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Frontline use of the BCL2 inhibitor, venetoclax, for acute myeloid leukemia (AML) has resulted in broad improvements in
patients’ outcomes. A major remaining challenge is the development of venetoclax resistance, frequently driven by com-
pensatory transcriptional programs that promote cell survival and differentiation. These changes reduce dependence on
BCL2 in favor of alternative anti-apoptotic BCL2 family members such as MCL1 or BCL2L1 (BCL-X ). Using CRISPR-based
genome-wide perturbation screens, we investigated the genetic dependencies of venetoclax and the BCL2/BCL2L1 dual
inhibitor AZD4320. We identified the N6-methyladenosine (m6A) writer RBM15, and the nucleosome remodeling and deacety-
lase (NURD) complex interactor ZMYND8 as novel mediators of resistance to both venetoclax and AZD4320. Loss of RBM15
or ZMYNDS8 induced drug resistance, concurrent with alterations in BCL2 family expression and monocytic differentiation.
Accordingly, in AML patients’ samples we found reduced expression of the respective m6A or NURD complexes was signifi-
cantly associated with monocytic differentiation and ex vivo resistance to the same drugs. These findings provide critical

insights into previously undescribed mechanisms of BCL2 family inhibitor resistance in AML.

Introduction

The BCL2 family of apoptosis regulators has emerged as
a promising therapeutic target in acute myeloid leukemia
(AML).! This family includes anti-apoptotic proteins such
as BCL2, MCL1, and BCL2L1 (BCL-X ), which block apop-
tosis by binding and neutralizing pro-apoptotic effectors
BAX and BAK - proteins essential for mitochondrial outer
membrane permeabilization.? Venetoclax, a BH3 mimet-
ic that selectively binds and inhibits BCL2, has demon-
strated significant efficacy in AML and is approved by the
Food and Drug Administration for use in combination with
hypomethylating agents to improve response rates and
overall survival.*-®

Prior CRISPR-based genome-wide perturbation screens
have identified key genes and pathways that mediate the
response to venetoclax. Downregulation of pro-apoptotic

effectors — BAX, PMAIP1 (NOXA), and TP53 — or compen-
satory upregulation of MCL1 and BCL2L1, results in vene-
toclax-resistance in AML cells.®"® Cellular differentiation
state has also been implicated in resistance, with more
differentiated monocytic or megakaryocytic/erythroid
cells displaying increased resistance to venetoclax, of-
ten accompanied by upregulation of MCL1, BCL2L1, or
BCL2A1 relative to BCL2.8™® These findings underscore
the importance of addressing both changes in the base-
line expression of BCL2 proteins and the upregulation
following treatment, such as treatment-induced re-
sistance. To address one avenue of resistance, BCL2L1
(BCL-X) overexpression, dual inhibitors targeting both
BCL2 and BCL2L1 - including AZD4320 and navitoclax
- have been developed.®?° To identify both shared and
uniqgue mechanisms of resistance between AZD4320 and
those previously identified for venetoclax, we performed
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a genome-wide CRISPR/Cas9 screen in OCI-AML2 cells
cultured with AZD4320. Here, we identified RBM15 and
ZMYNDS8 as novel key dependencies for the response to
both venetoclax and AZD4320.

RBM15 is a component of the m6A RNA methylation machin-
ery, the most common internal MRNA modification, which
regulates transcript splicing, export, stability, translation,
and degradation. The core m6A “writer” methyltransferase
complex includes METTL3, METTL14, and WTAP, with RBM15
acting as an adaptor to recruit the complex to specific RNA
sites. m6A “reader” proteins, such as YTHDF family mem-
bers, mediate the effects of m6A on RNA metabolism, while
“erasers”, like FTO and ALKBH5, reverse the modification,
dynamically regulating transcript expression.??? In leukemia,
the t(1;22)(p13;913) translocation results in a RBM15-MKL1
(OTT-MAL) fusion gene, which is linked to a rare subtype
of acute megakaryoblastic leukemia in infants.??
ZMYNDS8, a multifunctional epigenetic regulator within
the NuRD complex, modulates chromatin structure and
transcriptional repression. The NuRD complex, composed
of histone deacetylases (HDAC1/2), chromatin remodeling
ATPases (CHD3/4), and metastasis-associated proteins
(MTA1-3), facilitates chromatin compaction and gene si-
lencing.?*?* ZMYND8 mediates NURD complex targeting
to specific histone modifications including H3K36me2/3
and H4K16Ac. Recent studies have identified NuRD?¢ and
ZMYND8?%"28 as essential for AML cell survival by regulating
transcriptional programs crucial for leukemogenesis.

