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KDMS5 inhibition offers a novel therapeutic strategy for the
treatment of KMT2D mutant lymphomas
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Loss-of-function mutations in KMT2D are a striking feature of germinal center (GC) lym-

® KDMS inhibition
reverts the effects of
KMT2D mutations by
increasing levels of
H3K4me3 and
restoring expression
of KMT2D-regulated

genes.
J

phomas, resulting in decreased histone 3 lysine 4 (H3K4) methylation and altered gene
expression. We hypothesized that inhibition of the KDM5 family, which demethylates
H3K4me3/me2, would reestablish H3K4 methylation and restore the expression of
genes repressed on loss of KMT2D. KDMS5 inhibition increased H3K4me3 levels and
caused an antiproliferative response in vitro, which was markedly greater in both endog-
enous and gene-edited KMT2D mutant diffuse large B-cell lymphoma cell lines, whereas
tumor growth was inhibited in KMT2D mutant xenografts in vivo. KDMS5 inhibition reac-
tivated both KMT2D-dependent and -independent genes, resulting in diminished B-cell

signaling and altered expression of B-cell ymphoma 2 (BCL2) family members, including
BCL2 itself. KDMS5 inhibition may offer an effective therapeutic strategy for ameliorating KMT2D loss-of-function

mutations in GC lymphomas.

Introduction

The histone-methyltransferase KMT2D (ENSG00000167548;
MLL2/MII4) is lost in a striking proportion of germinal center
(GC) lymphomas, with 80% of follicular lymphoma (FL)'™4
and 30% of germinal centre B-cell-like (GCB) diffuse large
B-cell lymphoma (DLBCL) cases harboring mutations®” that
are generally truncating, clonal, and often biallelic.”®"
KMT2D mutations occur alongside frequent mutations in the
epigenetic regulators CREBBP and EZH2; however, in contrast
to these lesions, no therapies targeting KMT2D mutations
have been reported.

KMT2D is a member of the KMT2 family of methyltransferases
(KMT2A-H), which catalyze the mono-, di-, and trimethylation
of histone 3 lysine 4 (H3K4),"" with H3K4me1 predominantly
located at enhancers and H3K4me3 at active/poised pro-
moters.”> Although KMT2D has preferential mono-
methyltransferase activity and deposits H3K4me1 at
enhancers, it also acts as the central structural component of
the complex of proteins associated with Set1-like multiprotein
complex and is required for the correct recruitment of the his-
tone acetyltransferases EP300/CREBBP and the H3K27me3
demethylase KDM6A."*'* Loss of Kmt2d has been demon-
strated to decrease H3K4mel/me2 deposition, alter gene
expression, and cooperate with Bcl2 overexpression in VavP-
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Bcl2 mice to drive lymphomagenesis.”'® Germline KMT2D
mutations are also the predominant cause of Kabuki syn-
drome, a developmental disorder with defects in B-cell devel-
opment but no apparent increase in GC lymphoma
prevalence,''® highlighting that KMT2D mutations are likely
to cooperate with other lesions to cause GC lymphomas.

H3K4 methylation is also regulated by the lysine specific demethy-
lase (KDM) families LSD1 and KDM5, which demethylate
H3K4me1 to H3K4me0 and H3K4me3/me2 to H3K4me1, respec-
tively. The KDMS5 family, consisting of 4 family members (KDM5A-
D), uses a-ketoglutarate as a substrate and regulates gene expres-
sion in a variety of contexts. Although mutations of KDM5 genes
are rare, they have been implicated as potential therapeutic tar-
gets because of their upregulation in several cancers and role in
driving drug resistance.'’2°

In this report, we hypothesized that KDM5 inhibition would rees-
tablish H3K4 methylation and restore the expression of genes
deregulated on loss of KMT2D. Using several KDMS5 inhibitors
(KDMS5i), we demonstrate that KDMS inhibition has strong antipro-
liferative and cytotoxic activity on GCB-DLBCL cell lines through a
combination of regulating B-cell receptor (BCR) signaling and the
expression of B-cell lymphoma 2 (BCL2) family members. Criti-
cally, KDM5 inhibition sensitivity is dependent on the presence
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of KMT2D mutations, suggesting that KDM5 inhibition may offer a
targeted therapy for KMT2D mutant GC lymphomas.

Methods

Please see supplemental Information, available on the Blood Web
site for full details.

Cell culture

All cell lines were cultured in a 37°C, 5% CO, humidified incubator
using RPMI-1640 supplemented with 10% fetal bovine serum, 1%
L-glutamine, and 1% Pen-Strep, except OCI-LY-1 and OCI-LY-7,
which were cultured in Iscove modified Dulbecco medium with
20% fetal bovine serum, 1% L-glutamine, and 1% Pen-Strep (sup-
plemental Table 1). Cell lines were acquired from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH) or an
institute tissue bank. Identity was confirmed by short tandem
repeat sequencing and regularly checked by Sanger sequencing
of unique mutations and for Mycoplasma contamination.

Cell viability and apoptosis

Viable cell numbers were determined using the Guava ViaCount
Assay (Millipore) or CellTitreGlo (Promega), whereas apoptosis
was quantified by the Guava Nexin Assay (Millipore).

RNA extraction

RNA was extracted using QIAGEN RNeasy Kits including an
on-column DNase step. RNA for sequencing was determined to
be of high quality by Tapestation (RNA integrity number >9.5).

Complementary DNA synthesis and quantitative
reverse transcriptase polymerase chain reaction
Complementary DNA was synthesized using the high-capacity
complementary DNA Reverse Transcription Kit (Thermo Fisher
Scientific), and quantitative polymerase chain reaction was
performed using the SsoAdvanced Universal SYBR Green
Supermix (BioRad). Reactions were performed in triplicate
and normalized to GAPDH. All primer sequences are listed in
supplemental Table 2.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using a
modified version of the Active Motif ChIP-IT High-Sensitivity Kit.

