) as well as the murine model (Figure S1J and
K) in a dose-dependent fashion. Moreover, MLL::AF9 degradation led to potent cellular
differentiation and apoptosis in both models (Figure 1F and G, Figure S1L and M), while
dNEG-13/dNEG-VHL had no effect. These data indicate that the MLL::AF9 fusion protein
is crucial for maintaining expression of target genes, cell growth, viability, and survival, as
well as for maintaining a blast-like, undifferentiated cell state.

A subset of MLL::AF9 target genes is highly sensitive to MLL::AF9 degradation

To more fully characterize the human and murine MLL::AF9-HA-FKBP12 systems, we first
established MLL::AF9 directed gene expression by RNA sequencing (RNA-Seq) at 3 and
24 hours post dTAG-VHL/dTAG-13 treatment. After 3 hours of dTAG-VHL treatment in the
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human cells there were modest gene expression changes with only 20 genes that had a 25%
or greater reduction of expression, many of which are prominent MLL::AF9 target genes
such as MEIS1, MEF2C, PBX3, and HOXAZ (Figure 2A, Figure S2A, and Table S1). After
24 hours of dTAG-VHL treatment a much larger set of genes was differentially expressed
(Fold Change>2, p<0.05), likely due to both direct and indirect effects of MLL::AF9
degradation (Figure 2A, Figure S2A, and Table S1). Expression of all genes downregulated
at the 3-hour timepoint was further decreased after 24 hours of treatment, indicating that
there were no compensatory changes within that timeframe. In the murine cells, a similarly
small list of differentially expressed genes (Fold Change>1.5, p<0.1) was identified when
treating with dTAG-13 for 3 hours (Figure S2B and C, Table S1). Again, many were
well-known MLL::AF9 target genes whose expression further decreased after 24 hours of
dTAG-13 treatment (Figure S2B and C, Table S1). Although there was only modest overlap
when comparing the significantly downregulated genes in human and murine cells after 3
hours of dTAG treatment (Figure 2A and Figure S2C), there was a more notable degree

of overlap by gene-set enrichment analysis looking at downregulated genes independent of
fold change and p-value cut offs (Figure S2D and Table S1). These findings indicated that
while not always significant after 3 hours of treatment, most genes that we identified were
differentially expressed upon MLL::AF9 degradation in mouse and human leukemia cells.

In addition to characterizing the early gene expression changes, we also wanted to assess
how long-term gene expression changes induced by dTAG treatment compare to previously
published studies. After 5 days of dTAG-13 treatment in the murine cells, known MLL::AF9
(Bernt et al., 2011; Stavropoulou et al., 2016) and MLL-fusion (Guenther et al., 2008) target
genes were significantly enriched among our downregulated genes (Figure S2E), confirming
that at later timepoints the dTAG approach yielded similar results to previously published
work. Moreover, dTAG-13 treatment not only reduced the expression of MLL::AF9-directed
stem cell associated gene programs at early timepoints, but it also led to upregulation

of genes involved in neutrophil differentiation after 5 days of treatment (Figure S2F and
Table S1). This observation was in line with our functional data, where we detected the
corresponding cytomorphological changes associated with differentiation (Figure S1L and
S2F).

Next, we defined the MLL::AF9 chromatin binding profile by chromatin
immunoprecipitation followed by sequencing (ChlP-Seq) using an HA-directed antibody.
MLL::AF9 degradation led to complete loss of MLL::AF9 (HA) ChlIP signal at 3 hours
(Figure 2B). Using a compilation of six independent biological replicates, we on average
detected around 6500 MLL::AF9 (HA) peaks, with around 70% of peaks occurring in
promoter regions (Figure 2C). Focusing only on promoter regions (Transcriptional Start
Site (TSS) —1kB/+3kB) and rank-ordering the MLL::AF9 bound loci, we uncovered

an asymmetric distribution of MLL::AF9, in which only around 200 genes had a
disproportionally high load of MLL::AF9 around the promoter (Figure 2D and Table S1).
These genes were termed MLL::AF9 target genes, as defined by highly bound MLL::AF9
at the promoter. Among them were all the genes identified in Figure 2A (the 20 genes that
were downregulated after 3 hours of dTAG-VHL treatment, now referred to as “highly
sensitive genes’), as well as other well established MLL::AF9 target genes including
JMJIDIC, CDK6, HOXA7, HOXA10, and HOXA11 (Figure 2D and Table S1). While
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all highly MLL::AF9 bound genes exhibited decreased gene expression after 3 hours of
dTAG-VHL treatment, the changes in the “highly sensitive genes’ were significantly more
pronounced (Figure 2E). No gene expression changes were detected in the non-MLL::AF9
bound genes upon dTAG-VHL treatment (Figure 2E). After 24 hours of dTAG-VHL
treatment, these trends were even more robust, with both the “highly sensitive’ as well as

all other MLL::AF9 target genes downregulated more prominently (Figure 2E), although at
this later timepoint gene expression changes could be due to secondary effects. In summary,
we have defined 3 groups of genes in the human MLL::AF9-HA-FKBP12 system based

on their level of MLL::AF9 loading/occupancy and the kinetics of gene expression changes
after MLL::AF9 degradation. These groups include 1) a subset of 20 genes that are highly
bound by MLL::AF9 and show significant changes in gene expression within 3 hours (called
‘highly sensitive genes’) 2) ~180 genes that are highly bound by MLL::AF9 and show

only modest changes in gene expression within 3 hours of MLL::AF9 degradation (called
MLL::AF9 target genes), and 3) all other genes (non-MLL::AF9 targets).

MLL::AF9 degradation induces changes in transcriptional elongation within minutes

Since we observed changes in expression and MLL::AF9 chromatin binding after 3 hours
of dTAG-VHL treatment, we leveraged the rapid kinetics of the dTAG-system to perform
shorter time courses to assess the kinetic relationship between MLL::AF9 degradation,
changes in transcription, and changes in chromatin architecture. Notably, dTAG-VHL
treatment led to significant MLL::AF9 degradation as early as 15 minutes and complete
degradation at 30 minutes, as visualized by Western blot using an HA-directed antibody
(Figure 3A). Similarly, ChIP-gPCR indicated that MLL::AF9 is displaced from chromatin at
these early timepoints, with a ~50% reduction at 15 minutes and complete displacement at
30 minutes post dTAG-VHL treatment (Figure 3B). Importantly, this early loss of binding
had immediate effects on gene expression. Standard RT-qPCR using Exon/Exon spanning
primers only revealed reductions in expression of ME/SZ and HOXA9at 60 minutes.
However, Intron/Exon primers, which detect pre-spliced, newly transcribed RNA, revealed
decreases in MEIS1/HOXA9expression as early as 15 minutes following dTAG-VHL
treatment (Figure 3C).

Based on these findings, and since conventional RNA sequencing fails to identify rapid
transcriptional changes that are masked by stable RNA species, we performed nascent

RNA sequencing using SLAM-Seq (Muhar et al., 2018) following 15, 30, 60 and 120
minutes of dTAG-VHL treatment (Figure 3D) to define the nascent RNA expression changes
following MLL::AF9 degradation. While the list of significantly differentially expressed
genes (Log2 FC>1, p<0.05) at 15, 30 and 60 minutes was quite small (Table S2), many of
the differentially expressed genes at these early timepoints were among the “highly sensitive
genes’ identified in Figure 2A and over 90% are MLL::AF9 targes, as defined by highly
bound MLL::AF9 at the promoter (Figure 2D). A heatmap analysis of all differentially
expressed genes (Log2 FC>1, p<0.05) demonstrated that the majority of downregulated
genes exhibited decreases in gene expression as early as 15 minutes (Figure S3A). In
contrast, there were few upregulated genes at the early timepoints, and most gene induction
occurred only after 120 minutes of treatment (Figure S3A). Moreover, while the overlap of
significantly downregulated genes at the various timepoints was quite notable and included
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many of the genes that we identified in Figure 2A (e.g. SP9, PITX1, MEF2C, LHX1,
MEISI), there was almost no overlap of the upregulated genes, with only one common gene,
EGR1, upregulated at two of the later timepoints, 60 and 120 minutes (Figure S3B).

Next, we performed PRO-Seq, a technique that reliably detects acute changes in RNA
polymerase 1l dynamics following perturbations of transcription (Aoi et al., 2020; Kwak et
al., 2013; Mahat et al., 2016; Stengel et al., 2021; Zhao et al., 2016). PRO-Seq studies at
15, 30 and 180 minutes after d-TAG-VHL treatment identified a larger set of differentially
transcribed genes (FC>1.5, p<0.0001, Table S2), with more genes downregulated than
upregulated (Figure 3E). Evaluation of transcriptional changes at the MLL::AF9 target genes
(Table S1) demonstrated that all MLL::AF9 targets exhibited decreased transcription at one
of the timepoints (Figure S3C). Again, we observed significant overlap of downregulated
genes at the three timepoints, with only modest overlap of upregulated genes (Figure S3D).
Assessment of the overlap of downregulated genes identified by SLAM-Seq (Table S2),
PRO-Seq (Table S2) and traditional RNA-Seq (Figure 2A, Table S1) not only showed

that PRO-Seq is the most sensitive of the three methods, but also revealed that there is
significant overlap (Figure 3F). Collectively, these findings demonstrated that MLL::AF9
is a transcriptional activator and upon MLL::AF9 degradation we observed decreased
transcription of a biologically important subset of MLL::AF9 target genes as early as 15
minutes.

While previous studies have shown that MLL-fusion proteins can recruit members of the
SEC (Lin et al., 2010; Mueller et al., 2007; Yokoyama et al., 2010; Zeisig et al., 2005),

a direct functional role of MLL::AF9 in mediating transcriptional elongation has not yet
been established. We therefore assessed changes in the RNA Pol 11 pausing index (Figure
S3E) in response to dTAG-VHL treatment. MLL::AF9 degradation induced RNA Pol 11
pausing at all MLL::AF9 target genes, with significantly more pronounced pausing at the
‘highly sensitive genes,’ as early as 15 minutes upon dTAG-VHL treatment (Figure 3G).

By 30 and 180 minutes of dTAG-VHL treatment these changes were even more prominent
(Figure 3G). At non-MLL.::AF9-bound genes we observed no changes in pausing index,
indicating that pausing is specific to MLL::AF9 regulated genes (Figure 3G). A metaplot
analysis of PRO-Seq read density along the full gene length demonstrated that RNA Pol |1
loss occurred predominantly in the gene body, with only modest changes in signal at the
TSS. This is consistent with the notion that less RNA Pol Il enters the gene body upon
MLL::AF9 degradation (Figure 3H). In line with our previous findings, these effects are
considerably more noticeable at the “highly sensitive genes’ (Figure 3H) as exemplified

by MEISI (Figure S3F). In summary, we were able to leverage the rapid kinetics of the
dTAG system to establish a set of MLL::AF9 target genes that were particularly sensitive to
perturbations in MLL::AF9 and whose expression changed within minutes. Mechanistically,
our findings demonstrated that MLL::AF9 promotes transcription by maintaining productive
RNA Pol Il elongation.

MLL::AF9 degradation induces loss of an active chromatin landscape at later timepoints

Next, we assessed whether MLL::AF9 degradation has immediate effects on MLL::AF9
complex members and the chromatin landscape more broadly. ChIP-gPCR at various
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MLL::AF9-bound loci revealed that DOT1L occupancy changes mirrored MLL::AF9
changes with ~50% loss at 15 minutes and almost complete loss at 30 minutes after
MLL::AF9 degradation. MENIN loss was more sluggish, with robust changes only
occurring after 3 hours of dTAG-VHL treatment (Figure 4A). Similarly, H3K27ac levels
were not affected immediately, and showed a ~50% reduction after 3 hours of dTAG-VHL
treatment (Figure 4A). Since transcriptional changes were observed as early as 15 minutes
following MLL.::AF9 degradation, these findings suggest that occupancy changes of certain
MLL::AF9 complex members like MENIN and changes in chromatin state as measured by
H3K27ac did not precede transcriptional changes.