In AML, dysregulation of m6A methylation has been im-
plicated in leukemogenesis by modulating the expression
of genes involved in self-renewal and differentiation of
hematopoietic stem and progenitor cells.??%° Similarly,
dysregulated NuRD activity alters the expression of genes
critical for myeloid maturation, thereby maintaining leu-
kemic cells in an undifferentiated state.®

Methods

Cell lines and culture conditions

OCI-AML2 human AML cell lines were obtained from the
American Type Culture Collection. Cells were cultured in
RPMI-1640 medium supplemented with 20% fetal bovine
serum, L-glutamine, penicillin-streptomycin, and ampho-
tericin B. Cultures were maintained at 37°C with 5% CO,
and were routinely tested for Mycoplasma contamination.

Genome-wide CRISPR/Cas9 screening

Loss-of-function screens were performed using the Y.
Kosuke®*? human genome-wide sgRNA library. Cells were
treated with 30 nM AZD4320 or dimethylsulfoxide (DMSO)
control for 14 days. Genomic DNA was extracted, and sgRNA
sequences were amplified for Illumina sequencing. Reads
were trimmed using cutadapt (v2.3)%* to extract the can-
didate sequences. Alignment was then performed using
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Bowtie2 (v2.3.5.1)%* relative to a custom set of expected
sgRNA sequences. After conversion to Bam format, unique
matches were selected using Bamtools (v2.5.1).2°* Reads
were counted for each sample using MAGeCK. The counts
were next filtered for low representation (those not in the
plasmid-only samples or those with <100 counts per mil-
lion in more than half the samples) and then normalized
using the trimmed mean of M. The edgeR package?® was
used for each linear model, generating log, fold changes
and two-sided P values. Gene-level tiering was performed
as described previously.’

Generation and validation of knockout cell lines

RBM15 and ZMYNDS8 knockout (KO) cell lines were gen-
erated by transducing OCI-AML2 cells with sgRNA-con-
taining lentiviral particles. Two biologically distinct lines
were generated for each condition using separate sgRNA
sequences. Puromycin selection was applied for 7 days.
Knockout efficiency was validated via western blotting.

Cell proliferation assays

Wild-type, non-targeting control, RBM15 KO and ZMYND8
KO OCI-AML2 cells were cultured for 6 days in 30 nM
AZD4320 or DMSO. Viable cells were counted every 2 days
to assess proliferation.

RNA sequencing and analysis

Total RNA was extracted from wild-type, non-targeting
control, RBM15 knockout, and ZMYND8 knockout cells.
Stranded poly(A)* RNA sequencing libraries were prepared
and sequenced in triplicate on an Illumina NovaSeq 6000
platform, generating 150 bp paired end reads. Reads were
trimmed using Trimmomatic and aligned to the human
reference genome (GRCh38/hg38) using STAR aligner. Dif-
ferential expression analysis was performed using DESeq2,
with surrogate variable analysis applied for batch effect
correction. Genes with an adjusted P value <0.05 and an
absolute log, fold change >1 were considered differentially
expressed. Cell type enrichment was analyzed using the
Panglao DB database in R.

BCL2 family gene ratios were calculated as a ratio of normal-
ized counts using DESeq2’s median of ratios normalization.
Statistical significance was calculated using a two-sided
Student t test comparing the six values from the non-tar-
geted lines (2 biological lines, 3 replicates each) to the six
values of the indicated knockout line.

