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ASXL1 truncating variants in BOS and myeloid
leukemia drive shared disruption of Wnt-
signaling pathways but have differential
isoform usage of RUNX3

Isabella Lin"#*", Zain Awamleh*', Mili Sinvhal'%* Andrew Wan'%?, Leroy Bondhus'*?, Angela Wei'*** Bianca
E. Russell*S, Rosanna Weksberg®’® and Valerie A. Arboleda'>3>21%"

Abstract

Background Rare variants in epigenes (a.k.a. chromatin modifiers), a class of genes that control epigenetic
regulation, are commonly identified in both pediatric neurodevelopmental syndromes and as somatic variants in
cancer. However, little is known about the extent of the shared disruption of signaling pathways by the same epigene
across different diseases. To address this, we study an epigene, Additional Sex Combs-like 1 (ASXLT), where truncating
heterozygous variants cause Bohring-Opitz syndrome (BOS, OMIM #605039), a germline neurodevelopmental
disorder, while somatic variants are driver events in acute myeloid leukemia (AML). No BOS patients have been
reported to have AML.

Methods This study explores common pathways dysregulated by ASXLT variants in patients with BOS and AML. We
analyzed whole blood transcriptomic and DNA methylation data from patients with BOS and AML with ASXLT-variant
(AML-ASXLT) and examined differential exon usage and cell proportions.

Results Our analyses identified common molecular signatures between BOS and AML-ASXLT and highlighted key
biomarkers, including VANGL2, GRIK5 and GREM2, that are dysregulated across samples with ASXLT variants, regardless
of disease type. Notably, our data revealed significant de-repression of posterior homeobox A (HOXA) genes and
upregulation of Wnt-signaling and hematopoietic regulator HOXB4. While we discovered many shared epigenetic
and transcriptomic features, we also identified differential splice isoforms in RUNX3 where the long isoform, p46, is
preferentially expressed in BOS, while the shorter p44 isoform is expressed in AML-ASXL].

Conclusion Our findings highlight the strong effects of ASXLT variants that supersede cell-type and even disease

states. This is the first direct comparison of transcriptomic and methylation profiles driven by pathogenic variants in
a chromatin modifier gene in distinct diseases. Similar to RASopathies, in which pathogenic variants in many genes
lead to overlapping phenotypes that can be treated by inhibiting a common pathway, our data identifies common
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development and in malignancy.
Key points

pathways and aberrant posterior HOX gene regulation.

abnormal, in AML, hematopoiesis.

methylation, RNA-sequencing

pathways for ASXLT variants that can be targeted for both disease states. Comparative approaches of high-penetrance
genetic variants across cell types and disease states can identify targetable pathways to treat multiple diseases.
Finally, our work highlights the connections of epigenes, such as ASXLT, to an underlying stem-cell state in both early

+ ASXL1-driven transcriptomic and DNA methylation dysregulation highlight upregulation of Wnt-signaling
- Differential RUNX3 isoform usage between BOS and AML-ASXLT distinguishes between normal, in BOS, and

« The ASXL1-centric approach demonstrates that ASXLT variants affect some common pathways and mechanisms
and highlight the potential for common therapeutic targets.

Keywords ASXL1, Acute myeloid leukemia, Bohring-Opitz syndrome, Transcriptomics, Epigenetics, Multi-omics, DNA

Introduction

Bohring-Opitz syndrome (BOS, OMIM#605309) [1] and
acute myeloid leukemia (AML) are two diseases with
distinct clinical presentations; BOS is a pediatric, neu-
rodevelopmental disorder caused by germline variants
in the additional sex combs-like 1 (ASXLI) gene [2, 3]
while AML is a hematologic malignancy derived from
myeloid progenitor and hematopoietic stem cells (HSCs)
in the bone marrow in which somatic ASXLI variants are
a common driver variant. These two diseases are driven
by the same pathogenic, protein-truncating variants in
ASXLI. Early developmental disorders and malignancies
share a common central cell type: the stem cell, which
drives the ensuing disease and highlights potential com-
mon molecular mechanisms and cellular targets across
clinically distinct disorders.

BOS is characterized by severe to profound intellec-
tual disability, distinctive facial features, and congeni-
tal anomalies that affect multiple organ systems [2, 3].
Patients with BOS are at increased risk of developing
Wilms tumor and hepatoblastoma [3, 4], rare embry-
onic kidney and liver tumors that occur in children, yet
there are no reported cases of myeloid leukemias, even
into the third decade of life [2, 3]. In contrast, myeloid
malignancies— including chronic myelomonocytic leu-
kemia (CMML), myelodysplastic syndromes (MDS),
myeloproliferative neoplasms, and both secondary and
de novo AML [5-8], exhibit a diverse genetic mutational
landscape of which somatic variants of ASXLI are fre-
quently observed. The presence of ASXLI variants in
AML (AML-ASXL1) are associated with poor overall
survival and therapeutic outcome [5]. However, the role
of ASXL1I variants across these distinct disorders has not
been compared.

Over fifty years ago, Dr. Beatrice Mintz proposed a
connection between development and cancer, positing
that genetic anomalies in stem cells can lead to cancer by
inducing a reversion to an undifferentiated state [9-11].

The class of genes that regulate the epigenome, termed
epigenes [12-14], direct the epigenome structure and
play a pivotal role in stem cell differentiation [15, 16] and
cancer pathogenesis [17] through control of RNA expres-
sion and complex biological signaling [18]. Variants in
epigenes dysregulate developmental programs, resulting
in structural anomalies or, in somatic variants, revert-
ing cells to an early state with malignant potential [19].
Although the dual presence of epigene variants in both
human development and cancer has been documented
across numerous studies [20], the specific pathogenic
mechanisms driven by variants in the same gene across
distinct diseases remain largely unexplored.

ASXL1 encodes Additional sex combs like 1, which
functions as a transcriptional regulator and chromatin
remodeler within three polycomb repressive complexes
(PRC): PRC1, PRC2, and Polycomb Repressive Deubig-
uitinase (PR-DUB) complex [21, 22]. Despite the crucial
role of ASXL1 in development, the factors that control
ASXL1 and its interactions with one or more of these
complexes remain largely unknown. Previous studies
have demonstrated that ASXL1 modulates the balance
between the proliferation and differentiation of stem pro-
genitor cell populations. Variants in ASXL1 can disrupt
this equilibrium, favoring a stem-cell identity over dif-
ferentiation in both BOS and myeloid leukemias [23, 24].
In the context of myeloid leukemia, mutations in ASXLI
have been shown to lead to the loss of ASXL1 expression
and a consequent reduction of PRC2-mediated histone 3
lysine 27 tri-methylation (H3K27me3), a histone modifi-
cation associated with gene repression [25].

ASXL1 associates with the PRC2 complex to mediate
several downstream events. ASXL1 interacts with PRC2
core components - such as enhancer of zeste homo-
log 2 (EZH2), a key PRC2 protein that interacts with
DNA methyltransferases to modulate DNA methylation
(DNAm) while catalyzing specific histone methylation
including H3K27me3 [25, 26]. EZH2 is typically enriched
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at the posterior end of the homeobox A (HOXA) cluster
locus, where PRC2 mediates transcriptional repression.
The loss of ASXL1 results in reduced EZH2 enrichment
at this locus, indicating that ASXLI plays an essential role
in EZH2-mediated repression of the HOXA locus [25].
These interactions highlight how disruptions in ASXL1
can significantly alter both the gene expression and DNA
methylation landscape.

Furthermore, overexpression of ASXL1 variants and
mouse knockouts have linked ASXL1 to the regulation
of splicing [24, 27] suggesting yet another role of ASXLI
during development. Alternative splicing is thought
to play a key regulatory role in modulating transitions
between stem cell differentiation, proliferation and tissue
development. Our previous work studying BOS patient-
derived samples, which harbor germline ASXLI variants,
found that many epigenetic and transcriptomic changes
are cell-type specific, but there are clear disruptions that
are shared across ASXLI-mutated cells, such as dysregu-
lation of the Wnt-signaling pathways [28].

In this study, we prioritized a gene-centric approach,
with the hypothesis that ASXLI variants disrupt the same
core pathways regardless of individual genetic back-
ground and clinical disease. While these, as well as sex
and age and other factors, can contribute to the variance
observed in transcriptome and epigenomic data, ASXL1
drives a clear and shared genetic dysregulation across
both diseases. Our recent study across BOS patient-
derived blood and fibroblasts identified epigenomic and
transcriptomic changes associated with ASXLI variants
across tissues, such as the upregulation of Van Gogh-like
2 (VANGL?2) [28], a gene associated with non-canonical
Wnt-signaling and migration. By integrating distinct
disease datasets that share a common pathogenic vari-
ant, we aim to pinpoint key molecular events driven by
ASXL1 variants and understand how these drive distinct
clinical manifestations.

This study explores the landscape of ASXLI vari-
ants driving two distinct diseases - BOS and AML. By
employing a comprehensive integrative approach for
RNA-sequencing (RNA-seq), DNAm, and exon usage
analyses, we found that BOS and AML-ASXLI patient-
derived samples shared an upregulation of Wnt-signal-
ing and DNAm mediated de-repression of specific HOX
genes - HOXB4 and HOXAI1I. However, there remain
differences in isoform expression analysis, with distinct
RUNX3 isoforms expressed in blood from BOS com-
pared to AML-ASXLI patient samples. This is the first
study to explicitly link and compare the shared epigenetic
and transcriptomic changes initiated by ASXL1 variants
and highlights potential therapeutic biomarkers.
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Samples and methods

Selection and characterization of BOS and AML samples
Our study included data from patient cohorts with
Bohring-Opitz syndrome (BOS) and acute myeloid leu-
kemia (AML). Specifically, we leveraged samples from
patients with AML harboring ASXL1 variants (AML-
ASXL1, Table 1). Informed consent was obtained from all
research participants according to the protocol approved
by the Hospital for Sick Children (REB#1000038847)
and UCLA (IRB#11-001087). Illumina 450K DNA meth-
ylation (DNAm) data was acquired for six AML sam-
ples from The Cancer Genome Atlas (TCGA) program
[29], available on the Genomic Data Commons (GDC)
repository [30]. Among these, three samples had somatic
ASXLI variants, serving as the AML-ASXLI cohort,
and three had somatic variants in other genes, serving
as AML controls. Transcriptomic data for AML-ASXLI
bone marrow samples (#=28, samples with evidence of
ASXL1 variant in both DNA and RNA) were sourced
from the Beat AML cohort (phs001657.v3.p1l) [31] and
AML-ASXLI blood samples (n=6) from TCGA, with
non-AML blood controls (n=60) from the Genotype-Tis-
sue Expression (GTEx) Portal, and bone marrow controls
(n=8) from the publicly available dataset (GSE120444)
[32] (Table 1 and Table S1). Since AML-ASXLI samples
can have multiple variants we listed all other variants in
Table 1. Additionally, blood samples for RNA-seq and
DNAm data from BOS patients (n=8 RNA-seq, n=8
DNAm) and healthy blood controls from REACH bio-
bank (n=11 RNA-seq, =26 DNAm) were collected
from our previous studies and are publicly available at
GSE230685 and GSE230696 [28, 33]. A subset of patient-
derived blood (#=8 BOS, n=10 healthy controls, n=4
AML-ASXL1, n=6 AML controls) RNA-seq data was
used to conduct differential exon usage (DEU) and iso-
form expression analysis (Table 1).

Sample collection, processing, and sequencing

For DNA and RNA extraction, peripheral blood samples
were processed using standardized protocols [28, 33],
with EDTA tubes for DNA and PAXgene Blood Tubes
(BDBiosciences, 762165) for RNA. Genomic DNA was
extracted from peripheral blood and bisulfite converted
using the EpiTect Bisulfite Kit (EpiTect PLUS Bisul-
fite Kit, Qiagen, #59124) before being hybridized to the
Mlumina Infinjum Human Methylation EPIC BeadChip
following established methods [33]. Cases and con-
trols were randomly assigned a chip position and run in
a single batch to reduce batch effects. REACH Biobank
RNA-seq libraries were prepared using TruSeq Stranded
TotalRNA Library Prep Gold (Illumina, #20020599) with
QiaSelect rRNA and globin depletion (Qiagen, #334376
#334386) following established methods [28]. Pooled
libraries were sequenced to 40 million reads per sample
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Table 1 Demographic, clinical, and genetic characteristics of AML-ASXL1 patients

