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KEY POINTS 

● Acute myeloid leukemias harboring somatic ASXL1 driver mutations and Bohring-Opitz 

syndrome caused by germline ASXL1 mutations share common epigenomic and 

transcriptomic dysregulation  

● A gene-centric approach can inform molecular mechanisms across distinct disease 

types and point towards shared targetable pathways.   
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Abstract  
 
De novo, truncating variants of ASXL1 cause two distinct disorders: Bohring-Opitz Syndrome 

(BOS, OMIM #605039) a rare pediatric disorder characterized by multiorgan anomalies that 

disrupt normal brain, heart, and bone development causing severe intellectual disability or are 

somatic driver mutations causing acute myeloid leukemia(AML). Despite their distinct clinical 

presentations, we propose that ASXL1 mutations drive common epigenetic and transcriptomic 

dysregulation in BOS and AML. We analyzed DNA methylation (DNAm) and RNA-seq data from 

BOS patients (n=13) and controls (n=38) and publicly available DNAm of AML cases with (n=3) 

and without (n=3) ASXL1 mutations from The Cancer Genome Atlas (TCGA), and RNA-seq data 

from AML cases (n=27) from the Beat AML cohort. Using a DNA-methylation based episignature 

that we previously developed for BOS, we clustered AML, BOS and normal controls together. We 

showed that AML samples with ASXL1 mutations clustered closest to individuals with BOS, 

whereas individuals with AML without ASXL1 mutations clustered separately. We also observe 

common dysregulation of the transcriptome between BOS and AML with ASXL1 mutations 

compared to controls. Our transcriptomic analysis identified 821 significantly differentially 

expressed genes that were shared between both data sets and 74.9% showed differential 

expression in the same direction. BOS patients are rare and have some reports of tumors but no 

clear guidelines on cancer screening protocols. This represents the first direct comparison 

between distinct diseases that show common epigenetic and transcriptomic effects, and 

potentially common drug targets for patients harboring ASXL1 mutations on the epigenome and 

transcriptome. 
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Despite the significant overlap between genes causing syndromic developmental delay 

and established cancer driver genes11, few studies have established the presence of common, 

molecular impacts of these mutations across disease-types in patient samples. The initial 

conceptual links between development and cancer were hypothesized 50 years ago when cancer 

was considered an “error of development”2,3 by Dr. Beatrice Mintz; more specifically, that genetic 

aberrations in stem cells gave rise to cancer by reversion to an undifferentiated state3,4. During 

human development, genes that regulate the epigenome, called epigenes5, control cell-specific 

RNA expression and complex biological signaling. Mutations involving epigenes are primary 

genetic drivers in cancer and activate aberrant developmental programs that revert the cells to a 

malignant stem-cell state6. The dual essentiality of epigenes in human development and cancer 

has been observed over multiple genomic studies7, however defining how a pathogenic lesion in 

the same gene drives epigenomic and molecular mechanisms across distinct diseases has not 

been shown.  

Truncating mutations in the epigene Additional sex combs-like 1 (ASXL1), cause a rare 

pediatric syndrome, Bohring-Opitz syndrome (BOS, MIM#605309), characterized by intrauterine 

growth restriction, microcephaly, intellectual disability, dysmorphic features and a characteristic 

bone-dysmorphic posture. Although growth restricted, BOS patients have an increased risk of 

Wilms tumor, an embryonic kidney tumor that occurs in children8. The same pathogenic ASXL1 

mutations in BOS are somatic driver mutations in 30% of acute myeloid leukemias (AML)9. 

However, no BOS patients have been reported to have developed myelodysplastic syndrome or 

myeloid leukemias, despite the oldest BOS patient being in their third decade of life. The extent 

to which the same molecular mechanisms that drive developmental anomalies in utero and 

leukemia somatically remain unclear. To explore whether ASXL1 mutations dysregulate common 

epigenetic and transcriptomic targets in development and in AML, we compared the 

transcriptomic and DNA methylation dysregulation in patients with AML harboring ASXL1 somatic 

mutations (AML-ASXL1) and in BOS patients (Figure 1A). Our results highlight common 
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dysregulated epigenomic and transcriptomic states driven by protein truncating mutations in 

ASXL1.  