Human subject data and ethical approval

The patients’ data used in this study were obtained from
the publicly available Beat AML dataset, which includes
de-identified clinical data. Use of this dataset was approved
by the Oregon Health & Science University Institutional
Review Board (OHSU IRB). All protocols involving human
subjects’ data were conducted in accordance with the
ethical standards of the OHSU IRB.
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Results

Genome-wide CRISPR screen revealed novel
transcriptional regulators controlling BCL2 inhibitor
resistance

While acquired resistance to venetoclax supports the de-
velopment of dual BCL2/BCL2L1 inhibitors (Figure 1A), it is
unknown whether unique predictors of drug response exist
for BCL2-selective inhibitors versus BCL2/BCL2L1 inhibi-
tors. To address this question, we first analyzed data from
ex vivo screening of primary AML samples. This approach
demonstrated a robust relationship between responses to
venetoclax and AZD4320 for individual patients’ samples
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(Figure 1B). By integrating ex vivo AZD4320 screening of
232 primary AML samples with the existing Beat AML tran-
scriptomic dataset, we directly compared the correlations
between gene expression and drug response in a shared
set of samples. While slight outliers were observed, the
correlations between gene expression and area under the
curve for venetoclax were largely similar in both direction
and magnitude to those observed for AZD4320 (Figure 1C).
To investigate global resistance mechanisms for AZD4320,
we conducted a genome-wide CRISPR screen in OCI-AML2
cells treated with 30 nM AZD4320 for 14 days (Figure 2A).
We identified several shared, evidence-based tiered hits
between both AZD4320 and venetoclax” screens, including
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Figure 1. AZD4320 overcomes BCL2L1-mediated resistance and mirrors venetoclax sensitivity in acute myeloid leukemia. (A)
Schematic of the differential action of venetoclax and AZD4320. Upregulation of BCL2L1 (BCL-X ) confers resistance to venetoclax
but not to AZD4320. (B) Comparison of area under the curve values between venetoclax and AZD4320 for 232 AML patients’
samples from the BEAT AML database. (C) Pearson correlation of gene expression and ex vivo drug response to venetoclax or
AZD4320 for 232 AML patients’ samples. Signed, log-transformed false discovery rate-corrected P values are shown for veneto-

clax (x-axis) and AZD4320 (y-axis). The dotted line indicates the x=

y line; select BCL2-family genes and outliers are labeled. MOMP:

mitochondrial outer membrane permeabilization; AUC: area under the curve; FDR: false discovery rate.
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Figure 2. Genome-wide CRISPR screens identify RBM15 and ZMYND8 as AZD4320 resistance hits. (A) CRISPR screen results dis-
play log-fold changes and significance of changes in sgRNA abundance in OCI-AML2 cells over 14 days of AZD4320 (30 nM) treat-
ment when compared to those in dimethylsulfoxide-treated controls. Genes are stratified into confidence tiers based on effect
size and concordance between multiple guides. (B) Comparison of AZD4320 and venetoclax CRISPR screens on OCI-AML2 cells;
genes that were classified as tier 1, 2, or 3 hits in both screens are labeled, including discordant genes (in maroon). (C) Viability
of OCI-AML2 cells with single-gene knockouts (KO) while cultured in 30 nM AZD4320; RBM15-KO and ZMYNDS8-KO are highlight-
ed in blue and yellow respectively. NT: non-targeting; LFC: log-fold change.
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drug-resistance following loss of PMAIP1, BAX and TP53, and
increased sensitivity following loss of BCL2L7 (Figure 2B).
Relatively few genes produced discordant hits between the
screens, and while promising for future study, the smaller
effect sizes in this group led us to prioritize investigation
of the strongest shared hits.

Notably, we identified two novel tier 1 hits, RBM15 and ZMY-
ND8, as regulators of drug response in both the AZD4320
and venetoclax screens.” To validate these findings, we
generated RBM15 and ZMYND8 KO OCI-AML2 cell lines using
lentiviral CRISPR-Cas9 gene editing, with successful knock-
out confirmed via western blotting (Online Supplementary
Figure S1A). These cells displayed significantly increased
resistance (one-way analysis of variance with the Dunnett
test: RBM15 P=0.0001; ZMYNDS8 P=0.0075) to AZD4320 com-
pared to non-targeting cells in outgrowth assays (Figure
2C, Online Supplementary Figure S1B) and dose-response
analyses (Online Supplementary Figure S1C, D) compared to
non-targeting controls. Notably, response to non-BCL2-di-
rected inhibitors (including trametinib, midostaurin, and
sorafenib) were not similarly affected by loss of RBM15 or
ZMYNDS8 (Online Supplementary Figure STE).

