
UCLA
UCLA Electronic Theses and Dissertations

Title
From Germline to Somatic: ASXL1’s Multifaceted Role in Development and Disease

Permalink
https://escholarship.org/uc/item/2wk1s48s

Author
Lin, Isabella

Publication Date
2024
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2wk1s48s
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA

Los Angeles

From Germline to Somatic:

ASXL1’s Multifaceted Role in Development and Disease

A dissertation submitted in satisfaction of the

requirements for the degree Doctor of Philosophy

in Human Genetics

by

Isabella Lin

2024



© Copyright by

Isabella Lin

2024



ABSTRACT OF THE DISSERTATION

From Germline to Somatic:

ASXL1’s Multifaceted Role in Development and Disease

by

Isabella Lin

Doctor of Philosophy in Human Genetics

University of California, Los Angeles, 2024

Professor Valerie A. Arboleda, Chair

Genetics underpins all of biology, and is the most rapidly evolving field in biomedical

research. The ASXL gene family are critical players in rare developmental disorders and various

cancers, bridging seemingly disparate areas of study. This dissertation provides a

comprehensive examination of the role of ASXL1 mutations in the intersection of rare genetic

disorders and cancer, highlighting the multifaceted impact across developmental biology,

genetics, and metabolism.

Chapter 1 explores the broad regulatory roles of the ASXL gene family in developmental

and oncogenic processes, detailing the molecular architecture, clinical and epigenetic

consequences of ASXL mutations, and identifies potential avenues for research and therapeutic

development. Chapter 2 investigates how ASXL1 mutations disrupt epigenetic regulation in

Bohring-Opitz syndrome (BOS) patient-derived tissues, impacting gene expression through

dysregulation of Wnt signaling pathways. This cross-tissue effect offers potential therapeutic

targets.

ii



Chapter 3 also utilizes a multi-omics approach to explore the effect of ASXL1 mutations

across development in induced pluripotent stem cells , neural progenitor cells , and neural crest

cells, identifying defects in neurodevelopment and cell migration. Chapter 4 delves into

metabolic dysregulations in BOS, highlighting mitochondrial dysfunction and metabolic

inflexibility that could underlie clinical manifestations of the syndrome. Chapter 5 presents a

unique familial case with ASXL1 missense mutation, expanding the phenotypic spectrum

associated with ASXL1 mutations and suggesting distinct metabolic phenotypes.

In Chapter 6, a direct comparison of ASXL1 mutations in acute myeloid leukemia and

BOS reveals shared molecular pathways, advocating a unified gene-centric approach to

studying these disorders. Chapter 7 discusses the implications of BLM gene mutations in clonal

hematopoiesis of indeterminate potential genes, linking germline disorders and cancer

predisposition.

By integrating multi-omics analyses, patient-derived cellular models, and comprehensive

metabolic characterizations, this work establishes crucial connections between rare genetic

disorders, metabolic defects, and cancer, underscoring the potential for cross-disease insights

to inform targeted therapies. This dissertation contributes to our understanding of specific

disorders like BOS and reveals shared molecular dysregulations between rare germline

disorders and cancer. These findings pave the way for developing targeted therapeutic

interventions that could benefit a broad spectrum of conditions.
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CHAPTER 1

INTRODUCTION:

The ASXL Gene Family:

Regulating Development and Growth Through Epigenetic Mechanisms

"In every walk with nature, one receives far more than he seeks." - John Muir

1



Introduction to ASXL genes and their discovery

The Additional Sex Combs-Like (ASXL) gene family, named after the Additional Sex

Combs (Asx) gene in Drosophila melanogaster, encompasses a group of evolutionarily

conserved proteins that are instrumental in chromatin remodeling and transcriptional regulation.

These proteins are not only crucial in controlling developmental pathways, but also play

significant roles in oncogenesis 1. Initially recognized for their transcriptional regulatory

functions, the importance of ASXL genes has expanded dramatically, implicating them in a

broad spectrum of human diseases from developmental disorders to various cancers and

hematopoietic malignancies. Foundational studies by Jurgens (1985) and Sinclair (1998) laid

the groundwork for our current understanding, highlighting the need to delve deeper into the

functions of the ASXL gene family and their complex roles in health and disease 2,3.

ASXL homologs function in Polycomb repression and homeotic transformation in model

organisms

The initial discovery of the ASXL gene family through genetic screens in Drosophila

melanogaster revealed their essential role in segment identity determination and sex

determination 2,3. Early work demonstrated the critical role of Asx in anterior-posterior patterning

4, mediated through its interaction with Polycomb Group (PcG) proteins 5–7, which are pivotal in

the stable repression of homeotic genes during early developmental stages 8–12.

Asx remained fairly elusive in characterization of its role as a PcG protein. The

characterization of Asx as a PcG protein was further defined with the identification of its

interaction with the PcG gene Calypso (and its mammalian counterpart BAP1) 13, forming the

Polycomb Repressive Deubiquitinase (PR-DUB) complex 14. This complex was found to be

bound at PcG target genes in Drosophila, and is critical for the deubiquitination of histone H2A

and the repression of homeobox (Hox) genes 14.

2

https://paperpile.com/c/Cb9mCd/o2PYT
https://paperpile.com/c/Cb9mCd/ZdBPT+D3mnl
https://paperpile.com/c/Cb9mCd/ZdBPT+D3mnl
https://paperpile.com/c/Cb9mCd/JoFNs
https://paperpile.com/c/Cb9mCd/fdFWd+kDV5e+rOVbE
https://paperpile.com/c/Cb9mCd/uMQZS+VvGcg+NMBcg+nrvEZ+p01om
https://paperpile.com/c/Cb9mCd/VmjRR
https://paperpile.com/c/Cb9mCd/CoGHw
https://paperpile.com/c/Cb9mCd/CoGHw


The PcG proteins comprise a large and diverse family that epigenetically suppresses

transcription of key developmental genes, organized into three primary polycomb repressive

complexes (PRCs): PRC1, PRC2, and PR-DUB. Each complex modifies chromatin through

distinct mechanisms, relying on variable compositions of core and accessory subunits. PRC1

complexes catalyze histone 2A lysine 119 (H2AK119ub) ubiquitination, while PRC2 deposits the

histone 3 lysine 27 (H3K27) trimethylation mark, stimulating both PRC1 and PRC2 functions.

This interaction creates a feedforward loop that likely amplifies polycomb signals across large

genomic regions to ensure transcriptional repression 15. In contrast, PR-DUB reverses the

H2AK119 ubiquitination imposed by PRC1, regulating polycomb-targeted repression. The

distinctive functions of each group emerge from their structural diversity, where PRC1 acts as an

E3 ubiquitin ligase that monoubiquitinates H2AK119 and independently compacts chromatin,

potentially interacting directly with transcription machinery. PR-DUB, on the other hand,

removes H2AK119 ubiquitination, and PRC2 targets H3K27 for methylation 14,16.

The core of PRC1 is formed by chromobox (CBX) proteins, along with one member from

each of the polycomb group ring finger (PCGF; PCGF1–PCGF6), ring finger protein (RING1;

RING1a and RING1b), and polyhomeotic homolog (HPH; HPH1–HPH3) families 17,18. Notably,

PCGF1 is part of a variant PRC1 complex that includes the transcriptional repressor B cell

lymphoma 6 (BCL6), the BCL6 corepressor (BCOR) and the histone lysine demethylase 2B

(KDM2B). The essential components of PRC2 include enhancer of zeste 2 (EZH2) or its close

homolog EZH1, embryonic ectoderm development (EED), and suppressor of zeste 12 (SUZ12)

19. The PR-DUB is formed by the ASXL1-3 proteins and deubiquitinase breast cancer type 1

susceptibility protein (BRCA1)-associated protein-1 (BAP1). The core PR-DUB proteins function

alongside other subunits such as the transcription factors forkhead box K1 and K2 (FOXK1/2),

transcriptional co-regulator host cell factor C1 (HCFC1), glycosyltransferase O-linked

N-acetylglucosamine transferase (OGT), methyl-CpG-binding domain 5 and 6 (MBD5/6), and
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lysine demethylase 1B (KDM1B), which control specific de-ubiquitination activities vital for gene

regulation 20,21.

Mutations in PcG genes, including Asx, disrupt gene repression, and lead to posterior

homeotic transformations 22. Typically, mutations in one PcG gene can amplify the effects of

mutations in other PcG genes, suggesting overlapping functions or complex interactions 23,24.

This phenomenon was observed in doubly heterozygous adult Drosophila and embryos, where

dominant mutant Asx alleles produced males with an extra sex combs phenotype and head

defects 2. Sinclair et al. (1998) noted that these Asx mutations generally behaved as

gain-of-function, with phenotypes more severe than those seen in homozygous deletion mutants

3,4.

The mutation spectrum of Asx reveals a dichotomy, suggesting roles beyond its

involvement in the PcG complex 3. Divergent phenotypes in zygotic and germline mutant

embryos 9,12, as well as mutations driving both anterior and posterior transformations 22,24,25,

underlie this point. Typically, anterior transformations are characteristic of mutations in the

trithorax Group (trxG) genes 22,24,25, whereas posterior transformations align with a PcG gene

function. This dual role highlights the dynamic regulation of gene expression that is critical for

the precise control of developmental processes 3,26.

PcG and trxG proteins maintain an important balance between repression and activation

of numerous genes, including the HOX genes, which define body segments along the

anterior/posterior axis in animals. PcG proteins, including Asx, are vital in the stable repression

of Hox genes during embryogenesis, ensuring accurate segmental identity 14.

The dual function of Asx, which contributes to gene repression as part of the PcG

complex and gene activation as part of the TrxG complex, as well as its ability to enhance

phenotypes of both PcG and TrxG gene mutations when mutated, characterizes Asx as an

Enhancer of Trithorax and Polycomb (ETP) protein 27. The ETP proteins recruit PcG and TrxG
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complexes to target chromatin, thus fine-tuning gene expression through both repression and

activation pathways 27.

The evolutionary conservation of ASXL genes across species highlights their

fundamental roles not only in development but also in disease pathology. The elucidation of Asx

function in Drosophila paved the way for the identification and characterization of ASXL genes

in other organisms, including mammals, and emphasizes the importance of these genes in

health and disease 28.

Gene structure of the ASXL family

In mammals, the ASXL gene family consists of three members: ASXL1, ASXL2, and

ASXL3 (Figure 1-1). The discovery of these genes was driven by comparative genomics and

functional studies aimed at understanding the genetic basis of developmental disorders and

cancer 1,29,30. ASXL genes are homologs of the Drosophila Asx gene, and share conserved

structural domains and functional motifs essential for their functions of protein-protein

interactions, chromatin binding, and enzymatic activities 29,30.

