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SUMMARY

MLL/KMTZA amplifications and translocations are prevalent in infant, adult and therapy-induced
leukemia. However, the molecular contributor(s) to these alterations are unclear. Here we
demonstrate that histone H3 lysine 9 mono- and di-methylation (H3K9me1/2) balance at

the MLL/KMTZ2A locus regulates these amplifications and rearrangements. This balance is
controlled by the cross-talk between lysine demethylase KDM3B and methyltransferase G9a/
EHMT2. KDM3B depletion increases H3K9me1/2 levels and reduces CTCF occupancy at

the MLL/KMTZA locus, and in turn, promotes amplification and rearrangements. Depleting
CTCF is also sufficient to generate these focal alterations. Furthermore, the chemotherapy
Doxorubicin (Dox), which associates with therapy-induced leukemia and promotes MLL/KMTZ2A
amplifications and rearrangements, suppresses KDM3B and CTCF protein levels. KDM3B and
CTCEF overexpression rescues Dox-induced MLL/KMTZ2A alterations. G9a inhibition in human
cells or mice also suppresses MLL/KMTZ2A events accompanying Dox treatment. Therefore,
MLL/KMTZA amplifications and rearrangements are controlled by epigenetic regulators that are
tractable drug targets, which has clinical implications.

Graphical Abstract
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An imbalance in histone modifications contributes to both transient amplifications and integrated
rearrangements and amplifications observed in leukemia, which can be induced by a commonly
used chemotherapy but prevented by chemical intervention.

Introduction

Genomic instability is a hallmark of cancer.1:2 Cancer is often associated with copy
number changes (ée.g., gains/losses of chromosome arms and/or whole chromosomes,
amplification/deletion of genomic regions) and structural rearrangements.3 These events
can be genetically stable; however, focal DNA copy gains can also be extrachromosomal,
transiently appearing and disappearing based on their environment.3-> A key question
remains as to whether the appearance of low- or high-copy extrachromosomal DNA
(ecDNA) gains are associated with or precede the integration events that result in genomic
rearrangements, and subsequently genetic heterogeneity.

Recent discoveries demonstrated that epigenetic regulators control transient site-specific
extrachromosomal copy gains (TSSGs) of regions impacting therapeutic response and

drug resistance.3:6-10 For example, the histone 3 lysine 9/36 (H3K9/36) tri-demethylase
KDMA4A enzyme was shown to promote selective extrachromosomal TSSGs.” Subsequently,
a collection of methyl-lysine modifying enzymes were shown to regulate these TSSGs.910

Cell. Author manuscript; available in PMC 2024 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

Page 4

These studies suggest additional chromatin modulators could be involved in fine-tuning
local and global chromatin states and regulating unknown TSSGs.

Acute myeloid leukemia (AML) and myelodysplasia (MDS) are characterized by genomic
amplifications and translocations of the 11923 region, including MLL/KMTZA and other
target genes.11-18 AJL L /KMTZ2A rearrangements are observed in greater than 70 percent
of infant leukemias, 1920 as well as adult primary and therapy-related leukemias.21-26
KMTZ2A rearrangements result in the fusion of the gene to more than 100 partner genes
leading to protein chimeras?® and a number of noncoding regions throughout the genome. 26
Therapy-related acute myeloid leukemia (t-AML) is a clinical syndrome occurring long
after chemotherapy treatment with agents such topoisomerase 11 (topo I1) inhibitors.27-29
Approximately 10% of all AML cases arise after a patient's exposure to therapy for a
primary malignancy,2” and t-AML patients have a significantly worse outcome than those
who develop AML de novo.2729:30 To date, there is a clinically unmet need regarding the
mechanistic understanding of how chemotherapy promotes DNA rearrangements.

The H3K9me1/2 lysine demethylase KDM3B, originally named 5gNCA, resides in the
frequently deleted region of 5931 associated with loss of heterozygosity (LOH).31-33 AL/
KMTZ2A copy gains often occur with 5q LOH.343%> KDM3B has been implicated as a
myeloid leukemia tumor suppressor through oncogene regulation and contributes to genome
stability; however, a full appreciation for the role KDM3B plays in genome regulation

is understudied.31:36-39 We previously reported that loss of a region on chromosome 19,
containing microRNA mir-23 promoted TSSGs through KDMA4A stabilization.® These
observations prompted us to assess whether reduced KDM3B directly promotes the MLL/
KMTZA copy gains and associated genomic insertions.

Consistent with these observations,3*35 we demonstrate with DNA Fluorescent In Situ
Hybridization (FISH) that KDM3B depletion or chemical inhibition promotes transient
and integrated site-specific MLL/KMTZA copy gains and rearrangements. These events
are directly antagonized by depletion/inhibition of a H3K9me1/2 lysine methyltransferase
(KMT) G9a/EHMT?2. This axis controls H3K9me1/2 at KMTZA, especially in the

region most frequently associated with genomic break aparts and rearrangements. We
further demonstrate that a KDM3B-G9a balance controls CTCF occupancy in the H3K9
methylation enriched region, and in turn, the ability of the KMT2A/MLL locus to
undergo site-specific copy gains and genomic rearrangement. We then establish that the
chemotherapeutic agent Doxorubicin (Dox) reduces KDM3B and CTCF protein levels,
and as a consequence, promotes KMTZ2A copy gains and rearrangements. KDM3B
overexpression rescues Dox-induced KMTZA changes. Furthermore, knockdown or
chemical inhibition of G9a rescues MLL/KMTZ2A alterations in Dox-treated cells and
mice. Collectively, these data highlight a critical role for H3K9me1/2 balance through
KDM3B/G9a in regulating selective amplification and rearrangement of KMT2A. This
discovery has major clinical implications in understanding the genesis of extrachromosomal
amplifications and associated chromosomal rearrangements, and sheds light on how to
therapeutically control the emergence of treatment-induced KMT2A amplifications and
rearrangements in cancer.
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Loss of KDM3B causes site-specific copy gains of MLL/KMT2A locus.

KDM3B is a H3K9me1/2 demethylase located in the 5g31.1 region, associated with
KMT2A amplification and rearrangements.31:35:37:40 To confirm this relationship, TCGA
Acute Myeloid Leukemia (LAML) samples containing >50% KDM3B loss were assessed
for KMTZ2A copy number. Most samples with >50% KDM3B loss have KMTZA gains,
with some showing >50% copy gain (p = 6.45e-07; Figure 1A, green dots). Furthermore,
DNA FISH for KDM3B and KMTZA on leukemic cell lines with KDM3B LOH (KGla
and HL60) had cells within the population with an increased KMTZ2A baseline copy number
(Figure 1B-C).

We then tested whether depletion of KDM3B and/or other KDM3 family members
generate KMTZA copy gains and genomic structural changes. Specifically, immortalized
retinal pigment epithelial cells (RPEs) were siRNA depleted for each KDM3 family
member.”-1041 These cells are ideal for assessing DNA amplification and rearrangement
mechanisms because they have a stable genome, do not harbor cancer mutations and are
near diploid.”-10:41-45 Each independent set of siRNAs was validated and assessed for major
cell cycle defects by flow cytometry analysis before being assayed by DNA FISH (Figure
S1A-C). A DNA FISH probe against the KMT2A gene (Figure 1C; noted in orange) and a
centromeric region at chromosome 11 (Z1C) were used to evaluate site-specific DNA copy
gains. Copy number gain evaluation for each FISH probe was measured in percentages as
previously described.’-10:46

While KDM3 family members have comparable H3K9me1/2 activity /n vitro (Figure S1D-
F), only KDM3B siRNA depletion caused a significant increase in KMTZ2A copy gains
with no significant changes to the ZZC control region (Figure 1D-E). We then assessed the
site-specific impact of KDM3B depletion on KMTZA by leveraging a clinically relevant
two color DNA FISH probe that covers KMTZA (green: 5’-end of KMT2A and red: 3’-end
of KMTZ2A) and an adjacent and partially overlapping FISH probe (called CD3) (Figure
1C). The dual KMTZ2A FISH probes allow both locus rearrangement (referred to as break
apart, BA) and DNA copy gains to be identified. KDM3B knockdown caused a significant
increase in KMTZ2A gains (black bars) and break apart (BA; purple bars) events (Figure
1F-G). The amplifications did not have N-terminal (green) or C-terminal (red) bias for the
KMTZA gene, including the whole gene (both probes- pseudo-colored yellow)(Figure 1F).
The adjacent FISH probe CD3 (Figure 1C; grey) did not change upon KDM3B depletion
(Figure 1H), emphasizing the site-specific control of KDM3B depletion.

We then explored the specificity of KDM3B siRNA-mediated depletion in generating
leukemia-associated amplifications and/or rearrangements by conducting FISH for a panel
of leukemia-associated amplified and/or rearranged genes (e.g., ENL/MLLT1, AF9/MLLT3;
Figure S1G-O). Most regions did not change in their basal DNA copy number, with the
exception of TCF3/E2A and AFF3/LAF4 (Figure SIM-O). We also observed KMTZ2A site-
specific copy gains and rearrangements in the U937 leukemia cell line?748 with KDM3B
depletion, but not 7CF3/E2A or AFF3/LAF4 (Figure 11-K and S1P-R). These data suggest
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that unlike the KMTZA locus, these other regions are not consistently regulated by KDM3B
across cell lines.

KDM3B depletion alters H3K9me1/2 across the KMT2A genomic locus

KDM3B is an H3K9me1/2 demethylase (Figure S1D-F).38:49 Therefore, we performed
chromatin immunoprecipitation (ChlP) sequencing for H3K9me1/2/3 methylation marks
in control and KDM3B siRNA transfected RPE cells (Figure S1S). KDM3B depletion
produced genome-wide H3K9mel changes that were preferentially skewed towards an
increase of these marks (points above the upper red line: >1.5-fold increase)(Figure S1T).
The magnitude of H3K9mel increase across the middle of the KMT2A gene (red points)
was one of the strongest events across the genome (Figure S1T). The list of all 10 Kb
genomic bins with increased H3K9mel and their nearest associated genes can be found in
Table S1. A similar genome-wide increase of H3K9me2 was observed (Figure S1U).

Both H3K9me1/2 increased upon KDM3B depletion across the KMT2A gene body,
particularly H3K9mel within the 8.3kb breakpoint cluster region (BCR) spanning exons
8-14, which is enriched for KMT2A rearrangements (Figure 1L-M and S1S-U).%0 In control
cells, H3K9mel at BCR was lower than the adjacent regions (Figure 1L-M). KDM3B
knockdown led to a strong increase of H3K9me1l uniformly across the BCR (Figure

1L). H3K9me2 increased on the flank to the BCR (Figure 1L-M). We also observed

altered H3K9me1/2 at other amplified and rearranged targets 7CF3and AFF3regulated by
KDM3B (Figure S1T-W). Consistent with a direct effect of KDM3B, analysis of published
KDM3B ChlP-seq data®! demonstrated that KDM3B binds across KMT2A, with a strong
peak within the BCR that was lost upon shRNA-mediated KDM3B depletion (Figure 1L).
KDMS3B also binds across 7CF3and AFF3 (Figure S1V-W). Collectively, our data establish
that KDM3B depletion alters H3K9me1/2 methylation landscape of KMTZ2A, especially
H3K9mel at the BCR region, and contributes to KMTZA copy gains and break apart events.