# Unique
Patient Variants
D Sample ID Tissue Gene |Sex In dbSNP [In COSMIC |in RNA variants in genes other than ASXL1
2020|BA2006 Bone Marrow [ASXL1 [Female |G642fs* TRUE TRUE 4|MIEF2, SRSF2, TP53
2026|BA2122 Bone Marrow (ASXL1 |Female 512t TRUE TRUE 8|RUNX1, CSF3R (2), ZNF776, ZNF467, STOM, BCOR
G643fs* TRUE TRUE
2035|BA2212 Bone Marrow |ASXL1 |Male G642fs* TRUE TRUE 8|INPPL1, KDM6B, FASTKDS, TET2, CRISPLD1, GALNACS, GF1B, STAG2
2066 | BA2066 Bone Marrow [ASXL1 |Female |R693* TRUE TRUE 4|FLT3 (2), NRAS
2073|BA2510 Bone Marrow [ASXL1 |Male W960* TRUE TRUE 1
2075|BA2023 Bone Marrow |ASXL1 |Male GB42fs’ TRUE TRUE 3|NRAS, ZNF638, NDNF
2080|BA2089 Bone Marrow |ASXL1 |Male G643fs* TRUE FALSE 6| SRSF2, MESDC2, KRAS, IDH1, STAG2
2139|BA2885 Bone Marrow [ASXL1 |Female |G643fs* TRUE TRUE 2|TET2, BRAF
2150\ BA2620 Bone Marrow [ASXL1 |Female [F548* FALSE FALSE 5|CNOT3, CDK®, SLCA7, PUF60
2161|BA2903 Bone Marrow |ASXL1 |Male G642fs* TRUE TRUE 2|NRAS
2234|BA2454 Bone Marrow |ASXL1 |Male R693* TRUE TRUE 8| U2AF1 (2), PEAR1, RUNX1, GATA2, DNAJC25, BCOR
TRUE TRUE 15| SRSF2, NPHP4, NRAS, PDSSB, TBRG4, BCOR, ZNF326, RNH1, MTA2, MPHOSPH9, UTP14C, STRN,
2266|BA2685 Bone Marrow |ASXL1 |Male G642fs* RIPK1, DPYSL2
2283|BA2538 Bone Marrow [ASXL1 [Male Ge42fs* TRUE TRUE 11{IDH2, SRSF2, ZBTB8A, DOCK1, WDFY2, METTL4, RUNX1, SNX4, ZNF484, USP20
2285|BA2806 Bone Marrow |ASXL1 |Male G643fs* TRUE TRUE 3|NPM1, ZNF687, ARSA1T
2288|BA2681 Bone Marrow [ASXL1 |Female GOS8~ IRUE JRUE 8|CTCF, RUVBL2, DNMT3A, RAC2, TLR2, IARS, STS
C789fs* FALSE FALSE
2327|BA2970 Bone Marrow [ASXL1 |Male waos* TRUE TRUE 4|ZC3H12A, KRAS, SUZ12
2338|BA2198 Bone Marrow |ASXL1 |Male H630fs* TRUE TRUE 1|CSF3R
2385|BA2377 Bone Marrow [ASXL1 |Male G942fs* FALSE FALSE 6|ARHGEF10L, EFTUD1, TRAF7, FBXL19, CHCD10, NSUN3
2395 2:2;:2 Bone Marrow (ASXL1 [Male Q428* TRUE TRUE 8[IDH1, JAK2, SPG11, RBMS1, RUNX1, TET2, CORO2A
BA2622
45! BAZ758 Bone Marrow [ASXL1 |Male G642fs* TRUE TRUE 6|FLT3, CBL, SF3B1, RUNX1, EZH2, ZRSR2
2478|BA3010 Bone Marrow [ASXL1 |Male Ge42fs* TRUE TRUE 5[SRSF2, RUNX1, KRAS, BCOR, STAG2
2480|BA2489 Bone Marrow |ASXL1 |Male G642fs* TRUE TRUE 5|IDH2, SRSF2, STAG2, INTS6, ATG14
2498|BA2618 Bone Marrow [ASXL1 |Male Y425* FALSE FALSE 11]IDH2, NRAS, HIST1H3C, ARID2, MGRN1, PRKCB, IFT172, CASS4, PUF60, STAG2
2547|BA2135 Bone Marrow |ASXL1 [Female |G642fs* TRUE TRUE 1
2552| BA2694 Bone Marrow [ASXL1 |Male E657 TRUE TRUE 1
2576|BA2636 Bone Marrow |ASXL1 |Male G643fs* TRUE TRUE 4|U2AF1, KRAS, PRMT1
A, 2821| TCGA-AB-2821 |Blood ASXL1 [Male Q733" TRUE TRUE 12[IDH1, GCNT4, GALNT2, NTRK3, RUNX1, MFSD6, R3HCC1L, ATG16L1, UBR5, FAT2, IDH2
2807 | TCGA-AB-2807 _|Blood ASXL1 |Female |G738Dfs* FALSE TRUE 95| Includes ETV2
2864| TCGA-AB-2864 |Blood ASXL1 [Female |S921Tfs* FALSE TRUE 10| ASB4, CASZ1, SLC6A9, PPP2R2B, ATP13A5, TRIM24, ANKRD33, KRAS, Céorf118
g . TN, AKR7A2, LINC02210-CRHR1, SH2B3, CHST6, SLFNL1, PGAP3, SUMO2, AL031777.2, TCF4,
A #| 2927|TCGA-AB-2927 |Blood ASXL1 [Female 574_splice TRUE FALSE 16/ CXorf58, DIS3, MMD2, RUNX1, ITGAD
A #| 2917|TCGA-AB-2917 |Blood ASXL1 [Female |Q588* TRUE TRUE 9|CCDC180, GPR15, NCR2, DIAPH2, SLC7A13, BAIAP2L1, KRAS, UNC5D
2854 TCGA-AB-2854 | Blood ASXL1 |Female [Q157H FALSE TRUE 113/ Includes GRIKS
A #| 2949/ TCGA-AB-2949 |Blood ASXL1 |Male Y591* FALSE TRUE 13|MUC19, IDH2, PCLO, OR51B6, FBXO39, PCDHB13, DNAH5, VLDLR, CFAP221, ORAI1, RELCH, PHF6

# = with DNAm analysis
A = DEXseq analysis

This table presents a comprehensive overview of the demographic, clinical, and genetic characteristics of acute myeloid leukemia (AML) patients with
ASXL1 variants (AML-ASXLT) used in this study. The data provided includes tissue type, gender, ASXLT variant, and other relevant clinical parameters. De-
tailed genetic information for AML-ASXLT samples at the ASXLT variant sites are provided with alternate allele read, total read, cancer allele frequency, EXAC
frequency, and variant registration in dbSNP or COSMIC databases. Other unique pathogenic variants found in the samples are also provided

# indicates samples also used for DNAm analysis
A indicates samples also used for DEXseq analysis

on a NovaSeq6000, and are publicly available datasets
deposited at GSE230685 and GSE230686 [28]. TCGA
samples and samples obtained from GSE120444 ([32]
were also prepared with TruSeq Stranded Total RNA
Library Prep Kit (Illumina). GTEx RNA-seq libraries
were prepared with TruSeq RNA Library Prep Kit (Illu-
mina). BEAT-AML samples were prepared using Agilent
SureSelect Strand-Specific RNA Library Preparation Kit
for polyA(+) RNA [31].

RNA-seq and DNA methylation analysis of BOS and AML
samples

Preprocessing and quality control of RNA-seq and DNA
methylation data

RNA-seq data was processed using our established
pipeline [28]. Briefly, reads were mapped to hg38 using
STAR 2.7.0e [34], gene counts were generated using fea-
tureCounts 1.6.5 [35] and used a gene set of GenCode
hg38 annotation v31, composed of 60,662 genes and dif-
ferential expression adjusted p-value (p,q;) and log2 fold

change (log2FC) were quantified using DESeq2 v1.24.0
[36], correcting for sex and tissue (Table 1 and Table S1).

DNAm data underwent processing through our pre-
viously published pipeline [33]. Briefly, the minfi Bio-
conductor package in R was used to preprocess data
including quality control, Illumina normalization and
background extraction, followed by identification and
filtering of highly differentially methylated sites (|delta
beta (AB)| > 5%). Significant CpG sites were identified
with FDR<0.05. Principal component analysis (PCA) and
hierarchical clustering utilized the BOS DNAm episigna-
ture sites (413 CpG sites) [33].

Integration of RNA-seq and DNA methylation data
Integration of RNA-seq and DNAm data utilized beta
values for DNAm [37] and transcript per million (TPM)
values for RNA-seq [38], enabling the identification of
shared and distinct molecular signatures across the con-
ditions studied.
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DEXSeq analysis of bulk RNA-seq datasets

The Bioconductor R package DEXSeq v1.50.0 [39] was
used to quantify DEU from RNA-seq data. The reads
mapping to a single exon bin were normalized against
those mapping to all exon bins within the same gene,
where an exon bin is a whole exon or part of an exon that
arises when an exonic region occurs in different tran-
scripts with varying boundaries. These exon bins were
then compared across conditions to test for DEU. Prepro-
cessing was done using two Python scripts built into the
DEXSeq package, with the Python package HTSeq. Sam-
tools v1.20 was used to convert BAM files to SAM files.
P-values were adjusted for multiple testing by DEXSeq
using the Benjamini-Hochberg method. Significant exon
bins with DEU were identified with padj<0.05.

Omics Assay and

A Sample Collection
* Sequencing

and Processing

P —i

Blood Sample
MIBOR

S NS

[E—
Promoter

Germline Mutation of

ASXL1 (BOS) DNA methylation

Target gene

RNA sequencing —

Page 5 of 20

Pathway mapping using KEGG mapper

KEGG Mapper was used to model and visualize the set
of differentially expressed genes (DEGs) in the context of
biological pathways and molecular networks [40, 41].

Cell type deconvolution using CIBERSORTx

CIBERSORTx is an online bioinformatics tool that
assesses cell type-specific gene expression profiles and
cellular composition from RNA-seq data [42]. Bulk RNA-
seq datasets were compared against the LM22 deconvo-
lution signature matrix containing marker gene profiles
to impute cell type proportions and cell expression pro-
files [43]. LM22 is a signature matrix file consisting of
547 genes that distinguishes between 22 mature human
hematopoietic populations from peripheral blood [44].

Analysis and
Integration

Differential gene

expression
DNA Methylation
0 s |:
Learc
Differential CpG

methylation

Expression

10g10(ps)

s -.
1 )

Somatic Mutation of Blood + Bone Sequencing Gene regulatory Differential Exon Cell type
ASXL1 (AML) Marrow Samples |~ - network Usage Analysis deconvolution
B. Somatic Truncating Mutations in ASXL1 drive Acute Myeloid Leukemia (AML)
ASXL1 (20q11, ENST00000375687) (1) p.X574splice (1) p.E6S7*
(1) p.Y425" (1) p-Q588* (2) p.R693* (1) p.W89g*
(2) p.Q428" (1) p.HB30fs*6 (1) p.R718fs*6 (1) p.8921Tfs*4
(1) p.Q512* (11; p.G642* (1) p.Q733* (1) p.G942fs*3
(1) p.Q157H (1) p.F548* (6) p.G643* (1) p.G738Dfs*6 (1) p-Wee0*
1 362 | 573 | I | 1541
45 H6H H{ 8 o Hiol11H 12 H 13 ]
0 0 B
ASXN 9 ASXH ASXM1 = PHD
1 86 160 164 241 369 409 413 523 618 | 1099 1123 1506 1537
= Ky f (1) p.G364Vfs*2 (1) p.E635Rfs*15 (1) p.C6T2Wfs*4 (1) p-vo22ifs*3 (2) p.E1354*
[]ASXN=ASXN termma! domaln (1) p.RA04" (1) p.G642* (1) pATT2WIs™4 (1) p.P937Lfs"8 (1) p.R1415"
[ INLS = Nucleur localisation signal (1) p.GB46WIs*12 (1) p.VBO7Pfs*12 (1) p.R965*
(1) p.G826Efs*12 (1) p.Yo74*

[]ASXH = ASX homology domain
[]ASXM1 = ASX middle domain
[]PHD = Plant homeodomain

(1) p.P994Lfs*30
(1) p.G1026Dfs*21

Germline Truncating Mutations in ASXL1 cause Bohring-Opitz Syndrome (BOS)

Fig. 1 Study design and genetic landscape of ASXLT variants (A) Detailed workflow from the collection of patient samples through to the generation and
analysis of RNA-sequencing (RNA-seq) and DNA methylation (DNAm) data. Blood samples were collected from Bohring-Opitz syndrome (BOS) patients,
and control individuals, and RNA-seq and DNAm were conducted. We compared our BOS samples with RNA-seq and DNAm data from the BEAT AML and
The Cancer Genome ATLAS data of in blood and bone marrow from acute myeloid leukemia with ASXLT variants (AML-ASXLT) or without ASXLT variants
(AML), RNA-seq and DNAm analysis was conducted to examine differential gene expression, differential CpG methylation, dysregulated gene regulatory
networks, differential exon usage, and cell type deconvolution. (B) The ASXLT gene, on chromosome 20q11, is illustrated, highlighting gene domains and
the loci of germline variants that cause BOS (below the gene) and somatic variants that drive AML-ASXLT (above the gene) in this study. Common variant
sites (bold font), illustrate the genetic intersections between BOS and AML-ASXL1, and the bracketed numbers preceding the variant annotation indicates
the number of samples in this study with that variant. The majority of variants are in the last two exons of the ASXL1 gene
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Results
Study design and genetic landscape of ASXL1 variants
To compare the epigenetic and transcriptomics effects
of ASXL1 variants, we collected data from patients with
BOS and AML with ASXL1 variants (AML-ASXL1I). For
BOS patients and matched controls, patient blood sam-
ples were collected and RNA-sequencing (RNA-seq) and
DNA methylation (DNAm) analyses were performed
(Fig. 1A). For comparison across disease-states, we also
collected RNA-seq and DNAm data from AML-ASXLI
patients and tissue-matched controls from dbGAP repos-
itories [31]. We re-processed all samples through our
RNA-seq and DNAm pipeline to minimize analytical
batch effects (Methods).

The ASXL1 gene is made up of 13 exons and encodes
a protein that spans 1541 amino acids. The majority of
pathogenic variants in this study disrupt the latter half of
the protein-coding region encoded by the last two exons
of ASXLI. Figure 1B illustrates the germline BOS vari-
ants and somatic AML-ASXLI variants across the ASXLI
gene in this study. Common variant sites between the
two disorders are bolded. Variant details for the AML-
ASXL1 blood and bone marrow samples in this study
are provided (Table 1). No significant differences were
identified between BOS and AML-ASXLI variant allele
frequency (VAF) for the pathogenic variant/s in ASXLI.
AML-ASXL]1 variants had a slightly lower average VAF
compared with BOS due to the fact that AML samples
are heterogeneous, harboring both leukemia cells with
ASXL1 variants and non-leukemia cells which decreases
the proportion of reads mapping to the ASXL1 variant.

ASXL1 variants drive transcriptomic dysregulations across
blood and bone marrow in AML

We next asked whether the pathogenic ASXL1 variants
might drive differentially expressed genes (DEGs) in
AML samples. DEG analysis was conducted for AML-
ASXLI bone marrow (#=26), and AML-ASXL1 blood
samples from TCGA (n=6), as well as tissue-matched
healthy controls of blood from the GTEx portal (n=60),
and bone marrow samples from publicly available dataset
GSE120444 (n=8) samples.

To assess the role of tissue specificity on gene expres-
sion, we analyzed the AML-ASXLI data with the blood
and bone marrow combined as well as independently
with respective matched controls. Our principal compo-
nents analysis showed that tissue type explained 17% of
the variance along PC1, while the presence of an ASXL1
variant explained 11% along PC2 (Figure S1A). In the
subsets analyzed within the same tissue types, ASXLI
variant status drove 34% variance in blood and 64%
variance in bone marrow samples. DESeq2 analysis was
conducted to identify DEGs and these were visualized
using unsupervised clustering (Figure S1B). This showed
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stronger clustering of samples by condition (ASXLI vari-
ant status) than by tissue type (blood or bone marrow).

DESeq?2 analysis identified 9527 DEGs, adjusted for
tissue type, of which 7889/9527 met a log2 fold change
(log2FC) cutoft of |log2FC| = 0.58. Of these, 4610/7889
were upregulated (58.44%, log2FC>0) and 3279/7889
were downregulated (41.56%, log2FC<0) in the AML-
ASXL1 samples (Figure S1C). The 15 most upregulated
and 15 most downregulated DEGs with the largest abso-
lute log2FC are shown in Table S2. Using clusterPro-
filer, we conducted gene ontology analyses on the set of
DEGs to identify dysregulated biological processes. We
identified consistent dysregulation of epigenetic func-
tions (p,q=6.51E-06), including histone modification
(Pgi=1.40E-05), chromatin modification (p,q=2.35E-05),
DNA  replication (p,4=1.30E-05) and conforma-
tional change (p,q=7.63E-05), and immune activation
(Pag=1.30E-03) (Figure S1D).