The ASXL proteins are characterized by their architectural complexity, including large

stretches of intrinsically disordered regions (IDRs) that facilitate flexible interactions with various

protein partners. Conserved across Drosophila Asx and the vertebrate ASXL gene family are

the ASX homology (ASXH) and plant homeodomain (PHD) domains 29–31. The ASX N-terminal

(ASXN) domain is conserved among vertebrate ASXL homologues but not Drosophila Asx 32.

Both the ASXN and PHD domains act as putative DNA- or histone-recognition modules.

Meanwhile, the central regions of the proteins, which encompass the ASXH, ASXM1, and

ASXM2 domains, serve as protein–protein interaction modules. These modules facilitate the

assembly of critical regulatory complexes with the respective components BAP1, lysine

demethyltransferase 1A (KDM1A), nuclear receptor coactivator 1 (NCOA1), as well as nuclear

hormone receptors (NHRs), thereby influencing transcriptional outcomes and chromatin states 1.
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These domains are pivotal for DNA or histone recognition, and protein-protein interactions,

thereby influencing chromatin states and transcriptional outcomes.

The ASXN domain, positioned at the N-terminus of ASXL proteins, mediates interactions

with other chromatin-associated proteins 29,30. The N-terminal HARE-HTH (HBI, ASXL1,

restriction endonuclease helix-turn-helix) domain serves as a scaffold for the assembly of

protein complexes involved in transcriptional regulation and chromatin remodeling 32. Through

these interactions, ASXN facilitates the recruitment of ASXL proteins to specific genomic loci,

where they exert their regulatory functions on gene expression.

The ASXH domain, centrally located within ASXL proteins, is essential for protein-protein

interactions, particularly with components of the PRC2 and the PR-DUB complex 14. The ASXH

domain contains a characteristic nuclear receptor-coactivator interaction motif LXXLL that

mediates protein interactions, and a deubiquitinase adaptor (DEUBAD) domain that activates

BAP1. This domain binding function is critical for the recruitment of these complexes to their

target genes, facilitating chromatin modifications that influence gene expression patterns crucial

for development 32.

The ASXM1 and ASXM2 domains are also conserved among the ASXL family members

1. The ASXM1 facilitated bindings with NCOA1, influencing gene transcription 33, while ASXM2

contains the LVxxLL motif, a binding site for nuclear hormone receptors (NHRs) such as RARα

33.

The PHD, found at the C-terminus of ASXL proteins, serves as a chromatin-binding

module, recognizing and “reading” specific histone modifications such as histone H3 lysine 4

trimethylation (H3K4me3) and facilitating the recruitment of ASXL proteins to target genomic

regions, thereby regulating gene expression in a context-dependent manner 34–36 37.

In addition to these conserved domains, ASXL proteins interact with various

transcriptional regulators, chromatin-modifying enzymes, and signaling molecules to regulate

cellular homeostasis. Within chromatin remodeling complexes such as the PRC2 and the
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BAP1-containing complexes, ASXL modulates histone modifications, gene expression, and

developmental processes. Furthermore, ASXL proteins exhibit context-dependent activities,

acting as both transcriptional activators and repressors 3,25,38, thereby influencing cell fate

decisions and tissue homeostasis in a dynamic manner.

Recent structural predictions from AlphaFold3 have provided insights into the structural

configuration of ASXL proteins, indicating significant disorder but with regions of lower predicted

alignment error in the conserved ASXH and ASXN domains 39. This suggests these domains are

structural islands within a largely unstructured sequence, crucial for the proteins' versatile

interaction capabilities. (Figure 1-2A, Figure 1-2B, Figure 1-2C). The rest of the protein

exhibited high predicted alignment error, highlighting extensive IDRs that challenge structural

prediction and characterisation, but also likely contribute to the versatile interaction capabilities

of the ASXL family.

The interaction with BAP1 appears to induce a transformative effect on the structural

configuration of the ASXL proteins. While isolated ASXL proteins exhibited very low template

modeling (TM) scores and interface predicted template modeling (ipTM) scores (ASXL1 ipTM =

NA, pTM = 0.22; ASXL2 ipTM = NA, pTM = 0.24; ASXL3 ipTM = NA, pTM = 0.22) indicating a

high degree of intrinsic disorder, their complexes with BAP1 are predicted to adopt a more

structured and organized conformation (ASXL1-BAP1 ipTM = 0.55, pTM = 0.36; ASXL2-BAP1

ipTM = 0.53, pTM = 0.36; ASXL3-BAP1 ipTM = 0.60, pTM = 0.36) (Figure 1-2D, Figure 1-2E,

Figure 1-2F). This is evident from the increased ipTM scores when bound to BAP1, which rises

significantly compared to the isolated forms of ASXL1, ASXL2, and ASXL3. The integration of

these AlphaFold3 data suggests that this structural stabilization through BAP1 enhances the

functional interaction capacity of the ASXL genes, critical for their role in chromatin modification

and gene regulation.

Diverse roles in development and disease
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The ASXL gene family is pivotal in regulating a wide array of biological processes, from

embryonic development to epigenetic regulation. These genes significantly influence gene

expression regulation, cellular identity, cell fate decisions, and are intricately linked to various

diseases, including cancer and neurodevelopmental disorders 37. The regulatory balance

maintained by ASXL genes between stem cell pluripotency and differentiated states, particularly

through HOX gene regulation, underscores their importance. This balance is critical for ensuring

precise spatial and temporal gene expression patterns vital for development 40–43.

Studies using knockdown and mutant models have demonstrated that this can cause

derepression of posterior HOXA genes, primarily due to reduced recruitment of the PRC2 to the

HOXA locus, and high embryonic lethality 44,45 (Table 1-1). Furthermore, studies across various

animal models have illuminated the roles of ASXL genes in crucial processes including

hematopoiesis 46,47, neural crest development 48, and cardiac development 49.

In oncology, disruption to ASXL1 and ASXL2 leads to hematopoietic defects and the

expansion of myeloid cells 50. Loss of Asxl1 or Asxl2 results in impaired and accelerated

development of myeloid neoplasms in vivo 44,46,50,51. Mice heterozygous for a truncating

mutations in Asxl1, which mimics pathologic mutations identified in humans 42,52–54, exhibit more

subtle effects than those observed in knockouts, knockdowns, or overexpression models of

truncated mutant ASXL1. Although these mice do not develop hematological malignancies

within 18 months, longer studies show that they eventually develop a phenotype resembling

myelodysplastic/myeloproliferative neoplasms (MDS/MPN) after 18-24 months, highlighting the

long-term impacts of ASXL1 mutations on hematopoietic diseases 42,54.

Somatic mutations in ASXL genes contribute to an aberrant epigenetic landscape

characteristic of many tumors, affecting cellular processes like proliferation, survival, and

therapy resistance. The dual functionality of the ASXL genes, as both a tumor suppressor and

an oncogene in myeloid malignancies, illustrate its complex role in disease pathogenesis 44,55.
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Diverse biological functions of ASXL genes on development and metabolism

The ASXL gene family plays a pivotal role in metabolic regulation and cellular energy

balance, particularly in response to metabolic stress (Table 1-1). This function is largely

mediated through interactions with peroxisome proliferator-activated receptor gamma (PPARγ),

a nuclear receptor essential for insulin sensitivity and adipocyte differentiation. ASXL1 typically

represses, while ASXL2 enhances the expression of adipogenic genes, many of which are

targets of PPARγ. Together, these activities regulate adipogenesis and glucose homeostasis

56,57.

ASXL gene function is also critical for neural development 48,58. Truncating mutations in

ASXL1 disrupt the activation of transcription factors ZIC1 and ZIC4, affecting the migration of

neural crest cells, while knockdown of ASXL3 in Xenopus embryos leads to neural tube defects

and diminished expression of posterior neural markers 48,58. Additionally, reductions in ASXL3

expression have been associated with compromised neural cell proliferation, cell cycle

progression, and apoptosis 59.

Deficiencies in ASXL1 and ASXL2 result in severe cardiac issues. ASXL1-deficient mice

present with ventricular septal defects, and ASXL2-null mice exhibit congenital heart

malformations, enlarged hearts, and early mortality. These findings underscore their critical roles

in heart formation and function 49,50,60. Further studies have shown that the absence of ASXL2

leads to spontaneous cardiac tissue overgrowth, without cardiomyocyte hypertrophy, suggesting

ASXL2's essential role in regulating heart tissue proliferation and differentiation 49,61. This role in

cardiac function is echoed in human studies, where eight out of 12 Shashi-Pena syndrome

(SHPNS) patients, a rare disorder caused by germline truncating mutations in ASXL2, had

cardiac abnormalities 62.

Recent in vitro studies have further elaborated the roles of ASXL3 in cardiac biology. Fu

et al. (2021) identified a novel compound heterozygous missense mutation in the ASXL3 gene

in patients with congenital heart disease (CHD), which, when overexpressed in murine
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cardiomyocyte HL-1 cells, led to increased apoptosis and reduced cell viability, impacting

cardiac structure and fibrosis in mice 63. Liu et al. (2023) further expanded upon these findings

and showed that these mutations in Asxl3 inhibited the proliferation of cardiomyocytes and

accelerated cell apoptosis by promoting the expression of long non-coding RNAs, suppressing

the formation of FGFR2 transcripts, and inhibiting the Ras/ERK signaling pathway in mouse

cardiomyocytes 64.

Furthermore, significant findings related to skeletal health have been observed, where

the loss of Asxl1 or Asxl2 leads to marked changes in bone mass and skeletal homeostasis. A

marked decrease in bone mass, reduction in bone marrow stromal cells (BMSCs), and altered

differentiation patterns have been noted with the global loss and conditional deletion of Asxl1 in

osteoblasts and their progenitors. Reintroduction of Asxl1 can restore the self-renewal

capabilities of Asxl1-deficient BMSCs, demonstrating its critical role in skeletal homeostasis 65.

Similarly, Asxl2-null mice develop osteopetrosis, highlighting dysregulations in skeletal

homeostasis driven by the loss of Asxl2 57.

These studies reveal the ASXL genes' indispensable roles in maintaining cellular and

tissue integrity across multiple systems, thereby influencing both development and disease

progression.