Inhibition or depletion of KDM3B causes inherited KMT2A copy gains and genomic

alterations

Using a KDM3 family inhibitor (JDI-12, referred to as KDM3i),52 we suppressed KDM3B
enzymatic activity /n vitro (Figure S2A) and noted a modest suppression of growth at

1uM with no impact at 25nM in RPE cells (Figure S2B). These doses were sufficient

to promote significant KMTZA DNA copy gains and genomic rearrangements without
altering KDM3B protein levels (Figure 2A and S2C-D). Furthermore, KDM3B inhibition
significantly increased KMTZA copy gains and genomic rearrangements in a panel of
primary and cancer cell lines (KG1a cells, a primary AML derived cell line, a primary AML
organoid model, and primary Hematopoietic Stem and Progenitor Cells (HSPCs); Figure
2B-E).

KMT2A amplifications occur as both extrachromosomal and integrated events.3%:53 By
adding and removing KDM3i, the transient or permanent behavior of the KMT2A copy
gains and genomic alterations was assessed. KMT2A DNA copy gains and break apart
events occur 12 hours after KDM3i treatment (Figure 2F, KDM3i 12hrs), but are not
observed upon KDM3i removal (Figure 2F, KDM3i 12hrs washout). The total cell
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number was not reduced under these conditions (Figure S2E). These data suggest that
KDMS3B inhibition promotes transient KM72A amplifications (TSSGs) and altered genomic
rearrangement in a short timeframe, which raises the question if longer KDM3i treatment
could result in inherited DNA amplifications through insertion/rearrangement. Therefore, we
treated cells for 72 hours (approximately 3 cell divisions), then passaged into fresh media
(wash-off) for additional passages, which ensured that no active drug was present before
assessing KMTZ2A alterations (Figure 3A). The longer suppression resulted in both KMT2A
copy gains and genomic rearrangements being inherited (Figure 3B), which was confirmed
with DNA FISH on mitotic chromosomes (Figure 3C-D).

Upon transient siRNA depletion, KDM3B protein levels return to baseline levels by the
third passage (P3) (Figure 3E). Inherited copy gains and genomic structure changes were
still present in later passage interphase nuclei and mitotic chromosomes following siRNA-
mediated KDM3B depletion, however, no change occurred to the adjacent region (Figure
3F-H). Increased inherited copies were confirmed with KMTZ2A Digital Droplet PCR,
using the adjacent CD3E gene as a control (Figure S3A). While 7CF3 copy gains were
inherited, AFF3 copy gains were not present in later passages (Figure S3B-D). These

data demonstrate that KDM3B inhibition and depletion promote transient amplification and
integrated rearrangement events with extended suppression.

G9a and KDM3B cross-talk controls KMT2A copy gains and rearrangements

We previously demonstrated that co-depletion of specific H3K4 KMTs with the KDM5A
enzyme prevents the KDM5A-driven TSSGs.?10 Our results suggest that proper balance of
H3K9mel/2 is critical in regulating site-specific copy gains and genomic rearrangements
at KMTZA (Figure 1). Therefore, we pre-depleted either of the two H3K9mel/2 KMTs,
G9a/EHMT?2 and EHMT1,54 before KDM3B and assessed KA 724 DNA copy gains or
rearrangements (Figure S4A-D). Pre-depletion of G9a, but not EHMTZ1, rescued/prevented
the KM T2A amplification and genomic alterations caused by KDM3B depletion (Figure
4A). Rescue was also observed for 7CF3and AFF3 copy gains (Figure S4E-G).
Furthermore, co-treatment with KDM3i and a dual inhibitor for G9a/EHMT2 and EHMT1
(EHMTI)% completely rescued KMT2A amplification and rearrangements with no impact
on cell growth (Figure 4B and Figure S4H). To strengthen the relationship between G9a
and KMTZ2A amplification regulation, we transiently overexpressed G9a for 24 hours and
assessed KMTZ2A genomic alterations (Figure 4C and Figure S41-J). G9a overexpression
was sufficient to promote KMTZ2A copy gains and genomic alterations (Figure 4C),
emphasizing the role of H3K9me1/2 methylation balance in regulating focal amplification of
KMTZA.

We then hypothesized that G9a depletion could rescue the extrachromosomal amplifications
caused by constantly reduced KDM3B levels. Therefore, we siRNA depleted G9a in the
KDM3B LOH leukemia cell line HL60, and evaluated whether the increased KMTZ2A copy
number observed in these cells would be reduced or reset (Figure S4K). While KMT2A
copy gains were significantly suppressed (Figure 4D), the levels were still higher than

the baseline in RPE cells, suggesting that HL60 contain both transient extrachromosomal
and inherited forms. To further explore this relationship, we siRNA depleted G9a in the
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KMTZA-inherited RPE cell lines after their level of KDM3B had returned to baseline
(Figure 3E-G) and assessed whether depletion of G9a could rescue the inherited KMT72A
gains (Figure S4L). G9a depletion did not impact the inherited KMT2A copy gains
(Figure 4E), suggesting that inherited extra copies are stable and unable to be rescued.
Collectively, these data demonstrate that KDM3B/G9a coordinate KMT2A amplification
and rearrangements.

Since G9a depletion rescued KMT2A amplifications and genomic alterations caused by
KDM3B suppression (Figure 4A-B), we hypothesized that co-depletion of G9a with
KDM3B would reset the H3K9me1/2 patterns at KM TZA, strengthening the importance of
H3K9me1/2 balance in regulating the KMTZ2A locus. In fact, the preferential genome-wide
increase of H3K9mel and H3K9me2 caused by siKDM3B was mostly rescued by double
KDM3B and G9a knockdown. H3K9mel increase was rescued across 81% of regions
genome-wide (88 Mb out of total 109 Mb), whereas H3K9me2 increase was rescued across
75% of regions genome-wide (219 Mb out of total 292 Mb) (Figure S4M). These data
suggest that maintaining a KDM3B-G9a balance is critical for controlling H3K9me1/2
levels genome-wide.

G9a depletion was able to completely reset the H3K9me1 patterns at the BCR (exon 8-14)
in KMTZA (Figure 4F-G and Figure S4N). Consistent with KMTZA, we also observed
similar rescue at 7CF3and AFF3 (Figure S4N). KDM3B and G9a knockdowns produced
genome-wide H3K9mel changes with opposite preferential patterns, whereas the double
knockdown rescued these skews. For example, the KDM3B knockdown (Figure S4N, left
plot) resulted in a preferential increase of H3K9mel. By contrast, G9a knockdown (Figure
S4N, middle plot) resulted in a decrease of H3K9mel. In the double knockdown (Figure
S4N, right plot), H3K9mel changes were strongly reduced compared to siKDM3B alone,
with smaller extent of differences from control in either direction. Similar results for G9a
rescue of H3K9me2 across the genome, including KMT2A, TCF3, and AFF3are shown in
Figure S40. The list of all 10 Kb genomic bins that had changes in H3K9me1/2 and their
nearest associated genes can be found in Table S2. These data suggest that KDM3B-G9a
balance controls H3K9me1/2 levels, and in turn, site-specific DNA copy gains and genomic
rearrangements (Figure 4H).

Reduced CTCF occupancy promotes KMT2A copy gains and rearrangements

Prior studies suggest that CTCF binding could impact genome integrity, rearrangement,

or duplication, especially at the KMT72A locus;?6:57 however, the direct role of CTCF

in controlling amplification and rearrangement has not been resolved. Upon evaluating
multiple cell lines and tissues from ENCODE, we observed a highly conserved occupancy
for CTCF at exon 11 within the BCR of KMTZA, directly overlapping with KDM3B
binding (Figure 5A). We hypothesized that KDM3B depletion could disrupt CTCF binding
and promote KMTZ2A genomic alterations. Therefore, KDM3B and CTCF were depleted
individually or in combination before assessing KMT2A by DNA FISH (Figure S5A-B).
CTCF depletion alone promoted significant KMTZ2A site-specific copy gains and genomic
rearrangements that were not enhanced by KDM3B depletion (Figure 5B). Since the CTCF
peak within exon 11 of KMTZ2A directly overlapped with the KDM3B peak (Figure 5A),
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we hypothesized that KDM3B depletion may be disrupting CTCF binding. We did not
observe a global change in CTCF protein levels upon KDM3B depletion but did observe a
significant reduction in CTCF binding at KMT72A exon 11 within the BCR by ChIP-Seq and
ChIP-gPCR (Figure 5C-E and Figure S5C).

Upon analyzing KDM3B and CTCF occupancy patterns genome-wide from public data®!
and our RPE ChlP-seq respectively, we observed that 6,386 KDM3B peaks in the public
data (41.5% of all strong KDM3B peaks) directly overlapped with the 46,340 CTCF

peaks in RPE cells (P-value=1.0e-07; Figure 5F). Upon KDM3B depletion, 17,077 CTCF
peaks reduced their intensity. As much as 16% of these CTCF binding sites with reduced
occupancy overlapped with KDM3B binding (1,005 peaks out of 6,386 total co-occupied
sites; P-value < 1.0e-216; Z-Score=143.38) (Figure 5G). Despite the public KDM3B binding
data being from a different cell line, the association between KDM3B and CTCF binding
suggest a functional interplay between KDM3B and CTCF genome-wide.

To understand the genome-wide behavior of H3K9mel at the 17,077 CTCF binding sites
with reduced occupancy upon KDM3B depletion, we analyzed the impact of sSiKDM3B,
siG9a, and double knockdown on the levels of H3K9mel in the vicinity of all CTCF peaks
(x5kb flanks from the peak center). KDM3B and G9a knockdowns produced opposite
changes in H3K9mel at the CTCF proximal regions, whereas the double knockdown
rescued these changes. Upon KDM3B knockdown, H3K9mel levels increased at least
1.5-fold in the 5 Kb proximity of approximately 1,000 CTCF peaks genome-wide (Figure
5H). Upon the double knockdown of KDM3B and G9a, this increase was rescued at the
majority (~80%) of these peaks (Figure 5H). For example, KDM3B knockdown (Figure 5I,
left plot) resulted in a preferential increase of H3K9mel (above upper red line: > 1.5-fold
increase). The H3K9mel increase at the CTCF binding site within BCR of the KMT2A
gene (red point) was among the strongest changes of all CTCF sites genome-wide. G9a
knockdown (Figure 51, middle plot) resulted in decreased H3K9mel (below lower red line:
> 1.5-fold decrease). However, in the double KDM3B/G9a knockdown (Figure 5I, right
plot), H3K9mel changes were strongly reduced, with smaller extent of differences from
control in either direction. The level of H3K9mel at CTCF binding site within BCR of

the KMT2A gene (red point) was close to control in the double depletion. These data
indicate that KDM3B and G9a control H3K9mel/2 at CTCF peaks genome-wide, but the
methylation control surrounding the KMT2A BCR CTCF is a strong outlier among all sites.