With the kinetics more clearly defined, we assessed chromatin changes after MLL::AF9
degradation more broadly. We performed ChIP-Seq of selected members of the MLL::AF9
protein complex and selected histone modifications after 3 hours of MLL::AF9 degradation,
the earliest timepoint at which we saw robust loss of MENIN and H3K27ac by ChIP-gPCR
(Figure 4A). After 3 hours of dTAG-VHL treatment, more than 50% of MENIN and
almost 70% of DOT1L was lost at MLL::AF9 target genes, while there were no changes

in occupancy at non-MLL::AF9-bound genes (Figure 4B). The loss was more prominent

at the “‘highly sensitive genes’, compared to all MLL::AF9-bound genes. While we saw
DOTLL loss at MLL::AF9 target genes after only 3 hours of dTAG-VHL treatment, we

did not see major changes in H3K79me?2 at this early timepoint. However, after 24 hours
of dTAG-VHL treatment there was a marked reduction of H3K79me2 at the MLL::AF9
target genes, again with more prominent loss at the ‘highly sensitive genes’ (Figure 4B).
Of note, total levels of H3K79me2 were significantly higher at MLL::AF9 target genes
compared to non-MLL::AF9 bound genes, with generally even higher levels at the ‘highly
sensitive genes’ (Figure S4A). Next, we probed histone modifications associated with
active transcription, including H3K27ac and H3K9ac, as well as chromatin accessibility.
While we did not observe changes in histone acetylation at non MLL::AF9-bound genes,
MLL::AF9 degradation led to significant reductions of H3K27ac and H3K9ac at promoters
of MLL::AF9 target genes after 3 hours of dTAG-VHL treatment (Figure 4B and Figure
S4B) and even more robust reductions after 24 hours of treatment (Figure S4B). Like our
observations with MENIN, DOT1L, and H3K79me2, the “highly sensitive genes’ exhibited
more pronounced reductions compared to all other MLL::AF9 target genes for both
H3K27ac as well as H3K9ac. Unlike H3K79me2, the total levels of H3K27acand H3K9ac
were similar at the “highly sensitive genes’ and all other MLL::AF9 bound genes, yet both
exhibited higher levels of acetylation than non-MLL::AF9 bound genes (Figure S4C). Since
H3K27ac and H3K9ac are tightly associated with an active chromatin state, we assessed
whether MLL::AF9 degradation also induced changes in chromatin accessibility via assay
for transposase-accessible chromatin using sequencing (ATAC-Seq). Interestingly, despite
reductions of H3K27ac and H3K9ac, we did not observe changes in chromatin accessibility
(Figure 4B and Figure S4D) after 3 hours of dTAG-VHL treatment. This lack of change
was not due to compensatory effects of wild-type MLL1: 3 hours of dTAG-VHL treatment
had no effect on H3K4me3 levels — the mark deposited by MLL1 - at either MLL::AF9
target genes or at non-MLL::AF9 bound genes (Figure S4E). Similarly, ChlP-seq using

an antibody recognizing N-terminal MLL1 (which recognizes MLL1 and the MLL::AF9
fusion protein) and C-terminal MLL1 (which only recognizes MLL1) revealed that there
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were only reductions in MLL::AF9 but not in wild-type MLL1 occupancy at MLL::AF9
target genes (Figure S4F). Collectively, these data showed that MLL::AF9 degradation led
to loss of MLL::AF9 complex proteins from chromatin as well as reductions of histone
modifications associated with active transcription after three hours but had no corresponding
effects on chromatin accessibility. Moreover, there was unlikely to be a compensatory role
for wild-type MLL1 at MLL::AF9 target genes following MLL::AF9 degradation.

Since previous work established that MLL::AF9 can directly recruit the SEC (Mueller et

al., 2007; Zeisig et al., 2005) and our PRO-Seq data demonstrated that MLL::AF9 directly
mediates productive RNA Pol Il elongation (Figure 3), we assessed whether there are
occupancy changes in the RNA Pol Il machinery upon MLL::AF9 degradation. Indeed, after
3 hours of dTAG-VHL treatment, we observed loss of RNA Pol 11 and pSer2 RNA Pol

Il throughout the gene body of MLL::AF9 target genes (Figure 4B). RPL3and TRIM28
tracks confirmed some specificity of the pSer2 RNA Pol 11 signal, but also revealed some
cross-reactivity (Figure S4G). AFF4, a scaffolding protein of the SEC, as well as CDK9,

the catalytic subunit of the SEC complex (Lin et al., 2010; Yokoyama et al., 2010), were
also specifically lost at promoters of MLL::AF9 target genes (Figure 4B), with more
pronounced loss at the “highly sensitive genes.” In addition to effects on SEC occupancy
and transcriptional elongation, we also observed modest reductions of RNA Pol 11 and pSer5
RNA Pol Il (marker of transcriptional initiation) at the TSS of MLL::AF9 target genes after
3 hours of dTAG-VHL treatment (Figure 4B). In summary, MLL::AF9 degradation led to
loss of a transcriptionally active chromatin state characterized by loss of histone acetylation,
MLL::AF9 associated proteins, and the transcriptional machinery itself. At specific loci, this
occurred after an immediate decrease in transcriptional elongation.

Combination of DOT1L/MENIN inhibition induces rapid loss of MLL::AF9 from chromatin

The MLL::AF9 degradation system allowed us to compare direct degradation of MLL::AF9
versus small molecule inhibition of DOT1L and MENIN (Figure 5A) (Daigle et al., 2013;
Krivtsov et al., 2019). It is well established that DOT1L and MENIN inhibition synergizes to
inhibit cell proliferation (Dafflon et al., 2017; Kiihn et al., 2016; Okuda et al., 2017), but the
mechanism behind this synergy remains largely unknown (Figure 5A). We hypothesized that
the EPZ-5676/VTP-50469 combination phenocopies MLL::AF9 degradation by cooperating
to displace MLL::AF9 from chromatin faster and more robustly, thus inducing more rapid
gene expression and cellular changes than single agent treatment.

First, we confirmed that combination treatment with EPZ-5676 and VTP-50469 showed
enhanced effects on cell proliferation. We observed strong cooperativity on cell growth in
the human MLL::AF9 transformed CD34+ cells (Figure S5A), as well as human MLL::AF9
rearranged MOLM13 cells (Figure S5B), with no toxicity to human hematopoietic stem and
progenitor (CD34%) cells (Figure S5C) or non-/ ML L-rearranged HL60 cells (Figure S5D).
Notably, proliferation (Figure S5E), differentiation (Figure S5F, top) and apoptosis (Figure
S5F, bottom) time course experiments showed that the EPZ-5676/VTP-50469 combination
also had more rapid effects than the single agents. Specifically, the combination induced
cellular effects with comparable kinetics to dTAG-VHL treatment (Figure S5E and F).
Moreover, co-treatment with the pan-caspase inhibitor Z-VAD-FMK rescued dTAG-VHL
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and EPZ-5676/VTP-50469-induced cell death, supporting the notion that dTAG-VHL and
EPZ-5676/VTP-50469 work in similar ways by inducing early caspase-mediated apoptosis
(Figure S5G and H).

Since the EPZ-5676/VTP-50469 combination had faster cellular effects than single agent
treatment, we next assessed the kinetics of MLL::AF9 displacement with the combination
of EPZ-5676/VTP-50469. Combination treatment led to modest reductions in MLL::AF9
occupancy at ME/S1 after 12 hours and complete loss from chromatin at ME/SZ, SP9and
HOXAZ9 after 24 hours as measured by ChIP-gPCR using an HA-directed antibody (Figure
5B). Displacement from chromatin had implications for gene expression: ME/S1 RNA was
reduced at 12 hours post EPZ-5676/VTP-50469 treatment in line with early MLL::AF9 loss
from ME/S1 (Figure 5B and C). Because we observed consistent MLL::AF9 displacement
from chromatin with combination treatment after 24 hours, we assessed the effects of single
agent EPZ-5676 and VTP-50469 treatment on MLL::AF9 occupancy by ChIP-gPCR after
24 hours. While EPZ-5676 and VTP-50469 had some effect on MLL::AF9 occupancy

and gene expression at 24 hours, the effects were modest (Figure 5D and 5E). Only the
combination was able to completely displace MLL::AF9 from chromatin and suppress gene
expression robustly (Figure 5D and 5E). Similarly, only the combination led to reduced
H3K27ac levels at 24 hours (Figure 5D).

To dissect the kinetics of gene expression changes induced by either single agent

or combination EPZ-5676/VTP-50469 treatment, we performed RT-gPCR time course
experiments in the human and murine FKBP12-MLL::AF9 systems (Figure 5F and G,
respectively) as well as in MOLM13 cells (Figure 5H). In all three systems did the
EPZ-5676/VTP-50469 combination have faster and more robust effects than single agents.
To assess the kinetics of gene expression changes more globally and to assess potential
off-target effects of DOT1L/MENIN inhibition in the human MLL::AF9 FKBP12 system,
we performed RNA-Seq after 1, 3, and 5 days of single agent or combination treatment

and analyzed the full overlap of differentially expressed genes (FC>2, p<0.05, Table

S3). Consistent with the RT-gPCR results, this analysis demonstrated that the EPZ-5676/
VTP-50469 combination had more rapid effects on gene expression than single agent
treatment (Figure 51). Moreover, these weren’t “off target” effects since after 5 days of
EPZ-5676/VTP-50469 or single agent treatment the differentially expressed genes were
almost identical to dTAG-VHL treatment (Figure 51, Table S3). These findings indicated that
while the EPZ-5676/VTP-50469 combination did not necessarily affect a larger set of genes,
it affected gene expression changes more rapidly than single agent treatment.

Combination of DOT1L/MENIN inhibition induces global MLL::AF9 chromatin dissociation

In addition to affecting MLL::AF9 chromatin occupancy and gene expression changes
more rapidly, we hypothesized that the EPZ-5676/VVTP-50469 combination might also
affect MLL::AF9 occupancy more globally. Since EPZ-5676 and VTP-50469 treatment had
more delayed effects than the combination treatment (Figure 5), we assessed MLL::AF9
occupancy after 4 days of either single agent or combination treatment to measure the
maximum effect of single agent treatment. We confirmed that the overall chromatin
architecture and gene expression remained intact in the various treatment conditions at
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this timepoint by assessing H3K27ac ChIP-Seq and RNA-Seq at housekeeping genes, as
exemplified by ACTB (Figure S6A). As hypothesized, we observed strong cooperativity

of EPZ-5676 and VTP-50469: the EPZ-5676/VVTP-50469 combination led to global loss of
MLL::AF9 binding to chromatin, similar to treatment with dTAG-VHL, whereas EPZ-5676
and VTP-50469 treatment alone had more modest effects (Figure 6A). At certain loci where
single agent treatment had no effect on MLL::AF9 occupancy, like SP9, APOLD1, and
CDKNZC, the combination treatment led to complete loss of MLL::AF9 from chromatin
(Figure 6B). Importantly, only the combination was able to suppress expression of those
genes (Figure 6C). Additionally, looking at all MLL::AF9 target genes as defined by highly
bound MLL::AF9 at the promoter, we found that MLL::AF9 loss from chromatin was more
pronounced upon combination treatment compared to single agent treatment and the extent
of MLL::AF9 loss from chromatin in the combination treatment closely resembled the
extent observed upon MLL::AF9 degradation (Figure 6D), a phenomenon nicely illustrated
at the HOXA locus (Figure 6B and Figure S6A).