Binding partners and histone functions of the ASXL gene family

The ASXL gene family profoundly influences chromatin architecture through interactions

with critical complexes such as PRC2 and PR-DUB, playing pivotal roles in histone modification

and gene repression (Table 1-1). These interactions are essential for regulating gene

expression patterns that respond to environmental changes, aging, and stress 31,66–69. ASXL

proteins notably enhance the enzymatic activity of PRC2, which is responsible for the

trimethylation of H3K27me3, a mark typically associated with gene repression (Figure 1-3)

40,67,68. In studies using mouse embryonic stem cells (mESCs), ASXL1, ASXL2, and ASXL3 have

10

https://paperpile.com/c/Cb9mCd/Vh4m
https://paperpile.com/c/Cb9mCd/pPuN
https://paperpile.com/c/Cb9mCd/e0OGr
https://paperpile.com/c/Cb9mCd/Sm8Uj
https://paperpile.com/c/Cb9mCd/pyqUJ+fkSEV+3PgLu+n7VOc+6URjX
https://paperpile.com/c/Cb9mCd/fkSEV+Nv43h+3PgLu


all been identified as binding partners for PR-DUB 66. Through its association with PR-DUB,

ASXL proteins counteract the ubiquitination effects mediated by PRC1, regulating key gene

expression patterns essential for cellular differentiation and development 31,69.

The interaction of truncated mutant ASXL1 with BAP1 forms a hyperactive complex,

promoting spontaneous differentiation to the mast cell lineage and aberrant myeloid

differentiation in hematopoietic progenitor cells. This hyperactive complex significantly reduces

levels of H2AK119ub and H3K27me3, with a selective upregulation of genes through the

presence of H3K4me3 at gene promoters, thus affecting the regulation of posterior HOXA genes

by removing H2AK119 ubiquitination 55,70. Additionally, knockdown or knockout of ASXL1 has

been shown to substantially decrease H3K27me3 levels due to loss of interactions with the

PRC2, along with decreased global levels of H3K4me3 40,44,46,71. These changes highlight the

crucial role of ASXL1 in maintaining proper chromatin remodeling dynamics.

Further research has explored how wildtype ASXL1 interacts with other molecular

partners, such as PCGF4, a component of the PRC1 complex and also known as BMI-1, and

OGT, which stabilizes ASXL1 through glycosylation (Figure 1-3). These interactions are crucial

for the functional integrity and stability of ASXL1 54,71. However, truncated forms of ASXL1 lack

the ability to bind to PCGF4, leading to disrupted chromatin modulation and gene expression 54,

providing insights into the pathophysiology of truncating mutations in ASXL1.

Signaling pathways regulated by the ASXL gene family

ASXL genes are integral to various signaling pathways critical for cellular function and

development. Recent research has revealed significant interactions between ASXL1 and the

Wnt signaling pathway, where truncating mutations lead to the aberrant activation of both the

canonical Wnt pathway and the non-canonical planar cell polarity pathway. This dysregulation

has profound implications, as the Wnt pathway is critical for numerous developmental

processes and its disruption can lead to various developmental disorders 72. The canonical Wnt
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pathway typically promotes cell proliferation and differentiation, whereas the planar cell polarity

pathway influences the orientation of cells within the plane of a tissue.

ASXL1 mutations have also been shown to impact the mTOR signaling pathway, leading

to overactive Akt/mTOR signaling, and aberrant cellular proliferation 73. This finding is consistent

with the study by Youn et al. (2017), which showed that wild type ASXL1 interacts with

phosphorylated AKT, influencing the AKT-E2F regulatory axis and contributing to cellular

senescence. Together, these interactions illustrate how ASXL1 can act to both promote and

regulate cellular functions, impacting growth and aging 45.

Furthermore, ASXL2 modulates retinoic-acid induced transcription, which is essential for

gene expression during embryonic development. Khan et al. (2014) reported that while the

C-terminus of ASXL2 enhances retinoic-acid induced transcription, the full-length protein does

not 74. This suggests that ASXL2 may have regulatory domains that are contextually activated or

inhibited.

ASXL3 has also been implicated in influencing cell proliferation and apoptosis via

interactions with the PI3K-Akt pathways 75, as well as the Ras/ERK signaling pathway through

the modulation of lncRNAs and FGFR2 transcripts, leading to altered cell proliferation and

apoptosis 64.

Overall, the ASXL family of genes emerges as crucial regulators within multiple signaling

pathways, impacting cellular behavior and development. Through animal and cell models, these

studies provide a detailed map of the ASXL genes' functions, especially in chromatin

remodeling, transcriptional governance, and developmental pathways.

Regulatory mechanisms governing ASXL proteins

The regulatory mechanisms controlling ASXL gene expression are complex and appear

to be influenced by various developmental and environmental factors. Recent studies in

proteomics using methods such as nano liquid chromatography tandem mass spectrometry
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(nano LC-MS/MS), have provided insights into ASXL1's protein interactions and

post-translational modifications. For example, the protein degradation of ASXL1 is influenced by

its interaction with cell division cycle 20 (CDC20), a coactivator of the anaphase-promoting

complex (APC/C), an E3 ubiquitin ligase complex that regulates cell cycle progression.

Overexpression of CDC20 promotes ASXL1 degradation, whereas its depletion through the

clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system leads to

increased ASXL1 expression 76. Through immunoprecipitation of FLAG-tagged ASXL1 mutant

plasmid overexpression and co-transfection assays of ASXL1 coupled to luciferase reporter,

ASXL1 was also identified to interact with other molecular partners such as PCGF4/BMI-1 and

OGT. These interactions are essential for maintaining the functional integrity and stability of

ASXL1 54,71. Furthermore, ASXL1 is subject to ubiquitination at lysine 351 (K351) which leads to

its degradation, playing an important role in ASXL1 protein turnover. On the other hand,

interaction with ubiquitin-specific peptidase 7 (USP7) stabilizes the ASXL1 protein 77.

Furthermore, the interaction of ASXL proteins with chromatin-modifying complexes such

as PRC2 and PR-DUB suggests an epigenetic regulatory layer that might include feedback

mechanisms to control their own expression. Preliminary data from our studies suggests that

ASXL1 regulates gene expression of ASXL3 in neural tissues. Overall, while substantial

progress has been made in understanding the interactions and modifications of ASXL proteins,

much remains to be discovered about the comprehensive regulatory networks that govern their

function.

Mechanisms of truncating mutation-driven dysfunction

Truncating mutations in ASXL genes result in prematurely terminated proteins and are

critically linked to various diseases, including myeloid malignancies and rare

neurodevelopmental disorders. These mutations disrupt normal ASXL protein functions, leading

to aberrant gene regulation and cellular dysfunction. The proposed mechanisms through which
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these truncating mutations exert their effects involve alterations in chromatin remodeling,

disruption of epigenetic regulation, and interference with normal protein-protein interactions

40,55,72.

ASXL proteins, integral to chromatin remodeling complexes like PRC2 and PR-DUB, are

crucial for regulating gene expression through histone modifications 40. Truncating mutations in

ASXL genes can lead to the production of proteins that lack functional domains necessary for

interactions with these chromatin remodeling complexes, impairing the recruitment of these

complexes to their target genes (Figure 1-3). For instance, the loss of the ASXH domain or the

PHD finger in ASXL proteins can prevent the recruitment of PRC2 to target genes, leading to

reduced H3K27me3 and aberrant gene activation that would normally be repressed 40. Similarly,

disruption of the PR-DUB complex due to truncating mutations of ASXL proteins may affect the

deubiquitination of histone H2A, altering gene expression patterns critical for cell differentiation

and proliferation 31,78.

Additionally, truncating mutations can create aberrant ASXL protein products that lose

the ability to interact with key regulatory partners or gain new, potentially pathogenic

interactions. This can disrupt normal signaling pathways and gene regulatory networks,

contributing to the development and progression of disease. For instance, truncated forms of

ASXL1 observed in myeloid malignancies have been proposed to aberrantly recruit or stabilize

repressive complexes at target genes, leading to the silencing of tumor suppressor genes or the

activation of oncogenes, thereby promoting leukemogenesis 1,55,79.

Some proposed mechanisms of action for truncating mutations in ASXL genes include a

gain of function effect, dominant negative effect —where the truncated protein interferes with the

function of the wild-type protein— and haploinsufficiency— where a single functional copy of the

gene is insufficient to maintain normal cellular function 52,77,80.

Early research in ASXL3 posited that pathogenic truncating variants might primarily exert

a dominant negative effect. This hypothesis stemmed from the observation that these mutations,
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and other truncating mutations found across the other ASXL gene family, often cluster in the

penultimate exon. This effectively separates the N-terminal protein scaffolding functions from

the C-terminal chromatin/DNA targeting activities, thereby disrupting both domains' functional

integrity 81,82. However, Srivastava et al. (2015) found that mRNA transcripts from the

c.1448dupT variant of ASXL3 were prone to nonsense-mediated decay (NMD), leading to

reduced ASXL3 expression and suggesting that haploinsufficiency might also play a significant

role in the disease mechanism 69. Yet, in analysis of cells from 3 unrelated patients with

SHAPNS, Shashi et al. (2016) showed that the mutant transcripts were expressed and not

subject to NMD, supporting a dominant-negative effect 83

Thus, truncating mutations in ASXL genes disrupt normal cellular function through

various mechanisms, including the impairment of chromatin remodeling activities, interference

with protein-protein interactions, and the induction of dominant negative effects or

haploinsufficiency.

Pathogenic ASXL germline mutations: inheritance and mutation types

Truncating germline mutations in ASXL genes manifest in distinct syndromes, notably

BOS (#MIM 605039, ASXL1, MIM# 612990) 84–86, SHAPNS (MIM#617190, ASXL2, MIM

#612991) 83, and Bainbridge-Ropers syndrome (BRPS, MIM#615485, ASXL3, MIM# 617768) 81.

These syndromes are characterized by developmental delays, intellectual disabilities, and

unique morphological traits. Typically occurring de novo, these mutations often appear in the

penultimate exon of the genes, affecting the protein's structure and function dramatically

(Figure 1-1, Table 1-2) 81,83,87. Notably, some mutations such as p.Arg404* in ASXL1 (n=5 de

novo) and p.Arg1036* in ASXL3 (n=4 de novo, n=1 unknown inheritance, n=2 likely inherited),

have been recurrently identified in multiple, unrelated patients.

Interestingly, to date, only one truncating mutation causing BOS, SHPNS, or BRPS has

been identified within the PHD domain of these genes. All other pathogenic truncating mutations
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identified have been found 5’ to the PHD. The mutation, a heterozygous frameshift mutation

(p.Ser2238Thrfs*3) in ASXL3, was identified in a 47-year-old patient presenting with atypical

features of BRPS, including severe behavioral problems from early adolescence, autism

spectrum disorder, and adult-onset tonic clonic epilepsy. This case was further complicated by a

family history of intellectual disability, affecting the patient’s parents, one sibling sharing the

same parents, and three maternal half-siblings. The full sibling also suffered from severe

behavioural problems, autism spectrum disorder, and childhood-onset tonic clonic epilepsy.