RBM15 and ZMYND8 knockout drives changes in BCL2
expression and differentiation consistent with primary
acute myeloid leukemia samples

To examine the mechanisms by which loss of RBM15 or
ZMYNDS8 confers resistance to BCL2 inhibitors, we first per-
formed RNA-sequencing on OCI-AML2 knockout cell lines,
followed by gene set enrichment analysis (GSEA) to identify
pathways previously implicated in venetoclax resistance
(Online Supplementary Figure S2A, B). There appeared to be
little upregulation of the pathways commonly associated
with drug resistance to BCL2 inhibitors such as MAPK/ERK
and TP53 pathways.

The relative ratios of BCL2 family member expression are
highly predictive of in vitro and clinical response to vene-
toclax, such that cells with lower ratios of BCL2 relative to
BCL2L1 or MCLT are resistant to venetoclax.’*® Accordingly,
we next examined relative RNA expression of BCL2 family
members following the knockout of RBM15 or ZMYNDS. In
ZMYNDS8 KO cell lines we did indeed detect a reduction in
the ratio of BCL2 to MCL7 (P=0.001, t=4.73) and BCL2 to BC-
L2A7 (P<0.0001, t=9.72), suggesting an increased reliance on
these BCL2 alternatives for evading drug-induced apopto-
sis (Figure 3A). Interestingly, in RBM15 KO cell lines, we did
not detect changes in any of the pro-survival members of
the BCL2 family, but instead we observed elevated ratios
of BCL2L1 to BCL2L11 (BIM) (P=0.002, t= -4.51) and BCL2 to
BIM (P=0.0006, t= -5.06), suggesting a novel mechanism of
resistance whereby the increased proportion of pro-survival
BCL2 family members relative to the apoptotic initiator BIM
may shift the balance toward survival, reducing apoptotic
priming and limiting drug efficacy.

We next explored whether these changes in BCL2 family
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expression in the setting of RBM15- and ZMYNDS8-loss are
linked to altered AML cell maturation state and assessed
whether knockout of these genes influenced differentiation.
GSEA of upregulated genes in knockout cell lines, using
PanglaoDB-derived cell type annotations,*° revealed enrich-
ment of differentiated myeloid cell states in both RBM175-
and ZMYNDS8-KO lines (Figure 3B). These included macro-
phage-like (normalized enrichment score [NES]=2.28, false
discovery rate [FDR]=1.80x10"7), monocytic-like (NES=2.17,
FDR=4.29x107%), and dendritic-like cell types (NES=2.21,
FDR=1.12x10-5).

To further investigate the relationship between RBM15 and
ZMYNDS8 expression and differentiation, we evaluated their
association with clinical differentiation markers in primary
AML samples. Using linear regression, we found that low-
er expression of both genes was significantly associated
with increased percentages of peripheral blood monocytes
(RBM15: t= -5.45, P<9.19x10°8; ZMYNDS8: t= -2.92, P<0.003),
consistent with a more differentiated phenotype (Figure 4A).
Next, expression of these genes was compared to expres-
sion-derived AML-specific cell state scores.* Spearman cor-
relation analysis revealed that RBM15 and ZMYNDS8 expression
levels were positively associated with more primitive states,
including progenitor-like (ZMYNDS8: p=0.18, FDR<3.14x105;
RBM15: p=0.16, FDR<1.8x10-*) and hematopoietic stem cell-
like states (ZMYNDS8: p=0.17, FDR<8.2x10°%; RBM15: p=0.23,
FDR<1.62x10%). Conversely, both genes were negatively cor-
related with more differentiated states such as promono-
cytic-like (ZMYNDS8: p= -0.23, FDR<2.14x10"; RBM15: p= -0.11,
FDR<1.18x102) and monocyte-like phenotypes (ZMYNDS8: p=
-0.17, FDR< 7.77%x10°°; RBM15: p= -0.10, FDR<1.35%10-®) (Figure
4A, Online Supplementary Figure S3B, C, E, F).

Given that differentiation status is a known predictor of
venetoclax sensitivity,®'°? we wanted to see whether a similar
effect would be observed with AZD4320. Using Spearman
correlation, we found a positive association between periph-
eral blood monocyte percentages from primary AML samples
and AZD4320 response (p=0.51, P<112x10%), consistent with
previously reported venetoclax sensitivity patterns (Figure
4B, Online Supplementary Figure S3A, D).