To determine whether DOT1L and MENIN inhibition also cooperate in destabilizing
MLL::AF9 on chromatin in non-engineered cell systems, we assessed the human MLL.::AF9
rearranged MOLM13 cell line. While single agent EPZ-5676 and VTP-50469 treatment
had some effect on MLL occupancy at MLL::AF9 target genes (Table S4, definition of
MLL::AF9 target genes in MOLMZ13 cells can be found in the Methods section), the
combination treatment almost completely evicted MLL from chromatin (Figure S6B and
C). Moreover, not only was the loss of MLL more pronounced in the combination, but

the combination treatment also induced MLL dissociation from chromatin at loci that were
relatively resistant to single agent treatment, again a phenomenon nicely illustrated at the
HOXA locus (Figure S6B). Collectively, these studies revealed that single agent DOT1L
and MENIN inhibition influence MLL::AF9 occupancy much less than the EPZ-5676/
VTP-50469 combination treatment.

To further assess single agent EPZ-5676 and VTP-50469 treatment, we closely examined
MLL::AF9 occupancy changes at MLL::AF9 target genes in response to single agent
treatment in the human MLL::AF9 FKBP12 system. While EPZ-5676 and VTP-50469
treatment led to a reduction of MLL::AF9 occupancy at a shared subset of genes, at

many genes EPZ-5676 and VTP-50469 had distinct and separable effects on MLL::AF9
occupancy (Figure 6E and Table S4) and gene expression (Figure 6F and Table S4). Neither
DOT1L nor MENIN inhibition alone completely disrupted MLL::AF9 occupancy at all loci
or suppressed expression of all MLL::AF9 target genes. In contrast, the combination induced
global MLL::AF9 chromatin loss (Figure 6A) and led to more robust gene suppression
(Figure 6G). While the single agent DOT 1L and MENIN inhibitor studies do not directly
address the cause-and-effect relationship of MLL::AF9 occupancy and gene expression
changes, our data nonetheless demonstrate that the combination more closely phenocopied
MLL::AF9 degradation (Figure 6H).

DISCUSSION

PROTAC technologies are providing new insight across all areas of biology. A particularly
powerful use of PROTACS is to engineer proteins for small molecule mediated degradation
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to assess the effects of rapid target degradation (Jaeger and Winter, 2021). The fast

kinetics of degradation, compared to gene editing tools, allows for the identification of
direct and primary effects while avoiding the confounding consequences of secondary

and compensatory changes. This is particularly relevant in the context of a transcriptional
regulator like the MLL::AF9 fusion oncoprotein. Since MLL::AF9 drives the expression

of genes like ME/S1, PBX3and the HOXA genes, which themselves are transcription
factors, it has been difficult to conclusively define the MLL::AF9-directed transcriptional
program and the direct effects of MLL::AF9 inactivation. By coupling rapid degradation

of MLL::AF9 with genome-wide transcriptional and chromatin occupancy assays, we were
able to define the direct targets of MLL::AF9 and assess the immediate gene expression
and chromatin state consequences of MLL::AF9 degradation. Notably, we identified a small
subset of MLL::AF9 bound genes that are particularly sensitive to MLL::AF9 degradation,
many of which are key targets in MLL-rearranged leukemia, like MEIS1, MEF2C, PBX3
and HOXAJY. Interestingly, these “highly sensitive genes’ have on average twice as much
promoter-bound MLL::AF9, compared to all other MLL::AF9 target genes. They also
exhibit higher levels of activating histone modifications like H3K79me2 at their promoters
and higher levels of RNA Pol Il throughout their gene body. Moreover, on average,

the “highly sensitive genes’ have higher PRO-Seq read densities compared to all other
MLL::AF9 target genes. These observations, higher promoter load of MLL::AF9, higher
levels of H3K79me2, higher load of RNA Pol I1, and higher PRO-Seq read density indicate
that these genes are transcribed at very high rates, providing a possible explanation for
why they are particularly dependent on continued MLL::AF9 occupancy. Moreover, we
speculate that many of the other ~180 highly bound MLL::AF9 loci that exhibit more
modest immediate changes in gene expression rely on other regulatory mechanisms to
maintain gene expression in the short term (15-30 minutes) but are dependent on MLL::AF9
for continued expression as shown by robust changes in gene expression after 24 hours.

Leveraging the fast kinetics of the dTAG system we were able to gain new insight into

how MLL::AF9 mediates transcription and leukemogenic chromatin architecture. We found
that MLL::AF9 directly maintains transcription and MLL::AF9 degradation induces rapid
decreases in RNA Pol Il elongation at the ‘highly sensitive genes’ as early as 15 minutes
upon dTAG treatment. At later timepoints, namely 3 hours after MLL::AF9 degradation,
loss of the fusion protein also induced loss of an active chromatin landscape at MLL::AF9
target genes. Interestingly, these studies revealed that DOT1L dissociates from chromatin
faster than MENIN upon MLL::AF9 degradation. This may be because the AF9 fusion
partner directly binds and recruits DOT1L to chromatin (Biswas et al.,2011; Kuntimaddi

et al., 2015). In contrast to DOT1L, MENIN is thought to be tethered to chromatin via
LEDGF (Yokoyama and Cleary, 2008) independently of MLL::AF9. Additional and/or
compensatory anchorage by LEDGF could explain why MENIN dissociates from chromatin
more slowly upon MLL::AF9 degradation. Nonetheless, our studies indicate that MLL::AF9
contributes to retaining MENIN on chromatin at certain loci, suggesting that there are
multiple interactions that maintain MENIN occupancy, a point that is relevant as MENIN-
directed drugs continue to be developed.

In addition to yielding basic insight into the MLL::AF9 driven transcriptional and
epigenetic program, the dTAG approach also allowed us to characterize the similarities
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and differences between direct degradation of MLL::AF9 versus indirect targeting of the
fusion protein complex via catalytic inhibition of DOT1L (EPZ-5676) and inhibition of

the MENIN:MLL protein:protein interaction (VTP-50469). Notably, only the combination
of EPZ-5676 and VTP-50469 induced MLL::AF9 chromatin loss with similar kinetics

as MLL::AF9 degradation and only the combination evicted MLL::AF9 from chromatin
globally. This had relevant implications for MLL::AF9-directed gene expression as well

as important cellular consequences: to date, DOT1L and MENIN inhibitors have primarily
induced cell differentiation with only modest induction of apoptosis at late timepoints

of treatment (Borkin et al., 2015; Daigle et al., 2013). In contrast, in this study we

observe potent induction of apoptosis after only 2 to 3 days of EPZ-5676/VTP-50469
combination treatment, mimicking apoptosis-induction upon MLL::AF9 degradation. These
findings indicate that the kinetics and the extent of destabilization of the MLL::AF9 protein
complex may be critical to drive cellular consequences. Importantly, this could have relevant
clinical implications - despite exciting evidence that DOT1L and MENIN inhibitors have
anti-leukemic effects, the responses may not be long-lasting thus leading to resistance. The
fact that single agent treatments fail to phenocopy MLL.::AF9 degradation may present a
mechanistic rational for assessing the combination of DOT1L and MENIN inhibitors in

ML L-rearranged leukemias in patients with this devastating disease.

Limitations of the Study

A potential limitation of this work is that it uses retroviral overexpression to define the
MLL::AF9 directed transcriptional program. In both systems two wild-type copies of MLL1
remain, which could play compensatory roles upon MLL::AF9 degradation. We tried to
address this by looking at occupancy changes of wild-type MLL1 and H3K4me3, the
modification deposited by wild-type MLL1. While we did not observe any compensation
from the wild-type MLL1 complex, future studies should include endogenously degron-
tagged MLL::AF9. Another potential caveat is the difficulty comparing dTAG treatment to
DOTL1L and MENIN inhibition due to their different kinetics. Despite being small molecule
inhibitors, EPZ-5676 and VTP-50469 have relatively slow effects on gene expression.
EPZ-5676 and VTP-50469-induced chromatin and gene expression changes are typically
measured after a few days and significant proliferative changes are usually found after

4 to 9 days (Krivtsov et al., 2019; Perner et al., 2020). Thus, by the time these drugs

have robust effects on gene expression, dTAG-treated cells have undergone state changes
and differentiation, making direct comparisons difficult. We attempted to circumvent this
problem by performing detailed phenotypic and gene expression time course experiments.

STAR*METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents may
be directed to and will be fulfilled by the Lead Contact, Scott A. Armstrong
(scott_armstrong@dfci.harvard.edu).

Materials Availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.
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Data and Code Availability

. RNA-seq, ChIP-seq, ATAC-seq, SLAM-seq, and PRO-seq data have been
deposited at GEO and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. Original western blot
images have been deposited at Mendeley and are publicly available as of the date
of publication. The DOl is listed in the key resources table. Microscopy data
reported in this paper will be shared by the lead contact upon request. Publicly
available data used for GSEA analyses are listed in the key resource table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies—All animal experiments were performed with the approval of Dana-
Farber Cancer Institute’s Institutional Animal Care and Use Committee (IACUC).
Hematopoietic stem cell-enriched Lineage-Scal+c-KIT/CD117+(LSK) cells were isolated
from the bone marrow of 8-10 week old female C57BL/6 mice (Charles River Laboratories).
Upon MLL::AF9 transduction, 2.5x10° GFP positive cells, alongside 2.5x10° helper cells
(crude cells isolated from bone marrow of female C57BL/6 mice), were injected into
lethally irradiated (900Gy) 12-week old C57BL/6 female recipient mice (Charles River
Laboratories). Engraftment in the peripheral blood was monitored every 3-4 weeks. When
animals developed signs of leukemia, the bone marrow and spleen were harvested.

Cell lines—Human cell lines were acquired from American Type Culture Collection
(ATCC) or Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) and were
cultured in RPMI 1640 (HL60, MOLM13) or DMEM (293T) supplemented with 10% fetal
bovine serum, 1xpenicillin/streptomycin (Gibco) at 37°C and 5% CO,. Identification of

all cell lines was independently confirmed by cytogenetics profiling. The human CD34*
MLL::AF9 transformed cells were maintained in IMDM with 20% FBS, 1xpenicillin/
streptomycin (Gibco),1xp-mercaptoethanol (Gibco), 6 pg/mL hIL3, 10 ug/mL hIL6, 10
pg/mL hSCF, 10 pg/mL TPO, and 10 pg/mL FLT3 (Stemcell Technologies) at 37°C and 5%
CO». The murine MLL::AF9 transformed leukemic cells were maintained in IMDM with
20% FBS, 1xpenicillin/streptomycin (Gibco), 1xp-mercaptoethanol (Gibco), 6 ug/mL mIL3,
10 pg/mL mIL86, and 20 ug/mL mSCF (Stemcell Technologies) at 37°C and 5% CO.