Since CTCF is known to regulate gene expression,8 we assessed whether CTCF depletion
regulated KDM3B expression levels. While depletion of CTCF modestly suppressed
KDMS3B transcript levels (Figure S5D), both KDM3B and G9a protein levels were not
significantly reduced (Figure S5E-G), suggesting that CTCF is a downstream effector

of KDM3B loss and H3K9me1/2 disruption. We tested this by depleting or chemically
inhibiting G9a in combination with CTCF depletion. G9a depletion/inhibition prevented
CTCF-induced alterations (Figure 5J-K and S5H-K). Consistent with this data, the CTCF
site in the KMT2A BCR had increased K9mel upon KDM3B depletion that was completely
rescued upon G9a co-depletion (Figure 4F-G). Taken together, these data suggest that
KDM3B and G9a coordinate H3K9me1/2 levels at and around the CTCEF site, and in turn,
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impact CTCF occupancy and the predilection of KMT2A to undergo amplification and
genomic rearrangement (Figure 5L).

Doxorubicin promotes KMT2A amplification and rearrangement as well as reduces KDM3B
and CTCF protein levels

KMTZ2A rearrangements are observed in pediatric and therapy-induced leukemia when
conventional chemotherapy is used to treat several cancer types.24:59.60 For example,
KMTZ2A amplified and rearranged MDS and AML are generated after topoisomerase |1
(topo 11) inhibitor treatment (e.g., Doxorubicin, Dox).2? Consistent with these clinical
observations, Dox treatment promoted KMT72A, AFF3and TCF3 copy gains and genomic
alterations with no significant impact on control regions (Figure 6A and S6A-B). To reduce
pleiotropic defects in RPE cells, we used lower doses of Dox (1 pg/ul and 5pg/ul). Dox also
promoted KMTZ2A copy gains and rearrangements in primary HSPCs (Figure 6B). These
observations are consistent with prior reports showing that the topo Il inhibitor etoposide
induces heterogeneous rearrangements of KMTZ2A in a variety of primary and non-primary
human cells.57-61 We then treated mixed C57BL/6-129/Sv mice with Dox before isolating
their spleen and assessing KmitZa copy number by DNA FISH. Consistent with the human
primary HSPCs (Figure 6B), cells isolated from the spleen of mice treated with Dox had
increased KmiZa copy gains, with no change in the adjacent Control 9 probe compared to
control mice (Figure 6C). These data demonstrate the conserved impact of Dox treatment on
site-specific Kmt2a copy gain events in the mice.

Since reduction of KDM3B or CTCF levels promote KMTZ2A copy gains and rearrangement
(Figures 1-4), we assessed whether KDM3B or CTCF expression is altered upon Dox
treatment. Multiple doses resulted in a significant reduction in KDM3B and CTCF transcript
and protein levels in RPE cells (Figure 6D-I); however, no change was observed with G9a
transcripts (Figure S6C). We detected the same trend in KG1a cells, where Dox significantly
reduced both KDM3B and CTCF transcript and protein levels (Figure 6J and S6D-F). Our
observations are consistent with a prior report noting a loss of CTCF protein in Dox-treated
patient-derived mammary epithelial cells.62 To assess whether this was specific to Dox,

we treated RPEs with another topo Il inhibitor, etoposide. Consistent with Dox, etoposide
significantly reduced the protein levels of KDM3B and CTCF (Figure 6K), suggesting that
these effects are a result of topo Il inhibition.

Previous studies have shown that Dox treatment can activate the ubiquitin-proteasome
system (UPS), leading to increased protein degradation.%3 Therefore, we hypothesized that
Dox could suppress KDM3B and CTCF levels through activation of the UPS. Consequently,
cells were treated with Dox followed by the proteasome inhibitor MG132 before assessing
KDM3B and CTCF protein levels (Figure 6L-M and S6G). Treatment with Dox and MG132
partially rescued the levels of both KDM3B (Figure 6L and S6G) and CTCF (Figure 6M
and S6G) compared to Dox alone. Taken together, these data emphasize that Dox regulates
KDM3B and CTCF levels through both transcriptional and post-transcriptional mechanisms.
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KDM3B and CTCF regulation controls Doxorubicin-induced KMT2A amplification and
rearrangement

Since KDM3B and CTCF are reduced upon Dox treatment, the imbalance in H3K9me1/2
and CTCF occupancy at KMTZ2A could be a key driver in promoting Dox-induced
KMTZA amplification and genomic alterations. Consistent with this relationship, Dox
treatment resulted in a similar increase in H3K9mel at the KMT2A CTCEF site (Figure
7A,; upper graph comparing siKDM3B to Dox and S7A) and H3K9me?2 at the flanking
region when compared to KDM3B depletion (Figure S7A-B). Increased H3K9me1/2 was
accompanied by reduced CTCF occupancy upon Dox treatment (Figure 7A, lower bar
graph). Furthermore, CTCF overexpression was sufficient to prevent KMT2A copy gains
upon Dox treatment (Figure 7B and S7C). CTCF overexpression appears to alter local
chromosomal organization at the locus, with increased separation observed between red and
green probe. Therefore we could not assess the impact on Dox-induced rearrangements as
determined by the break apart events.

Since Dox reduced KDM3B levels (Figure 6) and increased H3K9mel/2 in KMTZ2A
(Figure 7A), we tested whether G9a depletion would prevent Dox-induced KMT72A changes.
KMTZ2A alterations caused by Dox were completely rescued upon G9a depletion (Figure
7C and S7D-E). Furthermore, G9a inhibition significantly reduced Dox-induced KMT2A
copy gains and prevented genomic alterations in human cells (EHMTi; Figure 7D and

S7F). In addition, mice treated with EHMTi prior to Dox treatment did not generate

Kmt2a DNA copy gains (EHMTi; Figure 7E), emphasizing the conserved importance of
H3K9 methylation balance in promoting Dox-induced KMT72A alterations. In fact, transient
KDM3B overexpression blocked KMT2A copy gains and rearrangements induced by Dox
treatment (Figure 7F and S7G-H). Collectively, these results suggest that Dox suppresses
KDM3B and CTCF protein levels, which drives the copy gains and rearrangements through
KDM3B/G9a imbalance and CTCF displacement, establishing a potential mechanism to
therapeutically target chemotherapy induced KMT2A rearrangements (Figure 7G).

Discussion

This study uncovered a molecular basis for therapy-induced amplification and
rearrangement of KMTZ2A. Similar observations were noted for 7CF3/EZA, another
rearranged loci in leukemia.84-66 The findings reported in this study have broad
implications because they: 1) establish that epigenetic regulation controls amplification and
rearrangements; 2) set the stage to discover the secondary hit(s) required for the generation
of oncogenic KMTZ2A fusions; and 3) identify potential biomarkers and therapeutic targets
to consider during treatments with chemotherapy and to monitor in patients post treatment.

KDM3B depletion in relationship to KMT2A rearrangements and fusion partners

Currently, more than 100 known KMTZ2A rearrangement partners are documented.26
However, not all rearrangement events generate functional fusion proteins.8” These
data suggest that the molecular mechanism(s) leading to the generation of KMT2A
rearrangements, including those that do not generate translatable products, could be key
to understanding tumors containing amplifications and rearrangements.
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Based on our data, it is unlikely that KDM3B loss alone provides a major cellular fitness
advantage for the inherited rearranged over the non-rearranged cells. This observation is not
surprising since therapy-related AML has a latency period of up to 15 years after initial
treatment with chemotherapy.2® These data suggest that KDM3B suppression or loss alone is
likely just the first step necessary to promote or allow selection of the rearrangement events
resulting in functional fusion proteins providing a cellular growth advantage. Studies show
that non-homologous end-joining is required for topo Il inhibitor driven leukemia-associated
KMTZ2A rearrangements,>”:88 suggesting that mis-regulated DNA damage response is
another possible factor involved in generating/selecting for the leukemia-associated fusion
events. However, additional influences could also potentiate the driver fusion events to
emerge: cellular ageing, stress exposures, and/or acquired mutations.

KDM3B, 5q and KMT2A amplification and rearrangements

Not all del(5q) regions contain KDM3B.5 However, patients with del(5q) alone have a
better prognosis compared to those presenting with del(5q) as well as other mutations

or abnormalities.”? We suspect that additional gene mutations and/or the dysregulation

of additional epigenetic regulators are likely required to promote copy gains and
rearrangements of the oncogenic fusion partners, providing the secondary hit(s) necessary.
Furthermore, a number of other candidate tumor suppressor genes have been identified
within the del(5q) region who may also play an oncogenic role that is independent of
generating KMT2A amplifications and rearrangements.33.71.72

Epigenetics, amplification, and in turn, rearrangements

When KDM3B was inhibited for short time intervals, the expected amplifications and break
aparts at KMTZA locus were observed but resolved quickly with drug removal, highlighting
their transient extrachromosomal nature (Figure S71). However, upon longer treatment,
these genomic events become inherited and are observed on the same chromosome or

other chromosomes (Figure 3 and S71). These data illustrate that the aberrant regulation

of the epigenome promotes transient DNA amplifications that can be inherited when

the stimuli is maintained through multiple cell divisions (Figure S71). Therefore, we
speculate that sustained amplification and break aparts are likely being incorporated into
the genome through DNA damage repair pathways. Our data is consistent with prior
proposed mechanisms.”3 Future studies need to determine the exact integration sites and
build complete sequence maps to identify the molecular features and pathways affiliated
with the inherited amplifications. This study has now generated the roadmap to investigate
these inherited genomic events.

Longer inhibition of KDM3B did not further increase the percent of cells within the
population containing KMTZA alterations compared to short treatment (Figures 2-3). Yet
when inherited- KMTZA cell lines were exposed to KDM3i for a short time (3h, 6h), a
significant increase in KMTZ2A copy gains compared to the inherited baseline was observed
(Figure S7J). Upon longer treatment (12h), KMTZ2A copy gains returned to baseline,
suggesting that those cells containing genomic aberrations of KMTZ2A are being negatively
selected for, while a new population of cells with these aberrations emerge. This model is
supported by increased Annexin V in the inherited- KMTZ2A cell lines treated with KDM3i
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at the later time points (6h and 12h; Figure S7K). Consistent with a prior study,>? these data
suggest that KMT2A-rearranged cells have increased susceptibility to KDM3B inhibition.
This sensitivity provides a promising therapeutic window in KM TZA-rearranged cancers.