In contrast to cell line models, in which gene expression and
drug response were strongly linked, we found that Spear-
man correlations between ex vivo venetoclax or AZD4320
response and RBM15 or ZMYNDS8 expression in primary sam-
ples were weak or non-significant (venetoclax: RBM15: p=
-0.009, FDR=0.85; ZMYNDS8: p= -0.14, FDR<0.004; AZD4320:
RBM15: p= -0.11, FDR=0.094; ZMYNDS8: p= -0.15, FDR<0.02)
(Figure 4C). Abundance of ZMYNDS8 protein showed a modest
but stronger inverse correlation with drug response, while
RBM15 protein expression remained non-significant (Online
Supplementary Figure S2C-F).

Expanded analysis of m6A RNA methylation and NuRD
chromatin remodeling complexes
Given that RBM15 and ZMYNDS8 expression as individual
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genes did not correlate strongly with drug response in
patients’ samples, we expanded our analysis to include
the broader m6A RNA methylation and NuRD chromatin
remodeling complexes, in which RBM15 and ZMYNDS8 serve
as key components. Using either RNA-sequencing (Online
Supplementary Figure S4A) or whole-proteome quantification
(liguid chromatography and tandem mass spectrometry) of
patients’ samples (Figures 5A and 6A), we performed prin-
cipal component analysis (PCA) to generate eigengene-like
signatures for each complex (Online Supplementary Table
S17), capturing overall pathway activity through unsupervised
composite profiles.

Principal component analysis of m6A and NuRD
complexes

To assess m6A pathway activity, we performed PCA on protein
abundance data for core m6A complex members, gener-
ating an eigengene-like representation of pathway activity
(m6A PC1) (Figure 5A). Most proteins loaded positively onto
PC1, supporting its interpretation as a proxy of overall m6A
complex activity. Linear regression analysis revealed that
m6A PC1 was negatively associated with peripheral blood
monocyte percentage (t= -2.25, FDR<0.03) and positively
associated with peripheral blood blast percentage*? (t=7.89,
FDR<1x10™"), suggesting that reduced m6A pathway activity
corresponds to more differentiated cell states (Figure 5B).
Similarly, PCA of NuRD complex protein abundance generated
a NuRD eigengene-Llike signature (NURD PC1), representing
overall pathway activity (Figure 6A). Most pathway com-
ponents loaded positively onto PC1, analogous to the mGA
analysis. Using linear regression, we found that NuRD PC1
was negatively associated with peripheral blood monocyte
percentage (t= -3.64, FDR<7.55x10*) and positively associated
with peripheral blood blast percentage (t=5.54, FDR<7.1x107),
supporting the interpretation that reduced NuRD complex
activity corresponds to a more differentiated disease state.
Both of these pathway principal components correlated with
expression-derived AML cell state scores,* which reinforced
these findings. Spearman correlation analysis demonstrated
that the m6A PC1 was strongly negatively correlated with
monocyte-Llike states (p=-0.68, FDR<1.04x107") and positively
correlated with primitive states, including progenitor-like
(p=0.70, FDR<2.55x10"®) and hematopoietic stem cell-like
states (p=0.28, FDR<1.03x10®) (Figure 5B). Similarly, NuRD
PC1 was negatively correlated with monocyte-like states
(p=-0.59, FDR<5.6x107®) and positively correlated with pro-
genitor-like (p=0.62, FDR<1.1x10™) and hematopoietic stem
cell-like states (p=0.44, FDR<3.2x107) (Figure 6B). These
data collectively support a model in which reduced m6A
and NuRD complex activities are linked to more differenti-
ated AML cell states, consistent with their proposed roles
in maintaining cellular primitiveness.

Drug sensitivity analysis
To explore the potential therapeutic impact of these path-
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ways, we assessed the correlation between each principal
component and ex vivo response to several small molecule
inhibitors in primary AML samples. Both the m6A and NuRD
PC1 were negatively correlated with sensitivity to AZD4320
(mBA: p= -0.49, FDR<3.7x10"*; NuRD: p= -0.48, FDR<6.72
x10-%) and venetoclax (m6A: p= -0.49, FDR<5.3 x10-%; NuRD:
p=-0.49, FDR<6.9 x107®) (Figures 5C and 6C). These findings
suggest that reduced m6A and NuRD pathway activity is
associated with resistance to BCL2 inhibitors, consistent
with prior observations that differentiated AML subtypes
are less sensitive to these therapies. This setting of re-
duced expression of m6A or NURD pathways correlates
with sensitivity to certain drugs, including inhibitors of
histone deacetylases (panobinostat), MTOR (rapamycin),
and a kinase inhibitor (nilotinib). Similar analyses using RNA
data to generate expression-derived principal component
scores yielded comparable results for both pathways (On-
line Supplementary Figure S4A-F).