ASXL1 variants in AML-ASXL1 and BOS drive shared
transcriptomic dysregulations

To identify DEGs that are common across different
disease-types driven by ASXLI variants, we integrated
these AML-ASXL1 DEGs (AML-ASXL1 compared to
tissue-matched controls) with the 2118 significant DEGs
previously identified in BOS blood samples (BOS n=8
compared to healthy controls n=11) [28].

We found that ASXLI variants, regardless of disease
and germline or somatic status, drove common tran-
scriptional changes. We identified 843 common DEGs
between the AML-ASXL1 and BOS datasets, of which
566/843 (67.14%) DEGs were dysregulated in the same
direction - either upregulated in both datasets, or down-
regulated in both datasets (Fig. 2A). We plotted fold
change for DEGs from the transcriptomic analyses with
AML-ASXLI compared to their respective controls on
the x-axis, and BOS compared to their respective con-
trols on the y-axis. This highlighted 388/843 (46.03%)
DEGs with a large effect size, with an absolute fold
change greater than 1.5 in both BOS and AML-ASXL]I.
Of these DEGs, 246/388 (63.40%) were dysregulated in
the same direction. The 50 DEGs with the largest effect
size in BOS are listed in Table 2, with respective log,FC
and p,g; values.

Gene ontology analyses demonstrated enrich-
ment in biological processes such as T-cell activation
(GO:0042110, padj=4.35E-O6), axonogenesis (GO:007409,
P.q=4-52E-03), and anterior/posterior pattern speci-
fication (GO:009952, p,q=5.61E-03) (Table 3). While
the common DEGs between the AML-ASXL1 and BOS
datasets identified T-cell activation and T-cell differ-
entiation among other T-cell functions as significantly
enriched pathways, further analysis identified that the
DEGs driving these pathways were upregulated in BOS
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Fig. 2 Transcriptomic alterations driven by ASXLT variants in BOS and AML-ASXLT highlight key biomarkers and Wnt signaling dysregulation. (A) Fold
change integration plot of all 843 genes that were significantly differentially expressed genes (DEGs, p,; < 0.05) in both AML-ASXLT and BOS compared
to their respective controls. (B) Gene ontology of all common DEGs in AML-ASXLT and BOS revealed enrichment in T cell activation, anterior/posterior
pattern specification, urogenital system development, axonogenesis, and beta-catenin-TCF complex assembly, among other pathways. Log2 normalized
transcript expression analysis of BOS and AML-ASXLT samples and their respective controls identified key biomarkers and showed significant (C) upregu-
lation in VANGL2 (D) upregulation in GRIK5, and (E) downregulation in GREM2. Wnt signaling co-receptors (F) LRP5 and (G) LRP6 were also significantly
upregulated in BOS and AML-ASXLT compared to controls. (H) ASXLT was significantly upregulated in AML-ASXLT but not in BOS. ns or no stars denote
p-value >0.05, * denote p-value <0.05, ** denote p-value <0.01, *** denote p-value <0.001, **** denote p-value <0.0001

and downregulated in AML-ASXLI, which is consis-
tent with differential T-cell compositions between blood
and bone marrow; T-cells comprise approximately 6%
of lymphocytes in the bone marrow and approximately

62% in peripheral blood [45]. BOS samples were derived
only from blood samples while AML-ASXL1 samples
included both blood and bone marrow samples. On the
other hand, dysregulation of anterior/posterior pattern
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Table 2 Comparative differentially expressed genes between AML-ASXL1 (blood + bone marrow) and BOS RNA-seq analysis
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Gene ID Gene Name Approved Name log2FC_BOS| padj_BOS|log2FC_AML_ASXL1| padj_AML_ASXL1
ENSG00000105737.9 |GRIKS glutamate ionotropic receptor kainate type subunit 5 3.83| 7.04E-26 4.69 8.50E-44
ENSG00000162738.6 |VANGL2 VANGL planar cell polarity protein 2 3.80| 2.25E-13 4.24 3.43E-30
ENSG00000139910.20 |NOVA1 NOVA alternative splicing regulator 1 3.46| 8.44E-07 3.09 9.00E-07
ENSG00000173894.11 |CBX2 chromobox 2 3.30| 2.25E-13 3.97 7.90E-22
ENSG00000107447.8 |DNTT DNA i ansf 2.87| 1.42E-05 6.04 2.73E-08
ENSG00000148143.13 |ZNF462 zinc finger protein 462 2.55| 1.82E-19 1.54 5.63E-04
ENSG00000147100.11 |SLC16A2 solute carrier family 16 member 2 241 1.57E-10 231 8.60E-07
ENSG00000171811.14 |CFAP46 cilia and flagella associated protein 46 2.29| 4.54E-08 0.87 1.17E-02
ENSG00000143502.15 |SUSD4 sushi domain containing 4 2.23| 1.55E-10 -1.76 5.67E-08
ENSG00000166341.8 |DCHS1 dachsous cadherin-related 1 219| 2.76E-13 2.74 2.35E-14
ENSG00000171357.6 |LURAP1 leucine rich adaptor protein 1 2.14| 1.22E-04 1.59 2.00E-03
ENSG00000172867.4 |KRT2 keratin 2 2.07| 1.27E-04 -1.78 2.57E-05
ENSG00000137731.14 |FXYD2 FXYD domain containing ion transport regulator 2 2.05| 2.61E-09 -1.04 4.40E-04
ENSG00000179855.8 |GIPC3 GIPC PDZ domain containing family member 3 2.05| 2.71E-17 2.65 1.80E-11
ENSG00000160307.10 |S100B $100 calcium binding protein B 2.04| 1.13E-03 -1.54 6.14E-05
ENSG00000124196.5 |GTSF1L gametocyte specific factor 1 like 1.85| 1.18E-05 -1.02 3.88E-02
ENSG00000130508.11 |PXDN peroxidasin 1.82| 1.22E-02 3.77 3.24E-13
ENSG00000124615.20 |MOCS1 molybdenum cofactor synthesis 1 1.82| 4.94E-12 1.43 1.08E-05
ENSG00000158966.15 |CACHD1 cache domain containing 1 1.81| 7.10E-10 1.36 1.78E-05
ENSG00000114654.7 |EFCC1 EF-hand and coiled-coil domain containing 1 1.78| 1.91E-03 5.04 1.74E-29
ENSG00000167880.7 |EVPL envoplakin 1.77| 3.84E-07 2.81 1.05E-15
ENSG00000266524.3 |GDF10 growth differentiation factor 10 1.76| 2.66E-04 3.31 5.98E-09
ENSG00000072832.14 |CRMP1 collapsin response mediator protein 1 1.74| 1.47E-05 1.45 6.25E-05
ENSG00000091129.20 |NRCAM neuronal cell adhesion molecule 1.72| 3.29E-05 -1.90 4.09E-07
ENSG00000183010.16 |PYCR1 pyrroline-5-carboxylate reductase 1 1.67| 9.48E-03 1.06 5.43E-03
ENSG00000164867.11 |[NOS3 nitric oxide synthase 3 1.67| 1.75E-10 -0.73 1.67E-02
ENSG00000072195.15 |SPEG striated muscle enriched protein kinase 1.66| 2.61E-12 -1.17 1.72E-06
ENSG00000162337.12 |LRP5 LDL receptor related protein 5 1.64| 3.58E-09 2.65 2.01E-22
ENSG00000070018.9 |LRP6 LDL receptor related protein 6 1.63| 1.17E-12 2.21 2.89E-11
ENSG00000003096.14 |KLHL13 kelch like family member 13 1.59| 3.93E-07 3.52 3.61E-18
ENSG00000211640.4  |IGLV6-57 immunoglobulin lambda variable 6-57 1.57| 4.89E-03 -1.50 4.00E-03
ENSG00000173040.13 |EVC2 EvC ciliary complex subunit 2 1.54| 2.46E-07 1.48 2.00E-04
ENSG00000157510.14 |AFAP1L1 actin filament associated protein 1 like 1 1.53| 2.10E-05 1.37 1.66E-03
ENSG00000117266.15 |CDK18 cyclin dependent kinase 18 1.62| 1.47E-07 2.66 8.84E-29
ENSG00000136002.18 |ARHGEF4 Rho guanine nucleotide exchange factor 4 1.51| 4.52E-15 -2.25 417E17
ENSG00000072840.13 |EVC EvC ciliary complex subunit 1 1.50{ 2.98E-07 235 3.71E-10
ENSG00000169242.12 |EFNA1 ephrin A1 1.45| 2.49€E-07 1.27 3.60E-04
ENSG00000240864.3 |IGKV1-16 immunoglobulin kappa variable 1-16 1.44| 2.87E-02 -1.67 1.63E-04
ENSG00000169083.17 |AR androgen receptor 1.44| 1.95E-04 3.74 1.32E-18
ENSG00000115468.12 |EFHD1 EF-hand domain family member D1 1.43| 9.83E-05 -1.01 1.51E-03
ENSG00000102038.15 | SMARCA1 SWI/SNF related, matrix assoc., actin dep. reg.of chromatin 1.43| 1.07E-03 1.32 1.23E-04
ENSG00000135960.10 |EDAR ectodysplasin A receptor 1.42| 1.54E-12 -0.84 3.22E-02
ENSG00000142798.20 |HSPG2 heparan sulfate proteoglycan 2 1.41| 2.92E-08 3.48 5.54E-25
ENSG00000182742.6 |HOXB4 homeobox B4 1.41| 4.23E-14 1.91 4.91E-10
ENSG00000170624.13 |SGCD sarcoglycan delta -1.53| 1.38E-02 -1.81 2.01E-05
ENSG00000055732.13 |MCOLN3 mucolipin 3 -1.60| 1.14E-06 -1.19 7.19E-03
ENSG00000183762.12 |KREMEN1 kringle containing transmembrane protein 1 -1.66| 4.77E-03 -1.39 7.44E-05
ENSG00000277586.2 |NEFL neurofilament light -1.74| 8.71E-05 -1.22 5.27E-03
ENSG00000183439.8 |TRIM61 tripartite motif containing 61 -2.08| 1.52E-05 -2.09 2.46E-07
ENSG00000180875.5 |GREM2 gremlin 2, DAN family BMP antagonist -2.48| 6.02E-06 -1.67 3.47E-04

Integration of differential gene expression analyses from AML-ASXL1 blood and bone marrow samples and Bohring-Opitz syndrome (BOS) blood. This
comparison displays the 50 most differentially expressed genes (DEGs), adjusted for tissue and sex, and includes gene ID, log, fold changes (log,FC) for

both datasets, adjusted p-values, and gene names

specification was driven by upregulation of genes in both  patient-derived samples [28]. We further analyzed this

BOS and AML-ASXL]I.

dysregulation of Wnt signaling through comprehen-

sive gene ontology network analysis [46, 47]. We first
Wnt-signaling pathways are dysregulated across BOS and depicted the consensus of DEGs against the KEGG path-
AML-ASXL1 samples way hsa05200 which represents the kernel regulatory fac-
Of note, the genes associated with beta-catenin-TCF  tors that contribute to the initiation and progression of
complex assembly, a key component of the canoni- pan-cancer. This identified the KEGG pathway hsa04310,
cal Wnt signaling pathway, were significantly dysregu- representing Wnt signaling pathway, as one of the most
lated (p,q=2.71E-02) in the DEGs across both datasets  significantly dysregulated of the pan-cancer pathways
(Fig. 2B). We previously identified that the canonical Wnt  (Figure S2).

signaling pathway was aberrantly upregulated in BOS
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Table 3 Gene ontology analysis for common DEGs in AML-ASXLT (blood +bone marrow) and BOS

GO ID Description GeneRatio |BgRatio p.adjust

GO0:0042110 |T cell activation 51/771 484/18654 | 4.35E-06
GO0:0030098 |lymphocyte differentiation 42/771 368/18654 6.58E-06
G0:0050863 |regulation of T cell activation 33/771 332/18654 3.85E-03
G0:0007409 |axonogenesis 42/771 482/18654 4.52E-03
G0:0022407 |regulation of cell-cell adhesion 39/771 439/18654 5.23E-03
G0:0050870 |positive regulation of T cell activation 24/771 213/18654 5.61E-03
G0:0002429 |immune response-activating pathway 40/771 466/18654 5.61E-03
G0:0002757 |immune response-activating signal transduction 40/771 466/18654 5.61E-03
GO0:0031295 |T cell costimulation 11/771 55/18654 5.61E-03
GO0:0009952 |anterior/posterior pattern specification 24771 220/18654 5.61E-03
GO0:0001822 |kidney development 28/771 283/18654 5.89E-03
G0:0001655 |urogenital system development 31/771 330/18654 5.89E-03
GO0:0001654 |eye development 33/771 383/18654 1.39E-02
G0:0002460 |adaptive immune response based on somatic recombination 31/771 357/18654 1.75E-02
GO0:0045580 |regulation of T cell differentiation 171771 150/18654 2.71E-02
G0:0021510 |spinal cord development 14/771 109/18654 2.71E-02
G0:1904837 |beta-catenin-TCF complex assembly 71771 30/18654 2.93E-02
G0:2000106 |regulation of leukocyte apoptotic process 12/771 86/18654 3.07E-02
G0:0007159 |leukocyte cell-cell adhesion 30/771 364/18654 3.66E-02

Gene ontology (GO) analysis for the common differentially expressed genes (DEGs) identified in both AML-ASXLT (blood +bone marrow samples) and
BOS (blood) analyses, adjusted for tissue and sex. This table lists the top 20 GO terms enriched among the commonly dysregulated genes, GO ID, descrip-

tion, gene ratio, and adjusted p-value

These data highlighted key dysregulated genes shared
across different cell types in BOS [28], that are also some
of the most highly dysregulated genes in the AML-ASXLI
dataset, revealing potential biomarkers and therapeutic
targets. These genes include Vang-like 2 (VANGL2), a
member of the planar cell polarity pathway [48], gluta-
mate ionotropic receptor kainate type subunit 5 (GRIKS),
a pre- and post-synaptic receptor for glutamate, a crucial
excitatory neurotransmitter of the central nervous system
[28, 49], and gremlin 2 (GREM2), a bone morphogenetic
protein antagonist involved in developmental processes
and tissue differentiation [50], as well as the transmem-
brane low-density lipoprotein receptor-related proteins
5 and 6 (LRP5 and LRP6), which are key components of
the Wnt signaling pathway. In particular, we identified
significant upregulation of VANGL2 (BOS log2FC=3.80,
AML-ASXLI log2FC=4.24) (Fig. 2C) and GRIKS5 (BOS
log2FC=3.83, AML-ASXLI log2FC=4.67) (Fig. 2D) in
both BOS and AML-ASXLI and significant downregula-
tion of GREM2 in both conditions (BOS log2FC=-2.48,
AML-ASXLI 1og2FC=-1.67) (Fig. 2E; Table 2). Similarly,
we identified significant upregulation of LRP5 (BOS
log2FC=1.64, AML-ASXLI log2FC=2.65) (Fig. 2F) and
LRP6 (BOS log2FC=1.63, AML-ASXLI log2FC=2.21)
(Fig. 2G) in both BOS and AML-ASXLI samples.