METHOD DETAILS

Virus production and transduction—Viral supernatants were generated by co-
transfection of HEK293-T cells with retroviral (MSCV-MLL::AF9-IRES-GFP or MSCV-
MLL::AF9-HA-FKBP12F36V_IRES-GFP) expression vectors with packaging and envelope
vectors (Human Retro: pUMVC and VSV-G; Mouse Retro: pCL-Eco) and X-tremeGene
transfection reagent (Millipore). The viral supernatant was filtered through 0.45um and was
concentrated using Amicon Ultra centrifugal filters (Millipore). The murine LSK cells were
spin infected at a 1:1 dilution of virus:media and 0.8ug/ml polybrene (Millipore) at 2000rpm
at 37°C for 1.5h and the supernatant was replaced with fresh medium immediately after the
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spin infection. The human CD45+ cells were plated on retronectin-coated plates (Takara)
and were spin infected at a 1:1 dilution of virus:media at 2000rpm at 37°C for 1.5h. The

cells were dissociated from the plates using enzyme-free dissociation buffer (Gibco) and

were plated in fresh media.

Neutrophil isolation, LSK cell sort, and MLL::AF9 leukemia generation—
Neutrophils and hematopoietic stem cell-enriched Lineage-Scal+c-KIT/CD117+(LSK) cells
were isolated from the bone marrow of 8-10 week old C57BL/6mice (Charles River
Laboratories). Mice were sacrificed, and tibiae, femurs, coxae and vertebral columns were
crushed in PBS supplemented with 2% fetal bovine serum. Neutrophils were isolated

using the EasySep™ Mouse Neutrophil Enrichment Kit according to the manufacturer’s
instructions. For the LSK cells, lineage depletion was performed using EasySep™ Mouse
Hematopoietic Progenitor Cell Isolation Kit (Stemcell Technologies) and cells were
subsequently stained with Sca-1 (Invitrogen) and c-kit (Biolegend) in 2% PBS for 30
minutes on ice. FACSAria cell sorters were used (BD Bioscience) to sort Sca-1 and c-kit
double positive cells. LSK cells were cultured in StemSpan SFEM (Stemcell Technologies)
containing 100 ng/ml mSCF/mFLT3/mTPO (Stemcell Technologies) and were transduced
with concentrated MLL::AF9 virus the following day. Two days after transduction, GFP
positive cells were sorted using FACSAria cell sorters (BD Bioscience). GFP positive

cells were expanded in IMDM media supplemented with FBS and cytokines (described
above) for 2-4 days. 2.5x10° GFP positive cells, alongside 2.5x10° helper cells (crude

cells isolated from bone marrow of C57BL/6 mice), were injected into lethally irradiated
(900Gy) 12-week old C57BL/6 recipient mice (Charles River Laboratories). Engraftment
in the peripheral blood was monitored every 3-4 weeks. For analysis of peripheral blood,
four to five drops of blood were collected from the vena facialis into an EDTA-coated tube.
Erythrocytes were lysed with 1 ml of 1xPharm Lyse buffer (BD Bioscience), washed with
PBS and stained in PBS with 2%FBS. Cells were analyzed for GFP positivity using an
LSR Fortessa flow cytometer (BD Bioscience). Data were analyzed with FlowJo software
(Tree Star). Once the mice reached their endpoint according to our protocol, the mice were
sacrificed and leukemic cells were extracted from the bone marrow (as described above) and
were analyzed for GFP positivity using an LSR Fortessa flow cytometer (BD Bioscience).
Data were analyzed with FlowJo software (Tree Star). The cells were maintained in IMDM
media (as described above).

Isolation and transformation of human CD34+ cells—Human CD34+ cells were
isolated from human cord blood (New York Blood Center) using the EasySep™ Human
Cord Blood CD34 Positive Selection Kit 11 (Stemcell Technologies). For the pre-enrichment,
Lymphoprep (Stemcell Technologies) and SepMate™ columns (Stemcell Technologies)
were used, according to the manufacturer’s instructions. Human CD34+ cells were cultured
and transduced as described above. Two days after transduction, GFP positive cells were
sorted using FACSAria cell sorters (BD Bioscience) and cells were maintained in culture.

Cell viability, differentiation, apoptosis, and Z-VAD-FMK-mediated rescue—For
proliferation studies, cells were plated at 1-5x10° cells/mL and treated with limiting
dilutions of drug as indicated or 0.1% DMSO. The cells were re-plated every 3-4 days
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and new drug/DMSO was added. Viable (DAPI-, Santa Cruz) cells were counted in 30pL of
media plus 120uL. PBS/DAPI using an LSR Fortessa flow cytometer (BD Biosciences). Data
were analyzed with FlowJo software (Tree Star). Ratios of cell numbers in drug to DMSO
were then plotted to calculate 1Csq values.

For differentiation studies, human cells were stained with APC-conjugated CD11b
(BioLegend), PerCPCy5.5-conjugated CD13 (BioLegend), and PE-Cy7-conjugated CD14
(BioLegend). Samples were then analyzed using an LSR Fortessa flow cytometer (BD
Biosciences). Data were analyzed with FlowJo software (Tree Star). For assessment of
morphology, 5-10x10* cells were collected after drug treatment and centrifuged onto slides
using the CytoCentrifuge (Thermo Scientific) and stained for microscopy using the Jor\Vet
DipQuick Stain (Jorgensen Laboratories, Inc.).

For apoptosis studies, cells were harvested following drug treatment and were stained with
APC-conjugated Annexin V according to the manufacturer’s instructions (eBioscience).
Cells were counter-stained with Propidium lodide. Samples were then analyzed using an
LSR Fortessa flow cytometer (BD Biosciences). Data were analyzed with FlowJo software
(Tree Star).

For the Z-VAD-FMK rescue experiments, cells were pre-treated with 50uM Z-VAD-

FMK for 6 hours and where then treated with DMSO, EPZ-5676, VTP-50469,
EPZ-5676+VTP-50469, or dTAG-VHL at the indicated concentrations and for the indicated
timepoints.

Intracellular FACs—1x108 cells were harvested following drug treatment and cells

were fixed using BD Cytofix/Cytoperm, BD Perm/Wash Buffer, and BD Cytoperm
Permealization Buffer Plus according to the manufacturer’s instructions (BD Bioscience).
After fixation/permealization, cells were incubated with 1x Wash Buffer supplemented with
5% BSA (Sigma Aldrich) for 30 minutes on ice. Subsequently, cells were incubated with
1:100 anti-HA antibody (CST) for 30 minutes on ice, washed 3 times with Wash Buffer and
then incubated with 1:200 Anti-rabbit 1gG Alexa Fluor 647 (CST) at room temperature for
30 minutes. Subsequently, cells were washed 3 times with Wash Buffer and resuspended in
PBS for FACs analysis. Samples were analyzed using an LSR Fortessa flow cytometer (BD
Biosciences). Data were analyzed with FlowJo software (Tree Star).

Western blot analysis and immunoblotting—1x10° cells were washed twice in cold
PBS and were lysed in 100pL of 1X LDS Sample Buffer (Invitrogen) supplemented with
10 mM DTT. The samples were sonicated on ice for 40 seconds (with 5 seconds rest

after every 10 second sonication pulse at 25% Amplitude) with a 125-watt probe sonicator
(Qsonica, Q125) and were subsequently denatured for 10 min at 95°C. Samples were
loaded (40pL per lane) onto 3-8% Tris-Acetate gels (Thermo Fisher) with a protein ladder
(BioRad), proteins were separated by electrophoresis for 2 hours and then transferred

onto nitrocellulose membranes using semi-dry transfer (Thermo Fisher). The membranes
were blocked in 5% dry milk for 1 hour and incubated overnight with anti-HA (CST),
anti-cleaved PARP (CST), anti-total PARP (CST), anti-GAPDH (CST), or anti-Vinculin
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(CST). The next day membranes were washed in TBST and developed using a secondary
rabbit anti-HRP (Cytiva) and chemiluminescence kit (Thermo Scientific).

RNA isolation and quantitative real-time PCR—RNA was isolated using the RNeasy
Mini Kit (Qiagen) according to manufacturer’s instructions and DNase treatment (Qiagen)
was performed on the column. RNA was reverse transcribed with the Superscript™
First-Strand Synthesis System (Invitrogen). For gRT-PCR, the ViiA 7 Real-Time PCR
system (Applied Biosystems) was used with 384-well plates. Tagman gene expression
assays (Applied Biosystems) were used for real-time quantitative PCR where indicated

in the Figure legends. GAPDH was used as the housekeeping gene for normalization.
Relative gene expression was calculated by the comparative AA cycle threshold

method. Mouse probes used: Gapdh (Mm99999915 g1), Hoxa7 (Mm00657963_m1),
Hoxa9 (MmO00439364_m1), HoxA10 (Mm00433966_m1), Meisl (Mm00487664_m1);
Human probes used: GAPDH (Hs02786624 g1), HOXA7 (Hs00600844 m1), MEIS1
(Hs01017441_m1). SYBR green gene expression assays (Applied Biosystems) were used
for real-time quantitative PCR where indicated in the Figure legends. For Intron/Exon
gRT-qPCRs cDNA synthesis reactions were set up with and without Reverse Transcriptase
to assess contaminating genomic DNA. GAPDH was used as the housekeeping gene

for normalization. Relative gene expression was calculated by the comparative AA

cycle threshold method. Probes used: GAPDH (F: TGCACCACCAACTGCTTAGC, R:
GGCATGGACTGTGGTCATGAG), MEIS1 Exon/Exon (F: CACGCTTTTTGTGACGCTT,
R: GGACAACAGCAGTGAGCAAG), MEIS1 Intron/Exon (F:
AGACGATAGAGAAGGAGGATCAA R: CACGCTTTTTGTGACGCTT), HOXA9 Exon/
Exon (F: AATGCTGAGAATGAGAGCGG, R: GTATAGGGGCACCGCTTTTT), HOXA9
Intron/Exon (F: AACAACCCAGCGAAGGC, R: TTGAAGGGAGGAGACACTTACT).

For ChIP-gPCRs, the ViiA 7 Real-Time PCR system (Applied Biosystems) was used with
384-well plates using SYBR green (Applied Biosystems). The human ChIP-gPCR primers
used were: GAPDH (F: CAGTCAGCCGCATCTTCTTT, R: CCTTCAGGCCGTCCCTA),
MEIS1 (F: GAGGCGCGACGAATGAA, R: TCCAGACCGGAGAACTGG), HOXA9

(F: GGGTGAGAGAAGGGAGAAGG, R: AAAGACCGAGCAAAAGACGA), SP9 (F:
GCTATGGCCACGTCTATACTC, R: TGCAGTCTAGCAGCAACAG), gene desert (F:
AACCTCACTTTCATTGTTACTAGCCATA, R: CGCTCAAGGATGTCAGTAGCAT)

RNA sequencing—For RNA-seq experiments, the cells were plated at 1x10° cells/mL,
treated with drug or 0.1% DMSO for the indicated time. Cells were sub-cultured to the
original density after 3 days in fresh media with the same concentration of drug or DMSO.
RNA was isolated as described above. RNA quality for RNA sequencing was checked on the
Agilent TapeStation (Agilent) and quantified by Qubit (ThermoFisher). RNA (1ug) was used
to make Illumina compatible libraries by doing Poly-A tail selection and library preparation
using the NEBNext Ultra™ RNA Library Prep Kit for lllumina (New England Biolabs).
Sequencing was done using the Illumina Next Gen Sequencing NextSeq platform (Illumina)
with 20-30 million 37bp, paired-end reads.