Overall, these findings highlight the strong link between
m6A and NURD pathway activities and AML differentiation,
demonstrating that reduced pathway activity or disruption
contributes to decreased sensitivity to BCL2 inhibitors in
a differentiation-dependent manner.

Discussion

Venetoclax, a selective BCL2 inhibitor, has significant-
ly advanced the treatment of AML, particularly in older
patients unfit for intensive chemotherapy, when used in
combination with hypomethylating agents. However, de-
spite promising initial responses, resistance to venetoclax
remains a major clinical hurdle, leading to relapse in many
patients. Here, we identify RBM15 and ZMYND8 as novel
mediators of resistance to both venetoclax and the dual
BCL2/BCL2L1 inhibitor AZD4320 in the OCI-AML2 cell line.
Notably, the loss of either gene induces differentiation
toward a monocytic phenotype, resulting in resistance
to BCL2 inhibition. This observation aligns with previous
findings that more differentiated AML cells exhibit inherent
resistance to venetoclax.t"®

Using genome-wide CRISPR screens, we confirmed that
apoptotic regulators known to control the response to
venetoclax, such as BAX, PMAIP1, and TP53,” are similarly
involved in the response to AZD4320. While highly similar
drugs, primary samples indicate that expression of a few
genes, including BCL2, TP53BP1, and IL6ST, are more cor-
related to venetoclax response. Genes more predictive of
AZD4320 response include MCOLNT (which inhibits apop-
tosis in a BAX-dependent manner) and SEMA4G.** Notably
SEMA4G is not linked to the BCL2 family, but the intron
of SEMA4G contains miR-608, which promotes apoptosis
in prostate cancer cells by inhibiting BCL2L7 translation
through directly binding the 5’ untranslated region.** We
were unable to detect expression of the short miR-608 in
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Figure 5. m6A pathway activity from the BEAT AML dataset is associated with acute myeloid leukemia differentiation and drug
resistance. (A) Biplot showing member contribution in the principal component analysis of protein levels of m6A pathway genes
from the BEAT AML dataset to generate an m6A eigengene-like signature (*P<0.05, **P<0.01, ***P<0.001). (B) Correlation of the
m6A PC1 with cell state scores and linear regression against clinical differentiation markers, showing negative associations with
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our poly-A enriched RNA-sequencing dataset, but expression
of SEMA4G could be acting as a proxy for increased tran-
scription of miR-608. Post-transcriptional control of BCL2L17
by miR-608 could also account for the lack of any observed
correlation between BCL2L7 expression and response to
venetoclax or AZD4320 in patients’ samples.

Resistance to AZD4320 in our knockout cell lines appeared to
be driven by monocytic differentiation along with alterations
in the expression ratios of BCL2 family members, which
has previously been shown to be associated with vene-
toclax resistance.*® ZMYND8-KO lines showed a reduction
in BCL2 expression, especially relative to MCL7 or BCL2AT1,
indicating a shift away from venetoclax and AZD4320 drug
targets towards untargeted anti-apoptotic BCL2 members.
This is consistent with the MAC-score previously shown to
be predictive of clinical venetoclax response when assess-
ing relative protein abundance of BCL2 versus MCLT and
BCL2L1.%8 Conversely, RBM15-KO cells showed no shift away
from BCL2 or BCL2LT; instead, these cells had reduced ex-
pression of the pro-apoptotic initiator BCL2L11 (BIM), while
increasing expression of the drug targets in a novel manner
unique from prior known mechanisms of venetoclax resis-
tance. These divergent expression changes suggest that
different resistance mechanisms may necessitate distinct
therapeutic strategies. For example, the setting of ZMYNDS8
deficiency-related resistance would call for a combination
of BCL2 inhibition with MCL1/BCL2A1 targeting agents. In
contrast, for RBM15 deficiency-related cases of resistance,
effective targeting strategies could include BIM stabilization
or alternative apoptotic priming approaches.