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). DNA 

was extracted from blood and processed as previously described10.  RNA was extracted from 

PAXgene Blood Tubes (Qiagen) using the MagMAX™ RNA Isolation Kit (Ambion) and libraries 

were prepared using Truseq Stranded TotalRNA LibraryPrep Gold (Illumina) with QiaSelect rRNA 

and globin depletion (Qiagen). Libraries were pooled and sequenced to 40 million reads per 

sample on a NovaSeq6000. We compared transcriptomic data from 27 AML-ASXL1 samples from 

the Beat AML cohort11 with non-AML blood controls.  All RNA-seq data was processed through 

our RNA-seq pipeline where reads are mapped to hg38 using STAR 2.7.0e12. Gene counts from 

raw reads were generated using featureCounts1.6.5 and differential expression was quantified 

using DESeq2v1.24.013, corrected for batch, sex, age and disease state (Table S1 and S2). 

Blood transcriptomic analysis comparing BOS to controls (Figure 1B, vertical) identified 

2,118 significant differentially expressed genes (DEGs) (padj < 0.05), with 1097 DEGs with an 

absolute fold change greater than 1.5. Parallel analysis comparing AML-ASXL1 patient samples 

compared with control blood (Figure 1B, horizontal) identified 23,976 DEGs (11,394 protein 

coding DEGs), likely due to the significant cell-type heterogeneity in AML specimens. To identify 

DEGs that are common across different disease-types driven by ASXL1-mutations, we plotted 

fold change for the transcriptomic analyses across their respective axes (Figure 1B, center) 

which highlighted 821 significant genes with an absolute fold change greater than 1.5.  Most of 

the transcriptomic dysregulation occurs in the same direction (615/821, 74.9%) with 53.1% 

(327/615) of DEGs showing increased gene expression associated with presence of ASXL1 

mutations. The intersection of these gene lists was shown to be significant by fisher exact test (p-

value= 2.059301e-90). Our data also highlights genes identified in our previous studies comparing 

transcriptomic dysregulation across different cell types in BOS14. These genes include VANGL2, 
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a member of the planar cell polarity pathway15 and GRIK5, a pre- and post-synaptic receptor for 

glutamate, a crucial excitatory neurotransmitter of the central nervous system14,16. 

We had previously established a BOS-specific DNA methylation episignature10 that used 

763 sites to distinguish pathogenic ASXL1 mutations from normotypic matched controls and from 

patients harboring variants of uncertain significance in ASXL1. To investigate whether AML-

ASXL1 samples and BOS samples share epigenetic mechanisms, we obtained Illumina 450K 

DNAm data for six AML samples from The Cancer Genome Atlas (TCGA)17 data on the Genomic 

Data Commons (GDC) repository18. Of these, three individuals harbored a somatic mutation in 

ASXL1, while the remaining three harbored somatic mutations in other genes (AML control). We 

compared DNAm episignature profiles of typically developing controls (grey, n=26), individuals 

with BOS (orange, n=8),  AML-ASXL1 samples (green, n=3) and AML controls (purple, n=3). The 

principal component analysis (PCA, Figure 1C) and hierarchical clustering (dendrogram, Figure 

1D) using the BOS DNAm episignature sites (413 CpG sites available for comparison)10 showed 

the AML-ASXL1 individuals (green) clearly distinguished from controls on the first principal 

component (35%) and from individuals with BOS (orange) on the third principal component (10%) 