SLAM sequencing—The procedure was performed using the Lexogen SLAM-Seq
Metabolic Labeling kit. Cells were plated at 5x10° cells/mL in the appropriate culture
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medium and were pre-treated either with 0.1% DMSO or with dTAG-VHL (500nM) for

15, 30, 60, or 120 minutes. After the appropriate pretreatment, cells were incubated with
4SU (Lexogen) at a final concentration of 100uM and were incubated with continuous
dTAG-VHL/DMSO treatment for 60 min at 37°C / 5% CO,. Upon addition of 4SU, cells
were kept away from light. Cells were harvested at 300 g for 5 min at 4°C, washed with PBS
and the RNA was extracted from the cell pellet using QlAshredders (Qiagen) and RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. 5ug of the extracted RNA
was lodoacetamide treated according to the manufacturer’s instructions (Lexogen). Libraries
were prepared using 500ng RNA and the QuantSeq 3° mRNA-Seq Library Preparation

kit (Lexogen). Sequencing was done using the Illumina Next Gen Sequencing NextSeq
platform (lllumina) with 20-30 million 75bp, single-end reads.

ATAC sequencing—~60,000 cells were harvested and washed in PBS. Cell pellets were
then resuspended in 50uL cold lysis buffer (10 mM Tris-HCI, pH 7.4; 10 mM NaCl; 3 mM
MgCly; 0.1% IGEPAL CA-630). Cells were spun down immediately at 500 x g for 10 min
at 4 °C. Following this, the pellet was then resuspended in a transposase reaction mixture
(2X TD buffer, 20X transposase (100nM final)) (Illumina) at 37 °C for 30 minutes. DNA
was purified using a MinElute kit (Qiagen) as per the manufacturer’s instructions. The DNA
fragments were amplified in a PCR reaction with 2X NEBNext High-Fidelity PCR Master
Mix (New England Biolabs) for 11 cycles and purified using AMPure XP beads (Beckman
Coulter). DNA fragments were quantified by TapeStation 4200 (Agilent) using HSD5000
Tape and Reagent (Agilent) and Qubit (ThermoFisher). This was followed by sequencing
using the NextSeq550 (Illumina) to obtain 20-30 million 37bp, paired-end reads.

PRO sequencing—10 million cells were harvested and washed once with ice cold PBS in
50mL conical tubes. Cell pellets were resuspended in 250uL wash buffer (10 mM Tris-Cl,
pH 8.0, 10 mM KCI, 250 mM Sucrose, 5 mM MgCl,, 1 mM EGTA, 10 % (v/v) Glycerol,
supplemented freshly with 0.5mM DTT, 0.2uL/mL RNase inhibitor and protease inhibitor)
to get single-cell suspensions. 10mL permealization buffer (10 mM Tris-Cl, pH 8.0, 10 mM
KCI, 250 mM Sucrose, 5 mM MgCl,, 1 mM EGTA, 0.1 % (v/v), Igepal CA-630, 0.05 %
(v/v) Tween-20, 10 % (v/v) Glycerol, supplemented freshly with 0.5mM DTT, 0.2uL/mL
RNase inhibitor and protease inhibitor) was added and samples were incubated on ice for 5
min. Cells were spun down and pellets were washed in 10mL wash buffer. Cells were spun
again and resuspended in freezing buffer (50 mM Tris-Cl, pH 8.0, 40 % (v/v) glycerol, 5
mM MgCly, 1.1 mM EDTA, supplemented freshly with 0.5 mM DTT and 1pL/mL RNase
inhibitor). Cells were counted and permealization was visualized using tryphan blue. 5
million permealized cells were snap-frozen in 500ul freezing buffer in liquid nitrogen and
stored at —80°C. All subsequent steps were performed by the Nascent Transcriptomics Core
at Harvard Medical School, Boston, MA.

Aliquots of frozen (—80°C) permeabilized cells were thawed on ice and pipetted gently to
fully resuspend. Aliquots were removed and permeabilized cells were counted using a Luna
I1, Logos Biosystems instrument. For each sample, 1 million permeabilized cells were used
for nuclear run-on, with 50,000 permeabilized Drosophila S2 cells added to each sample
for normalization. Nuclear run on assays and library preparation were performed essentially
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as described in Reimer et al. (Reimer et al., 2021)with modifications noted: 2X nuclear
run-on buffer consisted of (10 mM Tris (pH 8), 10 MM MgCI2, 1 mM DTT, 300mM KCl,
40uM/ea biotin-11-NTPs (Perkin Elmer), 0.8U/uL SuperaselN (Thermo), 1% sarkosyl).
Run-on reactions were performed at 37°C. Adenylated 3" adapter was prepared using the
5" DNA adenylation kit (NEB) and ligated using T4 RNA ligase 2, truncated KQ (NEB,
per manufacturers instructions with 15% PEG-8000 final) and incubated at 16°C overnight.
180uL of betaine blocking buffer (1,429 of betaine brought to 10mL with binding buffer
supplemented to 0.6 uM blocking oligo (TCCGACGATCCCACGTTCCCGTGG/3InvdT/))
was mixed with ligations and incubated 5 min at 65°C and 2 min on ice prior to addition

of streptavidin beads. After T4 polynucleotide kinase (NEB) treatment, beads were washed
once each with high salt, low salt, and blocking oligo wash (0.25XT4 RNA ligase buffer
(NEB), 0.3uM blocking oligo) solutions and resuspended in 5" adapter mix (10 pmol 5
adapter, 30 pmol blocking oligo, water). 5" adapter ligation was per Reimer but with 15%
PEG-8000 final. Eluted cDNA was amplified 5-cycles (NEBNext Ultra I Q5 master mix
(NEB) with Illumina TruSeq PCR primers RP-1 and RPI-X) following the manufacturer’s
suggested cycling protocol for library construction. A portion of preCR was serially diluted
and for test amplification to determine optimal amplification of final libraries. Pooled
libraries were sequenced using the Illumina NovaSeq platform.

For the analysis, all custom scripts described herein are available on the

AdelmanLab Github (https://github.com/AdelmanLab/NIH_scripts). Using a custom script
(trim_and_filter_PE.pl), FASTQ read pairs were trimmed to 41 bp per mate, and read pairs
with a minimum average base quality score of 20 retained. Read pairs were further trimmed
using cutadapt 1.14 to remove adapter sequences and low-quality 3’ bases (--match-read-
wildcards -m 20 -q 10). R1 reads, corresponding to RNA 3’ ends, were then aligned

to the spiked in Drosophila genome index (dm3) using Bowtie 1.2.2 (-v 2 -p 6 --best

--un), with those reads not mapping to the spike genome serving as input to the primary
genome alignment step (using Bowtie 1.2.2 options -v 2 --best). Reads mapping to the hg38
reference genome were then sorted, via samtools 1.3.1 (-n), and subsequently converted to
bedGraph format using a custom script (bowtie2stdBedGraph.pl). Because R1 in PRO-seq
reveals the position of the RNA 3’ end, the “+” and “~" strands were swapped to generate
bedGraphs representing 3’ end position at single nucleotide resolution.

A table of statistics, including raw read counts, mappable read counts to the spike in
and reference genomes, and Spearman’s correlation coefficient between promoter reads in
replicate samples is below:

samples gumber Raw Number Spike % Spike Reads | Number Ref % Ref Reads
eads Reads Mapped Mapped Reads Mapped Mapped

untreated_1 | 96340680 4,102,096 4.72 78,324,815 90.05

untreated_2 | 89419830 3,227,398 4.05 73,022,054 91.57

15m_1 101587715 4,254,875 4.63 83,390,781 90.65

15m_2 79114293 2,938,173 4.13 65,096,557 91.58
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samples gumber Raw Number Spike % Spike Reads | Number Ref % Ref Reads
eads Reads Mapped Mapped Reads Mapped Mapped

30m_1 100887984 4,406,459 4.88 81,511,750 90.36

30m_2 104201353 3,840,702 4.09 86,094,121 91.71

3h_1 83906090 3,607,935 4.81 68,036,834 90.7

3h_2 81542428 2,908,145 3.96 67,611,970 92.08
untreated_1 | 15m_1 | 30m_1 | 3h_1 | untreated_2 | 15m_2 | 30m_2 | 3h_2

untreated_1 | NA NA NA NA NA NA NA NA

15m_1 0.98 NA NA NA NA NA NA NA

30m_1 0.98 0.98 NA NA NA NA NA NA

3n_1 0.98 0.98 0.98 NA NA NA NA NA

untreated_2 | 0.98 0.98 0.98 0.98 NA NA NA NA

15m_2 0.98 0.98 0.98 0.98 | 0.98 NA NA NA

30m_2 0.98 0.98 0.98 0.98 0.98 0.98 NA NA

3h_2 0.98 0.98 0.98 098 | 0.98 0.98 0.98 NA

For promoter reads, annotated transcription start sites were obtained from human
(GRCh38.99) GTFs from Ensembl. After removing transcripts with {immunoglobulin, Mt,
Mt_tRNA, rRNA} biotypes, PRO-seq signal in each sample was calculated in the window
from the annotated TSS to +150 nt downstream, using a custom script, make_heatmap.pl.
This script counts each read one time, at the exact 3’ end location of the nascent RNA.

Given good agreement between replicates and similar return of spike-in reads, bedGraphs
were merged within conditions, and depth-normalized, to generate bigWig files binned at
10bp.

For the refinement of gene annotation (GGA), paired-end SLAM-seq reads were mapped
to the hg38 reference genome via HISAT2 v2.2.1 (--known-splicesite-infile). To select
gene-level features for differential expression analysis, and for pairing with PRO-seq data,
we assigned a single, dominant TSS and transcription end site (TES) to each active gene.
This was accomplished using a custom script, get_gene_annotations.sh (available at https://
github.com/AdelmanLab/GeneAnnotationScripts), which uses SLAM-seq read abundance
and PRO-seq R2 reads (RNA 5’ ends) to identify dominant TSSs. SLAM-seq and PRO-seq
data from all conditions were used for this analysis, to comprehensively capture gene
activity in these samples.

For the differential expression analysis, reads were summed within the TSS to TES
window for each active gene using the using the make_heatmap script (https://github.com/
AdelmanLab/NIH_scripts), which counts each read one time, at the exact 3’ end location
of the nascent RNA. DEseq2, using the Wald test, was used to determine statistically
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significant differentially expressed genes. Unless otherwise noted, the default size factors
determined by DEseq2 were used.

For the average metagene plot from TSS to TES, with adjacent upstream and downstream
regions, average metagene plots of PRO-seq read density from TSS to TES of indicated gene
groups were generated using make_heatmap as described above. Each gene was divided
from TSS to TES positions into 100 bins of equal length, and read density calculated in

each length scaled bin, as reads per kilobase. Read density flanking each gene were also
calculated (2kb upstream of TSS and 2kb downstream of TES), in 20bins of 50pb each.
Average values for each gene group are shown. Values were smoothed by averaging over 3
nearest neighbors.

Pausing indices were generated as follows: read counts were summed in the window from
TSS to +150 for each active gene, and from +250 downstream of the TSS to the TES,
using the refined annotations described above. The ratio of promoter proximal signal (TSS
to +150) over gene body signal (+250 to TES) is the Pausing Index.