Gene editing

Clustered regularly interspaced short palindromic repeats
(CRISPR) was performed by annealing guide RNAs (supplemental
Table 3) to tracrRNA, followed by complexing to Cas? protein, to
generate ribonucleicprotein complexes. Ribonucleicproteins were
nucleofected (supplemental Table 4), alongside a donor template
when correcting the KMT2D mutation in SU-DHL-8 cells. After 48
hours, single-cell cloning was performed, and Sanger sequencing
was used to identify mutant clones.

Results
KDMS inhibition increases H3K4me3 levels in GC
lymphoma cells

To assess whether the KDM5 family was a suitable therapeutic tar-
get for GC lymphomas, we first quantified the expression of
KDMS5A-D in DLBCL cell lines, primary FL ICGC®") and DLBCL
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(ICGC/TCGA) biopsies and normal GC B cells (BLUEPRINT??)
(Figure 1A-B). KDM5A and KDMS5C were highly expressed in all
the samples, whereas the Y-linked KDM5D was only expressed
in male-derived cell lines (Figure 1A). Protein expression was con-
firmed for KDM5A, KDM5C, and KDM5D by western blot analysis
(supplemental Figure 1a).

We then examined the effect of 3 different KDM5is on H3K4
methylation; KDM5-inh1 (patent no. WO 2014/131777 A1; Epi-
Therapeutics/Gilead23), Compound 48 (Constellation Pharma-
ceuticals®®), and KDM5-C70,% all of which are competitive
inhibitors of a-ketoglutarate binding. All 3 increased H3K4me3,
with KDM5-inh1 significantly more potent than Compound 48
and KDM5-C70 (Figure 1C). In KMT2D wild-type (WT) HT cells
and mutant SU-DHL-6 cells, KDM5-inh1 induced similar increases
in H3K4me3 (8 vs 1.4 nM half maximal effective concentration
[ECsql), while H3K4me1/H3K4me2 were only decreased in SU-
DHL-6 cells (Figure 1D). In addition, KDM5-inh1 increased
H3K4me3 levels in primary FL cell suspensions (supplemental
Figure 1d-e) and did not alter KDM5A/KDM5C protein levels (sup-
plemental Figure 1b-c) or histone marks mediated by the closely
related KDM4 (H3K9me3/H3K36me3) and KDMé (H3K27me3)17
families (Figure 1D), indicating that KDM5-inh1 is a specific and
potent KDM5i.

KDMS inhibition has selective cytostatic and
cytotoxic activity in KMT2D mutant cell lines

We next examined the cytostatic activity of KDM5 inhibition and
found that KDM5-inh1 had a significantly greater antiproliferative
effect on KMT2D mutant cell lines (Figure 2A-C; supplemental
Figure 2a). Compound 48 and KDM5-C70 were less potent,
although they reduced proliferation in SU-DHL-6 and OCI-LY-
18, the cell lines most sensitive to KDM5-inh1 (supplemental
Figure 2a). The majority (6 of 8) also displayed lower ECsg values
after 10 days of treatment (supplemental Figure 2b-c), indicating
that KDM5 inhibition has sustained antiproliferative activity,
whereas apoptosis was induced in the most sensitive cell lines
(Figure 2D; supplemental Figure 2d).

As KDM5A has been more widely described as an oncogene than
KMD5C,"”"® we used CRISPR to knockout KDM5A in KMT2D
mutant SU-DHL-6 cells (Figure 2E). KDM5A ™"~ knockout cells
had increased H3K4me3 levels (~50%; Figure 2E) and reduced
proliferation relative to WT SU-DHL-6 cells, although apoptosis
was not induced (Figure 2F; supplemental Figure 3a-b). Given
the modest alterations in global H3K4me3 and lack of apoptosis
induction, it is likely that depletion of multiple isoforms is required
to induce a robust therapeutic response.

Inducing and correcting KMT2D mutations alters
KDMS inhibition sensitivity

Because KMT2D mutant cells were more sensitive to KDM5 inhi-
bition than WT (Figure 2b-c), we used CRISPR to introduce
KMT2D mutations in WSU-DLCL2, the least sensitive t(14;18)-pos-
itive KMT2D WT cell line. Three WSU-DLCL2 clones (#8, #22, #61;
supplemental Table 5) harboring monoallelic truncating mutations
displayed reduced proliferation after KDM5 inhibition (Figure 2G).
Global levels of H3K4 methylation appeared unaltered by KMT2D
loss in untreated cells, whereas KDM5 inhibition induced similar
increases in H3K4me3 in mutant and WT cells (supplemental
Figure 3b-c).
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Figure 1. KDMS5 inhibition increases H3K4me3 levels in DLBCL cell lines. (A) The expression of the 4 KDM5 family members (KDM5A-D) was examined by quantitative
reverse transcriptase-polymerase chain reaction in 10 DLBCL cell lines and normalized to the expression of GAPDH. Data are the mean * standard error of the mean (SEM)
of 3 independent experiments. (B) KDM5 family member expression was examined by RNA-seq in publicly available datasets of FL (ICGC, n = 97%") and DLBCL (TCGA, n =
48; ICGC, n = 74) patients, plus healthy GC B cells (BLUEPRINT??). RPKM, reads per kilobase million; TPM, transcripts per million. (C) SU-DHL-6 cells were treated with 1 uM
KDM5-inh1 or 10 uM Compound-48 and KDM5-C70 for 48, 72, and 96 hours, followed by western blot analysis of H3K4me3 levels relative to H3. (D) The SU-DHL-6 and HT
cell lines were treated with DMSO or increasing concentrations of KDM5-inh1 for 48 hours. Representative western blots for H3K4me3/me2/me1 (KDM5), H3K9me3/K36me3
(KDM4), H3K27me3 (KDMé), and H3 (i). Quantification of western blots relative to H3 (ii). Data are mean *= SEM of 3 independent experiments.