KDM3B and CTCF as a bridge to Dox-induced KMT2A amplification and rearrangement

Upon topo Il inhibitor treatment (e.g., Doxorubicin), MDS and AML occur and are
accompanied by amplification and rearrangement of the KMT2A locus.2® Topo I1 inhibitors
promote non-leukemia and leukemia associated KM T72A rearrangements in various cell
types,57:61 suggesting a universal regulatory mechanism controlling KMTZ2A alterations.

A population-based study demonstrated that younger individuals developing secondary
leukemia have a significantly worse prognosis compared to de novo.” Therefore, preventing
the emergence of secondary cancer caused by chemotherapy would have a profound clinical
impact. This study demonstrates that epigenetic therapies could provide a much-needed tool
to combat these cancers. Furthermore, we establish the possibility for controlling chemo-
induced KMT2A amplification and rearrangements by pretreating or co-treating patients
receiving these therapies with a G9a inhibitor or CTCF/KDM3B agonist. Collectively, these
observations provide a molecular basis to develop treatment protocols to prevent therapy-
associated KMTZA rearrangements by targeting epigenetic regulators.

Limitations of the study

Our findings establish that epigenetic mechanisms control the amplification and genomic
rearrangements of KMT2A. We demonstrate that these events are directly promoted by
Dox through suppression of KDM3B and CTCF protein levels, and can be blocked by
co-depletion or inhibition of G9a/EHMT2. We also show that Dox suppresses KDM3B and
CTCF protein levels through transcriptional and post-transcriptional mechanisms. However,
our study does not (1) demonstrate the exact mechanism by which oncogenic KMTZA
rearrangements are generated leading to leukemia development or (2) demonstrate exactly
how Dox suppresses KDM3B and CTCF protein levels. While we have discovered the first
hit required to generate leukemia-associated KMT2A rearrangements, the additional hit(s)
required could be additional epigenetics perturbations, cellular ageing, stress exposures,
acquired mutations, or alterations to DNA damage repair pathways. Future studies are
needed to (1) systematically test the ability to promote oncogenic KMTZ2A fusion events
driving leukemia, and (2) discover the exact mechanisms by which Dox suppresses KDM3B
and CTCF protein levels.

STAR METHODS

Resource Availability

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Johnathan Whetstine (Johnathan.Whetstine@fccc.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability

Data: Original ChlP-sequencing data has been deposited at GEO and are publicly available
as of the date of publication. Accession numbers are listed in the Key Resources Table. This
paper analyzes existing, publicly available data. These accession numbers for the datasets
are listed in the Key Resources Table.

Code: No original code was used in this study.

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

Experimental model and study participant details

Cell Culture—Retinal pigment epithelial (RPE) cells were cultured in DMEM-high
glucose (Sigma) media supplemented with 10% heat-inactivated fetal bovine serum

(FBS), 100U/ml penicillin, 100ug/ml streptomycin, and 2mM L-glutamine. U937 cells
were cultured in RPMI 1640 media supplemented with 10% heat-inactivated FBS,

100U/ml penicillin, 100ug/ml streptomycin and 2mM L-glutamine. HL60 and KG1la

cells were cultured in RPMI 1640 media supplemented with 20% heat-inactivated FBS,
100U/ml penicillin, 100pug/ml streptomycin and 2mM L-glutamine. Cell line identities were
authenticated by short tandem repeat analysis and Mycoplasma tested using the MycoAlert
Detection Kit (Lonza, LT07-218). We are appreciative to the Cell Culture Facility at Fox
Chase Cancer Center for their support.

Human primary patient-derived AML cases were obtained from Dr. Cihangir Duy’s
laboratory”® and maintained in Iscove’s modified Dulbecco’s medium (IMDM; Thermo
Fisher Scientific, Waltham, MA) containing 20% fetal bovine serum (Corning Premium
FBS), 100 IU ml-1 penicillin, 100 pg ml-1 streptomycin, and 50 pM 2-mercaptoethanol.
Cytokines, purchased from StemCell Technologies (Vancouver, BC, Canada), were added
twice a week with SCF (50 ng ml-1), IL-3 (20 ng ml-1), IL-6 (20 ng ml-1), GM-CSF (20
ng mi-1), G-CSF (20 ng ml-1), and FLT-3 ligand (50 ng ml-1). For the AML organoid
model, Human primary patient-derived AML cases were expanded using OP9 stroma feeder
layers. OP9 feeder layers were generated using irradiation with 30 Gy before seeding the
stroma cells on 0.01% poly-L-lysine-coated cell culture dishes to a confluency of 80-90%.
The next day, patient-derived AML cells were seeded and maintained on the OP9 dishes in
Iscove’s modified Dulbecco’s medium (IMDM; Thermo Fisher Scientific, Waltham, MA)
containing 20% fetal bovine serum (Corning Premium FBS), 100 1U mil-1 penicillin, 100 ug
ml-1 streptomycin, and 50 uM 2-mercaptoethanol. Cytokines were added twice a week with
SCF (50 ng ml-1), IL-3 (20 ng ml-1), IL-6 (20 ng ml-1), GM-CSF (20 ng ml-1), G-CSF
(20 ng ml-1), and FLT-3 ligand (50 ng ml-1). Expanding AML cells were transferred

every 1-2 weeks after reaching a cell density of more than 1 million ml-1 onto fresh OP9
dishes supplemented with cytokines. For drug treatments, KDM3i (1uM) was supplemented
directly to the media for 72 hrs.

Isolation of HSPCs—Mononuclear cells (MNC) were isolated from fresh human
umbilical cord blood samples (New York Blood Center) using Ficoll (Atlanta Biologicals)
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density gradient centrifugation. These cells were obtained from Dr. Cihangir Duy’s
laboratory. After lysis of red blood cells, HSPCs were selected via immunomagnetic
enrichment of CD34* MNCs using CD34 MicroBead Kit and Automacs from Miltenyi
Biotech. HSPCs were maintained in Iscove’s modified Dulbecco’s medium (IMDM,;
Thermo Fisher Scientific, Waltham, MA) containing 20% fetal bovine serum (Corning
Premium FBS), 100 IU ml-1 penicillin, 100 pg ml-1 streptomycin, and 50 pM 2-
mercaptoethanol. OP9 feeder layers were generated using irradiation with 30 Gy before
seeding the stroma cells on 0.01% poly-L-lysine-coated cell culture dishes to a confluency
of 80-90%. The next day, HSPCs were seeded and maintained on the OP9 dishes in Iscove’s
modified Dulbecco’s medium (IMDM; Thermo Fisher Scientific, Waltham, MA) containing
20% fetal bovine serum (Corning Premium FBS), 100 IU ml-1 penicillin, 100 pg ml-1
streptomycin, and 50 pM 2-mercaptoethanol. Cytokines were added twice a week with SCF
(50 ng ml-1), IL-3 (20 ng ml-1), IL-6 (20 ng mI-1), GM-CSF (20 ng ml-1), G-CSF (20 ng
ml-1), and FLT-3 ligand (50 ng ml-1). Cells were regularly selected for CD34* to maintain
a pool of HSPCs. For drug treatments, KDM3i (1uM) was supplemented directly to the
media for 72 hrs.

Mouse Model Details—The Institutional Animal Care and Use Committees review board
at Temple University (approval number 5025) approved all mouse experiments. Mice used in
this study were obtained from the Jackson Laboratory and maintained at Temple University
in conventional housing with LabDiet 5053 irradiated food and Hydropacs filter sterilized
water available ad libitum, on a 12L:12D light cycle, in 30-70% humidity with 10-15

air exchanges per hour. For the in vivo Doxorubicin treatment in Figure 6C, 3-5 months

old mice of B6129SF1/J strain (The Jackson Laboratory 101043) were used. For the in

vivo combination treatment in Figure 7E, 8-10 weeks old mice of B6129SF1/J strain (The
Jackson Laboratory 101043) were used. Both male and female mice were tested in all
conditions, and sex did not influence the results of the study.

Method details

Transfection Procedure for RPE cells—Cells were plated in 10 cm cell culture dishes
and allowed to adhere for 16-20 hours. Cell culture medium was removed, cells were rinsed
with phosphate buffered saline (PBS) and then replaced with OPTI-MEM medium (Life
Technologies) prior to siRNA transfections (5nM-10nM/transfection). Transfections were
changed to complete cell culture media after 4 hrs of transfection, and cells were collected
72 hrs post transfection. Transient overexpression transfections with 1-2ug of plasmid

were performed using Lipofectamine 3000 transfection reagent and P3000 reagent (Life
Technologies) in OPTI-MEM medium for 4 hrs, followed by changing to complete DMEM
media for 24 hrs before collection. Silencer select negative controls and siRNAs were
purchased from Life Technologies. Their sequences and unique identification numbers are
tabulated in Key Resources Table. For Figures 4A and S4A-G, cells were first transfected
with SIEHMT1/G9a siRNAs for 24 hrs followed by KDM3B siRNA transfection for 48hr.
For co-transfection experiments (Figures 5B,J, Figures S5A-B, H-I), both the siRNAs were
transfected at the same time and collected at 72 hrs from transfection.
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Transfection procedure for U937, HL60 and KG1la cells—U937, KGla and HL60
were transfected using Neon System (Invitrogen) following manufacturer’s instructions.
500,000 cells were mixed with 10nM siRNA constructs in 10ul of supplied buffer. Cell
mixture was loaded in Neon syringe and submerged in electrode buffer. For U937 cells, 3
pulses of 1400mV at 10ms was applied. For HL60 cells, 1 pulse of 1350 mV at 35ms was
applied. For KG1a cells, 1 pulse of 1650mV at 20ms was applied. Cells were immediately
transferred into fresh media in 6 well plates and allowed to grow for 72 hours.

Long-term passage of siRNA transfected cells—Control siRNA transfected and
KDM3B siRNA transfected cells were considered as passage 0 (P=0) 72 hrs post
transfection. After 72 hours post transfection, the 2.5X10° cells were plated and cultured
for 72 hrs as passage P=1. The cells were subsequently plated, passaged and harvested at
indicated passage numbers. For example, passage 3 is ~9 days in culture and ~9 doublings
for RPEs and ~6 doublings for U937 cells, respectively.

RNA extraction and quantitative real-time PCR—Cells were washed and collected
by trypsinization after two PBS washes. Cell pellet was resuspended in Qiazol reagent
(QIAGEN) for lysis and stored at —80°C before further processing. Total RNA was extracted
using miRNAeasy Mini Kit (QIAGEN) with an on-column DNase digestion according to
the manufacturer’s instructions. RNA was quantified using NanoDrop 2000 or One (Thermo
Scientific). Single strand cDNA was prepared using Super Script IV first strand synthesis
kit (Invitrogen) using random hexamers. Expression levels were analyzed using FastStart
Universal SYBR Green Master (ROX) (Roche) according to the manufacturer’s instructions
on a LightCycler 480 PCR machine (Roche) or QuantStudio 5 Real-time PCR machine
(Applied Biosystems). Samples were normalized to B-actin. Primer sequences are provided
in Key Resources Table.