Unfortunately, the parents and full sibling were deceased at the time of testing for the proband,

making it impossible to verify the inheritance pattern of the mutation in the proband 88.

Despite significant impacts on disease pathogenesis, the relationship between specific

ASXL genotypes and clinical phenotypes remains poorly understood. Extensive studies, such

as those on BOS patients, have yet to clarify this relationship, highlighting the multifactorial

influences on the manifestation of these disorders 89. Similarly, a study by Yu et al. (2021) in

BRPS patients did not demonstrate any genotype-phenotype differences, nor significant

differences in brain malformation or presence of seizure based on genotype 80.

Recent studies have broadened our understanding of ASXL mutations, identifying

atypical and novel variants that challenge our comprehension of these genes' roles in

development and disease. While mutations causing BOS, SHPNS, and BRPS are typically

found de novo, inherited mutations have also been identified in both BOS and BRPS (Table

1-2), often inherited from asymptomatic carriers, indicating variable penetrance and expressivity

90. The absence of mosaicism in blood samples does not rule out its presence in other tissues,

suggesting more complex genetic inheritance patterns that may include gonadal mosaicism, as

evidenced by de novo pathogenic variants in non-twin siblings with the absence of mutations

identified in the parents 91,92.

Missense and mosaic variants add further complexity to the genetic landscape. Some

missense variants identified cause entirely distinct phenotypes, while other missense variants
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drive phenotypes similar to those of truncating variants, but with other additional atypical

features 93. Studies have also identified mosaic variants, found in varying percentages in blood

and saliva samples, indicate that even a 30% mosaicism rate can significantly influence

phenotypes 92. An example includes a patient with a de novo pathogenic ASXL3 variant, present

in 30-35% of blood and saliva samples, who exhibited considerable developmental challenges

92.

Duplications in the 20q11.2 band, which includes the ASXL1 gene, have been implicated

in a newly characterized microduplication syndrome with developmental delays and distinct

craniofacial features 94. Additionally, mutations in KLHL7 (kelch-like family number 7) have been

identified in patients with BOS-like phenotypes, demonstrating that similar clinical presentations

can originate from mutations in different genes 95.

Clinical consequences of somatic ASXL mutations in malignancies

Somatic mutations in ASXL genes are key drivers in a variety of cancers, with ASXL1

mutations particularly associated with poor prognosis in myeloid malignancies such as

myelodysplastic syndromes (MDS), acute myeloid leukemia (AML), and chronic myelomonocytic

leukemia (CMML) 96–99. These mutations are predominantly frameshift or nonsense mutations

that cause truncation of the protein before the PHD domain, and result in a stable C-terminal

truncated product 41,98. Found in approximately 10-15% of patients with AML and up to 40% of

patients with MDS, these mutations are linked to poor prognosis, rapid disease progression,

treatment resistance, higher rates of relapse, and decreased overall survival.

Conversely, germline mutations in ASXL1 which cause BOS do not appear to increase

the risk of myeloid malignancies in these individuals. However, several other cancers have been

reported in patients with BOS, including medulloblastoma, medulloblastoma 100, Wilms tumor

and hepatoblastoma 89,101,102. Notably, the 7% incidence of renal neoplastic processes suggests

a link between BOS and bilateral Wilms tumor, prompting established screening protocols for
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early detection 101. Additionally, hepatoblastoma, a rare but aggressive liver cancer in children,

has been documented in three BOS cases. Given its severity and the potential for metastasis,

updated screening guidelines recommend vigilant monitoring for hepatoblastoma in BOS

patients, despite its less than 1% occurrence rate.

Mutations in ASXL2 are implicated in both SHPNS and a range of malignancies,

including AML, as well as bladder, prostate, breast, and pancreatic cancers 1,83. In pediatric

populations, somatic ASXL2 mutations are primarily observed in hematologic malignancies,

particularly AML cases involving mutations in core binding factors 103. Notably, about 23% of

AML cases with t(8;21)(q22;q22); RUNX1-RUNX1T1 gene fusions harbor ASXL2 mutations,

making it the second most common mutation after the KIT gene 47,104 . However, ASXL2

mutations are rarely found in other core-binding factor AML types 105. Intriguingly, unlike ASXL1

mutations which are predominantly found in older patients, ASXL2 mutations occur at

comparable rates in both pediatric and adult cases. Although these mutations do not

significantly impact overall survival, they are associated with a higher rate of disease relapse,

demonstrating its influence on the clinical course of these diseases 104,105.

ASXL3 mutations are also linked to a variety of solid tumors, including melanomas and

lung adenocarcinomas, despite its rare occurrence in myeloid neoplasms 1,106,107. Only a few

cases of ASXL3 mutations in myeloid neoplasms have been documented in The Cancer

Genome Atlas (TCGA) program study 108. One particularly noteworthy case involved a pediatric

AML patient with an ASXL3 mutation that expanded significantly from less than 1% at diagnosis

to 30% at relapse, illustrating its potential impact on disease progression and therapy resistance

109.

While ASXL2 and ASXL3 play less definitive roles in cancers compared to ASXL1,

emerging research suggests their potential oncogenic or tumor-suppressive effects vary by

cancer type 37,110,111. For instance, elevated expression of ASXL2 is associated with poor

prognosis in breast 112, colorectal 113 and pancreatic cancers 114. Conversely, overexpression of
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ASXL3 was correlated with increased genomic instability in small cell lung cancer (SCLC) lines

107, potentially through protein-protein interactions with BAP1 and bromodomain-containing

protein 4 (BRD4) 106. These interactions were highlighted in the study by Tsuboyama et al.

(2022), which demonstrated that dysregulations in the BAP1 histone H2A deubiquitinase

complex, involving the BAP1/ASXL3/BRD4 axis, contribute to the pathogenesis of human

SCLC. Pharmacologic targeting of this axis disrupts ASXL3 function 115, thereby affecting SCLC

cell fat by driving overexpression of the transcription factor paired box protein 9 (PAX9) 116.

Furthermore, Shukla et al. (2017) provided insights into epigenetic mechanisms

contributing to pulmonary carcinogenesis by demonstrating that ASXL3 was markedly

upregulated in induced pluripotent stem cells from normal human small airway epithelial cells

and in SCLC lines, correlating with increased genomic copy number and tumorigenic properties

107.

This evolving understanding highlights the intricate relationship between normal

development, epigenetic regulation, and oncogenesis driven by ASXL genes, highlighting their

significant roles across a spectrum of cancers.

Challenges in ASXL research and therapeutic development

Research into the ASXL gene family, crucial for both developmental disorders and

malignancies, faces significant challenges due to their broad biological functions and roles in

epigenetic regulation. The redundancy and potential compensatory mechanisms within the

ASXL family add layers of complexity to therapeutic development, often making it difficult to

pinpoint the specific contributions of ASXL proteins to disease pathogenesis. The presence of

three ASXL family members suggests overlapping functions that may compensate for the

dysfunction of one gene, complicating the targeting strategies. Preliminary data from our studies

suggests that ASXL1 regulates gene expression of ASXL3 in neural progenitor tissues, but not
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in stem cells or haematopoietic cells, suggesting that one ASXL gene may regulate the

expression of another, but only in certain tissues and developmental stages.

The interaction of ASXL proteins with multiple co-factors and other epigenetic modifiers,

such as the deubiquitinating enzyme BAP1 and the PRC2 complex, also make it challenging to

dissect the specific contributions of ASXL proteins to gene expression regulation. This

complexity not only offers potential therapeutic targets but also poses significant challenges in

developing specific inhibitors or modulators.

Moreover, the challenges of modeling diseases associated with ASXL mutations reflect

the complexity of these conditions, which span developmental disorders to various cancers.

Traditional models like CRISPR-edited cell lines or knockout mice may not fully capture the

tissue-specific and development-specific dysregulations caused by ASXL mutations, leading to

discrepancies within laboratory findings and between research and clinical realities. For

example, the study of germline mutations and their implications across different tissues

demands patient-derived samples, given that ASXL genes have such important roles in

development. Furthermore, recent literature suggests that metabolic rewiring may occur and

thus lead to differences between a patient’s cell with the mutation and a wild type cell with a

mutation induced.

Adding to these challenges, a critical gap in the research toolkit is the lack of specific

antibodies for ASXL proteins. This gap hinders the ability to precisely identify, quantify, and

understand the interactions and localization of these proteins, impacting both basic research

and the development of targeted therapies. The IDRs of ASXL proteins further complicate

conventional approaches to studying their structure and function, restricting the use of common

techniques like N-terminus tagging, a common technique for tracking protein location and

interactions, which is a key tool for tracking protein interactions.

There are also many scientific and clinical hurdles in studying and identifying targeted

therapies against ASXL gene mutations. One of the primary challenges lies in achieving high
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specificity in targeting these genes. ASXL1, for example, plays a significant role in myeloid

malignancies and is a notoriously difficult target to modulate without affecting non-pathogenic

pathways. This difficulty is compounded by ASXL1's role in the epigenetic regulation of gene

expression 72, where precision targeting is crucial to avoid unintended effects on healthy cells.

Therapeutic strategies that inhibit ASXL1's interaction with PRC2, intended to counteract its

oncogenic effects in AML, may have off-target effects compromising the essential epigenetic

regulation in healthy, non-cancerous cells.

Additionally, the heterogeneity observed within populations with germline ASXL

mutations highlights the variable impacts of ASXL mutations on gene function and disease

progression, demanding a nuanced and stratified approach to treatment 89. The presence of

nonsense mutations in ASXL genes in phenotypically normal individuals poses additional

questions. Ropers and Wienker (2015) identified 56 predicted loss-of-function (LOF) variants in

ASXL1 within The Exome Aggregation Consortium (ExAC) database 117, which includes exomes

from 60,706 unrelated individuals selected to exclude severe genetic disorders such as

Bohring-Opitz syndrome (BOS). Similarly, nine putative LOF mutations were identified in ASXL3

in this cohort 117.

In the updated Genome Aggregation Database (gnomAD) v4.1.0, spanning 730,947

exome sequences and 76,215 whole genome sequences from unrelated individuals, we

identified 64 predicted LOF mutations in ASXL1, 18 in ASXL2, and 24 in ASXL3 118. These

findings provoke several hypotheses, including that LOF variants might result in subtle

manifestations that escape clinical detection, or that disease modifiers could attenuate clinical

phenotypes. Additionally, effects of alternative splicing and escape from RNA degradation

processes might allow some variants to exert a dominant negative effect. These observations

suggest that other factors may influence the penetrance and expressivity of ASXL mutations.