CRISPR was also used to correct the homozygous 1-bp insertion
(P648Tfs*2) that disrupts KMT2D in SU-DHL-8 cells, generating
3 clones where a single allele had been reverted to WT, 2 of which
displayed increased global H3K4me1 (K51 and Ké5; supplemen-
tal Figure 3d). All these clones were more resistant to KDM5 inhi-
bition (Figure 2H), confirming that KDM5 inhibition sensitivity is
altered by KMT2D mutations.
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KDMS inhibition induces widespread increases

in H3K4me3

We hypothesized that increased H3K4me3 levels would drive
a gene expression program responsible for the activity of
KDMS5 inhibition. H3K4me3 ChlP-seq identified 11158 peaks in
untreated SU-DHL-6 cells (supplemental Table é; supplemental
Figure 4a), with the majority (72.6%) located at promoters (Figure

HEWARD et al
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Figure 2. KDMS5 inhibition reduces the proliferation of KMT2D mutant cell lines. (A-B) DLBCL, FL, myeloma, and Burkitt's lymphoma cell lines were treated with DMSO
or increasing concentrations of KDM5-inh1, and viable cells were quantified every day up to 6 days for OCI-LY-18, SU-DHL-6, and HT cells (A) and after 5 days for all cell lines
(B), with ECsg values for KMT2D WT and mutant cell lines displayed in a waterfall plot. (C) Dot plot showing the significantly lower ECsg values for KMT2D mutant cell lines.
Statistical significance was determined by Mann-Whitney U test: **P < .01. (D) Induction of apoptosis was quantified in OCI-LY-18, SU-DHL-6, and HT cells treated with
DMSO or increasing concentrations of KDM5-inh1 for 5 days. (E) Western blots showing loss of KDM5A in 3 homozygous knockout clones (SU6-A3, A30, A50) compared
with parental and WT controls (SU6#33, #34), alongside expression of KDM5C, BCL2, and H3K4me3 levels. (F) Parental, control, and KDM5A knockout SU-DHL-6 cells were
seeded at 4000 cells per well, and viable cell numbers were quantified after 6 days. Statistical significance was calculated using a 2-way analysis of variance (ANOVA) with a
Tukey's posttest: *P < .05 and ***P < .001 relative to SU&#33, and *P < .05 relative to SU&#34. (G-H) Viable cell counts from WSU-DLCL2 cells and 3 KMT2D mutant clones
(G) or parental SU-DHL-8 cells and 3 corrected clones (H) treated with DMSO or increasing concentrations of KDM5-inh1 for 5 days. Data are the mean = standard error of
the mean of 3 to 7 independent experiments. Statistical significance was calculated using a 2-way ANOVA with a Dunnett’s posttest: *#P < .005; ***P < .001.

3A). KDM5 inhibition increased the average peak size (supple-
mental Figure 4b) and altered H3K4me3 levels at 2408 peaks,
with 98% demonstrating increased H3K4me3 (supplemental
Table 6; Figure 3B). Only a third of these peaks overlapped with
promoters (Figure 3A), suggesting that KDMS5 inhibition also alters
H3K4me3 at enhancers. Using ChIP-seq data from GC lymphoma
cell lines (ENCODE; Encyclopedia of DNA Elements) and primary
GC B cells (BLUEPRINT??), we found that 84% to 95% of the inter-
genic regions regulated by KDMS5 inhibition overlapped with the
enhancer-associated H3K4me1 mark (supplemental Figure 4c).
These regions also largely showed deposition of H3K4me3 and
H3K27ac, indicating that the majority are active enhancers.

KDMS5 inhibition converts H3K4me1 to H3K4me3
at promoters

To understand how KMT2D mutations alter H3K4me1/H3K4me3
and the response to KDM5 inhibition, we focused on WSU#22~/*,
which we engineered from KMT2D WT WSU-DLCL2 cells to
contain a heterozygous 1-bp deletion (P?5Qfs*35) that is typical

KDMS5 INHIBITION IN KMT2D MUTANT LYMPHOMA

of the KMT2D mutations seen in GC lymphomas (Figure 2G).
We first examined global changes in H3K4me3/H3K4me1 by
ChlP-seq and observed modest changes in H3K4me1 (1333
altered peaks; 62.3% decreased) between untreated WSU-
DLCL2 and WSU#22™"* cells, with H3K4me3 minimally affected
(49 altered peaks; supplemental Figure 4d-f; supplemental Table
6). The response to KDM5 inhibition was more dramatic, with
H3K4me3 deposition broadly increased (>99%, 3244-4604
peaks) in WSU-DLCL2 and WSU#227/" cells, whereas H3K4me!
levels were predominantly reduced (>80%, 2469-3130 peaks;
supplemental Figure 4d-f; supplemental Table 6).