Mutations and signaling activation in the RAS/MAPK path-
way have been previously shown to result in venetoclax
resistance in vitro and in vivo.** Notably, we saw no indi-
cation of activated RAS/MAPK-signaling in either knockout
cell line by GSEA for signaling signatures (Online Supple-
mentary Figure S2A, B), nor did we see altered response
to RAF (sorafenib) or MEK (trametinib) inhibitors following
knockout (Online Supplementary Figure S1F), demonstrat-
ing a RAS-independent mode of BCL2 inhibitor resistance.
Taken together with the findings above, we conclude that
monocytic differentiation with associated changes in BCL2
family expression is the primary mechanism towards resis-
tance to venetoclax and AZD4320 in m6A- and NuRD-dis-
rupted settings.

RBM15 is a member of the m6A RNA methylation complex,
which regulates mRNA stability and translation through
N6-methyladenosine (m6A) modifications. Previous studies
have highlighted the role of m6A modifications in controlling
myeloid differentiation and leukemogenesis. For instance,
METTL3-mediated m6A methylation maintains the undif-
ferentiated state of AML cells by promoting the translation
of MYC and BCL2 transcripts.?' Loss of RBM15 may disrupt
m6A methylation patterns, leading to altered expression
of genes that promote differentiation, thereby reducing
susceptibility to apoptosis induced by BCL2 inhibitors.

J. Brim-Edwards et al.

Similarly, ZMYNDS8 is part of the NuURD chromatin remodeling
complex, which influences transcriptional repression and
chromatin accessibility. The NuURD complex modulates gene
expression programs essential for myeloid maturation.®
Loss of ZMYNDS8 could result in depression of differentia-
tion-associated genes, promoting a monocytic phenotype
less susceptible to BCL2 inhibition. Interestingly, ZMYND8
has been identified as a potential therapeutic target in
AML. Previous work has shown that ZMYNDS8 regulates
the IRF8 transcription axis and is an AML dependency,
suggesting that its inhibition could impair leukemia cell
proliferation.*® However, our findings introduce a critical
consideration: while targeting ZMYND8 may reduce pro-
liferation, it may also induce differentiation-associated
resistance to current frontline BCL2 inhibitors such as
venetoclax and AZD4320.

Our analyses of patient-derived AML samples revealed that
lower expression levels of RBM15 and ZMYNDS8 correlated
with more differentiated, monocyte-like cell states. We
did not find a significant direct association between their
expression levels and sensitivity to venetoclax or AZD4320,
in contrast to the strong associations observed in our cell
line models. This lack of correlation could be due to idio-
syncratic reliance on these specific genes in the cell line
models versus broader utilization of the m6A and NuRD
family genes in primary patients’ samples. To address this,
we expanded our analysis to include the broader m6A RNA
methylation and NuRD chromatin remodeling complexes.
Using PCA, we discovered that the activity of these complex-
es is strongly negatively correlated with drug response to
AZD4320 and venetoclax. The m6A and NuRD principal com-
ponents negatively correlated with monocyte-like states
and positively with progenitor-like states, indicating that
reduced activity of these pathways is linked to increased
differentiation, consistent with our observed monocyt-
ic-shift following RBM15 or ZMYNDS8 knockout. Remarkably,
these principal components mapped well onto cell state
scores,* even though these signatures were unsupervised
and not designed to match cell state. This underscores the
significant influence of mM6A RNA methylation and NuRD
chromatin remodeling on AML cell differentiation and sug-
gests that these pathways contribute to drug resistance
through modulation of cellular differentiation.

Our findings reinforce the concept that the m6A and
NuRD complexes are key regulators linking epigenetic and
post-transcriptional modifications to AML cell differenti-
ation and drug resistance. Targeting the m6A methylation
and NuRD chromatin remodeling pathways could offer new
avenues to modulate differentiation and overcome resis-
tance to BCL2 inhibitors, potentially informing treatment
plans for clinicians. Exploring combination therapies that
modulate differentiation pathways or target differentiated
cells while also targeting BCL2 family proteins may enhance
treatment efficacy and help to circumvent resistance in
AML patients.
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