21

https://paperpile.com/c/Cb9mCd/XTxUA
https://paperpile.com/c/Cb9mCd/xgknJ
https://paperpile.com/c/Cb9mCd/VaQv
https://paperpile.com/c/Cb9mCd/VaQv
https://paperpile.com/c/Cb9mCd/0vzC


Key gaps in research

The research on ASXL genes is still evolving, with significant gaps that need to be

addressed to better understand their functions and implications in diseases. Advancements in

genomic sequencing technologies and model systems are critical for overcoming these

challenges. An integrated approach that combines genetic, biochemical, and clinical insights is

crucial for developing effective therapies that can improve patient care and outcomes.

Rare genetic conditions such as BOS, SHAPNS, BRPS, often lack targeted treatments.

These disorders, while individually rare, collectively represent a substantial challenge in

pediatric care, with significant financial implications 119. Addressing these research gaps not only

promises to improve the quality of life for individuals with these conditions but also provides a

deeper understanding of complex disease mechanisms that could inform broader therapeutic

strategies.

The ASXL gene family has profound implications across both developmental biology and

oncology. This review has underscored the dual functionality of ASXL genes, highlighting their

critical roles in normal development and their contributions to the pathogenesis of a range of

disorders, from neurodevelopmental syndromes to diverse malignancies. The intricate molecular

mechanisms, involving both germline and somatic mutations, highlight the complex nature of

these genes and their protein products in cellular regulation.

Understanding the multifaceted roles of ASXL genes opens avenues for innovative

therapeutic approaches. However, the path towards effective treatments is still fraught with

challenges, primarily driven by the complexities of ASXL protein interactions and gene

regulatory networks. Overcoming these challenges requires a nuanced understanding of ASXL

function across different tissues and developmental stages.
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Project goals and methodologies

This thesis aims to elucidate the complex interplay between genetics, epigenetics, and

metabolism in BOS and related disorders, leveraging multi-omics and metabolomic approaches

to uncover underlying disease mechanisms and identify potential therapeutic targets. The

specific studies included are designed to bridge significant gaps in our current understanding of

BOS, and ASXL genes, and establish a framework for studying other genetic disorders.

The primary objective of this research project is to elucidate the functional impacts of

ASXL1 mutations, explore how these genetic alterations affect cellular and molecular pathways

with a particular focus on developmental and growth regulation. In Chapter 2, we assayed

patient-derived fibroblasts and blood samples from BOS patients using a comprehensive,

integrative approach towards epigenetic, transcriptomic, and proteomic data. Our analyses

uncovered significant dysregulations within both canonical and non-canonical Wnt signaling

pathways.

A secondary goal is to characterize the multi-organ dysregulation caused by ASXL1

mutations, aiming to understand the systemic effects across different tissues and organ

systems. In Chapter 3, we extended our studies to BOS patient-derived induced pluripotent

stem cells (iPSCs) and neural progenitor cells (NPCs), and utilized a 2D cell model developed

by Dr. Jianping Fu's lab to model neural crest cells from BOS iPSCs. We focused specifically on

early neural derivatives given the neurodevelopmental defects that are characteristic of BOS.

This approach identified significant induction defects in neural crest cells, providing a scalable

method to study neurodevelopmental impairments and craniofacial anomalies in BOS.

Another crucial aim of this project is to identify therapeutic targets through

comprehensive multi-omics and metabolomics studies. In Chapter 4, we explored the metabolic

landscape of BOS across patient-derived fibroblasts, iPSCs, and NPCs. We revealed alterations

in mitochondrial respiration, amino acid dependency, and stress signaling pathways that are

dependent upon the state of differentiation. Our findings suggested that these metabolic
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changes are driven by MPC (mitochondrial pyruvate carrier) deficiency, a direct consequence of

truncating ASXL1 mutations. These represent potential metabolic vulnerabilities that could be

therapeutically targeted.

Our research extended to examining the broader spectrum of phenotypes associated

with different types of ASXL1 mutations, including missense mutations. We explored how these

mutations influence a wide range of systemic effects beyond the classical presentations seen in

BOS. In Chapter 5, we presented a case of a patient with an overgrowth syndrome,

macrocephaly, and normal neurodevelopment. This patient harbored a paternally inherited

ASXL1 missense mutation in the PHD, and had a distinct phenotypic, transcriptomic, and

metabolomic phenotype from BOS patients.

Additionally, this thesis seeks to compare the disease pathways by investigating the

shared and distinct molecular features of diseases linked to ASXL1 mutations, such as BOS

and acute myeloid leukemia (AML). In Chapter 6, we leveraged RNA sequencing and DNA

methylation studies to compare the epigenetic and transcriptomic alterations in BOS and AML

due to ASXL1 mutations. This comparison identified specific molecular pathways shared

between these conditions and potential therapeutic targets.

In Chapter 7, we examined cancer predisposition in genetic disorders, specifically the

role of somatic mutations in clonal hematopoiesis of indeterminate potential (CHIP) genes

among Bloom Syndrome patients and BLM variant carriers. Bloom Syndrome, caused by

mutations in the BLM gene, is characterized by defects in DNA repair mechanisms that lead to

genomic instability and a heightened cancer risk 90,91. We identified clonal hematopoiesis as a

potential mechanism for increased cancer risk in these both probands and carriers.

Through integrating genetic and omics findings with metabolic studies, we highlight

specific molecular disruptions and biomarkers driven by the ASXL1 genes, and other genes,

and their implications for disease pathogenesis. The overarching goal is to identify therapeutic
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targets for patients with rare diseases such as BOS, and to lay a framework with which to

examine other genetic diseases.
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Figures and Tables

Figure 1-1: ASXL family gene structures and mutations associated with germline

neurodevelopmental disorders

Scaled visualizations of the exon and protein structures of Drosophila Asx gene and mammalian

ASXL gene family. This figure highlights the domain structures and binding partners of the

proteins, and the truncating mutations that cause the germline neurodevelopmental disorders

Bohring-Opitz syndrome (BOS), Shashi-Pena syndrome (SHAPNS), and Bainbridge-Ropers

syndrome (BRPS).
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Figure 1-2: Structural models and error predictions for ASXL proteins with and without

BAP1 binding

AlphaFold3-predicted three-dimensional structure with predicted local-distance difference test

(pLDDT) scores, and predicted aligned error plots for:

(A) ASXL1, (B) ASXL1 and BAP1, (C) ASXL2, (D) ASXL2 and BAP1, (E) ASXL3, and (F)

ASXL3 and BAP1.
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Figure 1-3: Interaction network of ASXL proteins with binding partners and subsequent

chromatin modifications

The binding partners of the ASXL gene family, specifically the complexes PR-DUB, PRC1,

PRC2, and ASXL1-OGT. Key interactions are shown, along with the specific histone

modifications mediated by each complex. For PR-DUB, the histone deubiquitination activity and

its effects on chromatin condensation are depicted. The diagram also highlights how PRC1 and

PRC2 contribute to histone ubiquitination and methylation, respectively, impacting gene

expression through chromatin remodeling. The role of ASXL1-OGT in catalyzing

O-GlcNAcylation of histones and its implications for chromatin structure are also presented.

Arrows indicate the direction of interaction and the flow of effects leading to chromatin

remodeling, influencing gene expression patterns crucial for cellular functions and identity.
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Gene/s Key Findings Cell/Animal Model

Development

ASXL1/2/3

Cardiac Development
● Loss of Asxl1 leads to ventricular septal

defects. 47

● Loss of Asxl2 results in congenital heart
malformations, including thickened
compact myocardium, AV valve stenosis,
and patent ductus arteriosus. 47,65

● ASXL3 mutations inhibited the proliferation
of cardiomyocytes and accelerated cell
apoptosis 62, impacting cardiac structure
and fibrosis in mice 61

Asxl1(-/-) mice 47

Asxl2(-/-) mice 47,65

Asxl3 compound
heterozygous missense
mutation in HL-1 mouse
cardiomyocytes 61,62

ASXL1/2

Metabolic and Adipogenic Regulation
● ASXL1 represses, while ASXL2 increases

the expression of adipogenic genes, most
of which are PPARγ targets. 54,55

● ASXL2 regulates glucose and lipid
homeostasis via interaction with PPARγ. 55

● ASXL2 deletion is unresponsive to high-fat
diet 55,118

Asxl2(-/-) mice 55

Asxl2 deletion in myeloid
cells (Asxl2ΔLysM) mice 118

3T3-L1 preadipocyte cells
54

ASXL1/3

Neural Development
● ASXL1 and ASXL3 are crucial for proper

neural development, including neural
folding and neural crest emigration 46,56.

● Truncating ASXL1 mutations reduce
activation of transcription factors ZIC1 and
ZIC4, leading to neural crest emigration
defects. 46

● Loss of ASXL3 perturbs neural crest
development 56,57.

● Inhibition of ASXL3 differentially modifies
Noggin neural inducing activity, impacting
development 56.

ASXL1(+/tm) and ASXL1
(tm/tm) iPSCs 46

Xenopus embryos injected
with ASXL3-MO 56

ASXL3 compound het.
mutant mice 57

ASXL1/2

Hematopoiesis and Myeloid Neoplasms
● Impaired hematopoiesis and accelerated

myeloid neoplasms are observed in
various mouse and zebrafish models with
knockout, heterozygous loss, or truncating
mutations of ASXL1 39,40,42,44,50,51,53,68,71,119,120,

Asxl1(-/-) mice 42

Asxl1(+/-) mice 42

Asxl1(+/tm) mice
39,40,50,51,71,119

Asxl1fl/fl Mx1 Cre or Vav
Cre conditional knockout
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and ASXL2 35,48,49.
● Myeloid neoplasms driven by ASXL1

mutations can be prevented by loss of
Bap1 41.

● Depletion of ASXL1 impairs erythroid
differentiation and maturation 121.

mice 38

Bap1Δ/+;Asxl1(+/tm) mice
41

Asxl1(tm/tm) zebrafish 120

ASXL1-tm overexpression
in HEK293T, 32Dcl3 cells 75

and LK, EML cells 53

Asxl2(-/-) mice 48,49

Asxl2+/fl Mx1 Cre and
Asxl2fl/fl Mx1 Cre 35

Murine c-Kit+ bone marrow
cells 68

ASXL1

Regulation of Posterior HOXA genes
● Knockdown, heterozygous mutant KI

mouse, and transient overexpression of
mutant Asxl1 result in derepression and
upregulation of posterior HOXA genes via
loss of PRC2 recruitment to the HOXA
locus 38–41,75.

● ASXL1 expression in ASXL1-null cells
suppresses HoxA gene expression 38.

● ASXL1 mutation alters H2AK119ub at
promoters of Hoxa genes, which can be
partially restored by reducing Bap1 41.