We identified 10259 promoters that were marked by H3K4me3
but not significantly altered by KDMS5 inhibition in WSU-DLCL2/
WSU#22~"* cells and 1958 promoters with significantly altered
H3K4me3 after KDM5 inhibition. As expected, the majority of pro-
moters displayed a typical high H3K4me3/H3K4me1 ratio,
whereas the significantly altered promoters showed an inverse
low H3K4me3/H3K4me1 ratio, consistent with the pattern
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Figure 3. Epigenetic and transcriptomic characterization of KDMS5 inhibition. (A) Genomic locations of H3K4me3 peaks identified by ChIP-seq in cells treated with
DMSO (i) or 1 wM KDM5-inh1 (i) for 72 hours. (B) KDM5 inhibition induced changes in H3K4me3, with significantly changed peaks displayed in red. (C) Heatmaps of
ChlIP-seq data showing difference in H3K4me3 levels between promoters significantly altered (blue) or otherwise (red) in SU-DHL-6 cells treated with DMSO or 1 uM
KDM5-inh1 for 72 hours. (D) Spatial plots showing distribution of H3K4me1 and H3K4me3 at promoters with significantly altered H3K4me3 by KDM5-inh1 or otherwise
in WSU-DLCL?2 (yellow/red) and WSU#22~/* (light/dark blue) cells treated with DMSO (yellow/light blue) or KDM5-inh1 (red/dark blue). (E) Plots showing broad increases
in H3K4me3 and reductions in H3K4me1, quantified by ChlP-seq, at the transcription start site (TSS) (+500 bp) of H3K4me3+ genes in WSU-DLCL2 and WSU#22~/* cells
treated with 1M KDMS5-inh1. The Pearson’s correlation coefficient is indicated on each plot. (F) Volcano plots indicating DE genes in SU-DHL-6, OCI-LY-18, and HT cells
treated with 1 wM KDM5-inh1 for 24 and 72 hours, with significant genes highlighted in red. (G) Heatmap showing log,FC values for 897 genes that were DE by either KDM5-
inh1 or KMT2D loss and clustered using K-means clustering. (H) H3K4me3 and H3K4me1 reads were counted for the promoters in each cluster and then divided (H3K4me3/
H3K4me1) and log, normalized to create a summary ratio for each. Control promoters were identified as being H3K4me3+ in WSU-DLCL2 cells but showing no alteration in
mRNA expression or H3K4me3/H3K4me1 deposition in any of our analyses. (I) Boxplots showing RNA-seq logCPM values (i) and TSS read counts across ChIP-seq (i) data-
sets of genes from cluster 4. (J) ChIP-seq and RNA-seq tracks, centered on LCK and TRAF3IP3, from WSU-DLCL2 and WSU#22 /" cells treated with KDM5-inh1 for 72 hours,

plus ChIP-seq tracks of KMT2D (OCI-LY-7)? and CREBBP (centroblasts)*® binding.
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observed in SU-DHL-6 cells (Figure 3C-D; supplemental Figure
4g-h). Across all promoters, KDM5 inhibition reduced H3K4me1
and increased H3K4me3, although this was most striking in the
low H3K4me3/H3K4me1 group (Figure 3D-E), suggesting that
KDMS5-inhibition activates promoters by converting H3K4me1 to
H3K4me3.

KDMS inhibition induces moderate changes in
gene expression

Genes differentially expressed (DE; false discovery rate [FDR]
<-0.05, log, fold change [log,FC], >1 or less than —1) by
KDM5 inhibition were identified by RNA-seq analysis of 2
KMT2D mutant sensitive (SU-DHL-6 and OCI-LY-18) and 1 WT
insensitive cell line (HT) treated with 1 WM KDM5-inh1 for 24 or
72 hours. Overall, a greater number of DE genes were observed
at 72 vs 24 hours in all cell lines (Figure 3F; supplemental Table
7), with the impact most striking in SU-DHL-6 (147 and 545 DE
genes). In all conditions, except HT at 72 hours, the majority of
DE genes were upregulated, whereas the overlap was greatest
between SU-DHL-6 and OCI-LY-18 (supplemental Figure 5a-c).

Focusing on SU-DHL-6 and comparing our KDM5 inhibition RNA-
and ChlP-seq data, we observed that promoter H3K4me3 corre-
lated with gene expression (r = .28) to a greater extent than
enhancer H3K4me3 levels (r = .04 vs nearest gene; supplemental
Figure 5d). This was more pronounced when examining upregu-
lated genes (0.44 vs 0.02) and indicates that KDM5 inhibition acti-
vates gene expression through promoters rather than enhancers,
whereas gene downregulation may occur indirectly. Overall,
KDMS inhibition has a relatively modest impact on gene expres-
sion despite widely increasing H3K4me3.

KDMS inhibition regulates KMT2D-dependent and
-independent genes

We next compared RNA-seq profiles between WSU-DLCL2 and
WSU#22™"* cells and identified 445 genes DE after KMT2D
loss, whereas KDMS5 inhibition led to 309 and 339 DE genes
(141 common genes; supplemental Figure 5e-f). In total, 897
genes were either DE between WSU-DLCL2 and WSU#22~"* or
after KDMS5 inhibition, which separated into 7 discrete groups
using K-means clustering (Figure 3G; supplemental Table 7).

The majority of genes (71%) were regulated by either KMT2D (eg,
clusters 1 and 2) or KDM5 inhibition alone (eg, cluster 3). Critically,
we also identified 2 clusters (4 and 5) where changes in gene
expression accompanying KMT2D loss were reversed after
KDMS inhibition. Cluster 4 contained genes that were downregu-
lated by KMT2D loss (mean log,FC, —0.87) but upregulated by
KDMS5 inhibition in both WT and mutant cells (mean log,FC,=
0.92 vs 1.75), including the cell cycle regulator COKN1A and sev-
eral signaling regulators (LCK, PRKCB, FCGR2B). An inverse rela-
tionship was observed in cluster 5, where genes were upregulated
by KMT2D loss (mean log,FC, 0.31) but downregulated by KDM5
inhibition in WSU-DLCL2 and WSU#22™/* cells (mean log,FC,
—1.0vs —1.1; Figure 3G), including the apoptotic regulator BCL2.