These DEGs were previously established in our study
across different tissues in BOS as key biomarkers [28].

An independent study comparing AML-ASXLI to AML
without ASXLI variants also identified VANGL2, LRP5
and LRP6 as three of the most significantly upregulated
genes using a limited microarray probe-set [51], support-
ing that aberrant Wnt signaling occurs in the presence
of ASXL1 pathogenic variants. These expression changes
suggest roles for these genes in the pathophysiology of
disorders associated with ASXL1 variants and highlight
their potential as biomarkers for ASXL1 variants. Inter-
estingly, we identified significant upregulation of ASXLI
expression in AML-ASXLI samples compared to tissue-
matched controls (log2FC=0.46, p,q= 1.11E-02) but no
significant dysregulation of ASXL1 expression in BOS
(Fig. 2H). Overall, our study demonstrates a clear link
between ASXL1 variants driving aberrant Wnt-signaling
in both BOS and AML.

Analysis of polycomb group (PcG) target genes in BOS and
AML-ASXL1 samples

We examined the expression of Polycomb group (PcG)
target genes in BOS and AML-ASXL1 samples to deter-
mine whether these genes were differentially expressed
in the context of ASXLI mutations (Table S3). Drawing
from the list of PcG target genes identified by Bracken
et al. (2006), we found that only two genes were sig-
nificantly differentially expressed across both diseases:
Special AT-rich Sequence Binding Protein 1 (SATBI)
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and Transcription Factor 7 (TCF7). SATBI was sig-
nificantly upregulated in both BOS (log2FC=0.45) and
AML-ASXLI (log2FC=1.07). In contrast, TCF7 was sig-
nificantly upregulated in BOS (log2FC=0.81) but down-
regulated in AML-ASXLI (log2FC = -1.25). While SATB1
and TCF7 were the only two PcG target genes that
showed significant dysregulation in BOS, a total of 18 out
of the 40 target genes were significantly dysregulated in
AML-ASXLI.

Analysis of known protein interactors with ASXL1 in BOS
and AML-ASXL1

To investigate potential direct effects of ASXL1 muta-
tions on gene expression, we analyzed publicly available
gene sets of known ASXLI1 interactors. From the 286
ASXL1 interactions identified in the Biological General
Repository for Interaction Datasets (BioGRID) database
[52], we identified 151 genes that were significantly dys-
regulated in AML-ASXL1, compared to only 17 in BOS.
Notably, 9 of the 17 significant DEGs in BOS were also
dysregulated in AML-ASXL1, with 8 of these genes
showing upregulation in both conditions. The commonly
upregulated genes included: phosphoglycerate dehydro-
genase (PHGDH), androgen receptor (AR), solute carrier
Sfamily 25 member 15 (SLC25A15), RNA binding fox-1
homolog 2 (RBFOX2), gem nuclear organelle associated
protein 4 (GEMIN4), chaperonin containing TCPI sub-
unit 3 (CCT3), inosine monophosphate dehydrogenase 2
(IMPDH2), and phosphoribosylaminoimidazole carbox-
ylase and phosphoribosylaminoimidazole- succinocarbox-
amide synthase (PAICS).

Additionally, Li et al. (2017) identified 182 ASXL1-
interacting proteins through mass spectrometry in
HEK293T cells transfected with full-length ASXL1
and C-terminal truncated ASXL1 [53]. Only 7 of these
genes were significantly dysregulated, and 5 of them also
showed significant dysregulation in AML-ASXL1 blood
and bone marrow. Importantly, all 5 genes were dysregu-
lated in the same direction in both diseases.

Furthermore, our analysis of the PRC2 interactome
revealed that 9 out of 15 genes in this gene set were
significantly dysregulated in AML-ASXL1, while none
reached significance in the BOS samples [54, 55]. Nota-
bly, 3 of the genes identified in the PRC2 interactome set
overlapped with the ASXL1 interactome set identified by
BioGRID.

DNA methylation driven de-repression of HOX genes
identified across BOS and AML-ASXL1 samples

Our integrated analyses of DNAm leveraged our previ-
ously published BOS-specific DNAm episignature [33] to
distinguish pathogenic ASXLI variants from normotypic
matched controls and variants of uncertain significance
(VUS) in ASXL1 [33]. To assess whether AML-ASXLI
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samples and BOS samples shared DNAm signatures and
epigenetic changes, we obtained Illumina 450K DNAm
data for AML samples (n=6) from TCGA on the GDC
repository [30, 56]. This comprised individuals harbor-
ing somatic variants in ASXLI (n=3, AML-ASXLI) or
somatic variants in other genes (n=3, AML).

We compared DNAm episignature profiles of blood
samples from healthy controls (#=26), BOS (n=8),
AML-ASXL1 (n=3), and AML controls (2=3). PCA
based on 413 CpG sites of the BOS DNAm episignature
[33] revealed significant differences between the leu-
kemia subtypes. AML-ASXL1 samples clustered dis-
tinctly from other AML samples without ASXL1 variants
and, instead, clustered more closely with BOS samples
(Fig. 3A). Among the 413 BOS episignature CpGs, 90
CpG sites corresponded to transcriptional start sites
(TSS), including regions 200 bp upstream (TSS200) or
1500 bp upstream (TSS1500) (Table S4). Unsupervised
clustering of CpG methylation across the 413 BOS epi-
signature CpG sites also showed that AML-ASXLI clus-
ters alongside BOS samples and remains distinct from
AML controls (Fig. 3B). This suggests that ASXLI-driven
epigenetic alterations transcend disease type in defining
DNAm patterns.

We examined the methylation status of posterior
homeobox A (HOXA) genes, given that the expression
of these genes are known to be regulated by ASXLI [25,
57-59], and HOXB3 and HOXB4 [60] (Table 4). The lat-
ter two genes are expressed in hematopoietic stem cells
(HSCs) and progenitors as “master genes in early hema-
topoiesis’, and exhibit lineage and differentiation stage-
restricted expression [61-63].

The HOXB4 3'UTR was hypermethylated in BOS and
AML-ASXL1 samples compared to respective con-
trols (Fig. 3C). Consistent with findings that 3'UTR
methylation correlates positively with gene expression
[64], RNA-seq data showed significant upregulation of
HOXB4 (BOS log2FC=1.41, AML-ASXL1 log2FC=1.89)
(Fig. 3D). Significant upregulation was also observed in
HOXB3 (BOS log2FC=1.34, AML-ASXL1 log2FC=2.48)
(Figure S3A). While overexpression of HOXB4 has been
shown to drive enhanced HSC regeneration, deficiency of
HOXB3 or HOXB4 leads to defects in proliferative abil-
ity of hematopoietic progenitors [65]. Furthermore, one
of the key targets of HOXB4 is Wnt signaling [66]. Our
investigation of Wnt signaling revealed significant upreg-
ulation of Wnt signaling coreceptors LRP5 and LRP6 in
both BOS and AML-ASXL1 samples (Fig. 2F and G).

DNAm analysis further identified hypomethylation
at specific CpG sites upstream of the HOXAI1 TSS
(cg00705992 and cgl16038003) in BOS and AML-ASXL1
samples, supporting literature that truncating ASXLI
variants lead to derepression of posterior HOXA genes
(Fig. 3E and S4A). Interestingly, while ASXLI variants
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Fig. 3 Epigenetic landscape of ASXLT variants in BOS and AML-ASXLT highlights de-repression of HOX genes. (A) Principal component analysis (PCA) plot
demonstrates the closer clustering of acute myeloid leukemia with ASXLT variants (AML-ASXLT) samples (green, n=3) with Bohring-Opitz syndrome (BOS)
samples (orange, n=8) compared to AML samples with somatic variants in other genes (AML, purple, n=3), and control samples (gray, n=26), illustrat-
ing shared epigenetic landscapes driven by ASXLT variant status. (B) Heatmap representing DNA methylation patterns (DNAm) using the 413 episites
identified in the BOS DNAm episignature depicts a consistent clustering pattern of the unique clustering of AML-ASXLT samples alongside BOS samples.
(C) DNAm (3 values for HOXB4 3'UTR at CpG site cg04014328 highlight the hypermethylation in both BOS and AML-ASXLT patients compared to controls
and other AML samples. (D) RNA-sequencing (RNA-seq) data demonstrates significant upregulation of HOXB4 in BOS and AML-ASXLT compared to their
respective controls. (E) DNAm {3 values for HOXA11 TSS1500 at CpG site cg00705992 highlight the hypomethylation in both BOS and AML-ASXLT patients
compared to controls and other AML samples. (F) RNA-seq data demonstrates significant upregulation of HOXAT1 in AML-ASXL1 but not in BOS
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Table 4 DNA methylation analysis at HOX gene sites across different sample groups

Site ID AML_Other_Meanf |AML_ASXL1_Meanf |BOS_Meanp |Control_Meanp |Chr |Position |Gene Name |Feature
©g23936031 0.87 0.66 0.94 0.73|chr7 | 27183133|HOXA5 1stExon
cg04014328 0.73 0.87 0.91 0.80|chr17 | 46653615|HOXB4 3'UTR

cg09549073 0.77 0.64 0.86 0.70|chr7 | 27183274|HOXA5 5'UTR

cg00705992 0.69 0.38 0.42 0.57|chr7 | 27226329|HOXA11 TSS1500
cg16038003 0.36 0.06 0.14 0.27|chr7 | 27226148 HOXA11 TSS1500
cg02916332 0.81 0.62 0.88 0.75|chr7 | 27183591|HOXAS5 TSS1500
cg03368099 0.78 0.55 0.87 0.63|chr7 | 27184521|HOXAS TSS1500
cg14014955 0.85 0.73 0.92 0.78|chr7 | 27183701|HOXA5 TSS1500
cg17569124 0.82 0.52 0.91 0.67|chr7 | 27183643 |HOXA5 TSS1500
cg25307665 0.83 0.57 0.95 0.69(chr7 | 27183694 HOXA5 TSS1500
€g25506432 0.85 0.82 0.83 0.72|chr7 | 27184065|HOXAS TSS1500
€g26023912 0.78 0.67 0.85 0.73|chr7 | 27184369|HOXAS TSS1500
cg04863892 0.81 0.61 0.92 0.72|chr7 | 27183375|HOXAS5 TSS200
cg19759481 0.83 0.61 0.92 0.76|chr7 | 27183401|HOXAS5 TSS200

Average mean DNA methylation (DNAm) beta (B) values at HOX gene sites for four sample groups: AML with non-ASXL1 variants (AML-other, n=3), AML
with ASXLT variants (AML-ASXL1, n=3), Bohring-Opitz syndrome (BOS, n=8), and controls (n=26).

drove significant upregulation of HOXA1Il transcript
expression (log2FC=3.87, p,4=1.33E-06) in AML-ASXL1I,
there was no significant dysregulation of HOXAI1 in
BOS. Similar trends were identified in other posterior
HOXA genes including HOXAS5 (Figure S3B and S4B) and
HOXAQ9 (Figure S3C); there was no significant dysregula-
tion in BOS samples.

These findings underscore the pervasive influence of
ASXL1 variants in modulating the epigenetic and tran-
scriptomic landscapes across diseases, promoting abnor-
mal gene expression and signaling pathways crucial for
disease pathology.

Transcriptomic and epigenomic differences are not driven
by differences in cell-type proportion

To ensure that our epigenetic and transcriptomic find-
ings were not influenced by differential blood cell type
distributions, we performed a detailed analysis of cell
type proportions in the blood samples from BOS and
control individuals. This analysis was essential given the
heterogeneous nature of whole blood samples, which
comprises multiple immune cell types. In our DNAm
(Figure S5A) and RNA-seq data (Figure S5B), we com-
pared the proportions of several key immune cell types
between BOS and control samples. Table S4 provides a
summary of the CIBERSORTx cell type deconvolution
results applied to the RNA-seq data. B cells (p,4=1.00),
NK cells (p,4=1.00), monocytes (p,q=1.00), and neutro-
phils (p,4=0.678) showed no significant differences, while
T cells had a slight significant difference (p,q=4.34E-02).
Specifically, this was driven by a significant increase in
CD4+T cells (p,q=1.97E-04), which play critical roles
in effective anti-tumor immunity [67], and not CD8+T
cells (p,q=0.44). However, this difference was not identi-
fied in the DNAm data. These findings suggest that the

epigenetic and transcriptomic findings are not driven by
variations in blood cell type proportions.

Differential RUNX3 isoform expression in BOS and AML-
ASXL1

In developmental processes, one of the key regulatory
mechanisms is mediated through RNA splicing. Differ-
ential isoform usage is thought to be a key mechanism
driving cell-specific differentiation and disease [68—70].
To assess potential isoforms, we performed differential
exon usage (DEU) analysis in BOS blood (#=8), blood
controls (n=10), AML-ASXL1 blood (n=4), and AML
blood controls (n=6). Using our mapped RNA-seq data,
we estimated exon expression using DEXSeq [39] and
performed statistical testing to determine DEU in BOS
and AML-ASXLI (Fig. 4A).