Cancer cell lines 38

Asxl1(+/tm) mice 39–41

ASXL1-tm overexpression
in HEK293T, 32Dcl3 cells 75

ASXL1
Embryonic Development

● ASXL1 knockout results in high embryonic
lethality (80% 42; 100% 43)

Asxl1(-/-) mice 42,43

ASXL1

Body Weight
● ASXL1 knockout results in low body

weights in homozygous C-terminus
truncated zebrafish 120.

Asxl1(tm/tm) zebrafish 120

ASXL1/2

Skeletal Development
● Loss of ASXL1 leads to dramatic bone loss

and impaired BMSC self-renewal and
differentiation 63

● Loss of Asxl2 in leads to osteopetrosis in
mice 55.

Asxl1(-/-) BMSCs 63

Asxl2(-/-) mice 55

Binding Partners, Complexes, and Histone Modifications

ASXL1/2
Interaction with WTIP (Wilms tumor 1-interacting
protein)

● WTIP is a binding partner of ASXL1 122

Asxl1(-/-) mice 122

HeLa cells 72
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● ASXL1 deletion upregulated WTIP target
genes 122

● The C-terminus of ASXL2 interacts with
WTIP. 72

ASXL1/2/3

PR-DUB mediated deubiquitination of H2AK119ub
● ASXL1, ASXL2, and ASXL3 can all bind to

BAP1 38,53,64,67,123 via the ASXH domain 76

to form the Polycomb repressive
deubiquitinase (PR-DUB) complex

● Truncated ASXL1 also binds BAP1 and
form a stable, hyperactive, complex 68,71

● PR-DUB catalyzes the removal of
monoubiquitination on lysine 119 of histone
H2A

● Monoubiquitination of wild-type ASXL2 is
required for activation of BAP1 catalytic
activity 29

Bap1(-/-), Asxl1(-/-),
Asxl2(-/-), Asxl3(-/-), and
Asxl1/2/3(-/-) mESCs 64

FLAG-tagged BAP1 mice123

Asxl1(+/tm) mice 71

BRPS patient
(ASXL3(+/tm)) derived
fibroblasts 67

ASXL1-tm overexpression
in LK, EML cells 53

Cancer cell lines 38

HEK293T and murine
myeloid 32Dcl3 cells 68

HeLa and HEK293T cells 29

Proteomics 76

ASXL1/2/3

Polycomb Repressive Complex 1 mediated
H2AK119ub

● Wild type ASXL1 interacts with PRC1 40

● Truncated ASXL1 cannot interact with
PRC1, leading to loss of PRC1-mediated
H2AK119ub and subsequent upregulation
of PRC1 target genes. This can be
attenuated by reducing BAP1 levels 40,124.

● Loss of Asxl2 led to significant reduction of
global H2AK119ub 48.

● Truncating ASXL3 mutation leads to
increased H2AK119Ub1 67

Asxl1(+/tm) mice 40,51

ASXL1-tm overexpression
in LK, EML cells 53

Asxl1(tm/tm) zebrafish 120

HSPCs overexpressing
truncated ASXL1(tm) 124

Asxl2(-/-) mice 48

BRPS patient
(ASXL3(+/tm)) derived
fibroblasts 67

ASXL1/2

Polycomb Repressive Complex 2 mediated
H3K27me3

● Loss of ASXL1 in various models leads to
a reduction of PRC2-mediated H3K27me3
repression . 38,42,53,121.

● Loss of Asxl2 led to significant reduction of
global H3K27me3, but at lesser extent
than Asxl1 35,48,125

● ASXL1-null cells show a global increase in
H3K27me3 expression, while
heterozygous truncating mutations lead to
no global change but an altered

Asxl1(-/-) mice 42

Asxl1fl/fl Mx1 Cre or Vav
Cre 44

Asxl1(+/tm) mice 51,52,126

Asxl1(-/-) MEFs 43

Asxl2(-/-) mice 125

Asxl2(-/-) murine bone
marrow 48

ASXL1-tm overexpression
in LK, EML cells 53

ASXL1 knockdown in cord
blood (CB) CD34+ cells 121
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H3K27me3 profile in murine bone marrow
51,52.

● ASXL1 interacts with PRC2 complex
components such as EZH2 38,43 .

ASXL1 and ASXL2
shRNAs in SKNO-1 cells 35

Cancer cell lines 38

ASXL1

ASXL1-OGT Complex mediated H3K4me3
● ASXL1/OGT complex is required for

H3K4me3 69 and knockout of ASXL1 or the
presence of heterozygous truncating
mutations leads to loss of H3K4me3
42,51,69,71,121.

● ASXL1 interacts with OGT and HCFC1 69

● OGT directly stabilises ASXL 69

Asxl1(-/-) mice 42

Asxl1(+/tm) mice 51,71

ASXL1 knockdown in cord
blood (CB) CD34+ cells 121

HEK293T cells 69

ASXL1

RNA Polymerase II
● ASXL1 interacts with RNA polymerase II

127

● ASXL1 deletion results in global increase
in transcription 128

Asxl1(-/-) murine BMSCs
127,128

ASXL1

Bromodomain-containing 4 (BRD4)
● ASXL1 interacts with

Bromodomain-containing 4 (BRD4), a
myeloid malignancy oncoprotein 50

Asxl1(+/tm) mice 50

ASXL1/2

EZH2 (PRC2 complex component)
● ASXL1 cooperates with EZH2 to repress

p16Ink4a, a mediator of cellular
senescence.

● Mutant ASXL1 disrupts EZH2 bindings and
leads to elevated p16Ink4a expression,
resulting in cellular senescence 43

● Asxl2 co-localises with Ezh2 to directly
repress β-MHC 125

Asxl1(-/-) MEFs 43

Asxl2(-/-) mice 125

ASXL1

Paraspeckle Formation
● Paraspeckles are crucial for hematopoietic

stem and progenitor cell repopulating
potential 129.

● ASXL1 forms phase-separated organelles
known as paraspeckles, while mutant
ASXL1 cannot 129.

Asxl1(+/tm) murine BMSCs
129

HEK293T and HL-60 cells
129

Signaling Pathways

ASXL1
Wnt Pathway

● Truncating ASXL1 mutations lead to
aberrant activation of the canonical Wnt

BOS patient (ASXL1(+/tm))
derived blood and
fibroblasts 70
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and non-canonical planar cell polarity
pathway 70.

ASXL1/3

mTOR Pathway
● ASXL1 mutation leads to overactive

Akt/mTOR signaling and aberrant
proliferation 71.

● Wild type ASXL1 interacts with
phosphorylated AKT and affects the
AKT-E2F axis leading to cellular
senescence 43.

● ASXL3 knockdown leads to dysregulation
of genes enriched in PI3K-AKT processes
73

Asxl1(-/-) MEFs 43

Asxl1(+/tm) mice 71

ASXL3 knockdown in P19
cells 73

ASXL2

Retinoic-Acid Induced Transcription
● C-terminus of ASXL2 enhances

retinoic-acid induced transcription while full
length ASXL2 does not 72

HeLa cells 72

ASXL3

Ras/ERK signaling pathway
● ASXL3 interacts with the Ras/ERK

signaling pathway through the modulation
of lncRNAs and FGFR2 transcripts,
leading to altered cell proliferation and
apoptosis 62.

Asxl3 compound
heterozygous missense
mutation in HL-1 mouse
cardiomyocytes 62

Table 1-1: Overview of experimental studies on ASXL gene family: functions,

interactions, and regulatory mechanisms

Comprehensive overview of experimental studies on the ASXL gene family. These studies detail

the physiological and pathophysiological functions of the ASXL gene family across

development, interactions with various binding partners and complexes, effects on histone

modifications, and regulation of signaling pathways.

33

https://paperpile.com/c/Cb9mCd/XTxUA
https://paperpile.com/c/Cb9mCd/Q2kbZ
https://paperpile.com/c/Cb9mCd/LWI2t
https://paperpile.com/c/Cb9mCd/WDLC
https://paperpile.com/c/Cb9mCd/LWI2t
https://paperpile.com/c/Cb9mCd/Q2kbZ
https://paperpile.com/c/Cb9mCd/WDLC
https://paperpile.com/c/Cb9mCd/dpQv0
https://paperpile.com/c/Cb9mCd/dpQv0
https://paperpile.com/c/Cb9mCd/pPuN
https://paperpile.com/c/Cb9mCd/pPuN


ASXL1 NM_015338 ASXL1 NP_056153 # De novo Patients*
Except *i = inherited Reference

N/A Del of Exons 5 - 13 1 Previously unpublished

c.1049G>A p.Trp350* 1 130

c.1091delG p.Gly364Valfs*2 1 70

c.1210C>T p.Arg404* 5 87,89,131–133

c.1272_1273delGT p.Tyr425Glnfs*12 1 89,101

c.1406dupC p.Ser470Leufs*15 1 89

c.1446dupA p.Val483Serfs*2 1 89

c.1517_1518delGA p.Arg506Asnfs*3 1 93

c.1544_1545delTG p.Val515Glyfs*13 1 89

c.1719+5G>C N/A 1 89

c.1720-2A>G p.Ile574Valfs*22 1 134

c.1867C>T p.Gln623* 2 89,93

c.1873C>T p.Arg625* 1, 2 maternally inherited Previously unpublished

c.1910_1922del p.Glu635Argfs*15 1 89

c.1924G>T p.Gly642* 1 89,101

c.1927_1928insG p.Gly644Trpfs*9 1 89

c.1934dup p.Gly646Trpfs*12 3 89,135,136

c.1981A>T p.Arg661* 1 89

c.2013_2014del p.Cys672Trpfs*4 1 89,101

c.2024_2025del p.Pro675Argfs*42 1 89

c.2033dupG p.Gly680Argfs*38 1 137

c.2036dup p.Gly680Argfs*38 2 89,138

c.2100dupT p.Pro701Serfs*16 1 139

c.2197C>T p.Gln733* 1 87

c.2324T>G p.Leu775* 2 89,101

c.2332C>T p.Gln778* 2 87,89

c.2407_2411del p.Gln803Thrfs*17 1 140

c.2414_2415delinsA p.Pro805Glnfs*13 1 89

c.2416_2417dupAC p.Val807Profs*12 1 89
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c.2468T>G p.Leu823* 1 87