(Figure 1C). The three AML controls (purple) are also distinguished from both controls and 

individuals with BOS on the second principal component (21%). When performing unsupervised 

clustering of all samples, AML-ASXL1 samples clustered more closely with individuals with BOS, 

whereas AML controls clustered separately. This clustering pattern was recapitulated in the 

dendrogram and heat map (Figure 1D), which showed greater overlap in methylation patterns 

between individuals with BOS (orange) and AML-ASXL1 (green) compared to AML control 

(purple). The mean methylation value for the four groups at each of the 413 BOS episignature 

sites and Cpg site annotations are in Table S3. These findings demonstrate that the DNA 

methylation signal associated with ASXL1 mutations supersedes the DNA methylation signals 

associated with disease status (BOS vs AML), age, and sex.  
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Our integrative analysis demonstrates that truncating mutations in ASXL1 drive a common 

profile of molecular dysregulation, regardless of disease-type or origin (germline versus somatic) 

of the ASXL1 mutation. The cell-type and developmental contexts remain critical to determining 

the complete spectrum of pathological effects of ASXL1 mutations, as ASXL1 is known to act as 

part of protein complexes which require co-expression of other complex factors19. We have 

recently shown that BOS patients’ cells have overactive Wnt signaling14 which may drive the 

increased risk of Wilms tumor8,20,21. Interestingly, there are no reported myeloid malignancies in 

BOS, which may be a product of the ASXL1 mutation existing in both microenvironment stromal 

cells and the hematopoietic stem cells, rather than in just the cancer-prone HSC22. Comparative 

studies between germline syndromes and malignancies driven by the same gene can identify 

novel mechanisms and inform repurposing of existing drugs for orphan rare diseases23. These 

data highlight the potential for emerging epigenetic therapies designed for cancer to be 

repurposed in rare pediatric syndromes driven by shared mutations and mechanisms24.  

 
Public Data Sets. 
https://portal.gdc.cancer.gov/projects/TCGA-LAML.  
 
All relevant raw transcriptomic data in the generation of figure one is available through the GEO 
under accession number (TBD). The DNA methylation 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. 
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Figure 1. Pathogenic variants in ASXL1 drive common epigenomic and transcriptional 
dysregulation in germline disorders and Acute Myeloid Leukemia (AML). A) Schematic 
representation of the ASXL1 protein (GenBank: ASXL1; NM_015338.6; GRCh37), its functional 
domains, and mutations causing BOS and AML. Red, HB1, ASXL, restriction endonuclease HTH 
domain (HARE-HTH or ASXN, 11–83); blue, Asx homology domain (ASXH, 236–359); orange, 
C-terminal plant homeodomain (PHD, 1506–1539). Mutations in bold have both RNA-seq and 
DNA methylation data.  B) Global transcriptomic analysis of BOS-patient whole blood compared 
to controls identified 2118 p-adj significant genes (blue and red) and 1097 differentially expressed 
genes (DEGs, red) with absolute log fold change greater than 1.5 (vertical axis). Transcriptomic 
analysis comparing ASXL1-mutated AML with samples without ASXL1 mutations identified 
23,943 DEGs (horizontal axis). DEGs are Bonferroni-corrected with p-value, p < 0.05. DEGs with 
a log2 fold change > 0.58, corresponding to an absolute fold change greater than 1.5 are shown 
in red). Our study identified 821 genes that were differentially expressed across all ASXL1 
mutated samples, regardless of sample or disease types. C) principal component analysis (PCA) 
plot and D) heatmap showing clustering of individuals with BOS (n=8; orange), typically 
developing controls (n=26; grey), individuals with AML caused by a somatic mutation in ASXL1 
(n=3; green), and individuals with AML caused by somatic mutations in other genes (n=3; purple). 
Clustering is based on DNA methylation values for each individual at  413/763 CpG sites identified 
in the BOS DNAm signature. The heatmap color gradient indicates the normalized DNAm value 
ranging from -2.0 (blue) to 2.0 (yellow). Euclidean distance metric is used in the heatmap 
clustering dendrograms. 
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