Immunoblotting—Cells were trypsinized and washed two times with PBS before
resuspending in RIPA lysis buffer [SOmM Tris pH 7.4, 150mM NaCl, 0.25% Sodium
Deoxycholate, 1% NP40, 1mM EDTA, 10% Glycerol] freshly supplemented with Pierce
Protease and Phosphatase inhibitor cocktails (ThermoFisher). Cells were lysed on ice for

15 min and stored at 80°C until further processing. Lysates were sonicated for 15 min

(30sec ON and 30sec OFF cycle) at 70% amplitude in QSonica Q700 sonicator (Qsonica)
followed by centrifugation at 12,000rpm for 15min. Cell lysate was transferred to a fresh
tube and protein quantification was performed with Pierce BCA reagent (Thermo Scientific).
Equal amounts of proteins were separated by SDS gel electrophoresis and transferred on
nitrocellulose membrane (BioTrace NT, Pall Life Sciences) for at least 3 hrs at a constant
current. The membranes were blocked for at least 1 hr in 5% BSA-PBST (1X PBS with
0.5% Tween-20) or 5% milk-PBST and probed over night with specific antibodies as follows
at the following dilutions: anti-KDM3B (Cell Signaling) (1:1000); anti-p-Actin (Millipore)
(1:10,000); anti-G9A (Sigma) (1:5000); anti-Actinin (Santacruz) (1:2000). Catalog numbers
for all antibodies used in this study can be found in the Key Resources Table. Membranes
were washed three times in PBST the next day, incubated with goat anti-mouse 1gG
peroxidase conjugated secondary antibody (170-6516, Biorad) or goat anti-rabbit peroxidase
conjugated secondary antibody (A00167, GenScript) at 1:2500 in 5% milk-PBST for at
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least 1hr at room temperature, washed 3 times with PBST and incubated in Lumi-Light
western blotting substrate (12015200001, Roche) 1min. Membranes were developed with
CL-XPosure Films (34091, Thermo). The western blot images displayed in the figures
have been cropped and auto-contrasted. Protein levels were quantified using ImageJ and
normalized to the corresponding control protein levels.

Cell Cycle Analysis—Samples were washed with PBS, centrifuged at 1400rpm for 5 min,
and permeabilized with 500mL PBS containing 0.5% Triton X-100 for 30 min. After this
incubation, cells were washed with PBS and centrifuged at 1400rpm for 5 min. Samples
were then stained with 1:100 dilutions of 1mg/mL PI solution and 0.5M EDTA with 100 mg
RNase A, overnight at 4°C. Cell cycle distribution was analyzed by flow cytometry using the
LSRII flow cytometry system (BD Biosciences). We are grateful to the Cell Sorting Facility
at Fox Chase Cancer Center for assistance with flow cytometry.

DNA Fluorescent In Situ Hybridization (FISH)—The FISH protocol was performed
as described previously in’. Briefly, cell suspensions were fixed in ice-cold methanol:glacial
acetic acid (3:1) solution for a minimum of four hours, before being centrifuged onto 8
Chamber Polystyrene vessel tissue culture treated glass slides (Falcon, Fisher Scientific) at
900rpm. The slides were air-dried and incubated in 2X SSC buffer for 2 min, followed by
serial ethanol dilution (70%, 85% and 100%) incubations for 2 min each, for a total of 6
min. Air-dried slides were hybridized with probes that were diluted in appropriate buffer
overnight at 37°C. The slides were washed the next day for 3 to 4 mins in appropriate wash
buffers at 69°C with 0.4X SSC for Cytocell probes, Agilent Bufferl for Agilent probes,

or 0.4X SSC + 0.3% NP-40 for Empire Genomic probes followed by washing in 2X SSC
with 0.05% Tween-20 (Cytocell probes), Agilent Buffer 2 (Agilent) or 2X SSC+0.1% NP-40
(Empire). The slides were incubated in Img/mL DAPI solution made in 1% BSA-PBS,
followed by a final 1X PBS wash. After the wash, the slides were mounted with ProLong
Gold antifade reagent (Invitrogen).

FISH images were acquired using an Olympus 1X81 or Olympus 1X83 spinning disk
microscope at 40X magnification and analyzed using Slidebook 6.0 software. A minimum
of 20 z-planes with 0.5um step size was acquired for each field. Copy number gains

for MLL1,11C, NMYC/LAF4 were scored in RPE cells as three or more foci. For MLL
break apart probe, copy gains were scored as 3 or more foci for the N terminus flanking
probe (green) and C terminus flanking probe (red). Complete separation of red and green
probe with no overlap was called break apart for the MLL locus, TCF3 locus and any
other locus FISHed with dual break apart probe. A minimum of 200 nuclei are scored for
each independent experiment unless otherwise specified. Extended list of probes used are
provided in the Key Resources Table.

Metaphase Spreads—RPE cells were transfected with sSiRNAs and passed 3 times.
Cells were seeded for 48 hours. The cells were treated with KaryoMAX colcemid solution
(Gibco) at a final concentration of 2pug/mL for 3 hrs and were collected by mitotic shake
off, washed with 1X PBS followed by 0.59% KCI (w/v) hypotonic solution for 40 mins for
expansion and swelling. The reaction was terminated by addition of 3:1 solution of cold
methanol:acetic acid, followed by 4 washes. The cells were then resuspended in fixative
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solution. The cells were pipetted and dropped on a glass slide from a height of 12-15 inches
to make the metaphase spread. FISH was performed for the indicated probes post drying of

the slides. The images were taken with 30 z-planes with 0.5 um step size using the Olympus
IX83 microscope. The images were analyzed using Slidebook 6.0 software.

Protein purification—Human full length of KDM3A, KDM3B and KDM5A were cloned
into pFastbacl with flag tag at N-terminal, then Bacmid were made to produce baculovirus
in insect cells (sf9) using the Bac-to-Bac™ Baculovirus Expression System (Thermo
Scientific). Cells were harvested 42 hours after baculovirus infection by centrifugation
(2000rpm, 4 degree), then the pellet was lysed in lysis buffer (Tris-HCL(PH7.5) 25mM,
NaCl 300mM, Triton 0.1%, PMSF 1mM, DTT 1mM) by sonication and centrifuged at
14000rpm for 30 minutes. The supernatant was incubated with Flag-M2 agarose beads for

5 hours, unbound proteins were removed by washing the beads with lysis buffer 4 times,

and the proteins enriched were eluted with 3Xflag peptide (0.15mg/ml) diluted in elution
buffer (Tris-HCL(PH7.5) 25mM, NaCl 150mM, DTT 1mM). Proteins purified were used for
SDS-PAGE and biochemical reaction analysis. Coomassie staining of KDM3B and KDM5A
in Figure S1D was spliced to place the KDM3B and KDMJ5A lanes next to the ladder due to
other purified proteins being placed between them.

Histone demethylase reactions—400ng KDM3A, KDM3B and KDM5A were
incubated with 1ug bulk histones (Histone from calf thymus) or 3.3uM H3K9me2 peptide
in 30pl reaction system at 27 C for 5 hours. Reaction buffer: Hepes(PH7.5) 50mM, 2-OG
50uM, Fe(NH4)2(S04)2 50uM, Sodium L-Acorbate 400uM, TCEP 1mM.

Recombinant human KDM3B/JMJD1B protein (abcam ab271569) was incubated with
1uM KDM3i, 1M Tris, 5M NaCl, 10mM Asorbic Acid, 10mM a-Ketoglutarate, 10mM
Fe(NH4)2(S04)2(H20)6 at 27 C, 30 minutes. 1ul_ Histone from Calf Thymus (1mg/mL)
in H20 was added to make reaction 100uL then incubated at 27 C for 5 hrs. 4X Laemmli
Loading buffer with 5% pB-Mercaptoethanol was added to reaction and then heated 95 C for
10 mins. Samples were snap frozen and then used for western blots.

Digital Droplet PCR—The Digital Droplet PCR (ddPCR) was performed using 10 uL of
2 x ddPCR Supermix for Probes (no dUTP) (Bio-Rad), 900 nM of each primer, 250 nM
probe, 50 ng of digested DNA template using Hindlll restriction enzyme (NEB) and r2.1
Buffer (NEB), and nuclease free water to a total volume of 20 pL. The QX200 droplet
generator (Bio-Rad) was used to generate the droplet mixture. The droplet mixture was then
transferred to a PCR reaction plate and amplified with the following conditions: denaturation
of 95 °C for 10 min, followed by 40 cycles of a two-step thermal profile consisting of 95

°C for 15 s and 60 °C for 60 s, then incubated at 98 °C for 10 min and cooled to 8°C

until the droplets were read. Once complete, the plate was transferred to the QX200 droplet
reader (Bio-Rad) and analyzed for copy number variation (CNV). The number of positive
(high level of fluorescence) and negative (low and constant level of fluorescence) droplets
obtained were analyzed using QuantaSoft software (Bio-Rad, Pleasanton, CA, USA). Ratios
of KMT2Ato CD3E gene were used to determine copy number. Primer and probe sequences
are provided in Key Resources Table.
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Drug Treatment Conditions—For Doxorubicin treatment, RPE cells were plated in

10 cm tissue culture plates at a density of 2.5x10°. Cells were allowed to adhere for
approximately 16 hrs before Doxorubicin (Sigma) (dissolved in DMSO) was supplemented
to media in different concentrations. Final concentrations used were 5, 2.5 and 1pg/ul. Cells
were cultured in Doxorubicin for a total of 72 hrs before harvesting. For Figures 7B,F

and S7C,G cells were transfected with KDM3B or CTCF plasmid for 4 hrs. After removal
of transfection mixture, cells were supplemented with 1 pg/ul Doxorubicin supplemented
media and cultured for 20 hours before harvesting. For Figures 7C and Figure S7D-E,
Doxorubicin was supplemented to the media 48hrs post G9a transfection and 24 hrs before
harvesting. For Figure 6J and Figure S6D-F, KG1a cells were cultured at a density of
2.5x10%/ml before Doxorubicin was added at a concentration of 60pg/l for a total of 72 hrs
before harvesting.

For JDI12 (KDM3i) treatment, KDM3i°2 was synthesized for these studies. 3x10° RPE
cells were plated in 10cm tissue culture plates. Cells were allowed to adhere to the plate
for a minimum of 24 hrs before KDM3i (dissolved in DMSO) was supplemented to media
at 25nM unless specified differently. For cancer and primary cell lines in Figures 2B-E,
cells were treated with 1 uM KDMa3i. Cells were cultured for a total of 72 hrs before
harvesting. For washout experiment (Figure 2F), cells were allowed to adhere 24 hrs before
treatment with JDI12/KDM3i. Cells were treated for 12 hrs before media was removed,
plates were washed with 1X PBS, and cells were either harvested or fresh complete media
was added back to the plate without KDM3i. For passage experiments, RPE cells were
plated at 1.5x10° cells. Cells were allowed to adhere to the plate for 24 hrs before KDM3i
was supplemented to media at 25nM. Cells were cultured in KDM3i for 72 hrs further
before being harvested and passaged at 3x10° per 10cm plate. Cells were passaged every 3
days and seeded at the same amount each passage.