c.2477delG p.Gly826Glufs*12 1 70

c.2535dupC p.Ser846Glnfs*5 1 87

c.2689delC p.His897Ilefs*11 1 130

c.2694G>A p.Trp898* 1 Previously unpublished

c.2759_2762dupCATC p.Val922Leufs*3 1 89,101

c.2773C>T p.Gln925* 1 87

c.2810delC p.Pro937Leufs*8 1 70

c.2893C>T p.Arg965* 2, 3 inherited from
mosaic parent

70,93,140,141

c.2922C>A p.Tyr974* 1 89

c.2966_2967delCT p.Ser989* 1 89

c.2981delC p.Pro994Leufs*30 1 89

c.3077delG p.Gly1026Aspfs*21 1 89,101

c.3083C>A p.Ser1028* 1 87

c.3596_3606del p.Ala1199Glufs*9 1 89

c.3601delC p.Gln1201Lysfs*16 1 89

c.3754_3758del p.Asp1252* 1 89

c.3762delT p.Ser1255Glnfs*25 1 142

c.3894_3897dupAGGC p.Gln1300Argfs*30 1 89

c.3974_3977delTTCCins
AGCAGGA p.Leu1325Glnfs*5 1 Previously unpublished

c.4060G>T p.Glu1354* 3 70,93

c.4116_4117delTT p.Phe1373Cysfs*6 1 143

c.4127dup p.Pro1377Serfs*3 1 89

c.4196dupT p.Leu1399Phefs*25 2
144, Previously

unpublished

c.4243C>T p.Arg1415* 2 89

ASXL2 NM_018263.6 ASXL2 NP_0607433.4 # De novo Patients*
Except *i = inherited

Reference

c.1288G>T p.Glu430* 1 81

c.1225_1228delCCAA p.Pro409Asnfs*13 1 81
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c.1792C>T p.Gln598* 1 60

c.2081dupG p.Gly696Argfs*11 2 81,145

c.2142_2152del p.Ser714Argfs*5 1 146

c.2424delC p.Thr809Profs*32 2 81, Previously unpublished

c.2468_2477del p.Gly823Valfs*15 1 147

c.2472delC p.Ser825Valfs*16 1 81

c.2485C>T p.Gln829* 1 148

c.2955_2967delins p.Glu987Argfs*15 1 149

c.2971_2974delGGAG p.Gly991Argfs*3 1 81

ASXL3 NM_030632.2 ASXL3 NP_085135.1 # De novo Patients*
Except *i = inherited

Reference

N/A 5kb del of Exon 11 1 145

c.55_879del p.Ala19_Gln293del 1 90

c.187C>T p.Arg63* 1 90

c.1063G>T p.Glu355* 1 150

c.1074T>A p.Tyr358* 1 151

c.1082dupA p.Leu362Alafs*23 1 151

c.1095_1096delAA p.Glu367Glyfs*17 1 90

c.1201delG p.Ala401Glnfs*8 1 151

c.1210C>T p.Gln404* 2 79,152

c.1217dupA p.Ser407Lysfs*25 1 153

c.1219delA p.Ser407Alafs*2 1 80

c.1314_1316delinsA p.Ser439Argfs*7 1 154

c.1318dupG p.Glu440Glyfs*7 1 155

c.1369G>T p.Glu457* 1 80

c.1377_1378delGA p.Glu459Aspfs*2 1 78

c.1396C>T p.Gln466* 1 79

c.1406_1409dup p.His470Glnfs*3 1 90

c.1421_1422ins p.Leu483* 1 156

c.1422dupT p.Glu475fs*1 1 79

c.1448dupT p.Thr484Asnfs*5 2 67,157
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c.1451_1454delCCAA p.Thr484Ilefs*8 1 90

c.1484insTGAA p.Asp497* 1 151

c.1491dupT p.Asn498* 1 151

c.1500delA p.Glu500Aspfs*5 1 90

c.1505_1508dupGTGT p.Met504Cysfs*5 1 90

c.1534_1535delTT p.Leu512Asnfs*4 2 90

c.1535T>A p.Leu512* 1 90

c.1579dupC p.Gln527Profs*15 1 90

c.1579delC p.Gln527Argfs*4 1 90

c.1606C>T p.Gln536* 1 90

c.1632_1637delins31 p.Pro545Leufs*10 1 92

c.1698_1699delGA p.Glu566Aspfs*20 3
90,144, Previously

unpublished

c.1783C>T p.Gln595* 1
151

90

c.1795G>T p.Glu599* 1 158

c.1849_1850delAG p.Ser617Profs*29 1 Previously unpublished

c.1884_1885delAG p.Gly629Argfs*17 1 90

c.1895dupC p.Gln633Thrfs*14 1 93

c.1897_1898delCA p.Gln633Valfs*13 2 145,159

c.1921_1924dupACTC p.Pro642Hisfs*6 1 90

c.1978_1981delACAG p.Asp660Asnfs*16 2 79, Previously unpublished

c.1990C>T p.Gln664* 2 90,93

c.2791_2792delCA p.Gln931Glufs*19 1, 1 paternally inherited 90,160

c.2992_2995delGAGA p.Glu998Lysfs*26 1 161

c.3006delT p.Arg1004Glufs*21 1 162

c.3028delC p.Pro1010Leufs*14 1 163

c.3039+1G>A N/A 2 164,165

c.3043C>T p.Gln1015* 2 166,167

c.3106C>T p.Arg1036* 4, 1 unknown, 2 likely
inherited

80,90,91,164,168,169

c.3127_3128dupGT p.Gly1045Valfs*99 1 151

c.3178dupC p.Arg1060Profs*50 2 90,151
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c.3284_3288del p.Thr1096Asnfs*12 1 92

c.3307A>T p.Lys1103* 1 78

c.3313_3316delCAGA p.Thr1106Argfs*36 1 164

c.3349C>T p.Arg1117* 2 93,170

c.3355dup p.His1119Profs*7 1 151

c.3364C>T p.Gln1122* 1 67

c.3382delC p.Arg1128Glyfs*15 1 90

c.3419delC p.Pro1140Glnfs*3 1 90

c.3464C>A p.Ser1155* 2 90,171

c.3494_3495delGT p.Cys1165* 2 80,172

c.3613G>T p.Glu1205* 1 80

c.3635T>G p.Leu1212* 1 151

c.3811_3814dupAACA p.Thr1272Lysfs*8 1 90

c.3964C>T p.Gln1322* 2
144, Previously

unpublished

c.4034_4035dupCC p.Ile1346Profs*15 2
144, Previously

unpublished

c.4060_4061delTC p.Ser1354Hisfs*2 1 144

c.4072_4073delGT p.Val1358Leufs*8 1 80

c.4090G>T p.Gly1364* 1 173

c.4120_4123dupATAG p.Ala1375Aspfs*7 2 90, Previously unpublished

c.4144C>T p.Gln1382* 1 151

c.4219_4220delCT p.Leu1407Glyfs*20 1 90

c.4322C>G p.Ser1441* 1 93

c.4330C>T p.Arg1444* 3 67,151,174

c.4336_4337delAG p.Arg1446glyfs*3 1 90

c.4360C>T p.Gln1454* 2 90

c.4399C>T p.Arg1467* 3, 1 unknown 78,90

c.4441dupC p.Leu1481Profs*12 3, 1 maternally inherited 90,160

c.4462_4465del p.Thr1488Serfs*17 1 90

c.4479_4483del p.Ser1493Argfs*29 1 90

c.4509_4513dup p.Val1505Aspfs*3 1 92

c.4534C>T p.Gln1512* 1, 2 maternally inherited 90,160
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c.4648A>T p.Lys1550* 2
144, Previously

unpublished

c.4788_4816delinsT p.Cys1597Glyfs*9 2
144, Previously

unpublished

c.4871_4874delA p.His1624Argfs*10 1 90

c.4894_4895delGA p.Glu1632Ilefs*13 1 90

c.4906C>T p.Gln1636* 1 145

c.5455C>T p.Gln1819* 1 78

c.5659A>T p.Arg1887* 1 90

c.6165delA p.Lys2055Asnfs*25 1, 3 maternally inherited Previously unpublished

c.6697_6710dup p.Ser2238Thrfs*3 1 88

Table 1-2: Clinical reports of mutations in ASXL1, ASXL2, and ASXL3 genes associated

with BOS, SHAPNS, and BRPS

Clinical reports of mutations in ASXL1, ASXL2, and ASXL3 genes associated with

Bohring-Opitz syndrome (BOS), Shashi-Pena syndrome (SHAPNS), and Bainbridge-Ropers

syndrome (BRPS) as published up to March 2024.
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Table 1-3: Comparative overview of disorders associated with germline and somatic

mutations in ASXL genes

This table presents a comprehensive comparison of clinical disorders linked to mutations in

ASXL1, ASXL2, and ASXL3 genes, distinguishing between germline and somatic mutations.
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CHAPTER 2

Multi-omics of Bohring-Opitz syndrome: Identifying Wnt Signaling Dysregulation
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Abstract

ASXL1 (additional sex combs–like 1) plays a crucial role in the epigenetic regulation of

early developmental gene expression. De novo protein-truncating mutations in ASXL1 lead to

Bohring-Opitz syndrome (BOS; OMIM #605039), a rare neurodevelopmental condition

characterized by severe intellectual disabilities, distinctive facial features, hypertrichosis, an

increased risk of Wilms tumor, and variable congenital anomalies, including heart defects and

severe skeletal abnormalities that give rise to a typical BOS posture. Notably, these ASXL1

variants responsible for BOS are also prevalent somatic driver mutations in acute myeloid

leukemia.

In our study, we utilized primary cells from individuals with BOS (n = 18) and controls (n

= 49) to dissect the gene regulatory changes induced by ASXL1 mutations. We employed

comprehensive multi-omics assays, including chromatin accessibility, DNA methylation, histone

methylation binding, and transcriptome analysis in peripheral blood and skin fibroblasts. Our

findings reveal that, irrespective of the cell type, ASXL1 mutations exert strong cross-tissue

effects, disrupting multiple layers of the epigenome.

The data indicate a broad activation of canonical Wnt signaling at both the transcriptional

and protein levels. Additionally, we observed an upregulation of VANGL2, a gene encoding a

planar cell polarity pathway protein that functions through noncanonical Wnt signaling to guide

tissue patterning and cell migration.

This multiomics approach not only identifies the fundamental impact of ASXL1 mutations

but also reveals potential therapeutic targets for addressing both BOS and myeloid leukemias.

58



Introduction

Role of ASXL1 in chromatin modification and gene regulation.

ASXL1 (additional sex combs–like 1) is a crucial protein in embryonic development 1.