Exon counts were calculated for a total of 597,773
exonic regions in 56,940 genes and analyzed for DEU
(Figure S6). A total of 88 significant exonic regions from
63 affected genes were identified in BOS blood (p,q; <
0.05). Some of the most significant DEU from BOS blood
were in the following genes: runt-related transcription
factor 3 (RUNX3), plasmolipin (PLLP), ST6 beta-galacto-
side alpha-2,6-sialyltransferase 1 (ST6GALI), serpin fam-
ily F member 1 (SERPINF1), and pleckstrin homology and
RhoGEF domain containing G6 (PLEKHG6) (Table S6).
Many of these genes were also identified as DEGs in the
multi-omics study by Lin et al. (2023) and are involved in
embryonic or brain development and neuronal differenti-
ation [28, 71, 72]. In AML-ASXL1 blood, a total of 11,624
significant DEU bins from 4521 affected genes were iden-
tified (padj<0.05). Many of the exons with significant
DEU in AML-ASXLI blood had immune- or cancer-
related function, such as TBL1X/Y related 1 (TBLIXRI),
DEAD-box helicase 42 (DDX42), Rho associated coiled-
coil containing protein kinase 1 (ROCKI), neurobeachin
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Fig. 4 Differential exon usage (DEU) analysis of BOS and AML-ASXL1 blood reveals differential isoform usage of RUNX3 between diseases. (A) Using DEX-
Seq, we obtained exon counts and performed DEU analysis in ASXLT-variant disease samples compared to controls, isoform usage and gene ontology
analysis. An integrated analysis was conducted between BOS and AML-ASXLT samples. We performed DEU analysis for BOS compared to controls (orange
outline). (B) Fold change plot of significant DEUs (p,; < 0.05) in BOS patients compared to controls highlights RUNX3 as a key affected gene with multiple
DEUs. (C) Fitted expression exon usage plot for RUNX3 in BOS blood samples, with significant DEUs indicated with a pink line. Cases are shown in red and
controls in blue. The boxed transcript highlights the primary transcript, the longer p46 transcript, observed in BOS blood. We also performed DEU analysis
for AML-ASXLT (green outline). (D) Fold change plot of significant DEUs (p,q; < 0.05) in AML-ASXLT patients compared to controls also highlights RUNX3 as
an affected gene with multiple DEUs. (E) Fitted expression exon usage plot for RUNX3 in AML-ASXLT blood. Cases are shown in red and controls in blue.
The boxed transcript highlights the primary transcript, the shorter p44 transcript that does not have the first exon, observed in AML-ASXLT



Lin et al. BMC Medical Genomics (2024) 17:282

like 2 (NBEAL2), and UDP-glucose pyrophosphorylase 2
(UGP2) (Table S7). Across these two analyses, 15 affected
genes were shared, most notably RUNX3.

We next asked whether ASXL1 displayed DEU in BOS
or AML-ASXL1. We did not observe significant DEU
within ASXL1 itself for BOS blood or fibroblast (Figure
S8A-B). Unsupervised clustering of ASXL1 exon usage in
BOS blood and fibroblast compared to controls showed
grouping by tissue type, indicating that tissue specificity,
not disease status, drives exon usage for ASXLI in BOS
(Figure S8D). In AML-ASXLI blood, while we observed
DEU for multiple exons bins of ASXL1, these did not cor-
relate with known ASXL1 isoforms (Figure S8C).

While there are shared cellular pathways, these two
disorders have distinct isoform expression, even when
comparing the same tissue type. Notably, our DEU analy-
sis identified RUNX3 among the most significant DEUs
between ASXLI mutant and control samples in both
BOS blood (Fig. 4B) and AML-ASXLI blood samples
(Fig. 4D). While there were several significant DEUs in
both BOS blood and AML-ASXL1 blood, these DEUs did
not overlap across disorders. Interestingly, the 5 exons
bins that were significantly upregulated in BOS samples
corresponded to higher usage of the first exon, exon
1 of RUNX3 (Fig. 4B-C, Table S8). On the contrary, we
observed DEU of 6 exon bins in RUNX3 for AML-ASXLI
blood samples (Fig. 4D, Table S7) which corresponded
to higher usage of the last exons (Fig. 4D, Table S8), and
lower usage of the first exon (Fig. 4E). Therefore, opposite
effects on exon usage were observed in BOS and AML-
ASXL1 blood, which highlights that there do exist clear
isoform differences between these two disease states.
Finally, DEU of RUNX3 was also identified in BOS fibro-
blasts samples (Figure S7A) [28] and unsupervised clus-
tering revealed that this DEU was correlated with disease
status over tissue type.

RUNX3 is known to have two main transcripts
expressed in blood cells— p46 which is expressed from
the distal P1 promoter and includes the first exon of the
gene, and p44 which is expressed from the proximal P2
promoter and does not include the first exon [73]. The
distal P1 promoter has previously been shown to have
a role in CD8+T-cell function; on the other hand, the
proximal P2 promoter is often hypermethylated and epi-
genetically inactivated in solid tumors, leading to ineffi-
cient expression compared to the P1 promoter [74, 73].

Our results suggest that the p44 transcript is more
highly expressed in AML-ASXLI blood, while the p46
transcript is more highly expressed in BOS blood.

Discussion

In this study, we aimed to address a fundamental ques-
tion: do ASXLI variants exert common molecular
effects across distinct disease types? We examined the
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epigenetic and transcriptomic landscapes associated with
ASXLI variants in BOS and AML, diseases with differ-
ent clinical manifestations - BOS as a congenital disor-
der characterized by developmental delays and multiple
malformations, and AML as a bone marrow malignancy
- and identified several shared features. Both diseases
exhibited aberrant activation of Wnt signaling and dis-
rupted posterior HOX gene expression. Notably, we
observed differences in RUNX3 isoform usage; the lon-
ger isoform, p46, may act as a tumor suppressor in BOS
[75, 76] while a shorter RUNX3 isoform predominates in
AML. Targeting the longer isoform of RUNX3 may hold
therapeutic potential to mitigate the malignant potential
of HSCs. This study highlights the shared molecular dis-
ruption driven by high-effect ASXLI variants and sug-
gests potential therapeutic pathways, offering a rationale
for the development of targeted therapies applicable to
ASXLI related diseases.

Epigenetic variations are thought to be a major driver of
differentiation and maintenance of cell-specification [77]
in these genes could drive divergent effects across cell
types and diseases. While traditional approaches often
focus on directly correcting or targeting the mutated
gene, our data, along with previous studies [28, 33], show
that the same genetic variant can converge on common
pathways across different diseases and cell types [28]. We
propose that targeting these shared pathways presents
an alternative approach towards treatment for multiple
disorders caused by ASXL1 variants. Understanding the
interplay of genetic variants, cell-type, genetic back-
ground, and disease state can help identify improved
therapeutic biomarkers and precision targeted thera-
pies that supersede clinical disease features. For patients
with disorders that affect multiple organ systems, such as
BOS, the high barriers to effective gene therapy require
parallel approaches that target the shared pathways
underlying these conditions. This strategy could lead to
more versatile and broadly applicable treatments, and
better management of diseases associated with ASXLI
variants.

Differential isoform usage associated with ASXL1

mutations

Our study on DEU serves as a proxy for true isoform
presence, and indicates that disease states can be heav-
ily influenced by isoform usage. While elements of
ASXL1-driven epigenetic and transcriptomic dysregula-
tion are shared among these disorders, RUNX3 isoform
usage appears to be distinct and closely tied to disease
pathology. ASXLI mutations have been shown to induce
alternative splicing in mutated cell lines [78], however,
determining whether the alternative splicing events of
RUNX3 in BOS and AML-ASXLI are primary effects of
ASXL1 mutations is beyond the scope of this study.
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One possible hypothesis is that ASXLI mutations
may be accompanied by additional mutations in splic-
ing-related genes that directly control RUNX3 isoform
usage. Alternatively, ASXL1 mutations may indirectly
affect pathways that result in alternate isoform usage.
For example, additional spliceosomal mutations and age-
related changes in the expression of RNA-binding pro-
teins and RNA modifications could explain the observed
differences in RUNX3 isoform usage between BOS and
AML-ASXLI.

Direct transcriptomic effects of ASXL1 mutations across
BOS and AML-ASXL1

In our study, we examined the relationship between
ASXL1 mutations and the expression of a set of 40 PcG
target genes previously identified by Bracken et al. (2006)
[79]. The limited number of significant dysregulated
genes in BOS (only 2 out of 40) compared to AML-
ASXL1 (18 out of 40) may reflect the inherent limita-
tions of a smaller sample size associated with BOS, a rare
disease.

One of the polycomb complexes that ASXL1 is known
to interact with is PRC2, which plays a critical role in
gene regulation through epigenetic mechanisms. Muta-
tions in ASXLI can disrupt the normal function of PRC2,
and loss of function mutations have been shown to cause
decreased H3K27me3 levels at target genes. Our analysis
of the PRC2 interactome gene set published in previous
studies [54, 55] revealed that 9 out of 15 genes showed
significant dysregulation in AML-ASXLI compared
to none in BOS. This discrepancy suggests a more pro-
nounced effect of ASXL1 mutations on gene regulation
within the context of leukemia.

Notably, SATBI and TCF7 are significantly dysregu-
lated in both diseases, and may be a result of direct
interactions with ASXL1. The consistent upregulation
of SATBI in both BOS and AML-ASXL1 suggests its
role as a key regulator of chromatin architecture and
gene expression relevant to both conditions. SATB1 is
a chromatin organizer and transcription factor which is
enriched at gene promoters and enhancers involved in
long-range chromatin interactions [80-82].

In contrast, the significant upregulation of TCF7 in
BOS and downregulation in AML-ASXLI, suggests
context-dependent regulatory functions. SATBI plays a
crucial role in maintaining appropriate transcriptional
programs within naive CD8+T cells, and TCF7 is one
of the key naive transcription factors targeted by SATBI
[80]. Intriguingly, other key naive transcription factors
regulated by SATBI1 binding, including BCL6, BCL11B,
FOXOI, and LEFI, also exhibited significant downregu-
lation in AML-ASXL1I while being upregulated in BOS.
This pattern may reflect distinct cellular environments
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and the varying influences of ASXLI mutations in differ-
ent disease states.

In this study, we also examined dysregulation of gene
expression in gene subsets known to interact with
ASXL1. The limited number of dysregulated genes in
BOS may be a consequence of smaller sample size. Inter-
estingly, 5 out of 7 ASXL1-interacting proteins dysregu-
lated in BOS blood were also differentially expressed in
AML-ASXLI, and dysregulated in the same direction,
supporting the possibility of shared pathogenic mecha-
nisms, despite the different clinical presentations.

Limitations of this study

There remain some key limitations to our study. First and
foremost, AML is a heterogeneous disorder with multiple
genetic variants and aberrations present in every sample.
We suspect that the heterogeneity, even in the pres-
ence of the ASXL1 variant, requires a larger sample size
to detect true and consistent effects due to ASXL1I vari-
ants. However, we do believe that patient-derived germ-
line variants as seen in BOS provide a clean background
for isolation of the genetic effect of ASXL1 variants and
prioritization of putative targets that are common to
both diseases. Moreover, the presence of epigenetic
and transcriptional changes observed in both BOS and
AML-ASXLI samples serve to highlight the strong and
consistent effect of ASXLI on gene expression, which
supersedes even the effects of tissue [28] and disease [51,
83].

Research and clinical implications of this study
RASopathies encompass a range of genetic syndromes
such as Noonan syndrome, Costello syndrome, and neu-
rofibromatosis type 1, and are characterized by variants
in multiple genes that regulate the activity of the RAS/
MAPK signaling pathway [84]. These variants lead to
hyperactive signaling, resulting in developmental abnor-
malities, cardiovascular defects, and an increased risk
of certain cancers [84]. The successful grouping of these
disorders has allowed for targeting of shared pathways
and drug repurposing which not only leverages existing
drugs with known safety profiles such as lovastatin and
everolimus but also accelerates the development of tar-
geted therapies, reducing the time and cost associated
with bringing new treatments [85-90]. Mouse studies
and early clinical trials have suggested that targeted inhi-
bition of the RAS/MAPK pathway can mitigate some of
the severe manifestations of these RASopathies [90-94].
We believe that a common approach can be used to
ameliorate some of the clinical and molecular effects of
chromatinopathies.

One intriguing extension from our analysis is the
potential to repurpose or harness novel Wnt inhibitors
or chromatin modifying drugs to ameliorate the effects
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of ASXL1 variants in a range of diseases, including BOS
and subtypes of AML. Our analysis highlights the strong
influence of ASXLI variants on transcriptional regula-
tion, with over 500 genes differentially expressed in both
AML-ASXL1 and BOS data sets, indicating a shared
molecular dysfunction. This shared dysregulation is par-
ticularly evident in genes involved in epigenetic regula-
tion, chromatin modification, and the canonical Wnt
signaling pathway, which are critical for cell fate determi-
nation and proliferation. Our findings suggest a common
thread in the molecular mechanisms of ASXL1 variants—
through dysregulation of Wnt signaling pathways and
posterior HOX gene expression.

Modulating Wnt-signaling in ASXL 7-mutated diseases

Our data highlighted the aberrant activation of Wnt
signaling associated with ASXLI variants across dis-
ease types. Our transcriptomic integration showed
that the Wnt signaling co-receptors LRP5 and LRP6
(Fig. 2A, F and G) and non-canonical Wnt signaling
through VANGL?2 are all upregulated at the transcrip-
tomic level and, in BOS samples, also at the protein
level [28]. VANGL2 is a key transmembrane protein in
the planar cell polarity pathway and is thought to drive
cellular orientation in 3D space and migration patterns,
both of which are pivotal in both oncogenic transforma-
tions and developmental anomalies. Our work provides
an orthogonal validation of previous RNA-microarray
data in AML-ASXLI that also identified upregula-
tion of LRP6 and VANGL2 [51] using a less sensitive
approach. This independent data and analysis highlights
that despite the different genomic technologies, disease
states, genetic background of the cells and differences
in samples, ASXL1 variants drive a shared effect among
these and other genes. To our knowledge, there are three
human and disease-specific data sets in which transcrip-
tomic, and in the case of BOS, protein data, confirm the
abnormal activation of Wnt signaling markers associ-
ated with ASXLI variant [28, 33, 95]. Overall, the consis-
tent dysregulation of key genes across different diseases
suggests that these findings are not merely artifacts of
disease-specific processes but are potentially pivotal driv-
ers of pathophysiology associated with ASXLI variants.
The discovery of these cross-disease biomarkers offers a
promising avenue for further research and development
of diagnostic tools and therapeutic strategies. Therapeu-
tics targeting VANGL2 and LRP6 could potentially be
used as targets for ASXL1-precision therapies.

The Wnt signaling pathway has been a tantalizing tar-
get for drug development in a variety of solid tumors
and leukemias, but to date there are no FDA approved
drugs that are targeted towards tumors with over-active
Whnt-signaling. One challenge is that these treatments
often engender significant side effects associated with
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modulation of this central pathway [96]. Currently, there
are multiple phase I and II clinical trials that target dif-
ferent aspects of Wnt pathways such as the beta-catenin
destruction complex [96, 97] or direct blockage of Beta-
catenin with its binding partners. To date, there are no
approved precision therapies for patients with ASXLI
variants, and careful modulation of the canonical Wnt
signaling pathway represents a potential therapeutic
option for BOS patients and for AML-ASXL]I. Studies in
preclinical models, such as mice and rats, are needed to
understand the interplay between these Wnt-signaling
pathways and ASXLI variants and potential off target
effects.