For KG1a, Primary AML, AML Organoid, and HSPC KDM3i treatments in Figure 2, media
was supplemented with 1uM KDMa3i for 72 hrs before harvesting as described in the DNA
FISH methods section.

For KDM3i + EHMTi (UNC0642) experiments, cells were seeded at 3x10° in 10cm tissue
culture plates and allowed to adhere for 60 hrs before media was supplemented with
KDM3i (25nM) and EHMTi (2.5uM). Cells were harvested 12 hrs post treatment. For
siCTCF + EHMTi experiments, cells were seeded in 10cm tissue culture plates at 2.1x10°
and allowed to adhere for 24 hrs before following the transfection procedure described
above. 24 hrs post-transfection, media was supplemented with 1.5 uM EHMTi. Cells

were cultured for a further 48 hrs (72 hrs total transfection) before being harvested. For
Dox+EHMTi experiments, cells were plated at 1.5x10° and allowed to adhere for 24 hrs.
EHMTi was supplemented to media at a final concentration of 1.5uM. 48 hrs later Dox was
supplemented to the media at 1pg/ul. 24 hrs after Dox supplement (72 hrs total EHMTi, 24
hrs total Dox), cells were harvested.

For MG132 treatment, cells were seeded at 1.5x10° in 10cm tissue culture plates and
allowed to adhere for 24hrs before media was supplemented with 5pg/uL of Dox. 48hrs
later, 10uM MG132 was supplemented to the media. 24hrs after MG132 addition, plates
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were placed on ice, media was collected and cells were scraped into media before being
washed twice in PBS and resuspended in RIPA lysis buffer.

Chromatin Immunoprecipitation—Chromatin was prepared and ChlP were performed
as described in’®. Specifically, sonication of chromatin was done with the Qsonica Q800R2
system (Qsonica). RPE cells were seeded in 10cm plates. At ~80% confluence, crosslinking
of the cells was done by adding 1% formaldehyde to the media for 13 min at 37°C and
stopped with 0.125M glycine, pH2.5. Plates were washed with ice cold PBS and scraped
off, followed by centrifugation at 800 rpm for 2 min at 4°C. The pellet was resuspended

in cellular lysis buffer (5mM PIPES pH8.00, 85mM KCl, 0.5% NP40) supplemented with
protease inhibitors, incubated 5 min on ice and centrifuged at 800 rpm, 2 min at 4°C. The
pellet was resuspended in nuclear lysis buffer supplemented with protease inhibitors (NLB,
50mM Tris, pH 8.0, 1.0% SDS, or 0.2% SDS for CTCF ChlP).

Chromatin was sonicated at 70% amplitude 15sec on 45sec off setting for 35 min or 45 min
for CTCF ChIP. 5 uL of chromatin was RNase treated, and reverse cross-linked at least 4
hrs at 65°C in presence of proteinase K. DNA was isolated by phenol:chloroform extraction
and checked on 1.3% agarose gel for a smear below 300bp. Chromatin was precleared by
centrifugation at 14,000rpm for 10min at 4°C. Chromatin concentration was then quantified
on a NanoDrop One. For each IP, 1-10ug of chromatin was immunoprecipitated with
0.2-2pg of antibody in dilution IP buffer (16.7mM Tris pH 8.0, 1.2mM EDTA pH 8.0,
167mM NaCl, 0.2% or 0.1% SDS, 0.24% Triton-X-100 or 1.84% for CTCF ChlP) at

4°C overnight. % SDS for dilution IP depended on % SDS used in Nuclear Lysis Buffer.
Final concentration for IP was always 0.2% SDS. Chromatin was precleared for 2 hrs each
with protein A agarose and magnetic protein A or protein G beads (Invitrogen; to match
antibody isotype) rotating at 4°C before immunoprecipitation. The immunoprecipitated
material was washed 2 times in dilution IP buffer, 1 time in TSE buffer (20mM Tris pH
8.0, 2mM EDTA pH8.0, 500mM NacCl, 1% Triton X-100, 0.1% SDS), 1 time in LiCl
buffer (100mM Tris pH 8.0, 500mM LiCl, 1% deoxycholic acid, 1% NP40) and 2 times

in TE (10mM Tris pH 8.0, ImM EDTA pH 8.0) before elution in elution buffer (50mM
NaHCO3, 140mM NacCl, 1% SDS) with RNase treatment, followed by 10ug proteinase K
at 1 hr 55°C 1000 rpm. The samples were removed from beads and reverse cross-linked

at 65°C for 4 hrs. Immunoprecipitated DNA was purified using either PCR purification
columns (Promega) or AMPureXP beads. All the ChiPs were performed with at least two
independent chromatin preparations from two independent siRNAs or two independent
RPE cell lines. Antibodies used for ChIP are as follows: H3K9mel Abcam ah8896-100,
H3K9me2 Abcam ab1220, H3K9me3 Abcam ab8898, CTCF (D31H2) Cell Signaling
#3418. ChIP sequencing libraries were prepped using the TruSeq ChIP Sample Preparation
kit (Illumina). Libraries were single-end sequenced (75 cycles) using a NextSeq500
(IMlumina). ChIP-gPCR in Figures 5E and 7A was performed with 1ul of ChIP DNA with
the following primers: (KMT2A Ex11) Forward - 5’-TCTGTCACGTTTGTGGAAG-3’,
Reverse - 5’-GCCCAGCTGTAGTTCTATTAC-3’. (CTCF negative site) Forward - 5’-
GAATCAGACTGAGACCCTAAAC-3’, Reverse 5’-GCCAATCCAGTCTTCTCATAC-3’.
ChIP-gPCR in Figure S7B was performed with 1pl of ChlIP DNA with the following
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primers: (KMT2A CTCF flanking site) Forward - 5’-CAGCCAGAATCCCAGTAGA-3’,
Reverse 5’-CTTTCAGAGGAGGCTACAGA-3’.

In vivo Doxorubicin—For the /n vivo Doxorubicin treatment in Figure 6C, 3-5 months
old mice of the mixed background (C57BL/6 and 129/Sv) 4 males and 4 females were used.
The mice were randomly assigned to two groups — Dox (treated with 1.5mg/kg doxorubicin
(Selleckchem) at the total volume of 100ul administered via i.v.) and control (treated with
100pl saline i.v. for 3 days). 24hrs after the last dose was administered the mice were
euthanized. The spleen was isolated, any connective tissue was trimmed, and the organ was
passed through 70pum cell strainer to receive suspension of single cells. Red blood cells were
lysed using ACK buffer (Gibco) for 5 min on ice, then washed twice with PBS. Cells were
then fixed for DNA FISH as described above.

For the /in vivo combination treatment in Figure 7E, Doxorubicin (Selleckchem) was
solubilized in saline and EHMTi was first solubilized in DMSO to 100 mg/ml and then

a stock solution was prepared in saline. 7 male and 8 female mice of B6129SF1/J strain
(The Jackson Laboratory 101043) were assigned into 4 groups treated with: i) vehicle (n=4,
two males, two females); ii) 4 doses of EHMTi (daily, i.p. 5mg/kg) (n=4, two males, two
females); iii) 3 doses of Doxorubicin (daily i.v. 1.5 mg/kg) (n=4, two males, two females);
iv) 4 doses of EHMTi with 3 doses of Doxorubicin implemented into the treatment starting
day 2 (n=3, one male, two females). The day after the final treatment, mice were euthanized,
and the cells were isolated from spleen for double blinded examination by Kmt2a and
control FISH (Control 9).

Annexin V Staining—3x10° control or KMT2A inherited cells were seeded in a 10 cm
plate and grown asynchronously for 72 hours. Cells were treated with 25nM of KDM3i
for 12, 6, or 3 hours before prior to harvesting. Collected cells were processed using
ALEXA FLUOR 488 conjugated Annexin V and PI staining following the manufacturer’s
instructions (Life Technologies). Briefly, 1X annexin-binding buffer and 100 pg/mL PI
solution were prepared. Harvested cells were washed once with 1X PBS before being
resuspended in 1X annexin-binding buffer at a density of 1x10 © cells/mL in 100 L. 5 pL
of FITC Annexin V and 1 uL of the 100 ug/mL PI solution were added to each 100 pL
cell suspension. Cells were incubated at room temperature for 15 minutes and then 400 uL
of 1X annexin-binding buffer was added to each sample. Stained cells were analyzed by
flow cytometry, measuring fluorescence at 530 nm and 600 nm. Data was collected on a BD
Biosciences Symphony A5 flow cytometer and analyzed using FACSDiva software.

Quantification and Statistical Analysis

DNA FISH quantification—All pairwise comparisons were done using two-tailed
Student’s t-test unless otherwise stated. Significance was determined if the p value was

< 0.05. All FISH experiments were carried out with at least two independent siRNAs and

at least 200 nuclei per replicate were counted for all the FISH studies conducted unless
otherwise stated. All FISH studies had a minimum of 2 replicates, and therefore at least 400
nuclei were scored for each panel unless otherwise stated. All error bars represent the SEM.
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ChlIP-seq analysis—ChIP-seq analysis was performed as previously described®76:77.
Sequencing reads were aligned against the human hg19 reference genome using BWA'®,
Alignments were filtered for uniquely mapped reads and duplicates were removed. Input-
normalized ratio coverage tracks were generated using Deeptools’®. Peaks were called using
HOMERB8? with default parameters.

For genome-wide analyses of H3K9mel and H3K9me2 densities, we calculated input-
normalized densities at all 10 Kb bins across the genome using bamcompare function

of DeepTools. For genome-wide analysis of CTCF peaks, we mapped CTCF ChlP-seq
reads using BWA and normalized ChlIP read density by input using bamcompare function
of DeepTools. Peaks were called using the Homer package®. Differential peaks between
control and KDM3B knockdown were identified using DiffBind package8!, with cutoffs of
>2-fold change in KDM3B knockdown compared to control. We used the resulting ~17000
decreasing CTCF peaks to compare the ChlP-seq density of H3K9mel and H3K9me?2
between control and KDM3B knockdown cells at two types of regions, the vicinity of each
CTCF peak (10 Kb region of £ 5 Kb from the peak center) and two flanking 10 Kb regions
to the left and right of this central region.