We next analyzed how levels of promoter H3K4 methylation in
these clusters are linked to changes in gene expression after
KDMS inhibition or KMT2D loss. Clusters upregulated by KDM5
inhibition (3, 4, and 6) exhibited a low basal H3K4me3/
H3K4me1 ratio, indicating that these promoters are repressed

KDMS5 INHIBITION IN KMT2D MUTANT LYMPHOMA

by KDM5, whereas the remaining clusters had a typical high
H3K4me3/H3K4me1 ratio (Figure 3H). Although KDM5 inhibition
reduced H3K4me1 and increased H3K4me3 within all clusters, its
effect was most notable on clusters 3 and 4, where the H3K4me3/
H3K4me1 ratio was altered to the extent that levels of H3K4me3
surpassed H3K4me1, which is likely responsible for the upregula-
tion of these genes (Figure 3I-J). Cluster 5, in contrast, contained
promoters with minimal apparent changes in H3K4me3, support-
ing our previous observation that KDMS5 inhibition may indirectly
downregulate gene expression. Across all clusters, however,
KMT2D loss induced minimal changes to promoter H3K4me1/
H3K4me3, whereas the clusters of genes downregulated by
KMT2D loss (1 and 4) showed no bias toward alterations in
enhancer or intragenic H3K4me1 (data not shown), in line with
recent reports indicating that the consequences of KMT2D loss
may not occur just through reduced H3K4 methylation.”®'*

KDMS inhibition regulates KMT2D and CREBBP
target genes

To further test whether KDM5 inhibition regulates KMT2D target
genes, we used gene set enrichment analysis (GSEAY” to
compare our RNA-seq series with a database of lymphoma
and B-cell signatures, including signatures derived from
patient cohorts, in vitro analyses, and mouse models of
KMT2D.?10262829 A|| 4 datasets generated in 2 recent lymphoma
KMT2D studies”'® were significantly enriched in both series, as
were 28 signatures associated with CREBBP (Figure 4A; supple-
mental Table 8). Moreover, these KMT2D/CREBBP signatures
were also enriched in our SU-DHL-6 and WSU-DLCL2/WSU#22~/
* H3K4me3 ChlIP-seq data (supplemental Figure 5g; supplemental
Tables 9 and 10), whereas the 2408 regions regulated by KDM5
inhibition in SU-DHL-6 significantly overlapped with binding of
KMT2D and CREBBP (Figure 4B; supplemental Figure 4h). In con-
trast, we detected only modest enrichment for signatures associ-
ated with EZH2 mutations and EZH2**" (supplemental Table 8).

We next investigated the enrichment of histone marks and epige-
netic regulators using data from GC lymphoma cell lines and GC B
cells?® and our previously defined gene clusters in WSU-DLC2/
WSU#22~/" cells (Figure 3G). In agreement with our observations
linking CREBBP to KDM5-regulated genes (Figure 4A-B), cluster 4
promoters displayed levels of H3K27ac and CREBBP binding that
were higher than any other cluster, including cluster 3, which is
regulated by KDMS5 inhibition but not KMT2D loss (Figure 4C).
Levels of KMT2D binding conversely were not predictive of
KDMS5 inhibition response (Figure 4C).

KMT2D has diverse functions in chromatin regulation, many of
which could be compensated for by other enzymes (eg,
KMT2C); however, we hypothesize that its loss in lymphoma
results in the repression of H3K4me1-high promoters, which are
normally lowly expressed but poised for activation on stimula-
tion by altering the recruitment of enzymes including EP300/
CREBBP and KDM6A."*'* By demethylating H3K4me3/me2 to
H3K4me1, the KDM5 family also prevents the activation of these
genes, which can be reactivated by KDM5 inhibition, converting
residual H3K4me1 into H3K4me3.

KDMS inhibition upregulates regulators of

B-cell signaling

To determine how KDMS5 inhibition reduces proliferation and
induces apoptosis, we analyzed our ChIP- and RNA-seq data
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Figure 4. KDMS5 inhibition regulates KMT2D target genes and BCR signaling regulators. (A) Heatmap indicating normalized enrichments scores (NESs) of KMT2D and
CREBBP signatures in KDM5-inh1-treated cells, following GSEA of RNA-seq profiles using a manually curated database of B-cell signatures. (B) Overlap between KDM5
inhibition-regulated regions in SU-DHL-6 and CREBBP?® or KMT2D bound regions,”'® with observed/expected and FDR values for the overlaps indicated. (C) Deeptools®
was used to calculate summary scores at the promoters (transcription start site [TSS] = 500 bp) of genes in each cluster (Figure 3G) plus nonbivalent (H3K4me3+/
H3K27me3—) and bivalent (H3K4me3/H3K27me3+) control promoters for ChIP-seq datasets of histone mark deposition (ENCODE/BLUEPRINT) and KMT2D,”'® CREBBP,*
and EZH2/SUZH12% binding. The overall direction of change in RNA expression, following KDM5i or KMT2D loss, is indicated for each cluster in the first 2 columns. (D-E)
Heatmaps indicating NES following GSEA of the Reactome database in RNA-seq profiles from KDM5-inh1-treated cells (D) and RNA-seq plus promoter H3K4me1 and
H3K4me3 profiles from KDM5-inh1-treated WSU-DLCL2/WSU#22 "+ cells (E). (F) Log,FC values of B-cell signaling regulators in SU-DHL-6, OCI-LY-18, and HT cells treated
with KDM5-inh1. (G-H) Levels of pERK1/2 (T202/Y204) and ERK1/2 were quantified by western blot in cell lines exposed to 1T uM KMD5-inh1 for 5 days or 1 uM entospletinib
for 48 hours (G), with the quantification of 3 individual replicates (H), alongside levels of ERK1 Y204 measured by phosphoproteomics and MEK1 activity quantified by kinase
substrate enrichment analysis.>* (1) Activation of SYK was investigated by western blot analysis in SU-DHL-6, OCI-LY-18, and OCI-LY-7 cells treated with DMSO or KDM5-inh1
for 72 hours, followed by anti-IgM F(ab’), antibody stimulation for 10 minutes or 1 hour.
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series to identify notably enriched pathways while also focusing on
key individual genes. In both our ChIP- and RNA-seq data, we
observed strong enrichments for pathways related to BCR and
G protein—coupled receptor signaling (supplemental Tables 9
and 10; Figure 4D-E), including genes encoding the tyrosine phos-
phatase SHP-1 (PTPNé) and various coreceptors (eg, FCGR2B,
FCRL3/5, CD72, LAIR1) capable of recruiting and activating
SHP-1 (Figure 4F; supplemental Figure éa-c).