Chromatin immunoprecipitation and sequencing—~Following the appropriate drug
treatment, cells were washed twice in cold PBS. For CDK9 ChlPs, cells were double
crosslinked, first with 2mM disuccinimidyl glutarate (ThermoFisher) for 30 min at room
temperature, then spun down at 600g for 5 min and subsequently crosslinked in 1%
methanol-free formaldehyde (ThermoFisher) for 8 min at room temperature. All other
ChlIPs were only crosslinked with 1% methanol-free formaldehyde (ThermoFisher) for 8
min at room temperature. Following crosslinking, cells were quenched using 100 mM

Tris pH 8.0 and 250 mM Glycine and washed twice with room temperature PBS. 20

million cells per mL were then lysed using 50 mM Tris-HCI pH 8.0, 100 mM NaCl, 5

mM EDTA, 1% SDS and chromatin was collected by centrifugation at 15,0009 for 10

min. Chromatin from 20 million cells was then resuspended in ImL 66mM Tris-HCI pH
8.0, 100mM NaCl, 5mM EDTA, 1.7% Triton X-100, 0.5% SDS and sheared using an
E100S sonicator (Covaris) to chromatin fragments of 200-400 base-pair DNA size. 5uL of
sonicated chromatin was de-crosslinked with 100 mM NaHCOs3, 100 mM NacCl, 1% SDS in
a total volume of 50uL and was incubated at 65°C for 4-6 hours. Following de-crosslinking,
DNA was purified with AMPure XP beads (Beckman Coulter). Input DNA fragments

were run on a TapeStation 4200 (Agilent), using D5000 Tape and Reagents (Agilent) to
ensure proper shearing, and quantified using Qubit (ThermoFisher). Sheared chromatin from
20 million cells was used in each immunoprecipitation using the following antibodies:
anti-HA (CST), MENIN (Bethyl), CDK9 (Santa Cruz), DOT1L (CST), RNA Pol 11 (CST),
RNA Pol2 pSer2 (Abcam), RNA Pol2 pSer5 (Abcam), AFF4 (Bethyl), and KMT2A/MLL1
(N-terminal, Bethyl). Sheared chromatin from 60 million cells was used in the MLL1-C-
terminal immunoprecipitation using the following antibody: MLL/HRX (Active Motif).
Sheared chromatin from 10 million cells was used in each immunoprecipitation using the
following antibodies: anti-H3K79me2 (CST), H3K27ac (Diagenode), H3K9ac (Abcam),
and H3Kme3 (Abcam). Antibodies were conjugated to protein-A or protein-G magnetic
beads (Dynabeads) for 4-6 hours on a rotator at 4°C with 0.5ug/pL BSA (Invitrogen).
Subsequently, the sheared chromatin was added to the beads+antibody and was incubated
on a rotator at 4°C over night. Immunoprecipitated DNA fragments were eluted and de-
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crosslinked in 100 mM NaHCO3, 100 mM NacCl, 1% SDS, and was incubated at 65°C

over night. Following de-crosslinking, DNA was purified with AMPure XP beads (Beckman
Coulter). DNA fragments were quantified by TapeStation 4200 (Agilent) using HSD1000
Tape and Reagent (Agilent) and Qubit (ThermoFisher). 1-10 ng of DNA was used in
preparation of lllumina compatible libraries using SMARTer ThruPLEX DNA-Seq Kit
(Takara) followed by sequencing using NextSeq550 (Illumina) to obtain 20-30 million 37bp,
paired-end reads.

Bioinformatics analysis—For all ChIP-Seq analyses and ATAC-Seq, raw Illumina
sequencer output was converted to FASTQ format using bcl2fastq (v2.20.0.422).

Reads (paired-end 37-mers) were aligned to the human (Gencode GRCh38/hg38)

genome using STAR (v2.7.5a; params --alignintronMax 1 --alignEndsType EndToEnd --
alignMatesGapMax 2000 for ChlPseq analysis), sorted and duplicates marked/removed with
picard pipeline tools (v2.9.4). Final “deduped” .BAM files were indexed using SAMtools
(v1.95). ChIP-seq data visualizations were produced using IGVtools (TDF signal pileups;
v2.3.75) and ngs.plot (pileup heatmaps).

For the initial HA ChIP-Seq analysis MACS2 (v2.1.1) was used to call peaks, with g-value
cut-off of 0.01 and broad peak mode. Peaks that are shorter than 100 bp or are overlapped
with blacklisted regions were filtered out. To compare the genomic distribution of the peaks
of the six replicate HA ChIP samples, we then unified the genome coordinates of the

peaks called in each sample. First, we pooled peaks from the six samples and merged the
overlapped peaks using “bedtools merge -d 0,” which resulted in a unified set of peaks
without overlapping. Next, we compared the peaks from each sample with the unified peak
set, and any peaks showing overlap (=1bp) with the peaks in the unified set were added to
the peak set using the coordinates of the unified peak.

For all other ChIP-Seq analyses and ATAC-Seq, peaks were also called using MACS2. In
the case of ChlP-seq, appropriate input samples were used as controls for peak calling. Gene
body and TSS-associated signals were assessed using sitepro from the CEAS suite, using
annotated gene body genomic intervals and TSS region intervals (—1kb to +3kb for each
proteincoding transcript TSS, using gene orientation). A single representative TSS region
was chosen for each gene, based on the site with the highest average signal in DMSO control
samples. Genes with relevant signal at the TSS (2-fold enrichment over input and > 200
reads within TSS —1kb to +3kb) were kept for further analysis.

For 3h and 24h samples (Figure 3 and Figure S3), treated sample interval counts were
normalized using a ratio of TSS signal values among a set of selected housekeeping

genes (for list of housekeeping genes and calculation of the normalization factor see GEO:
GSE173599). For later timepoints (Figure 6 and Figure S6), reads were normalized using
ratios of total read counts between treated and control sample pairs. For read counts and
calculation of the normalization factor see GEO: GSE173599).

To define MLL.::AF9 targets in MOLM13 cells an N-terminal MLL1 antibody was used,
which detects both wild-type MLL1 as well as MLL::AF9. MLL::AF9 target genes were
defined by overlapping the MLL::AF9 bound genes identified in Figure 2 (listed in Table
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S1) with the MLL1 ChlIP signal in MOLM13 cells (Table S4) — genes that had MLL1 bound
and were defined as an MLL::AF9 target gene in Figure 2 were considered MLL::AF9 target
genes in the MOLM13 cells (Table S4).

For RNAseq, raw Illumina sequencer output was converted to FASTQ format using
bcl2fastq (v2.20.0.422). Reads (paired-end 37-mers) were aligned to the human (Gencode
GRCh38/hg38) or mouse (Gencode M24/mm10) genome using STAR (v2.7.5a), sorted
and duplicates marked/removed with picard pipeline tools (v2.9.4). Final “deduped” .BAM
files were indexed using SAMtools (v1.95). RNA-seq data visualizations were produced
using IGVtools (TDF signal pileups; v2.3.75). Raw per-gene counts were calculated with
HTSeq (htseg-count, v0.6.1pl). Differential RNA-seq expression was calculated using the
BioConductor DESeq2 package (v1.24,0), using raw unnormalized per-gene counts from
deduplicated BAMs.

For SLAMseq, SLAMseq FASTQ files were analyzed using the Slamdunk pipeling,
described in (Neumann et al., 2019). Differential SLAMSseq expression was calculated using
the BioConductor DESeq2 package (v1.24,0), using Slamdunk converted counts.

QUANTIFICATION AND STATISTICAL ANALYSIS

For proliferation assays, dose-response curves and 1C50 values were calculated in a variable
slope model as a four-parameter dose-response curve (GraphPad Software). Gene set
enrichment analysis (GSEA v3.0 software/Broad Institute) was used to identify functional
associations from the described RNA-seq profiles. Significance cut-offs were assessed on
the basis of the GSEA standard recommendations: absolute NES > 1, P < 0.05, Benjamini-
Hochberg FDR < 0.25. Mann Whitney tests (nonparametric t-test, GraphPad Software) were
performed as indicated in the Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Rapid degradation of MLL::AF9 identifies direct MLL::AF9 target genes

MLL::AF9 maintains transcription by supporting productive RNA Pol 11
elongation

MLL::AF9 degradation induces chromatin state changes after decreases in
elongation

Combined DOT1L/MENIN inhibition cooperatively destabilizes MLL::AF9
on chromatin
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Figure 1. Characterization of the human MLL::AF9-FKBP12 system.
A. Western blot of untagged MLL::AF9 or C-terminal MLL::AF9-HA-FKBP12 cells,

treated with dTAG-VHL (500nM) or dTAG-13 (500nM) for the indicated timepoints. HA
levels were assessed by immunoblotting.

B. Western blot of cells treated with DMSO, dNEG-VHL (500nM), and dTAG-VHL
(500nM) for 3 and 24 hours.
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C. Relative expression of ME/SIand HOXA7 upon dNEG-VHL (500nM) and dTAG-VHL
(500nM) treatment for the indicated timepoints. Data are represented as mean + SD of three
independent experiments, measured by Tagman.

D. Cell Proliferation assessed as percent DMSO after 6 days with increasing doses of
dTAG-VHL. Data are represented as mean + SD of three independent experiments.

E. Cell Proliferation assessed as percent DMSO after 6 days with increasing doses of
dTAG-VHL and dNEG-VHL. Data are represented as mean + SD of three independent
experiments.

F. Mean Fluorescence Intensity of differentiation markers (as indicated) after 5 days

of DMSO or dTAG-VHL treatment. Data are represented as mean + SD of triplicates.
Cytospins are shown below, scale bar is 90uM.

G. Annexin V positive, Pl negative cells 5 days after DMSO, dNEG-VHL, and dTAG-
VHL treatment. Data are represented as mean + SD of three independent experiments.
Representative FACs plots are shown below.
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Figure 2. Defining MLL::AF9-directed gene expression and chromatin occupancy in human
MLL::AF9-FKBP12 cells.

A. (Left) Heatmap of genes with 25% or greater reduction of expression after 3 hours

of treatment with either DMSO or dTAG-VHL (500nM, Table S1). (Right) Heatmap of
differentially expressed genes (Fold Change > 2, p<0.05, Table S1) after 24 hours of DMSO
or dTAG-VHL (500nM) treatment.

B. Genome wide rank-ordered heat map of HA (MLL::AF9) ChIP signal across the
promoter (TSS - 3kB/+3kB), 3 and 24 hours following dTAG-VHL (500nM) treatment.

C. Peak number and genomic distribution of HA peaks from six independent HA ChlP-Seq
experiments.

D. MLL::AF9 loading at promoters (TSS -1kB/+3kB). HA (MLL::AF9) ChIP-seq reads at
each promoter are plotted against their rank among all HA-occupied regions. Black depicts
highly bound loci, defined as MLL::AF9 target genes (Table S1).

E. Boxplots of DMSO-normalized Log2 fold change RNA-Seq values after dTAG-VHL
(500nM) treatment of ‘highly sensitive genes’ (Table S1), identified in 2A, all other
MLL::AF9 target genes (Table S1) identified in 2D, and non MLL::AF9 bound genes.
Numbers in parentheses denote the number of genes in each group.
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Figure 3. MLL::AF9 degradation induces transcriptional changes within minutes via increased
RNA Polymerase Il pausing in human MLL::AF9-FKBP12 cells.

A. Western blot upon dTAG-VHL (500nM) treatment at the indicated timepoints. HA levels
were assessed by immunoblotting.

B. ChIP-gPCR of HA (MLL::AF9) at the indicated genes plotted as percent Input following
dTAG-VHL (500nM) treatment for the indicated timepoints. Data are represented as mean +
SD of experimental triplicates.

C. Relative expression of ME/SIand HOXA9upon dTAG-VHL (500nM) treatment for the
indicated timepoints, normalized to DMSO. Exon/Exon or Exon/Intron primers were used as

Mol Cell. Author manuscript; available in PMC 2023 March 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Olsen et al.

Page 32

indicated. Data are represented as mean + SD of three independent experiments, measured
by SYBR green.

D. Volcano plots of differentially transcribed genes following 15, 30, 60, and 120 minutes of
dTAG-VHL (500nM) treatment as measured by SLAM-Seq (Table S2).

E. Volcano plots of differentially transcribed genes following 15, 30, and 180 minutes of
dTAG-VHL (500nM) treatment as measured by PRO-Seq (Table S2).