Genome-Wide analysis of CTCF peaks—CTCF ChlP-seq reads were mapped using
BWA and normalized ChlIP read density by input using bamcompare function of DeepTools.
Peaks were called using the Homer package®. Differential peaks between control and
KDM3B knockdown were identified using DiffBind package®!, with additional cutoffs of
>2-fold change and P-value < 0.05. The resulting set of differential peaks was used to
compare the ChiP-seq density of H3K9mel and H3K9me2 between control and KDM3B
knockdown cells at the vicinity of each CTCF peak (10 Kb region of + 5 Kb from the peak
center).

Supplementary Material

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

KDM3B and G9a regulate MLL/KMT2A copy gains and rearrangements
through H3K9me1,2

CTCF depletion and reduced binding associate with KM TZA copy gains and
break aparts

Doxorubicin reduces KDM3B and CTCF levels, promoting MLL/KMT2A
alterations

G9a inhibition suppresses Dox-induced MLL/KMT2A alterations in mice and
human cells
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Figure 1. KDM3B depletion induces KMT2A DNA copy gains and break aparts
(A) Analysis of TCGA LAML samples showing most LAML samples with KDM3B loss

also have KMTZ2A copy gain with a p-value of 6.45e-07. Statistical significance was
computed by Wilcoxon rank-sum test, which provides a non-parametric hypothesis test on
two independent samples.
(B) Representative DNA FISH with the 5qDel probe (5q probe covers KDM3B locus)
demonstrating 5q LOH status (red) of KG1a (upper) and HL60 (lower) (left panels).
Examples with KMT2A DNA FISH probe (panel C) demonstrate a baseline increase in
KMTZ2A copies in KG1la (upper) and HL60 (lower) (right panels). Arrowheads highlight the
FISH signal.
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(C) A schematic of DNA Fluorescent /n Situ Hybridization (FISH) probe genomic locations
that are used for KMTZA locus.

(D) Representative siCTRL (upper) and siKDM3B (lower) DNA FISH images with the
KMTZ2A-1 probe (orange probe in panel C and centromere 11 (Z1C; control probe)).

(E) KDM3 family siRNA screen demonstrates that only KDM3B depletion generates
KMTZ2A copy gains (KMTZA-1, orange) but not copy gains of centromere 11 (Z1C; grey).
(F) Representative images with the clinical KMT2A DNA FISH break apart probe (red and
green probes in panel C) that show no copy gain in siCTRL (top panel), DNA copy gains
(middle 3 panels) and break apart events (bottom panel) upon KDM3B siRNA depletion.
Arrowheads highlight the FISH signal.

(G and H) DNA FISH showing KDM3B siRNA knockdown results in KMT72A copy gains
(black) and break aparts (purple) but not CD3 (grey).

(1) Representative images with the clinical KMT72A DNA FISH break apart probe (red and
green probes in schematic C) that show KMT72A copy gains with siRNA-mediated KDM3B
knockdown in U937 leukemia cells. Arrowheads highlight the FISH signal.

(J and K) DNA FISH showing KDM3B siRNA knockdown results in KMTZA copy gains
and break aparts but not CD3alterations in U937 cells.

(L) Input-normalized H3K9me1-3 ChlP-seq tracks of the region containing KMTZ2A.
Publicly available ChlP-seq shows KDM3B binding within the BCR in HCT-116 cells
which is lost upon shKDM3 treatment (green tracks) (49).

(M) Bar graphs of ChlP-seq data in panel L demonstrating increased fold enrichments of
H3K9mel/2 within the KMTZA locus.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test. Scale bar represents
Sum.
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Figure 2. KDM3B chemical inhibition (KDM3i) promotes transient KM T2A copy gains and

break aparts.

(A) Schematic (top) and quantification of DNA FISH (bottom) demonstrating that KMT2A
amplification and break apart events occur with KDM3B inhibitor treatment but no change
in copy number at the adjacent CD3 locus in RPE cells.
(B-E) DNA FISH showing that KDM3B inhibition results in KMTZ2A copy gains and
break aparts in KG1a, AML organoids, primary AML cells, and Hematopoietic Stem and
Progenitor Cells with no change in copy number at the CD3 locus.

(F) Schematic (top) and quantification of DNA FISH (bottom) showing that KDM3
inhibition (KDM3i) results in KMTZA copy gains and break aparts. Upon KDM3i washout
(12hrs Washout), copy gains and break aparts no longer occur. No significant change
occurred with the CD3 probe.
Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test.
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Figure 3. KDM3B suppression leads to integration and inheritance of KMT2A copy gains and
break aparts.

(A) A KDM3i treatment schematic and associated passaging of RPE cells. Cells were
treated with 25nM of KDMai. Cells were passaged in media without KDM3i every 3 days
for sequential passages.

(B) KMTZA and CD3DNA FISH at passage 0 and passage 10 after KDMa3i treatment,
which demonstrates KMTZA copy gains and break aparts are inherited in RPE cells after 10
passages (P10). No significant change occurred with the CD3 probe.

(C) Example metaphase spreads for KMT2A FISH for Vehicle and KDMa3i treated cells at
passage 10. Arrowheads highlight the FISH signal.

(D) Quantification of the metaphase spreads with KMT72A FISH in KDM3i treated and
passage 10 cells demonstrating increased copies of KMTZ2A are retained.
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(E) A KDM3B siRNA schematic and associated passaging of RPE cells (left). Western blots
for KDM3B at cell passages used for DNA FISH demonstrates KDM3B protein levels return
to baseline by passage 3 (P3; right).

(F) KMTZ2A and CD3FISH of KDM3B siRNA passaged cells demonstrates inheritance at
passage 3, 5 and 15. No significant change occurred with the CD3 probe at any passage.

(G) Example metaphase spreads for KM T2A FISH for siCTRL and siKDM3B cells at
passage 3. Arrowheads highlight the FISH signal.

(H) Quantification of the metaphase spreads with KM72A FISH in cells treated with
SiCTRL and siKkDM3B from two independently propagated siCTRL and siKDM3B cells

at passages 3 and 9 demonstrating increased copies of KMT2A are retained.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test. Scale bar represents
Sum.
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Figure 4. H3K9mel balance controls KMT2A copy gains and break aparts.
(A) A schematic (upper) and DNA FISH (lower) for co-depletion of KDM3B with EHMT1

or EHMT2/G9a. siRNA depleted G9a but not EHMT1 prevents KMTZ2A copy gains and
break aparts upon KDM3B siRNA depletion. No significant change occurred with the CD3

probe.

(B) A schematic (upper) and DNA FISH (lower) for KDM3i and EHMTi treatment.
EHMT1/2 chemical inhibition prevents KMT2A copy gains and break aparts upon KDM3i
treatment. No significant change occurred with the CD3 probe.
(C) A schematic (upper) and DNA FISH (lower) shows G9a overexpression promotes
KMTZA copy gains and break aparts. Halo-EV- Halo empty vector. No significant change

occurred with the 71C probe.
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(D) A schematic (upper) and DNA FISH (lower) for depletion of G9a in HL60 cells
(KDM3B LOH cell line). G9a depletion modestly but significantly suppresses KMTZA copy
gains in HL60 cells. No significant change occurred with the CD3 probe.

(E) A schematic (upper) and DNA FISH (lower) for depletion of G9a in RPE-WT or
RPE-inherited KMTZ2A cells. G9a depletion does not suppress KMTZA copy gains or break
aparts in the RPE-inherited KMTZ2A cells. No significant change occurred with the CD3
probe.

(F) Input-normalized H3K9me1/2/3 tracks at the KMT2A gene upon siKDM3B or siG9a
alone or in combination in RPE cells.

(G) Bar graphs representing H3K9 methylation ChlP-seq fold enrichment over input in three
parts of KMTZA gene shown in (F).

(H) A model depicting interplay between KDM3B-G9a regulating H3K9me1/2 and
modulating KMT2A amplifications/rearrangements.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test. NS- not significant to
control.
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Figure 5. Reduced CTCF occupancy leads to KMT2A copy gains and break aparts.

(A) Publicly available ENCODE input-normalized ChIP-seq tracks densities of CTCF in
multiple ENCODE cell lines or tissues at the KMT2A locus. CTCF binding at exon 11 of
KMTZ2A is conserved in multiple cell lines and directly overlaps with KDM3B binding in
HCT116 cells 5.

(B) DNA FISH demonstrating single and co-siRNA depletion of KDM3B and CTCF
promotes KMTZ2A copy gains and break aparts. No significant change occurred with the
CD3probe.

(C) Quantification of western blots for CTCF in KDM3B siRNA depleted RPE cells. No
significant change in steady state total CTCF protein levels were observed.

(D) Publicly available input-normalized ChIP-seq tracks of KDM3B °1 in control and
shKDM3 cells. KDM3B binds at exon 11 and is lost upon shKDM3 (green tracks). Lower
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tracks: input-normalized ChIP-seq tracks of CTCF showing that siKDM3B reduced CTCF
binding at exon 11 in RPE cells.

(E) ChIP-gPCR demonstrating suppression of CTCF occupancy at KMT72A exon 11
(KMTZ2A ex 11; black) or a negative control for CTCF binding (CTCF negative site; yellow)
following KDM3B siRNA depletion.

(F) Venn diagram of the overlap between KDM3B ChIP-seq peaks from a public dataset and
CTCF ChlP-seq peaks in this study. 6,386 of all KDM3B binding sites (41.5%) co-localize
with a CTCF binding site (P-value=1.0e-07).

(G) A total of 17,077 CTCF sites out of 46,340 (36.9%) had reduced occupancy with
KDM3B depletion. Among all 6,386 KDM3B binding sites coinciding with CTCF binding,
1,005 sites show a significant decrease in CTCF binding upon KDM3B knockdown. Z-
score=143.38 corresponding to a A-value close to 0.

(H) Double KDM3B and G9a knockdown rescued the increase of H3K9mel at the majority
of CTCF peaks reduced by siKDM3B. Barplot showing genome-wide number of CTCF
proximal regions (+/- 5Kb from a CTCF peak) that decreased CTCF and increased
H3K9mel level upon KDM3B knockdown (points above upper red line in I, left scatterplot).
Red, the fraction of regions where this increase was rescued by double knockdown (points
moved below upper red line in I, right scatterplot).

(I) Genome-wide effects of siKDM3B, siG9a, and double knockdown on H3K9mel levels at
the subset of CTCF binding sites where CTCF binding was decreased by siKkDM3B (17,077
sites). KDM3B and G9a knockdowns have opposite skews, whereas the double knockdown
strongly reduces these H3K9me1l changes. Left, scatterplot comparing input-normalized
H3K9mel ChlP-seq densities in +/— 5Kb proximity of all these individual CTCF peaks
across the genome in control vs siKDM3B; H3K9mel changes are skewed towards increase
(points above upper red line corresponding to > 1.5 fold increase in sSiKM3B cells). Middle,
scatterplot for control vs siG9a cells; H3K9mel changes are skewed towards decrease
(points below lower red line corresponding to > 1.5 fold decrease in siG9a cells). Right,
scatterplot for control vs siKDM3B + siG9a cells, with much fewer H3K9mel changes in
either direction. Red point, +/-5-Kb vicinity of CTCF binding site within KMT2A gene.