We selected several signaling genes for further validation includ-
ing PTPN6 and demonstrated that KDM5-inh1 increased pro-
moter H3K4me3 levels in both cell lines and primary FL cell
suspensions (supplemental Figure 6d-e). These genes were also
upregulated by Compound 48, KDM5-C70, and KMD5A knock-
out in SU-DHL-6 cells, albeit to a lesser extent than after KDM5
inhibition (supplemental Figure 7a-b). Given that PTPNé is regu-
lated by KMT2D? and CREBBP? (supplemental Figure 6a), and
subject to low-frequency mutations and silencing in lymphoma,**
we speculated that increased expression/activity of SHP-1 may
result in reduced B-cell signaling, although we also noted that
KDMS5 inhibition induced signaling regulators downstream of
SHP-1 (Figure 4F).

KDMS inhibition reduces B-cell signaling

To investigate how KDMS5 inhibition regulates B-cell signaling,
we performed phosphoproteomics analysis in SU-DHL-6 and
OCI-LY-18 cells exposed to KDM5-inh1. Focusing on well-
documented phosphorylation sites, we detected decreased phos-
phorylation sites on key members of the MAPK-extracellular
signal-regulated kinase (ERK) signaling pathway, including BRAF
and ERK1/2 (supplemental Figure 8a). Reduced MAPK/ERK sig-
naling was confirmed by kinase substrate enrichment analysis,*
which identified MEK1 to have significantly reduced activity in
both OCI-LY18 and SU-DHL-6, with kinases downstream of
MEK/ERK also inhibited (eg, CDK2, MNK1/2; supplemental Fig-
ure 8b), and validated in SU-DHL-6 cells by western blotting of
ERK1/2 T202/Y204 phosphorylation (Figure 4G-H).

MAPK-ERK signaling was also reduced by the SYK inhibitor entos-
pletinib (Figure 4G), indicating that reduced MAPK-ERK signaling
in KDM5-inh1-treated cells may be caused by inhibition of tonic
BCR signaling,®® which can be regulated by SHP-1.3"-*? Although
genetic ablation of proximal BCR-associated kinases has been
shown to reduce proliferation in GCB-DLBCL cells (including SU-
DHL-6 and OCI-LY-18),* % we were unable to directly assess
the effect of KDM5-inh1 on SYK and BTK because phosphoryla-
tion levels were undetectable in these experiments.

To more specifically focus on BCR signaling, we pretreated the
immunoglobulin M (IgM)* SU-DHL-6, OCI-LY-18, and OCI-LY-7
cells (supplemental Figure 8c) with dimethyl sulfoxide (DMSO)
or KDM5-inh1 for 72 hours and then stimulated with anti-igM
F(ab'), to cross-link the BCR. KDM5-inh1 pretreatment reduced
SYK phosphorylation at later time points (1-4 hours) after
surface-IgM engagement (Figure 4l; supplemental Figure 8d-1),
whereas the initial induction of SYK phosphorylation at 10
minutes, surface expression of slgM and intracellular calcium
release were all unaffected (supplemental Figure 8d-h). By con-
trast, KDM5 inhibition had no impact on SYK phosphorylation in
the KDMS5 inhibition-insensitive OCI-LY-7 cells (Figure 4l; supple-
mental Figure 8d-f).

KDMS5 INHIBITION IN KMT2D MUTANT LYMPHOMA

The more rapid dephosphorylation of SYK is consistent with an
increase in the expression of regulators such as SHP-1% and
may contribute to the reduction in MAPK-ERK signaling. However,
more direct regulators of MAPK-ERK signaling (eg, DUSPé,*°
PTPN7*") were also induced, making it likely that KDMS5 inhibition
suppresses B-cell signaling through multiple effector proteins.

KDMS inhibition modulates the expression of BCL2
family members

Among the downregulated genes, we observed reduced expres-
sion of the antiapoptotic BCL2. All 3 KDMS5i tested consistently
reduced BCL2 protein expression in t(14;18)-positive cell lines
(Figure 5A; supplemental Figure 9a), although sensitivity to
KDMS5 inhibition and the BCL2i venetoclax varied (r = .38, P =
.31), indicating that response to KDM5 inhibition is not solely
dependent on BCL2 (supplemental Figure 9b-c). The mechanism
of BCL2 downregulation appeared to be an indirect effect of
KDM5 inhibition, as we observed no clear changes in
H3K4me3/H3K4me1 or H3K27ac across the BCL2 promoter (sup-
plemental Figure éd) or at enhancers contained within BCL2 or the
immunoglobulin heavy chain locus (data not shown), consistent
with earlier observations that downregulated genes do not corre-
late with H3K4me3 deposition (supplemental Figure 5c-d).

We next analyzed the expression of BCL2 alongside other family
members in SU-DHL-6 and HT cells treated with KDM5-inh1 for
2/5 days. Minimal changes were observed in the insensitive HT
cells; however, decreased BCL2 and BCL-XL expression, along-
side increasing expression of the proapoptotic NOXA, BIM,,
and BIMg,, were observed at day 5 in SU-DHL-6 (Figure 5B-C).
These changes preceded the onset of apoptosis at day 2 (supple-
mental Figure 9d-e), whereas KDM5 inhibition also reduced BCL2
and BCL-XL mRNA expression in primary FL cell suspensions (sup-
plemental Figure 6e). Overall, these data indicate that KDM5 inhi-
bition shifts the balance of BCL2 family members toward a
proapoptotic response in sensitive cells.