F. Venn diagrams depicting the overlap of genes exhibiting decreased transcription upon
dTAG-VHL (500nM) treatment by RNA-seq (red, shown in Figure 2A, Table S1), SLAM-
Seq (green, Log2 FC>1, p<0.05 at any of the four timepoints shown in Figure 3D, Table S2),
and PRO-Seq (blue, FC>1.5, p<0.0001 at any of the three timepoints shown in Figure 3E,
Table S2).

G. Boxplots of DMSO-normalized fold change in pausing index (see Figure S3E) after
dTAG-VHL (500nM) treatment at the indicated timepoints.

H. Metagene plots of PRO-seq read density after - TAG-VHL (500nM) treatment.
nsp>0.5 *p<0.5;*p<0.05 ** p<0.01; *** p<0.001; **** p <0.001 (Mann Whitney
test)
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Figure 4. Chromatin occupancy changes upon MLL::AF9 degradation in human MLL::AF9-
FKBP12 cells.

A. ChlIP-gPCR of (left) DOTLL, (middle) MENIN, (right) H3K27ac at the indicated

genes plotted as percent Input following dTAG-VHL (500nM) treatment for the indicated
timepoints. Data are represented as mean + SD of experimental triplicates.

B. (Top) Boxplots of fold change oftotal reads for MENIN, DOT1L, H3K79me2, H3K27ac,
ATAC-Seq, RNA Pol Il, RNA Pol Il S2P, AFF4, CDK®9, and RNA Pol Il S5P at promoters
(TSS -1kB/+3kB, marked as TSS) or gene bodies as indicated, 3 hours upon dTAG-VHL
(500nM) treatment, unless otherwise indicated. (Bottom) Gene tracks of ChlP-seq signal
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at the indicated genes, 3 hours upon dTAG-VHL (500nM) treatment, unless otherwise
indicated. The gene tracks were normalized to coverage data (total read counts) using IGV.
nsp > 0.5; * p<0.05; ** p <0.01; *** p < 0.001; **** p < 0.001 (Mann Whitney test)
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Figure 5. Combination of DOT1L and MENIN inhibition induces more rapid MLL::AF9
chromatin loss and gene expression changes compared to single agent treatment.

A. Model of the MLL::AF9 multi-protein complex and where EPZ-5676 and VTP-50469
target complex members.

B. ChIP-gPCR of HA (MLL::AF9) at the indicated genes plotted as percent Input following
EPZ-5676 (250nM) + VTP-50469 (100nM) treatment for the indicated timepoints. Data are
represented as mean + SD of experimental triplicates in the human MLL::AF9-FKBP12
system, measured by SYBR green.
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C. Relative expression of ME/S1and HOXA9upon EPZ-5676 (250nM) + VTP-50469
(100nM) treatment for the indicated timepoints, normalized to DMSO. Data are represented
as mean + SD of experimental triplicates in the human MLL::AF9-FKBP12 system,
measured by SYBR green.

D. ChIP-gPCR of (left) HA (MLL::AF9) and (right) H3K27ac at the indicated genes

plotted as percent Input following DMSO, EPZ-5676 (250nM), VTP-50469 (100nM), or
the combination of EPZ-5676 (250nM) + VTP-50469 (100nM) treatment for 24 hours. Data
are represented as mean + SD of experimental triplicates in the human MLL::AF9-FKBP12
system, measured by SYBR green.

E. Relative expression of ME/SIand HOXA9upon DMSO, EPZ-5676 (250nM),
VTP-50469 (100nM), or the combination of EPZ-5676 (250nM) + VTP-50469 (100nM)
treatment for 24 hours, normalized to DMSO. Data are represented as mean + SD of
experimental triplicates in the human MLL::AF9-FKBP12 system, measured by SYBR
green.

F. Relative expression of ME/SIand HOXA7in MLL::AF9-HA-FKBP12 human cells,
normalized to DMSO. Data are represented as mean + SD of three independent experiments,
measured by Tagman.

G. Relative expression of Meis1and HoxA9in MLL::AF9-HA-FKBP12 murine cells,
normalized to DMSO treatment. Data are represented as mean + SD of three independent
experiments, measured by Tagman.

H. Relative expression of ME/SIand HOXA7in MOLM13 cells, normalized to DMSO
treatment. Data are represented as mean + SD of three independent experiments, measured
by Tagman.

I. Venn diagrams of RNA-Seq from human MLL::AF9-FKBP12 cells depicting the overlap
of genes with increased or decreased transcription (FC>2, p<0.05, Table S3) following
treatment with EPZ-5676 (250nM, green), VTP-50469 (100nM, blue), EPZ-5676 (250nM) +
VTP-50469 (100nM, orange) or dTAG-VHL (500nM, red) at the indicated timepoints.
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Figure 6. Combination of DOT1L and MENIN inhibition displaces MLL::AF9 from chromatin
globally in human MLL::AF9-FKBP12 cells.

A. Genome wide rank-ordered heat map of HA (MLL::AF9) ChlIP signal across the
promoter (TSS -3kB/+3kB), 4 days following DMSO, dTAG-VHL (500nM), EPZ-5676
(250nM), VTP-50469 (100nM) and EPZ-5676 (250nM) + VTP-50469 (100nM) treatment.
B. Gene tracks of HA (MLL::AF9) ChlP-seq signal at representative genes following 4
days of DMSO (black), EPZ-5676 (250nM), VTP-50469 (100nM), EPZ-5676 (250nM) +
VTP-50469 (100nM) or dTAG-VHL (500nM) treatment. Gene tracks were normalized to
coverage data (total read counts) using IGV.
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C. Heatmap of genes 5 days upon treatment with DMSQO, EPZ-5676 (250nM), VTP-50469
(100nM), or the combination EPZ-5676 (250nM) + VTP-50469 (100nM).

D. 4 days of treatment with EPZ-5676 (250nM), VTP-50469 (100nM), EPZ-5676

(250nM) + VTP-50469 (100nM), or dTAG-VHL (500nM). (Left) Average/meta plot of

HA (MLL::AF9) ChIP reads across the promoter (TSS -3kB/+3kB) of MLL::AF9 target
genes (Table S1). (Right) Boxplot of fold change in ChiP-seq reads for HA (MLL::AF9) at
MLL::AF9 target genes (Table S1) around the TSS (TSS -1kB/+3kB).

E. Fold change of HA (MLL::AF9) total reads at promoters (TSS -1kB/+3kB) of MLL::AF9
target genes (Table S1) 4 days upon EPZ-5676 (250nM) and VTP-50469 (100nM) treatment,
relative to DMSO (Table S4).

F. Log2 fold change of gene expression of MLL::AF9 target genes (Table S1) induced

by EPZ-5676 (250nM) or VTP-50469 (100nM), relative to DMSO 5 days upon treatment
(Table S4).

G. Boxplots of DMSO-normalized Log?2 fold change RNA-Seq values of MLL::AF9 target
genes.

H. Model of how DOT1L and MENIN inhibition cooperate to induce cellular changes.
Created with BioRender.com

nsp > 0.5; * p <0.05; ** p <0.01; *** p < 0.001; **** p < 0.001 (Mann Whitney test)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-HA, rabbit Cell Signaling Technology Cat# 3724 (C29F4)
anti-cleaved PARP (Asp214), rabbit Cell Signaling Technology Cat# 5625 (D64E10)
anti-PARP, rabbit Cell Signaling Technology Cat# 9542
anti-GAPDH, mouse Cell Signaling Technology Cat# 97166 (D4C6R)

anti-Vinculin, rabbit

Cell Signaling Technology

Cat# 13901 (E1E9V)

anti-KMT2A/MLL1, rabbit Bethyl Cat# A300-086A
anti-MLL/HRX, rabbit Active Motif Cat# 61296
anti-MENIN, rabbit Bethyl Cat# A300-105A

anti-DOTLL, rabbit

Cell Signaling Technology

Cat# 77087 (D1WA4Z)

anti-H3K79me2, rabbit Cell Signaling Technology Cat# 5427 (D15E8)
anti-H3K27ac, rabbit Diagenode Cat# C15410196
anti-H3K9ac, rabbit Abcam Cat# ab4441
anti-H3K4me3, rabbit Abcam Cat# ab8580
anti-RNA Pol Il (Rpb1 CTD), mouse Cell Signaling Technology Cat# 2629 (4H8)
anti-RNA Pol 11 pSer2 (Anti-RNA polymerase Il CTD repeat

YSPTSPS (phospho S2)), rabbit Abcam Cat# ab5095
anti-RNA Pol 11 pSer5 (Anti-RNA polymerase 11 CTD repeat

YSPTSPS (phospho S5)), rabbit Abcam Cat# ab5131
anti-AFF4/MCEF Bethyl Cat# A302-538A

anti-CDK9, mouse

Santa Cruz Biotechnology

Cat# SC-13130

anti-human CD11b, APC-conjugated BioLegend Cat# 301309 (ICRF44)
anti-human CD13, PerCP/Cy5.5-conjugated BioLegend Cat# 301714 (WM15)
anti-human CD14, PE/Cy7-conjugated BioLegend Cat# 301814 (M5E2)
anti-mouse sca-1, PE/Cy7 Invitrogen Cat# 25-5981-82 (D7)
anti-mouse CD117 (c-Kit), Alexa Fluor® 647 BioLegend Cat# 105818 (2B8)

Rabbit 1gG, HRP-linked Cytiva Cat# NA934V

anti-rabbit, Alexa Fluor®647-Conjugate Cell Signaling Technology Cat# 4414

Chemicals, peptides, and recombinant proteins

Bovine Serum Albumin Sigma Aldrich Cat# A7906

UltraPure BSA (50 mg/mL) Invitrogen Cat# AM2616

EPZ-5676 Selleckchem Cat# S7062

VTP-50469 Syndax provided by Syndax Pharmaceuticals
dTAG-13 provided by Nathanael Gray lab | provided by Nathanael Gray lab
dNEG-13 provided by Nathanael Gray lab | provided by Nathanael Gray lab
dTAG-VHL provided by Nathanael Gray lab | provided by Nathanael Gray lab
dNEG-VHL provided by Nathanael Gray lab | provided by Nathanael Gray lab
Z-VAD-FMK Selleckchem Cat# 7023
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REAGENT or RESOURCE SOURCE IDENTIFIER
DSG (disuccinimidyl glutarate) Thermo Fisher Scientific Cat# 20593
Pierce 16% Formaldehyde (w/v), Methanol-free Thermo Fisher Scientific Cat# 28906
Dimethyl sulfoxide (DMSO) Sigma Aldrich Cat# D2650
Biotin-11-ATP PerkinElmer NEL544001EA
Biotin-11-CTP PerkinElmer NEL542001EA
Biotin-11-GTP PerkinElmer NEL545001EA
Biotin-11-UTP PerkinElmer NEL543001EA
Critical commercial assays

Amicon Ultra-15 Millipore Cat# UFC910024
X-tremeGene 9 DNA Transfection Reagent Millipore Cat #06365809001
Polybrene Transfection Reagent Millipore Cat# TR-1003-G
RetroNectin GMP grade Takara Cat# T202

Cell Dissociation Buffer Enzyme-Free Gibco Cat# 13151-014
EasySep Mouse Neutrophil Enrichment Kit StemCell Technologies Cat# 19762
EasySep Mouse Hematopoietic Progenitor Cell Isolation Kit StemCell Technologies Cat# 19856
StemSpan SFEM StemCell Technologies Cat# 09600
Mouse Recombinant SCF StemCell Technologies Cat# 78064
Mouse Recombinant FIt3/Flk-2 Ligand StemCell Technologies Cat# 78011
Mouse Recombinant TPO StemCell Technologies Cat# 78072
Mouse Recombinant IL-3 StemCell Technologies Cat# 78042
Mouse Recombinant IL-6 StemCell Technologies Cat# 78052
Human Recombinant SCF StemCell Technologies Cat# 78062
Human Recombinant FIt3/FIk-2 Ligand StemCell Technologies Cat# 78009
Human Recombinant TPO StemCell Technologies Cat# 78210
Human Recombinant IL-3, ACF StemCell Technologies Cat# 78146
Human Recombinant IL-6 StemCell Technologies Cat# 78050

BD Pharm Lyse Buffer BD Biosciences Cat# 555899
EasySep Human Cord Blood CD34 Positive Selection Kit 11 StemCell Technologies Cat# 17896
Lymphoprep StemCell Technologies Cat# 07801
SepMate-50 (1VD) StemCell Technologies Cat# 85450

DAPI

Santa Cruz Biotechnology

Cat# 28718-90-3

JorVet DipQuick Stain

Jorgensen Laboratories, Inc.