Decreased malignant transformation in BOS hint at
potential biomarkers for AML-ASXL1

ASXLI variants in AML lead to dysregulation of genes
involved in patterning in hematopoiesis and myeloid differ-
entiation such as HOXA genes that were both differentially
expressed and methylated in AML-ASXLI. These data are
consistent with previous work showing that ASXL1 variants
disrupt the normal repression of posterior HOXA genes
during myeloid cell differentiation [25, 33, 98]. This dysreg-
ulation likely drives the proliferation of immature myeloid
cells, a hallmark of AML. Conversely, in BOS, while simi-
lar DNAm changes were identified, the corresponding
transcriptional dysregulation was not observed, suggesting
that other additional factors are required for transforma-
tion. Clinically, no BOS patients have been diagnosed with
AML, but they do have an increased risk of Wilms tumor, a
pediatric kidney tumor [99].

The absence of myeloid dysplasia in BOS, despite the
presence of ASXL1 variants, suggests that additional fac-
tors are necessary to trigger leukemogenesis. These fac-
tors could include secondary genetic variants, epigenetic
changes, or specific microenvironmental or tissue-spe-
cific cues that are absent in BOS patients but present in
the context of AML. In AML, where ASXLI variants are
only in the leukemia stem cells (LSCs), there is a potential
imbalance in paracrine signaling factors and receptors
between the microenvironment (no ASXL1 variant) and
the LSC (with ASXL1 variant).

While we observe many similarities in the transcrip-
tional profiles between these two diseases, the genes that
are dysregulated in opposite directions might provide ther-
apeutic targets and biomarkers— centered around turn-
ing AML-ASXLI profile closer to that seen in BOS blood,
thereby ameliorating the malignant potential. We found
that BOS cells primarily expressed the longer p46 isoform
of RUNX3, which plays a tumor suppressor role and might
explain the decreased transformation in BOS compared
with AML-ASXLI that expresses the shorter p44 isoform.
Reactivation of the longer RUNX3 isoform in AML might
provide a potential therapeutic strategy in AML-ASXLI.
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Mouse models of ASXL1 mutations show defects in
HSC proliferation and myeloid differentiation [100,
101] in addition to disrupted development. While these
models provide valuable insight, they do not always fully
reflect the complexities of human diseases. Notably,
mouse models typically feature homozygous deletion
mutants, while human variants are heterozygous and
truncating variants. Additionally, while there are some
similarities in hematopoiesis between humans and mice,
there are limited effective mouse models for myeloid
leukemogenesis, emphasizing significant differences in
disease manifestation. Importantly, ASXL1 mutations
in mouse models do not lead to myeloid transformation
without the presence of additional mutations [102]. This
distinction is particularly evident when considering BOS
patients, who are generally much younger compared with
the average AML patient. The absence of leukemic trans-
formation in BOS patients is intriguing and may suggest
novel therapeutic approaches in AML-ASXLI.

Conclusion

This comparative analysis provides a deeper understand-
ing of the complex molecular underpinnings of ASXLI
variants in BOS and AML, highlighting shared and
unique molecular features. By delineating the genetic,
epigenetic, and transcriptomic impacts of these variants,
our study not only advances the understanding of the
molecular pathology of these conditions but also sets the
stage for the development of targeted therapeutic strate-
gies that address the specific molecular alterations associ-
ated with ASXL1 variants. Novel or repurposed therapies
targeted against the effects of ASXLI can be used regard-
less of clinical presentation: germline or somatic, and
provides a pathway to drug development even for the rar-
est conditions. Overall, our study advocates for a gene-
centric approach in understanding the molecular basis of
diseases associated with ASXLI variants.

Our study contributes to a broader understanding of
how genetic variants can influence disease across tradi-
tional phenotypic boundaries. This not only challenges
existing paradigms of disease classification but also opens
new avenues for innovative therapeutic strategies that
are driven by molecular commonalities rather than solely
clinical features. This gene-centric perspective could
redefine therapeutic strategies and promote the develop-
ment of more precise and effective treatments for geneti-
cally driven disorders.
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Page 17 of 20

DEG Differentially Expressed Genes

PRC Polycomb Repressive Complex
PR-DUB Polycomb Repressive Deubiquitinase
LSC Leukemia Stem Cells

DEU Differential Exon Usage

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512920-024-02039-7.

[ Supplementary Material 1 ]

Acknowledgements
We would like to acknowledge the wonderful patients and families that make
this work possible.

Author contributions

VA, ZA and IL designed and conceptualized the study. BR coordinated
sample collection for patient samples. IL, LB, MS, AWa and AWe performed
data generation and transcriptomic analysis for patient-derived samples.
ML performed analysis for exon usage. AW performed analysis for blood
cell proportion. ZA and RW performed data generation and analysis of DNA
methylation data. All authors reviewed the manuscript.

Funding

This work was supported by the following funding sources awarded to
V.AA.: NIH Office of the Director DP50D024579, the W.M. Keck Foundation,
the Toffler Foundation and ASXL Research Related Endowment Pilot Grant
(2020-2022). IL was supported by NIH T32GM008042. AW is was supported
by NHGRI F31THG013462. This work was supported by the ASXL Rare Research
Endowment (ARRE) (MC2015-16), the Canadian Institutes of Health Research
(CIHR) grants (IGH-155182 and MOP-126054), and the Ontario Brain Institute
(Province of Ontario Neurodevelopmental Disorders (POND) network (IDS11-
02) grants to RW.

Data availability

The datasets analyzed during the current study were collected from our
previous study and are available in the GEO repository, under accession
number GSE230685 and GSE230696. A subset of the DNA methylation
(DNAm) datasets generated during the current study are not publicly
available due to institutional ethical restrictions but are available from the
corresponding author on reasonable request to authors.lllumina 450 K DNAm
data and RNA-sequencing (RNA-seq) data for AML and AML-ASXL1 blood
samples were acquired from The Cancer Genome Atlas (TCGA) program,
available on the Genomic Data Commons (GDC) repository, accessible at
https://portal.gdc.cancergov/projects/TCGA-LAML. Transcriptomic data for
AML-ASXL1 bone marrow samples were acquired from the Beat AML cohort,
available from dbGaP phs001657.v3.p1. Transcriptomic data for blood controls
were obtained from the Genotype-Tissue Expression (GTEx) Portal, accessible
at https://www.gtexportal.org/home/downloads/adult-gtex/bulk_tissue_expr
ession. Transcriptomic data for bone marrow controls were obtained from the
publicly available dataset by Oetjen et al., 2018, and are available in the GEO
repository, under accession number GSE120444.

Declarations

Ethics approval and consent to participate

Ethics approval was obtained through the Institutional Ethics Review Boards
at UCLA and Hospital for Sick Children. Informed consent was obtained from
all research participants according to the protocol approved by the Hospital
for Sick Children (REB#1000038847) and UCLA (IRB#11-001087).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12920-024-02039-7
https://doi.org/10.1186/s12920-024-02039-7
https://portal.gdc.cancer.gov/projects/TCGA-LAML
https://www.gtexportal.org/home/downloads/adult-gtex/bulk_tissue_expression
https://www.gtexportal.org/home/downloads/adult-gtex/bulk_tissue_expression

Lin et al. BMC Medical Genomics

(2024) 17:282

Author details

'Department of Pathology and Laboratory Medicine, David Geffen School
of Medicine, UCLA, Los Angeles, CA, USA

’Department of Computational Medicine, David Geffen School of
Medicine, UCLA, Los Angeles, CA, USA

3Department of Human Genetics, David Geffen School of Medicine,
UCLA, Los Angeles, CA, USA

“Department of Genetics and Genome Biology, The Hospital for Sick
Children, Toronto, ON, Canada

5Interdepartmenta| Bioinformatics Program, UCLA, Los Angeles, CA, USA
Department of Human Genetics, Division of Clinical Genetics, UCLA, Los
Angeles, CA, USA

'Department of Pediatrics, Division of Clinical & Metabolic Genetics, The
Hospital for Sick Children, Toronto, ON, Canada

8Institute of Medical Sciences, Department of Molecular Genetics,
University of Toronto, Toronto, ON, Canada

“Molecular Biology institute, UCLA, Los Angeles, CA, USA

9Jonsson Comprehensive Cancer Center, UCLA, Los Angeles, CA, USA

Received: 8 August 2024 / Accepted: 30 October 2024
Published online: 29 November 2024

References

1.

Bohring A, Silengo M, Lerone M, Superneau DW, Spaich C, Braddock SR,
Poss A, Opitz JM. Severe end of Opitz trigonocephaly (C) syndrome or new
syndrome? Am J Med Genet. 1999;85:438-46.

Russell B, Tan W-H, Graham JM Jr. Bohring-Opitz Syndrome. In: Adam

MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Gripp KW, Mirzaa GM,
Amemiya A, editors. GeneReviews®. Seattle (WA): University of Washington;
Seattle 2018.

Russell BE, Kianmahd RR, Munster C, Yu A, Ahad L, Tan W-H. Clinical findings
in 39 individuals with Bohring-Opitz syndrome from a global patient-driven
registry with implications for tumor surveillance and recurrence risk. Am J
Med Genet A. 2023;191:1050-8.

Patel K, McQuaid S, Ketterl T, Benedetti DJ, Sokol E. Two cases of hepatoblas-
toma in Bohring-Opitz syndrome: an emerging association. Pediatr Blood
Cancer 2024;:e31010.

Pratcorona M, Abbas S, Sanders MA, Koenders JE, Kavelaars FG, Erpelinck-
Verschueren CAJ, Zeilemakers A, Lowenberg B, Valk PJM. Acquired mutations
in ASXL1 in acute myeloid leukemia: prevalence and prognostic value.
Haematologica. 2012,97:388-92.

Genovese G, Kdhler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF,
Chambert K, Mick E, Neale BM, Fromer M, Purcell SM, Svantesson O, Landén
M, Héglund M, Lehmann S, Gabriel SB, Moran JL, Lander ES, Sullivan PF,
Sklar P, Gronberg H, Hultman CM, McCarroll SA. Clonal hematopoiesis

and blood-cancer risk inferred from blood DNA sequence. N Engl J Med.
2014;371:2477-87.

Gelsi-Boyer V, Brecqueville M, Devillier R, Murati A, Mozziconacci M-J, Birn-
baum D. Mutations in ASXL1 are associated with poor prognosis across the
spectrum of malignant myeloid diseases. J Hematol Oncol. 2012;5:12.

Micol J-B, Abdel-Wahab O.The role of additional sex combs-like proteins in
Cancer. Cold Spring Harb Perspect Med. 2016;6. https://doi.org/10.1101/cshp
erspect.a026526.

Mintz B. Gene expression in neoplasia and differentiation. Harvey Lect.
1978;71:193-246.

Bellacosa A. Developmental disease and cancer: biological and clinical over-
laps. Am J Med Genet A. 2013;161A:2788-96.

Shipitsin M, Polyak K. The cancer stem cell hypothesis: in search of definitions,
markers, and relevance. Lab Invest. 2008;88:459-63.

Nava AA, Arboleda VA. The omics era: a nexus of untapped potential for
mendelian chromatinopathies. Hum Genet Published Online First: 28 April.
2023. https://doi.org/10.1007/500439-023-02560-2.

Cheng MW, Mitra M, Coller HA. Pan-cancer landscape of epigenetic factor
expression predicts tumor outcome. Commun Biol. 2023;6:1138.
Medvedeva YA, Lennartsson A, Ehsani R, Kulakovskiy IV, Vorontsov IE, Panah-
andeh P, Khimulya G, Kasukawa T, Consortium FANTOM. Drablgs F. EpiFactors:
a comprehensive database of human epigenetic factors and complexes.
Database. 2015;2015:bav067.

Shi X, Lu C, Corman A, Nikish A, Zhou'Y, Platt RJ, lossifov |, Zhang F, Pan JQ,
Sanjana NE. Heterozygous deletion of the autism-associated gene CHD8

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 18 of 20

impairs synaptic function through widespread changes in gene expression
and chromatin compaction. Am J Hum Genet. 2023;110:1750-68.

Janssen SM, Lorincz MC. Interplay between chromatin marks in development
and disease. Nat Rev Genet. 2022;23:137-53.

Dawson MA. The cancer epigenome: concepts, challenges, and therapeutic
opportunities. Science. 2017,355:1147-52.

Gibney ER, Nolan CM. Epigenetics and gene expression. Heredity.
2010;105:4-13.

Fahrner JA, Bjornsson HT. Mendelian disorders of the epigenetic machinery:
tipping the balance of chromatin states. Annu Rev Genomics Hum Genet.
2014;15:269-93.

Nussinov R, Tsai C-J, Jang H. How can same-gene mutations promote both
cancer and developmental disorders? Sci Adv. 2022,8:eabm2059.
Scheuermann JC, de Ayala Alonso AG, Oktaba K, Ly-Hartig N, McGinty RK,
Fraterman S, Wilm M, Muir TW, Mller J. Histone H2A deubiquitinase activity
of the polycomb repressive complex PR-DUB. Nature. 2010;465:243-7.

Levine SS, Weiss A, Erdjument-Bromage H, Shao Z, Tempst P, Kingston RE. The
core of the polycomb repressive complex is compositionally and functionally
conserved in flies and humans. Mol Cell Biol. 2002;22:6070-8.

Matheus F, Rusha E, Rehimi R, Molitor L, Pertek A, Modic M, Feederle R, Flatley
A, Kremmer E, Geerlof A, Rishko V, Rada-Iglesias A, Drukker M. Pathological
ASXL1 mutations and protein variants impair neural Crest Development.
Stem Cell Rep. 2019;12:861-8.

Nagase R, Inoue D, Pastore A, Fujino T, Hou H-A, Yamasaki N, Goyama S, Saika
M, Kanai A, Sera Y, Horikawa S, Ota Y, Asada S, Hayashi Y, Kawabata KC, Takeda
R, Tien H-F, Honda H, Abdel-Wahab O, Kitamura T. Expression of mutant AsxI1
perturbs hematopoiesis and promotes susceptibility to leukemic transforma-
tion. J Exp Med. 2018;215:1729-47.

Abdel-Wahab O, Adli M, LaFave LM, Gao J, Hricik T, Shih AH, Pandey S, Patel
JP, Chung YR, Koche R, Perna F, Zhao X, Taylor JE, Park CY, Carroll M, Melnick
A, Nimer SD, Jaffe JD, Aifantis |, Bernstein BE, Levine RL. ASXL1 mutations
promote myeloid transformation through loss of PRC2-mediated gene
repression. Cancer Cell. 2012;22:180-93.

Viré E, Brenner C, Deplus R, Blanchon L, Fraga M, Didelot C, Morey L, Van
Eynde A, Bernard D, Vanderwinden J-M, Bollen M, Esteller M, Di Croce L, de
Launoit Y, Fuks F. The polycomb group protein EZH2 directly controls DNA
methylation. Nature. 2006;439:871-4.