KDMS inh1 synergizes with MCL1 inhibitors

Given the ability of KDM5 inhibition to regulate B-cell signaling
and BCL2 family members, we tested whether KDM5 inhibition
could synergize with the BH3 mimetics venetoclax*® and 563845
(MCL1 apoptosis regulator inhibitor; MCL1 ),%* which are under
clinical investigation for GC lymphomas. Although initial experi-
ments revealed minimal synergy with venetoclax (data not shown),
we found S63845 to widely synergize with KDM5-inh1, particularly
in t(14;18)-positive cell lines (Figure 4D+E; supplemental Figure
10a+b). Overall, the synergy with $63845 is likely explained by
KDM5 inhibition downregulating the expression of the 2 other
major negative regulators of apoptosis, BCL2 and BCL-XL, trigger-
ing increased MCL1 dependence, alongside reduced prosurvival
BCR/MAPK-ERK signaling.

KDMS5-inh1 has in vivo activity against KMT2D
mutant xenografts

To test the in vivo efficacy of KDM5-inh1, KMT2D mutant SU-DHL-
6 cells were xenografted subcutaneously into NOD/SCID mice.
Mice were orally administered vehicle, 50 mg/kg KDM5-inh1 daily
(7 days on/7 days off) or 10 mg/kg ibrutinib (positive control) for 21
days. KDM5-inh1 was well tolerated with weight loss < 20% and
no other signs of toxicity observed (supplemental Figure 10c-e).
Levels of H3K4me3 were variable at the study end point, although

€ blood® 5 AUGUST 2021 | VOLUME 138, NUMBER 5 377

20z AeN 81 uo 3sanb Aq ypd-€+2800020ZPIGPO0IA/910Z L 61/0LE/S/SE L /Pd-a1o1e/pOOq/Jou sUOREDIgNdysE//:d)y WOy papeojumoq



—- MCL1 —= NOXA

A B C = BCL-XL —— BIM-XL

—— BCL2 -e- BIM-L

SU-DHL-6 HT 2 SU-DHL-6
t(14;18) negative - - Fk
KDM5-inh1 (uM) ~ KDM5-inh1 (uM) ©5 .
ocl- Ssu- SU- 22 ]
LY-18  DHL-6  DHL-8 HT  OCILY-7 DMSO 1 5 DMSO 1 5 £ Z ..
] | — — — | — — — 40kD. =]
KDM5-inh1 - + - 4+ - + - + - MCL-1 @ 2 4
BCL2 | BCL-XL |G oy s | | S S W) 30kDa “‘g% 1
(26kDa) | SE_—-GCG—— e — _;‘4;555_ | 26kDa Se 2 e
GAPDH Hkk
(36kDa) --—-—--—----| BIM s w— | 23kDa 3 —
WSU- KARPAS gy g HT
DLCL2 DOHH-2  -422 SU-DHL-4 OCILY-1 BIM, 15kDa 2
KDMS‘;igiC; S+ -+ o+ o+ o NOXA|"‘-4' *q- “H-— — --|10kDa ‘é’vé 1
- ©
Wt — e = — == 00s T2 O ﬁ
GAPDH P—--mq H3K4me3| e — -l |—- R — —l 17kDa :3 g -1 4
(36kDa) > 5
H3|---||-——|17kDa Se 2

3 —_
DMSO 1uM  10uM

KDM5-inh1
D E
Loewe synergy 60 HSA synergy OCI-LY-1 (KMTZD'/') WSU-DLCL2 (KMT2D+/+)

Loewe synergy score: 37.1 Loewe synergy score: 16.9

Synergy score
563845 (nM)

156 625 2500 10000 O 156 625 2500 10000

KDM5-inh1 (nM) KDM5-inh1 (nM)
8-score
i .
F G H 40 40
KDMS5
DMSO -inh1 150 ; ;
e — : : - Vehicle
H3K4Me3 [ - = i Dosing 1 = KDMSi
(17kDa) T _—— 154 & i holiday 1 (50ma/kg)
< - BCL2 3 1 i
H3 o & 1.0 £ 100 - ! '
- 1= = H3K4me3 S ' ]
(17kDa) o= 2 p '
=5 05+ —— pERK/ERK 2 |
BCL2 o e S = = '
(26kDa) — = = 00T, g !
=2 o5 Z 50+ !
GAPDH | e e >2 £ !
(37kDa) — = 1.0 RS i
— - &£ * S '
PERK ’ ‘ - 1.5 —pm—myp— :
(42/44kDa) _ - o Y . r — T
. S
— - . . K& &
ERK w 3 @‘0 0 5 10 15 20
(42/44kDa) . © Days on treatment

Figure 5. KDMS5 inhibition alters the expression of BCR signaling and apoptotic regulatory genes. (A) Expression of BCL2 protein was examined by western blot in 10
DLBCL cell lines exposed to DMSO or 1 pM KDM5-inh1 for 48 hours. (B) SU-DHL-6 and HT cells were treated with DMSO or 1 and 5 pM KDM5-inh1 for 5 days, with the cells
reseeded in fresh drug/media after 48 hours. The expression of BCL2 family members was investigated by western blot, with HSC70 used as a loading control. Western blots
are representative of 3 independent experiments, with the quantification relative to HSC70 displayed in panel C. Statistical significance was determined using an analysis of
variance (ANOVA) with a Dunnett's posttest vs untreated control: *P < .05; **P < .01; ****P < .0001. Viable cells were quantified in 10 lymphoma cell lines treated with
increasing concentrations of KDM5-inh1 for 5 days, alongside increasing concentrations of $63845 (MCL1i) for 3 days. (D) Overall Loewe and highest single agent (HSA)
synergy scores calculated for each cell line using Synergy Finder,*? with a score >10 indicating significant synergy. (E) Plots showing the degree of synergy between different
concentrations of KDM5-inh1 and 563845 in OCI-LY-1 and WSU-DLCL2 cells, with the area of maximum synergy indicated by a blue box. (F-G) Global levels of H3K4me3 in
tumors from mice treated with vehicle or 50 mg/kg KDM5-inh1 for 1 week (n = 3) were quantified by western blot and normalized to H3, whereas BCL2 and pERK levels were
quantified and normalized to GAPDH and total ERK, respectively. (H) Activity of 50 mg/kg KDM5-inh1 on the growth of SU-DHL-6 xenografts in comparison with vehicle-
treated mice. Data are the mean = standard error of the mean of 10 individual mice, except in the vehicle group where one mouse was removed because of insufficient
tumor growth (<300 mm?3). Statistical significance was calculated using a 2-way ANOVA with a Dunnett’s posttest: ***P < .001; ****P < .0001.
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increased H3K4me3 alongside reduced BCL2 expression and
PERK were observed in the tumors of mice treated with KDM5-
inh1 for 7 days (Figure 5F+G; supplemental Figure 10f). After 7
days of treatment, tumor growth inhibition of 65% was observed
for the KDM5-inh1 group, and although the tumors partially recov-
ered during the dosing holiday, tumor growth inhibition values of
54% to 66% were maintained until day 17 when the vehicle group
was killed (Figure 5H).