Cat# J-322

Annexin V Apoptosis Detection Kit APC eBioscience Cat# 88-8007-74
BD Cytofix/Cytoperm BD Biosciences Cat# 554722
BD Perm/Wash BD Biosciences Cat# 554723
BD Permeabilization Buffer Plus BD Biosciences Cat# 561651

NUPAGE LDS Sample Buffer (4X) Invitrogen Cat# NP0007
Precision Plus Dual Color Standards BioRad Cat #12620S
SuperSignal West Femto Maximum Sensitivity Substrate Thermo Fisher Scientific Cat# 34095
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy Mini RNA Extraction Kit Qiagen Cat# 74106
RNase-Free DNase Qiagen Cat# 79254
SuperScript™ First-Strand Synthesis System Invitrogen Cat# 11904018
TagMan Gene Expression Master Mix Applied Biosystems Cat# 4369542
Power SYBR Green PCR Master Mix Applied Biosystems Cat# 4367659
Glycogen, ultrapure Thermo Fisher Scientific Cat# 10814010

mRNA decapping enzyme (MDE)

New England Biolabs

Cat# M0608S

NEBNext Ultra Il Q5 Master mix

New England Biolabs

Cat# M0544L

Q5 DNA polymerase (using included high GC enhancer)

New England Biolabs

Cat# M0491L

SUPERase-In RNase inhibitor Thermo Fisher Scientific Cat# AM2696
SuperScript IV Reverse Transcriptase Thermo Fisher Scientific Cat# 18090200
SYBR Gold nucleic acid stain Thermo Fisher Scientific Cat# S11494

T4 Polynucleotide kinase

New England Biolabs

Cat# M0201L

T4 RNA Ligase 1 (High Conc.)

New England Biolabs

Cat# M0204L

T4 RNA Ligase 2, truncated KQ

New England Biolabs

Cat# M0373L

Trizol Reagent

Thermo Fisher Scientific

Cat# 15596026

Pronex Size-Selective Purification System Promega Cat# NG2001
Total RNA purification kit Norgen Biotek Corp Cat# 17250
Dynabeads MyOne Streptavidin C1 beads Thermo Fisher Scientific Cat# 65002
NEB 5" DNA adenylation kit New England Biolabs Cat# E2610S
NEBNext Library Quant Kit for lllumina New England Biolabs Cat# E7630L
NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat# E7490
NEBNext Ultra Il RNA Library Prep Kit for lllumina New England Biolabs Cat# E7530
SLAMseq Kinetics Kit - Anabolic Kinetics Module Lexogen Cat# 061.24
RNeasy Plus Mini RNA Extraction Kit Qiagen Cat# 74134
QIlAshredder Qiagen Cat# 79654
MinElute PCR Purification Kit Qiagen Cat# 28004
Tagment DNA TDE1 Enzyme and Buffer Kits Hlumina Cat # 20034197 M0541L

NEBNext High-Fidelity 2X PCR Master Mix

New England Biolabs

Cat # M0541L

QuantSeq 3" mRNA-Seq Library Prep Kit FWD for lllumina Lexogen Cat# 015.96
Ampure XP Beckman Coulter Cat# A63880
NEBNext Ultra I DNA Library Prep Kit for [llumina New England Biolabs Cat# E7645S
ThruPlex DNA-seq Kit Takara Cat# R400675
Dynabeads Protein A for Immunoprecipitation Thermo Fisher Scientific Cat #10001D
Dynabeads Protein G for Immunoprecipitation Thermo Fisher Scientific Cat #10003D
Qubit dsDNA HS Assay Kit Invitrogen Cat #Q32851
D5000 Reagents Agilent Cat# 5067-5589
D5000 Screen Tape Agilent Cat# 5067-5588
High Sensitivity D5000 Reagents Agilent Cat# 5067-5593
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REAGENT or RESOURCE SOURCE IDENTIFIER

High Sensitivity D5000 ScreenTape Agilent Cat# 5067-5592

High Sensitivity D1000 Reagents Agilent Cat# 5067-5585

High Sensitivity D1000 ScreenTape Agilent Cat# 5067-5584

NextSeq 500 High Output v2 Hlumina Cat #FC-404-2005

Deposited data

Mendeley Dataset DOl URL This paper doi: 10.17632/n55f7xfx79.1

GEO Superseries This paper GSE173600

Raw and analyzed RNA-Seq Data This paper GSE173574

Raw and analyzed ChIP-Seq Data This paper GSE173599

Raw and analyzed ATAC-Seq Data This paper GSE189098

Raw and analyzed SLAM-Seq Data This paper GSE173571

Raw and analyzed PRO-Seq Data This paper GSE189105

Bernt MLL::AF9 Targets Berntet al., 2011 GSE29130

Guenther MLL-AF4 targets Guenther et al., 2008 GSE13313

Stavropoulou MLL::AF9 Removal Stavropoulou et al., 2016 GSE65384

LSK Gene Set Uckelmann et al., 2020 GSE129638

Experimental models: Cell lines

HL-60 ATCC CCL-240

MOLM13 DSMZ ACC 554

293T ATCC CRL-3216

murine MLL::AF9 leukemia This paper MLL::AF9 #1, MLL::AF9 #2
MLL::AF9-HA-FKBP12 #1,

murine MLL::AF9-HA-FKBP12 leukemia This paper MLL::AF9-HA-FKBP12 #2

hCD34+ MLL::AF9 leukemia This paper MLL::AF9 #1, MLL::AF9 #2
MLL::AF9-HA-FKBP12 #1,

hCD34+ MLL::AF9-HA-FKBP12 leukemia This paper MLL::AF9-HA-FKBP12 #2

Drosophila melanogaster S2 cells

Nascent Transcriptomics Core
at Harvard Medical School

Drosophila melanogaster S2 cells for
spike-in controls

Experimental models: Organisms/strains

C57BL/6NCrl

Charles River Laboratories

C57BL/6

Oligonucleotides

3’ adapter

IDT

/5Phos/
rGrArUrCrGrUrCrGrGrArCrurGruU
rArGrArArCrUrCrUrGrArArC/
3lnvdT/

5’ adapter

IDT

rCrCrUrUrGrGrCrArCrCrCrGrArGr
ArArUrUrCrCrA

Illumina TruSeq small RNA indexing PCR primers

IDT

CAAGCAGAAGACGGCATACGA
GATxxxxxXGTGACTGGAGTTCC
TTGGCACCCGAGAATTCCA

(where Xs indicate index sequences)

RT and PCR primer

IDT

AATGATACGGCGACCACCGAG
ATCTACACGTTCAGAGTTCTAC
AGTCCGA

Recombinant DNA

Mol Cell. Author manuscript; available in PMC 2023 March 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Olsen et al.

Page 43

REAGENT or RESOURCE

SOURCE

IDENTIFIER

pMSCV-MLL::AF9-IRES-GFP

Armstrong Lab

MLL::AF9 #1, MLL::AF9 #2

pMSCV-HA-FKBP12-MLL::AF9-IRES-GFP This paper HA-FKBP12-MLL::AF9
MLL::AF9-HA-FKBP12 #1,
pMSCV-MLL::AF9-HA-FKBP12-IRES-GFP This paper MLL::AF9-HA-FKBP12 #2
puMVvC Addgene Plasmid #8449
pCMV-VSV-G Addgene Plasmid #8454
pCL-Eco Addgene Plasmid #12371
Software and algorithms
https://support.illumina.com/
sequencing/sequencing_software/
bcl2fastq Conversion Software, v2.20.0.422 Ilumina, Inc. bel2fastqconversion-software.html

Bowtie2, v2.3.4.3

Langmead and Salzberg, 2012

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

STAR, v2.7.5a Dobin et al., 2013 https://github.com/alexdobin/STAR
CEAS sitepro Shin et al., 2009 https://liulab-dfci.github.io/software/
bedtools v2.28.0 Quinlan and Hall, 2010 https://github.com/arg5x/bedtools2

https://github.com/shenlab-sinai/
ngs.plot Shenetal., 2014 ngsplot

Slamdunk SLAMseq pipeline

Neumann et al., 2019

https://t-neumann.github.io/
slamdunk/

Homo sapiens GRCh38/hg38 reference source

Broad Institute CTAT
GRCh38_gencode_v33_CTAT_
lib_Apr062020

https://data.broadinstitute.org/
Trinity/CTAT_RESOURCE_LIB/

Mus musculus M24/mm10 reference source

Broad Institute CTAT
Mouse_gencode_M24_CTAT_I
ib_Apr062020

https://data.broadinstitute.org/
Trinity/CTAT_RESOURCE_LIB/

IGVtools, 2.3.75

Robinson et al., 2011, 2017;
Thorvaldsdottir et al., 2013

https://software.broadinstitute.org/
software/igv/igvtools

Samtools, v1.95

Li et al., 2009

http://www.htslib.org/

HTSeq, htseg-count, v0.11.2

Anders et al., 2015

https://htseq.readthedocs.io/en/
release_0.11.1/

Picard tools, v2.9.4

Broad Institute

https://broadinstitute.github.io/
picard/

GSEA, v.3.160

Subramanian et al., 2005

http://software.broadinstitute.org/
gsea/index.jsp

R Bioconductor DESeq2 package v1.24.0

Love et al., 2014

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

MACS2 v2.1.4

Zhang et al., 2008

https://github.com/macs3-project/
MACS

bedgraphs2stdBedGraph

Nascent Transcriptomics Core
at Harvard Medical School

https://github.com/AdelmanLab/
NIH_scripts/tree/main/
bedgraphs2stdBedGraph

http://bowtie-bio.sourceforge.net/

Bowtie 1.2.2 Langmead et al., 2009 index.shtml
https://github.com/AdelmanLab/
Nascent Transcriptomics Core NIH_scripts/tree/main/
bowtie2stdbedgraph at Harvard Medical School bowtie2stdbedgraph

Cutadapt 1.14

Martin, 2011

https://cutadapt.readthedocs.io/en/
stable/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

GetGeneAnnotation_GGA

Nascent Transcriptomics Core
at Harvard Medical School

https://github.com/AdelmanLab/
GetGeneAnnotation_GGA

make_heatmap

Nascent Transcriptomics Core
at Harvard Medical School

https://github.com/AdelmanLab/
NIH_scripts/tree/main/
make_heatmap

samtools 1.3.1

Danecek et al., 2021

https://www.htslib.org/

trim_and_filter_PE

Nascent Transcriptomics Core
at Harvard Medical School

https://github.com/AdelmanLab/
NIH_scripts/tree/main/
trim_and_filter_PE

TSScall

Lavender et al., 2017

https://github.com/lavenderca/
TSScall
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