Koh W, Gonzalez V, Natarajan S, Carter R, Brown PO, Gawad C. Dynamic ASXL1
exon skipping and alternative circular splicing in single human cells. PLoS
ONE. 2016;11:e0164085.

Lin I, Wei A, Awamleh Z, Singh M, Ning A, Herrera A, Russell BE, Weksberg

R, Arboleda VA. Multi-omics of Bohring-Opitz syndrome truncating ASXL1
mutations identify canonical and non-canonical wnt signaling dysregulation.
JClInsight Published Online First: 13 April. 2023. https://doi.org/10.1172/jci.in
sight.167744.

The Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills
GB, Kenna R, Mills Shaw, Brad A, Ozenberger. Kyle Ellrott, llya Shmulevich,
Chris Sander & Joshua M Stuart. The cancer genome atlas pan-cancer analysis
project. Nat Genet. 2013;45:1113-20.

Jensen MA, FerrettiV, Grossman RL, Staudt LM. The NCI Genomic Data Com-
mons as an engine for precision medicine. Blood. 2017;130:453-9.

Tyner JW, Tognon CE, Bottomly D, Wilmot B, Kurtz SE, Savage SL, Long N,
Schultz AR, Traer E, Abel M, Agarwal A, Blucher A, Borate U, Bryant J, Burke

R, Carlos A, Carpenter R, Carroll J, Chang BH, Coblentz C, dAlmeida A, Cook

R, Danilov A, Dao K-HT, Degnin M, Devine D, Dibb J, Edwards DK 5th, Eide
CA, English |, Glover J, Henson R, Ho H, Jemal A, Johnson K, Johnson R, Junio
B, Kaempf A, Leonard J, Lin C, Liu SQ, Lo P, Loriaux MM, Luty S, Macey T,
MacManiman J, Martinez J, Mori M, Nelson D, Nichols C, Peters J, Ramsdill J,
Rofelty A, Schuff R, Searles R, Segerdell E, Smith RL, Spurgeon SE, Sweeney T,
Thapa A, Visser C, Wagner J, Watanabe-Smith K, Werth K, Wolf J, White L, Yates
A, Zhang H, Cogle CR, Collins RH, Connolly DC, Deininger MW, Drusbosky

L, Hourigan CS, Jordan CT, Kropf P, Lin TL, Martinez ME, Medeiros BC, Pal-
lapati RR, Pollyea DA, Swords RT, Watts JM, Weir SJ, Wiest DL, Winters RM,
McWeeney SK, Druker BJ. Functional genomic landscape of acute myeloid
leukaemia. Nature 2018;562:526-31.

Oetjen KA, Lindblad KE, Goswami M, Gui G, Dagur PK, Lai C, Dillon LW,
McCoy JP, Hourigan CS. Human bone marrow assessment by single-cell RNA
sequencing, mass cytometry, and flow cytometry. JCl Insight. 2018;3. https://
doi.org/10.1172/jciinsight.124928.

Awamleh Z, Chater-Diehl E, Choufani S, Wei E, Kianmahd RR, Yu A, Chad L,
Costain G, Tan W-H, Scherer SW, Arboleda VA, Russell BE, Weksberg R. DNA
methylation signature associated with Bohring-Opitz syndrome: a new tool


https://doi.org/10.1101/cshperspect.a026526
https://doi.org/10.1101/cshperspect.a026526
https://doi.org/10.1007/s00439-023-02560-2
https://doi.org/10.1172/jci.insight.167744
https://doi.org/10.1172/jci.insight.167744
https://doi.org/10.1172/jci.insight.124928
https://doi.org/10.1172/jci.insight.124928

Lin et al. BMC Medical Genomics

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

(2024) 17:282

for functional classification of variants in ASXL genes. Eur J Hum Genet Pub-
lished Online First: 1 April. 2022. https://doi.org/10.1038/541431-022-01083-0.
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson
M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29:15-21.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics.
2014;30:923-30.

Love MI, Huber W, Anders S. Moderated estimation of Fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou L, Lin SM. Comparison

of Beta-value and M-value methods for quantifying methylation levels by
microarray analysis. BMC Bioinformatics. 2010;11:587.

Wagner GP, Kin K, Lynch VJ. Measurement of mRNA abundance using
RNA-seq data: RPKM measure is inconsistent among samples. Theory Biosci.
2012;131:281-5.

Anders S, Reyes A, Huber W. Detecting differential usage of exons from RNA-
seq data. Genome Res. 2012;22:2008-17.

Kanehisa M, Sato Y. KEGG Mapper for inferring cellular functions from protein
sequences. Protein Sci. 2020,29:28-35.

Kanehisa M, Sato'Y, Kawashima M. KEGG mapping tools for uncovering hid-
den features in biological data. Protein Sci. 2022,31:47-53.

Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F,
Khodadoust MS, Esfahani MS, Luca BA, Steiner D, Diehn M, Alizadeh AA.
Determining cell type abundance and expression from bulk tissues with
digital cytometry. Nat Biotechnol. 2019;37:773-82.

Steen CB, Liu CL, Alizadeh AA, Newman AM. Profiling cell type abun-

dance and expression in bulk tissues with CIBERSORTx. Methods Mol Biol.
2020;2117:135-57.

Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling

Tumor infiltrating Immune cells with CIBERSORT. Methods Mol Biol.
2018;1711:243-59.

Abdou NL, Alavi JB, Abdou NI. Human bone marrow lymphocytes: Band T
cell precursors and subpopulations. Blood. 1976;47:423-30.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP,
Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A,
Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, Sherlock G. Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium.
Nat Genet. 2000;25:25-9.

Gene Ontology Consortium, Aleksander SA, Balhoff J, Carbon S, Cherry

JM, Drabkin HJ, Ebert D, Feuermann M, Gaudet P, Harris NL, Hill DP, Lee R,

Mi H, Moxon S, Mungall CJ, Muruganugan A, Mushayahama T, Sternberg

PW, Thomas PD, Van Auken K, Ramsey J, Siegele DA, Chisholm RL, Fey P,
Aspromonte MC, Nugnes MV, Quaglia F, Tosatto S, Giglio M, Nadendla S,
Antonazzo G, Attrill H, Dos Santos G, Marygold S, Strelets V, Tabone CJ,
Thurmond J, Zhou P, Ahmed SH, Asanitthong P, Luna Buitrago D, Erdol MN,
Gage MC, Ali Kadhum M, Li KYC, Long M, Michalak A, Pesala A, Pritazahra A,
Saverimuttu SCC, Su R, Thurlow KE, Lovering RC, Logie C, Oliferenko S, Blake
J, Christie K, Corbani L, Dolan ME, Drabkin HJ, Hill DP, Ni L, Sitnikov D, Smith
C, Cuzick A, Seager J, Cooper L, Elser J, Jaiswal P, Gupta P, Jaiswal P, Naithani
S, Lera-Ramirez M, Rutherford K, Wood V, De Pons JL, Dwinell MR, Hayman
GT, Kaldunski ML, Kwitek AE, Laulederkind SJF, Tutaj MA, Vedi M, Wang S-J,
D'Eustachio P, Aimo L, Axelsen K, Bridge A, Hyka-Nouspikel N, Morgat A, Alek-
sander SA, Cherry JM, Engel SR, Karra K, Miyasato SR, Nash RS, Skrzypek MS,
Weng S, Wong ED, Bakker E, Berardini TZ, Reiser L, Auchincloss A, Axelsen K,
Argoud-Puy G, Blatter M-C, Boutet E, Breuza L, Bridge A, Casals-Casas C, Coud-
ert E, Estreicher A, Livia Famiglietti M, Feuermann M, Gos A, Gruaz-Gumowski
N, Hulo C, Hyka-Nouspikel N, Jungo F, Le Mercier P, Lieberherr D, Masson P,
Morgat A, Pedruzzi |, Pourcel L, Poux S, Rivoire C, Sundaram S, Bateman A,
Bowler-Barnett E, Bye-A-Jee H, Denny P, Ignatchenko A, Ishtiag R, Lock A, Lussi
Y, Magrane M, Martin MJ, Orchard S, Raposo P, Speretta E, Tyagi N, Warner K,
Zaru R, Diehl AD, Lee R, Chan J, Diamantakis S, Raciti D, Zarowiecki M, Fisher
M, James-Zorn C, Ponferrada V, Zorn A, Ramachandran S, Ruzicka L, West-
erfield M. The Gene Ontology knowledgebase in 2023. Genetics. 2023;224.
https://doi.org/10.1093/genetics/iyad031.

Galea GL, Maniou E, Edwards TJ, Marshall AR, Ampartzidis |, Greene NDE,
Copp AJ. Cell non-autonomy amplifies disruption of neurulation by mosaic
Vangl2 deletion in mice. Nat Commun. 2021;12:1159.

Chew LJ, Yuan X, Scherer SE, Qie L, Huang F, Hayes WP, Gallo V. Char-
acterization of the rat GRIKS5 kainate receptor subunit gene promoter

and its intragenic regions involved in neural cell specificity. J Biol Chem.
2001;276:42162-71.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 19 of 20

TanwarV, Bylund JB, Hu J, Yan J, Walthall JM, Mukherjee A, Heaton WH, Wang
W-D, Potet F, Rai M, Kupershmidt S, Knapik EW, Hatzopoulos AK. Gremlin 2
promotes differentiation of embryonic stem cells to atrial fate by activation
of the JNK signaling pathway. Stem Cells. 2014;32:1774-88.

Metzeler KH, Becker H, Maharry K, Radmacher MD, Kohlschmidt J, Mrozek

K, Nicolet D, Whitman SP,Wu Y-Z, Schwind S, Powell BL, Carter TH, Wetzler
M, Moore JO, Kolitz JE, Baer MR, Carroll AJ, Larson RA, Caligiuri MA, Marcucci
G, Bloomfield CD. ASXL1 mutations identify a high-risk subgroup of older
patients with primary cytogenetically normal AML within the ELN favorable
genetic category. Blood. 2011;118:6920-9.

Oughtred R, Rust J, Chang C, Breitkreutz B-J, Stark C, Willems A, Boucher

L, Leung G, Kolas N, Zhang F, Dolma S, Coulombe-Huntington J, Chatr-
Aryamontri A, Dolinski K, Tyers M. The BioGRID database: a comprehensive
biomedical resource of curated protein, genetic, and chemical interactions.
Protein Sci. 2021;30:187-200.

Li Z, Zhang P, Yan A, Guo Z,BanY, Li J, Chen S, Yang H, He Y, Li J, Guo Y, Zhang
W, Hajiramezanali E, An H, Fajardo D, Harbour JW, Ruan'Y, Nimer SD, Yu P,
Chen X, Xu M, Yang F-C. ASXL1 interacts with the cohesin complex to main-
tain chromatid separation and gene expression for normal hematopoiesis.
Sci Adv. 2017;3:e1601602.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set enrich-
ment analysis: a knowledge-based approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci U S A. 2005;102:15545-50.

Mootha VK, Lindgren CM, Eriksson K-F, Subramanian A, Sihag S, Lehar J, Puig-
server P, Carlsson E, Ridderstrdle M, Laurila E, Houstis N, Daly MJ, Patterson

N, Mesirov JP, Golub TR, Tamayo P, Spiegelman B, Lander ES, Hirschhorn JN,
Altshuler D, Groop LC. PGC-1alpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat
Genet. 2003;34:267-73.

Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills
GB, Shaw KRM, Ozenberger BA, Ellrott K, Shmulevich |, Sander C, Stuart
JM.The Cancer Genome Atlas Pan-cancer analysis project. Nat Genet.
2013;45:1113-20.

Fisher CL, Lee |, Bloyer S, Bozza S, Chevalier J, Dahl A, Bodner C, Helgason CD,
Hess JL, Humphries RK, Brock HW. Additional sex combs-like 1 belongs to the
enhancer of trithorax and polycomb group and genetically interacts with
Cbx2 in mice. Dev Biol. 2010;337:9-15.

Asada S, Goyama S, Inoue D, Shikata S, Takeda R, Fukushima T, Yonezawa T,
Fujino T, HayashiY, Kawabata KC, Fukuyama T, Tanaka Y, Yokoyama A, Yamazaki
S, Kozuka-Hata H, Oyama M, Kojima S, Kawazu M, Mano H, Kitamura T. Mutant
ASXL1 cooperates with BAP1 to promote myeloid leukaemogenesis. Nat
Commun. 2018,9:2733.

Balasubramani A, Larjo A, Bassein JA, Chang X, Hastie RB, Togher SM, Léh-
desmaki H, Rao A. Cancer-associated ASXL1 mutations may act as gain-of-
function mutations of the ASXL1-BAP1 complex. Nat Commun. 2015;6:7307.
Chen S-L, Qin Z-Y,Hu F, Wang Y, Dai Y-J, Liang Y. The role of the HOXA Gene
Family in Acute myeloid leukemia. Genes. 2019;10. https://doi.org/10.3390/g
enes10080621.

Giampaolo A, Sterpetti P, Bulgarini D, Samoggia P, Pelosi E, Valtieri M,

Peschle C. Key functional role and lineage-specific expression of selected
HOXB genes in purified hematopoietic progenitor differentiation. Blood.
1994;84:3637-47.

Kawagoe H, Humphries RK, Blair A, Sutherland HJ, Hogge DE. Expression

of HOX genes, HOX cofactors, and MLL in phenotypically and functionally
defined subpopulations of leukemic and normal human hematopoietic cells.
Leukemia. 1999;13:687-98.

Martinez P, Amemiya CT. Genomics of the HOX gene cluster. Comp Biochem
Physiol B Biochem Mol Biol. 2002;133:571-80.

McGuire MH, Herbrich SM, Dasari SK, Wu SY, Wang Y, Rupaimoole R, Lopez-
Berestein G, Baggerly KA, Sood AK. Pan-cancer genomic analysis links 3'UTR
DNA methylation with increased gene expression in T cells. EBioMedicine.
2019;43:127-37.

Bjornsson JM, Larsson N, Brun ACM, Magnusson M, Andersson E, Lundstréom
P, Larsson J, Repetowska E, Ehinger M, Humphries RK, Karlsson S. Reduced
proliferative capacity of hematopoietic stem cells deficient in Hoxb3 and
Hoxb4. Mol Cell Biol. 2003;23:3872-83.

Schiedimeier B, Santos AC, Ribeiro A, Moncaut N, Lesinski D, Auer H, Kor-
nacker K, Ostertag W, Baum C, Mallo M, Klump H. HOXB4's road map to stem
cell expansion. Proc Natl Acad Sci U S A. 2007;104:16952-7.


https://doi.org/10.1038/s41431-022-01083-0
https://doi.org/10.1093/genetics/iyad031
https://doi.org/10.3390/genes10080621
https://doi.org/10.3390/genes10080621

Lin et al. BMC Medical Genomics

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

(2024) 17:282

Tay RE, Richardson EK, Toh HC. Revisiting the role of CD4 +T cells in cancer
immunotherapy-new insights into old paradigms. Cancer Gene Ther.
2021;28:5-17.