Discussion

The KMT2 methyltransferases are one of the most highly dis-
rupted gene families across cancer,'” most notably within the
GC lymphomas where KMT2D is mutated in 80% of FL'* and
30% of GCB-DLBCL cases,”” alongside mutations in the epige-
netic regulatory genes CREBBP?42845-47 and EZH2.%8*° The ther-
apeutic potential of targeting these mutations has been
established by the approval of EZH2i for FL,*'*"%? whereas
HDACS3 has been proposed as a therapeutic target for CREBBP
mutant lymphomas.?®?” We therefore examined whether KDM5
inhibition could ameliorate the loss of KMT2D by stabilizing
H3K4 methylation and restoring the expression of KMT2D-regu-
lated genes.

KDMS5 inhibition increased global levels of the promoter-
associated H3K4me3 while inducing significant cytostatic/cyto-
toxic responses in KMT2D mutant cell lines in vitro and tumor
growth inhibition in vivo. KDM5 inhibition was confirmed to be
dependent on KMT2D by generating and correcting KMT2D
mutations in cell lines, with single-allele alterations able to modu-
late KDM5 inhibition sensitivity. Our epigenetic and transcrip-
tomic analyses revealed that KDM5 inhibition activates both
KMT2D-dependent and -independent genes and in particular
upregulates B-cell signaling regulators marked by high levels of
promoter H3K4me1.

KDMS5 inhibition also induced striking reductions in BCL2 expres-
sion in t(14;18)-positive lymphoma cells, alongside altering the
expression of other BCL2 family members, which together with
the loss of BCR/MAPK-ERK signaling appears likely to be respon-
sible for the cytostatic/cytotoxic activity of KDM5 inhibition. Fur-
ther in vivo studies are required to establish whether KDM5
inhibition has sufficient single-agent activity, as the dose we
assessed in this study (50 mg/kg) induced relatively modest reduc-
tions in tumor growth. However, the degree of synergy observed
in vitro with MCL1i, and reductions in BCR/MAPK-ERK signaling
indicate that KDM5i may synergize effectively with BH3 mimetics
or potentially targeted signaling agents as an alternative strategy.
Our data also indicates that inhibition of multiple KDM5 members
may be needed to achieve a therapeutic response, consistent with
reports of significant redundancy in the KDM5°%>* and other KDM
families,>>°® which should be taken into consideration in the fur-
ther development of KDM5i.

Despite the evidence presented here that KDM5i can reactivate
KMT2D-dependent genes, by increasing H3K4me3 at the
expense of H3K4mel, KDM5 inhibition does not directly
reverse the epigenetic consequences of losing the mono-
methyltransferase activity of KMT2D. A number of recent studies
have described the major consequence of KMT2D loss to occur
through reduced recruitment of the H3K27 acetyltransferases
EP300/CREBBP and demethylase KDM6A,"*'* and it is
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noteworthy that inhibition of LSD1, the direct antagonist of the
methyltransferase activity of KMT2D, is ineffective in lymphoma.>”

Given previous reports of high levels of promoter H3K4me1 main-
taining particular signaling regulators in a poised configura-
tion®®*? and KMT2D mutations altering B-cell signaling by
preventing the upregulation of negative regulators after CD40
stimulation,'® we propose that KMT2D and KDM5 work coopera-
tively at select promoters to maintain them in a poised confi-
guration until a suitable signal is received. This is likely to occur
through a combination of KMT2D directly catalyzing H3K4me1
and recruiting other epigenetic enzymes (eg, the acetlytransfer-
ases p300/CREBBP), alongside the KDM5 family preventing over-
activation by demethylating H3K4me3/H3K4me2 to H3K4me1.
This is supported by our observation that KMT2D-dependent
genes upregulated by KDMS5 inhibition have strikingly high levels
of H3K27ac and CREBBP binding in addition to higher levels of
H3K4me1 compared with H3K4me3. In lymphoma, this delicate
balance could be disrupted through reduced H3K4me1 catalysis
and/or EP300/CREBBP recruitment in KMT2D mutant cells or
by mutations in CREBBP/EP300 themselves. Importantly, by con-
verting residual H3K4me1 to H3K4me3, KDM5 inhibition can
reactivate these genes and ameliorate the impact of KMT2D
mutations.

In summary, this report establishes the potential of KDM5 inhibi-
tion as a targeted therapy for GC lymphomas that can reactivate
the expression of KMT2D-dependent genes. In particular, the
increased expression of negative regulators of B-cell signaling
results in a curtailment of prosurvival signals and decreases the
expression of BCL2 and other BCL2 family proteins. Notably,
the response to KDMS5 inhibition is dependent on the presence
of KMT2D mutations and raises the question as to whether
KDM5i may be effective in other malignancies harboring muta-
tions in KMT2D or other KMT2 methyltransferases.
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