(J) DNA FISH demonstrating siRNA depletion of G9a prevents KMT2A copy gains and
break aparts upon CTCF siRNA depletion. No significant change occurred with the CD3
probe.

(K) DNA FISH demonstrating EHMT1/2 chemical inhibition prevents KMTZA copy gains
and break aparts upon CTCF siRNA depletion. No significant change occurred with the CD3
probe.

(L) A model depicting interplay between KDM3B-G9a-CTCF upon H3K9me1/2
modulation.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test.
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Figure 6. Doxorubicin promotes KMT2A amplification and rearrangement as well as reduces
KDM3B and CTCF protein levels

(A and B) Schematic of human KMT2A and adjacent CD3 DNA FISH probes (top). Graph
of the DNA FISH for RPE and HSPCs treated with Dox for 72hrs (bottom). Dox treatment
causes significant copy gains and break aparts at the KMTZ2A locus; while the control region
(CD3) changes were not significant.

(C) A schematic of DNA FISH probe genomic locations used for mouse Kmt2a/Con9locus
(top). Graph of DNA FISH quantification demonstrating that cells isolated from the Spleen
of mice treated with Dox have increased copy gains of KmtZa but not the adjacent Control 9
region (bottom).

(D) RT-gPCR demonstrating that Dox significantly reduced KDM3B transcript levels after
72 hours of exposure in RPE cells.

(E) Representative western blot illustrating Dox reducing KDM3B protein levels after 72
hours of exposure in RPE cells.

(F) Quantification of western blots (n=4) showing a significant reduction in KDM3B protein
levels following Dox treatment after 72 hours of exposure in RPE cells.
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(G) RT-gPCR demonstrating that Dox significantly reduced CTCF transcript levels after 72
hours of exposure in RPE cells.

(H) Representative western blot illustrating Dox reducing CTCF protein levels after 72 hours
of exposure in RPE cells.

(1) Quantification of western blots (n=4) showing a significant reduction in CTCF protein
levels following Dox treatment after 72 hours of exposure in RPE cells.

(J) Graph of the quantification of western blots in Figure S6F showing a significant
reduction in KDM3B (black) and CTCF (blue) protein levels following Dox treatment in
KGla cells.

(K) Western blot illustrating etoposide dose-dependently reduces KDM3B (upper) and
CTCEF (lower) protein levels after 72 hours of exposure in RPE cells.

(L and M) Western blot illustrating MG132 partially rescues KDM3B and CTCF protein
levels in the presence of Dox treatment in RPE cells. Average quantification of 3
experiments in Figure S6G are below. Protein levels were quantified using ImageJ and
normalized to a-Actinin.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test.
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Figure 7. KDM3B and CTCF regulation controls Doxorubicin-induced KMT2A amplification
and rearrangement.
(A) ChIP-gPCR demonstrating increase of H3K9mel at KMT2A exon 11 (KMTZA CTCF

site) following KDM3B siRNA depletion (left; upper) and Dox treatment at 1pg/uL for 24hr
(right; upper). ChIP-gPCR demonstrating suppression of CTCF occupancy at KMT72A exon
11 (KMTZA ex 11; black) or a negative control for CTCF binding (CTCF negative site;
yellow) following Dox treatment at 1pg/uL for 24hr (lower).
(B) Treatment schematic (upper) and DNA FISH (lower) demonstrating that Dox treatment
causes KMTZA amplification and rearrangements. CTCF overexpression significantly
rescues KMT2A amplifications.
(C) Treatment schematic (upper) and DNA FISH (lower) demonstrating that Dox treatment
causes KMTZA amplification and rearrangement. G9a depletion significantly rescues
KMTZA amplifications and rearrangements.
(D) Treatment schematic (upper) and DNA FISH (lower) demonstrating that Dox treatment
causes KMTZA amplification and rearrangements that are significantly rescued with
EHMT1/2 inhibition (EHMTi).
(E) Treatment schematic (upper) and DNA FISH (lower) demonstrating that Dox treatment
causes KmtZa copy gains in mouse cells isolated from the spleen, however, pretreatment
with EHMT1/2 inhibitor (EHMTi) blocked the Dox-induced KmtZa copy gains. The control
region on chr 9 had no significant changes with any condition (Control 9).
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(F) Treatment schematic (upper) and DNA FISH (lower) demonstrating that Dox treatment
causes KMT2A amplification and rearrangements that are significantly rescued with
KDM3B overexpression.

(G) Model summarizing the data from Figures 1-7. The model illustrates that KDM3B

and CTCF are suppressed with Dox treatment, leading to increased H3K9 mono- and di-
methylation and reducing CTCF occupancy, which in turn promotes KMT2A amplification
and rearrangements (BA). G9a is critical in promoting the KMTZ2A copy gains and
rearrangements.

Error bars represent the SEM. *p < 0.05 by two-tailed Student’s t-test.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-KDM3B, clone C69G2 Cell Signaling Cat# 3314; RRID: AB_1264294
Anti-JMJD1B Invitrogen Cat# PA5-53459

Anti-G9a Sigma Cat# G6919; RRID: AB_262007
Anti-beta Actin Millipore Cat# MAB1501; RRID: AB626633
Anti-Actinin Santa Cruz Cat# sc-17829; RRID: AB_626633
Goat anti-mouse HRP Biorad Cat# 170-6516; RRID: AB11125547
Goat anti-rabbit HRP GenScript Cat# A00167

Anti-H3K9mel Abcam Cat# ab8896

Anti-H3K9me2 Abcam Cat# ab1220

Anti-H3K9me3 Abcam Cat# ab8898

Anti-CTCF, clone D31H2 Cell Signaling Cat# 3418

Biological samples

Primary AML Cihangir Duy 7® N/A

Chemicals, peptides, and recombinant proteins

Pierce Protease Inhibitor Tablets Thermo Scientific Cat# A32953

Pierce Phosphatase Inhibitor Tablets Thermo Scientific Cat# A32957

Propidium lodide Solution Sigma Aldrich Cat# P4864

Doxorubicin Sigma Aldrich ab142052

Doxorubicin (Mouse study) Selleckchem Cat# E2516

Dulbecco’s Modified Eagles Medium — High Sigma Aldrich Cat# D5648

Glucose

Roswell Park Memorial Institute Medium Sigma Aldrich Cat# R6504

(RPMI)1640

Opti-Mem Life Technologies Cat# 31985070

Trypsin (0.25%) EDTA Life Technologies Cat# 2520056

L-Glutamine

Life Technologies

Cat# 25030-081

Penicillin and Streptomycin

Life Technologies

Cat# 15140122

Fetal Bovine Serum (FBS)

Gibco

Cat# 26140-079

Lipofectamine 3000

Life Technologies

Cat# L30000015

EHMTi Jian Jin UNC0642

KDM3i Xu et al.52 JDI-12

Critical commercial assays

miRNeasy Mini Kit Qiagen Cat# 217004
Superscript IV 1%t Strand System Life Technologies Cat# 18091050
CL-XPosure™ Film Thermo Scientific Cat# 34091
Lumi-Light Western Blotting Substrate Roche Cat# 12015200001
Pierce BCA Protein Assay Thermo Scientific Cat# 23223 and 23224
Protein A Dynabeads Thermo Scientific Cat# 10002D
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REAGENT or RESOURCE SOURCE IDENTIFIER
Protein G Dynabeads Thermo Scientific Cat# 10004D
TruSeq ChIP Sample Prep Kit Set A (48 samples) Illumina Cat# 10748010
NextSeq® 500/550 High Output Kit v2 (75 cycles) Illumina Cat# FC-404-2005
Bac-to-Bac™ Baculovirus Expression System Thermo Scientific Cat# 10359016
Dead Cell Apoptosis Kits with Annexin V Life Technologies Cat# V13241

Deposited data

Raw ChlIP-sequencing This paper GEO: GSE210480
KDM3B ChiP-seq Lietal.5t GEO: GSE71885
RPE CTCF ChlIP-seq ENCODE GEO: GSM749673
GM12878 CTCF ChIP-seq ENCODE GEO: GSM733752
H1 CTCF ChiIP-seq ENCODE GEO: GSM733672
bronchial_epithelial CTCF ChlIP-seq ENCODE GEO: GSM749779
Bcell CTCF ChIP-seq ENCODE GEO: GSM1003474
HL-60 CTCF ChiIP-seq ENCODE GEO: GSM749688
HCT116 CTCF ChlIP-seq ENCODE GEO: GSM1022652
Experimental models: Cell lines

RPE-hTERT1 Nick Dyson N/A

U937 FCCC Cell Culture Facility CRL-1593.2

HL60 ATCC CCL-240

KGla ATCC CCL-246.1

HSPC Cihangir Duy; 7> N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 / 129/Sv Jackson Labs | Strain# 101043
Oligonucleotides

See Table S3 for Oligonucleotides used This paper | N/A

Recombinant DNA

Halo-CTCF Promega Cat# FHC01807
Halo-KDM3B Promega Cat# FHC05559
Halo-Tag Alone Promega Cat# G6591

MLL-1Probe Oxford Gene Technology Cat# LPH 506-A
MLL breakapart Oxford Gene Technology Cat# LPH 013-A
AML1 breakapart Oxford Gene Technology Cat# LPH 027-SA
BCL 6 breakapart Oxford Gene Technology Cat# LPH 035-SA
EV/L1breakapart Oxford Gene Technology Cat# LPH 036-SA
TCRB breakapart Oxford Gene Technology Cat# LPH 048-SA
MLLT1 Oxford Gene Technology Cat# LPH 508-A
MLLT3 Oxford Gene Technology Cat# LPH 509-A

Chromosome 11 Alpha Satellite Red

Oxford Gene Technology

Cat# LPE 011R-A

E2A breakapart

Oxford Gene Technology

Cat# LPH 019-SA
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REAGENT or RESOURCE SOURCE IDENTIFIER
5q del probe Oxford Gene Technology Cat# LPH 024
19p probe Oxford Gene Technology Cat# LPT19 PR-A
NMYC/LAF4 probe Oxford Gene Technology Cat# LPS-009A
MLL adjacent probe (CD3) Empire Genomics RPCI-11 215H18
Kmt2a/Chr9 Mouse Empire Genomics Mouse KMT2A-Chr09

Software and algorithms

Scaffold 6.0 3i-intelligent imaging https://www.intelligent-imaging.com/slidebook
Innovations

BWA 0.7.13 Lietal.’® https://biobwa.sourceforge.net/bwa.shtml

DeepTools 2.4.3 Ramirez et al.”™® https://deeptools.readthedocs.io/en/develop/

content/installation.html

HOMER v4.10.3

Heinz et al 80

http://homer.ucsd.edu/homer/

DiffBind

Ross-Innes et al.8!

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