Patowary A, Zhang P, Jops C, Vuong CK, Ge X, Hou K, Kim M, Gong N, Margolis
M, Vo D, Wang X, Liu C, Pasaniuc B, Li JJ, Gandal MJ. De la Torre-Ubieta L.
Developmental isoform diversity in the human neocortex informs neuropsy-
chiatric risk mechanisms. Science. 2024;384:eadh7688.

Vavilina A, Calvanese V, Fares |, Garcia SC, Jami-Alahmadi Y, Wang Y, Goodridge
H, Shin J, Wohlschlegel J, Mikkola H. 3037 - TWO DISTINCT ISOFORMS OF
MLLT3 REGULATE HUMAN HSC FUNCTION. Exp Hematol. 2021;100:S60.
Potluri S, Assi SA, Chin PS, Coleman DJL, Pickin A, Moriya S, Seki N, Heiden-
reich O, Cockerill PN, Bonifer C. Isoform-specific and signaling-dependent
propagation of acute myeloid leukemia by Wilms tumor 1. Cell Rep.
2021;35:109010.

Shulgin AA, Lebedev TD, Prassolov VS, Spirin PV. Plasmolipin and its role in
cell processes. Mol Biol. 2021;55:773-85.

O'Neill AC, Kyrousi C, Klaus J, Leventer RJ, Kirk EP, Fry A, Pilz DT, Morgan T,
Jenkins ZA, Drukker M, Berkovic SF, Scheffer IE, Guerrini R, Markie DM, Gotz M,
Cappello S, Robertson SP. A primate-specific isoform of PLEKHG6 regulates
neurogenesis and neuronal Migration. Cell Rep. 2018;25:2729-e27416.
Bangsow C, Rubins N, Glusman G, Bernstein Y, Negreanu V, Goldenberg D,
Lotem J, Ben-Asher E, Lancet D, Levanon D, Groner Y. The RUNX3 gene-
sequence, structure and regulated expression. Gene. 2001,279:221-32.
Chung DD, Honda K, Cafuir L, McDuffie M, Wotton D. The Runx3 distal
transcript encodes an additional transcriptional activation domain. FEBS J.
2007;274:3429-39.

Haider A, Steininger A, Ullmann R, Hummel M, Dimitrova L, Beyer M,
Vandersee S, Lenze D, Sterry W, Assaf C, Mobs M. Inactivation of RUNX3/p46
promotes cutaneous T-Cell lymphoma. J Invest Dermatol. 2016;136:2287-96.
Lim B, Ju H, Kim M, Kang C. Increased genetic susceptibility to intestinal-
type gastric cancer is associated with increased activity of the RUNX3 distal
promoter. Cancer. 2011;117:5161-71.

Srinageshwar B, Maiti P, Dunbar GL, Rossignol J. Role of epigenetics in Stem
Cell Proliferation and differentiation: implications for treating neurodegenera-
tive diseases. Int J Mol Sci. 2016;17. https://doi.org/10.3390/ijms17020199.
Wu Z-J, Zhao X, Banaszak LG, Gutierrez-Rodrigues F, Keyvanfar K, Gao S-G,
Quinones Raffo D, Kajigaya S, Young NS. CRISPR/Cas9-mediated ASXL1
mutations in U937 cells disrupt myeloid differentiation. Int J Oncol.
2018;52:1209-23.

Bracken AP, Dietrich N, Pasini D, Hansen KH, Helin K. Genome-wide mapping
of polycomb target genes unravels their roles in cell fate transitions. Genes
Dev. 2006;20:1123-36.

Nssing S, Miosge LA, Lee K, Olshansky M, Barugahare A, Roots CM, Sontani
Y, Day EB, Koutsakos M, Kedzierska K, Goodnow CC, Russ BE, Daley SR, Turner
SJ. SATB1 ensures appropriate transcriptional programs within naive CD8* T
cells. Immunol Cell Biol. 2022;100:636-52.

Zelenka T, Klonizakis A, Tsoukatou D, Papamatheakis D-A, Franzenburg S, Tzer-
pos P, Tzonevrakis I-R, Papadogkonas G, Kapsetaki M, Nikolaou C, Plewczynski
D, Spilianakis C. The 3D enhancer network of the developing T cell genome is
shaped by SATB1. Nat Commun. 2022;13:6954.

Sunkara KP, Gupta G, Hansbro PM, Dua K, Bebawy M. Functional relevance

of SATB1 in immune regulation and tumorigenesis. Biomed Pharmacother.
2018;104:87-93.

Rahmani NE, Ramachandra N, Bhagat TD, Gordon S, Pradhan K, Rivera Pena
B, Kazemi M, Giricz O, Magbool S, Olea R, Dolatshad H, Tittrea V, Tatwavedi D,
Singh S, Pellagatti A, Boultwood J, Verma A. ASXLT mutations are Associ-
ated with widespread and distinct DNA methylation alterations. Blood.
2019;134:2989-2989.

Rauen KA. The RASopathies. Annu Rev Genomics Hum Genet.
2013;14:355-69.

Chabernaud C, Mennes M, Kardel PG, Gaillard WD, Kalbfleisch ML, Vanmeter
JW, Packer RJ, Milham MP, Castellanos FX, Acosta MT. Lovastatin regulates
brain spontaneous low-frequency brain activity in neurofibromatosis type 1.
Neurosci Lett. 2012;515:28-33.

Hahn A, Lauriol J, Thul J, Behnke-Hall K, Logeswaran T, Schanzer A, B6gurct
N, Garvalov BK, Zenker M, Gelb BD, von Gerlach S, Kandolf R, Kontaridis M,
Schranz D. Rapidly progressive hypertrophic cardiomyopathy in an infant
with Noonan syndrome with multiple lentigines: palliative treatment with a
rapamycin analog. Am J Med Genet A. 2015;167A:744-51.

Lioncino M, Fusco A, Monda E, Colonna D, Sibilio M, Caiazza M, Magri D, Bor-
relli AC, D'Onofrio B, Mazzella ML, Colantuono R, Arienzo MR, Sarubbi B, Russo
MG, Chello G, Limongelli G. Severe lymphatic disorder and Multifocal Atrial

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

Page 20 of 20

Tachycardia Treated with Trametinib in a patient with Noonan Syndrome and
SOS1 Mutation. Genes. 2022;13. https://doi.org/10.3390/genes13091503.
Meisner JK, Bradley DJ, Russell MW. Molecular Management of Multifocal
Atrial Tachycardia in Noonan's syndrome with MEK1/2 inhibitor trametinib.
Circ Genom Precis Med. 2021;14:¢003327.

Mussa A, Carli D, Giorgio E, Villar AM, Cardaropoli S, Carbonara C, Campagnoli
MF, Galletto P, Palumbo M, Olivieri S, Isella C, Andelfinger G, Tartaglia M, Botta
G, Brusco A, Medico E, Ferrero GB. MEK Inhibition in a newborn with RAF1-
Associated Noonan Syndrome ameliorates hypertrophic cardiomyopathy but
is insufficient to Revert Pulmonary Vascular Disease. Genes. 2021;13. https://d
0i.0rg/10.3390/genes13010006.

Gelb BD, Yohe ME, Wolf C, Andelfinger G. New prospectives on treatment
opportunities in RASopathies. Am J Med Genet C Semin Med Genet.
2022;190:541-60.

Rauen KA, Banerjee A, Bishop WR, Lauchle JO, McCormick F, McMahon M,
Melese T, Munster PN, Nadaf S, Packer RJ, Sebolt-Leopold J, Viskochil DH.
Costello and cardio-facio-cutaneous syndromes: moving toward clinical trials
in RASopathies. Am J Med Genet C Semin Med Genet. 2011;157 C:136-46.
Rauen KA, Schoyer L, McCormick F, Lin AE, Allanson JE, Stevenson DA, Gripp
KW, Neri G, Carey JC, Legius E, Tartaglia M, Schubbert S, Roberts AE, Gelb

BD, Shannon K, Gutmann DH, McMahon M, Guerra C, Fagin JA, Yu B, Aoki Y,
Neel BG, Balmain A, Drake RR, Nolan GP, Zenker M, Bollag G, Sebolt-Leopold
J, Gibbs JB, Silva AJ, Patton EE, Viskochil DH, Kieran MW, Korf BR, Hagerman
RJ, Packer RJ, Melese T. Proceedings from the 2009 genetic syndromes of

the Ras/MAPK pathway: From bedside to bench and back. Am J Med Genet A
2010;152A:4-24.

Herndndez-Porras |, Fabbiano S, Schuhmacher AJ, Aicher A, Cafiamero M,
Cémara JA, Cusso L, Desco M, Heeschen C, Mulero F, Bustelo XR, Guerra C,
Barbacid M. K-RasV14l recapitulates Noonan syndrome in mice. Proc Natl
Acad Sci U S A.2014;111:16395-400.

Wu X, Simpson J, Hong JH, Kim K-H, Thavarajah NK, Backx PH, Neel BG, Araki
T. MEK-ERK pathway modulation ameliorates disease phenotypes in a mouse
model of Noonan syndrome associated with the Raf1(L613V) mutation. J Clin
Invest. 2011;121:1009-25.

Lin I, Wei A, Awamleh Z, Singh M, Ning A, Herrera A, Russell B, Weksberg R,
Arboleda VA. Multi-omics on truncating ASXL1 mutations in Bohring Opitz
syndrome identify dysregulation of canonical and non-canonical wnt signal-
ing. bioRxiv. 2022;:2022.12.15.520167.

Jung Y-S, Park J-I. Wnt signaling in cancer: therapeutic targeting of wnt
signaling beyond B-catenin and the destruction complex. Exp Mol Med.
2020;,52:183-91.

LiuJ, Xiao Q Xiao J, Niu C, LiY, Zhang X, Zhou Z, Shu G, Yin G. Wnt/B-catenin
signalling: function, biological mechanisms, and therapeutic opportunities.
Signal Transduct Target Ther. 2022;7:3.

Kohnke T, Nuno KA, Alder CC, Gars EJ, Phan P, Fan AC, Majeti R. Human ASXL1-
mutant hematopoiesis is driven by a truncated protein associated with
aberrant deubiquitination of H2AK119. Blood Cancer Discov. 2024;5:202-23.
Russell B, Johnston JJ, Biesecker LG, Kramer N, Pickart A, Rhead W, Tan W-H,
Brownstein CA, Kate Clarkson L, Dobson A, Rosenberg AZ, Vergano SAS, Helm
BM, Harrison RE, Graham JM Jr. Clinical management of patients with ASXL1
mutations and bohring-Opitz syndrome, emphasizing the need for Wilms
tumor surveillance. Am J Med Genet A. 2015;167A:2122-31.

. Wang J, Li Z,He Y, Pan F, Chen S, Rhodes S, Nguyen L, Yuan J, Jiang L, Yang X,

Weeks O, Liu Z, Zhou J, Ni H, Cai C-L, Xu M, Yang F-C. Loss of AsxI1 leads to
myelodysplastic syndrome-like disease in mice. Blood. 2014;123:541-53.
Abdel-Wahab O, Gao J, Adli M, Dey A, Trimarchi T, Chung YR, Kuscu C, Hricik

T, Ndiaye-Lobry D, Lafave LM, Koche R, Shih AH, Guryanova OA, Kim E, Li S,
Pandey S, Shin JY, Telis L, Liu J, Bhatt PK, Monette S, Zhao X, Mason CE, Park
CY, Bernstein BE, Aifantis |, Levine RL. Deletion of Asxl1 results in myelodyspla-
sia and severe developmental defects in vivo. J Exp Med. 2013;210:2641-59.

. Takeda R, Asada S, Park S-J, Yokoyama A, Becker HJ, Kanai A, Visconte V, Hersh-

berger C, Hayashi'Y, Yonezawa T, Tamura M, Fukushima T, Tanaka Y, Fukuyama
T, Matsumoto A, Yamasaki S, Nakai K, Yamazaki S, Inaba T, Shibata T, Inoue D,
Honda H, Goyama S, Maciejewski JP, Kitamura T. HHEX promotes myeloid
transformation in cooperation with mutant ASXL1. Blood. 2020;136:1670-84.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3390/ijms17020199
https://doi.org/10.3390/genes13091503
https://doi.org/10.3390/genes13010006
https://doi.org/10.3390/genes13010006

	﻿﻿ASXL1﻿ truncating variants in BOS and myeloid leukemia drive shared disruption of Wnt-signaling pathways but have differential isoform usage of RUNX3
	﻿Abstract
	﻿Key points
	﻿Introduction
	﻿Samples and methods
	﻿Selection and characterization of BOS and AML samples
	﻿Sample collection, processing, and sequencing
	﻿RNA-seq and DNA methylation analysis of BOS and AML samples
	﻿Preprocessing and quality control of RNA-seq and DNA methylation data


	﻿Integration of RNA-seq and DNA methylation data
	﻿DEXSeq analysis of bulk RNA-seq datasets
	﻿Pathway mapping using KEGG mapper
	﻿Cell type deconvolution using CIBERSORTx
	﻿Results
	﻿Study design and genetic landscape of ﻿ASXL1﻿ variants
	﻿﻿ASXL1﻿ variants drive transcriptomic dysregulations across blood and bone marrow in AML
	﻿﻿ASXL1﻿ variants in AML-﻿ASXL1﻿ and BOS drive shared transcriptomic dysregulations
	﻿Wnt-signaling pathways are dysregulated across BOS and AML-﻿ASXL1﻿ samples
	﻿Analysis of polycomb group (PcG) target genes in BOS and AML-﻿ASXL1﻿ samples
	﻿Analysis of known protein interactors with ASXL1 in BOS and AML-ASXL1
	﻿DNA methylation driven de-repression of ﻿HOX﻿ genes identified across BOS and AML-﻿ASXL1﻿ samples
	﻿Transcriptomic and epigenomic differences are not driven by differences in cell-type proportion
	﻿Differential RUNX3 isoform expression in BOS and AML-﻿ASXL1﻿

	﻿Discussion
	﻿Differential isoform usage associated with ﻿ASXL1﻿ mutations
	﻿Direct transcriptomic effects of ﻿ASXL1﻿ mutations across BOS and AML-﻿ASXL1﻿
	﻿Limitations of this study
	﻿Research and clinical implications of this study
	﻿Modulating Wnt-signaling in ﻿ASXL1﻿-mutated diseases
	﻿Decreased malignant transformation in BOS hint at potential biomarkers for AML-﻿ASXL1﻿

	﻿Conclusion
	﻿References