Eutherian mammals possess three ASX homologs, namely ASXL1, ASXL2, and ASXL3,

sharing conserved domains: the ASX N-terminal (ASXN) domain with a HARE-HTH domain

involved in putative DNA binding 2, the ASX homology (ASXH) domain featuring a characteristic

LXXLL motif mediating protein interactions, and a deubiquitinase adaptor (DEUBAD) domain

activating BRCA1-associated protein 1 (BAP1), along with the C-terminal plant homeodomain

(PHD) important for reading post translational histone modifications like histone H3 Lys4

trimethylation (H3K4me3) 3–5. ASXL1 plays a pivotal role in modulating the epigenetic

landscape, regulating downstream transcription. The ASXH and PHD domains are highly

conserved and integral to large epigenetic complexes such as the polycomb repressive

complexes (PRCs) and the polycomb-repressive deubiquitinase (PR-DUB) complex. These

complexes direct genome-wide transcriptional regulation 3,6,7, influencing activation or repression

of essential developmental genes.

In mammals, ASXL1 is essential in early neural crest 8, cardiac 9, and hematopoietic

development 10,11. ASXL1 directs histone modifications through PRC1, PRC2 and the PR-DUB

complex. PRC1 and -2 control developmental stemness and differentiation, impacting neural

progenitor cell multipotency and cortical neuron production during corticogenesis 12. These

complexes achieve this through histone modifications like monoubiquitination at histone H2A

lysine 119 (H2AK119ub) via PRC1 and mono-, di-, and trimethylation at histone H3K27

(H3K27me/me2/me3) via PRC2 3,13,14. These complexes also regulate key signaling pathways,

such as Wnt signaling, in tissue-specific and developmental contexts, with PRC2 accessory

proteins influencing Wnt signaling during erythropoiesis 15 and PRC1 participating in the

Wnt/β-catenin pathway through a positive feedback loop in hepatocellular carcinoma 16.

59

https://paperpile.com/c/X8Tsk1/aOxuB
https://paperpile.com/c/X8Tsk1/SVSdu
https://paperpile.com/c/X8Tsk1/e6aYd+i9tof+Y6pfl
https://paperpile.com/c/X8Tsk1/e6aYd+cKSl1+oNCML
https://paperpile.com/c/X8Tsk1/pJRYW
https://paperpile.com/c/X8Tsk1/1XikY
https://paperpile.com/c/X8Tsk1/P4CzF+qubfy
https://paperpile.com/c/X8Tsk1/akP7E
https://paperpile.com/c/X8Tsk1/T9HnM+WTydW+e6aYd
https://paperpile.com/c/X8Tsk1/cGi3t
https://paperpile.com/c/X8Tsk1/Splkn


The PR-DUB complex, including ASXL1 binding to BAP1 17–19, plays critical roles in brain

development 20–22 and myeloid differentiation regulation through H2AK119 deubiquitination 18,23.

Despite recognizing that ASXL1 protein-truncating mutations disrupt core developmental

processes in multiple organ systems, its role as an essential chromatin modifier in human

development remains incompletely elucidated.

ASXL1 mutations are implicated in Bohring-Opitz syndrome and hematologic malignancies.

De novo protein-truncating mutations in ASXL1 cause Bohring-Opitz syndrome (BOS;

OMIM #605039), a rare genetic disorder characterized by profound intellectual disability,

developmental delay, seizures, and variable anomalies, including heart defects, an increased

risk of Wilms tumor, and the distinctive BOS posture 24,25. As of 2018, only 46 clinically

diagnosed individuals have been reported, with less than half (20/46) molecularly confirmed 24.

Pathogenic truncating mutations in ASXL1 concentrate in exons 12 and 13, resulting in

premature truncation of the highly conserved C-terminal PHD domain 3. Notably, truncation

mutations in ASXL1 homologs ASXL2 (Shashi-Pena syndrome, OMIM #6171901) 26 and ASXL3

(Bainbridge-Ropers syndrome, OMIM #615485) 22,27 do not exhibit enrichment or clustering in

the homologous C-terminal region despite sharing multiple conserved domains 3.

The same protein-truncating mutations causing BOS are observed as somatic driver

mutations in myeloid malignancies such as chronic myelomonocytic leukemia (~45%),

myelodysplastic syndromes (MDS, 16%), myeloproliferative neoplasms (~10%), and acute

myeloid leukemia (AML, secondary 30%, de novo 6.5%) 28–31, as well as in a premalignancy

state called clonal hematopoiesis of indeterminate potential 32,33. ASXL1 regulates the delicate

balance between proliferation and differentiation of stem progenitor cell populations 8,34. Thus,

both germline and somatic ASXL1 mutations disrupt the proliferation-differentiation balance,

promoting stem-cell identity over differentiation in BOS and myeloid leukemias.
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Recent ASXL1 functional studies involve transgenic overexpression of mutant and

wild-type ASXL1 proteins in cell-line systems. However, interpreting these studies is challenging

as they do not reflect endogenous levels or cell-type-specific functions of ASXL1, and are often

conducted in nonhuman model systems 35. Given the crucial functions of ASXL1 as part of

PRC1 and PRC2 in neural progenitor multipotency 12 and the key role of the PR-DUB complex

in brain development 20–22, we hypothesized that protein-truncating mutations of ASXL1

dysregulate global transcription, cellular homeostasis, and downstream signaling pathways.

We also explored whether BOS cells harbored decreased mRNA or protein levels since

protein-truncating ASXL1 mutations in exons 12 and 13 are predicted to escape nonsense-

mediated decay 36. These truncated proteins may exert a gain-of-function effect 37. The broad

phenotypic effects of ASXL1 mutations in BOS patients and myeloid malignancies suggest that

ASXL1 drives essential and core gene regulatory features across early development and

disease. Our hypothesis posited that ASXL1 mutations drive common cellular effects, detectable

as broad and high-effect epigenomic and transcriptomic signatures across cells and tissues.

To investigate BOS molecular pathogenesis, we collected samples from 18 patients with

BOS, comprising one of the largest ASXL1 rare disease cohorts published, and conducted a

multi-omics analysis. Our approach circumvents confounding variables associated with

cancer-derived cell models that harbor additional karyotypic and genomic mutations 30,38,

focusing the study on the singular effect of pathogenic ASXL1 mutations. This integrated

multi-omics study characterizes the impact of ASXL1 truncating mutations on the epigenome

and transcriptome, revealing for the first time, to our knowledge, that ASXL1 mutations

aberrantly activate the Wnt signaling and noncanonical Wnt planar cell polarity (PCP) pathways.

Canonical Wnt signaling pathway.

Canonical Wnt signaling is an evolutionarily conserved pathway essential for

development 39 and plays critical roles in stem cell biology and hematopoiesis regulation 40. In
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the Wnt-active state, WNTs (translated products of theWNT gene) bind to the transmembrane

receptor Frizzled (FZD), stimulating the coreceptor low density receptor-related protein 5 and 6

(LRP5 and -6), critical for initiating Wnt signaling transduction 41. Activation of FZD and LRP5/6

recruits and inactivates the destruction complex targeting phosphorylation, ubiquitination, and

degradation of β-catenin through the proteasome. Inactivation of the destruction complex occurs

through the dissociation of glycogen synthase kinase 3β (GSK3β) from the inhibition protein

AXIN, concurrent with inactivation of the default quiescent-state β-catenin destruction complex

42–44. This prevents β-catenin phosphorylation and subsequent degradation 45,46. Activation of the

canonical Wnt pathway leads to cytoplasmic accumulation and subsequent nuclear

translocation of β-catenin, which, along with T cell factor/lymphoid enhancer factor (TCF/LEF)

transcription factors, transcriptionally coactivates Wnt target genes 47.

To delve deeper into cross-omics dysregulation, we explored van Gogh–like 2

(VANGL2), a noncanonical Wnt and PCP protein highly dysregulated across all the -omics

assays conducted on blood and fibroblast BOS samples. VANGL2 regulates polarized cellular

migration, differentiation, and tissue morphology during development. In the nervous system,

the PCP pathway regulates neuronal maturation, playing a functional role in neural complex

formation 48. VANGL2 intersects with the canonical Wnt pathway through the activation of

Dishevelled (DVL), initiating noncanonical Wnt pathways and driving c-JUN–mediated

expression. Our hypothesis suggests that upregulation of VANGL2 disrupts canonical and

noncanonical signaling pathways, underpinning the clinical phenotypes observed in patients

with BOS and other mutations in ASXL1. To date, no studies have established a link between

ASXL1 disorders and dysregulation of Wnt signaling.

In this study, we identify and investigate the mechanisms by which truncating ASXL1

mutations in BOS may dysregulate the canonical and noncanonical Wnt signaling pathways.

These findings reveal what we believe are novel regulatory mechanisms underlying BOS

pathogenesis.
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Methods

Patient Recruitment

This project was approved by the UCLA IRB# 11-001087. In conjunction with Dr. Bianca

Russell and the ASXL Biobank at the University of California, Los Angeles, written informed

consent from participants and guardians were obtained for skin punch biopsies and blood

samples. Deep phenotyping and review of medical records was also collected.

Sample Collection

All individual level-data was de-identified prior to analysis and samples were collected for

follow-up experiments. We collected blood from 12 BOS individuals and 38 controls, and skin

punch biopsies from 6 individuals and 7 controls (Table 2-1 and Table 2-2). We used two

independent samples (blood and patient-derived fibroblast) from 4/18 BOS individuals to filter

out noise of genetic background. Whole blood was processed to isolate DNA, RNA and PBMCs

and skin-punch biopsy samples were processed to create patient-derived skin fibroblasts in the

Translational Pathology Core Laboratory at UCLA.

Blood Sample Collection and Processing.

Peripheral blood samples were collected into EDTA tubes for DNA extraction and PBMC

extraction, CPT tubes for PBMC extraction and PAXgene™ Blood RNA Tube (BDBiosciences,

762165) for RNA extraction. Whole blood DNA was extracted using the Qiagen Blood and Cell

Culture DNA Midi Kit (Qiagen #13343), and whole blood RNA was extracted using the

MagMAX™ for Stabilized Blood Tubes RNA Isolation kit (Thermo Fisher Scientific, #4451893)

with DNase treatment. All samples were quantified on the nanodrop, Qubit 4.0 and Tapestation

Bioanalyzer for sample quality control. DNA and RNA were stored at -80C.

Cell Culture

Patient-derived fibroblast cell lines were grown in Dulbecco’s medium (DMEM, Gibco™,

#11-995-073), 10% fetal bovine serum (FBS), 1% Non-essential Amino Acid (NEAA, 100X,
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Gibco™, 11140-050) and 1% PenStrep at 37℃ in 5% CO2 incubators. All cell lines were tested

for mycoplasma (MycoAlert PLUS Mycoplasma Detection Kit, Lonza #LT07-318) on a monthly

basis.

Extractions

Whole Cell Lysis Extraction

Cells were harvested in ice-cold 1X cell lysis buffer (10X, Cell Signaling #9803S)

containing 1X Halt™ Protease and Phosphatase Inhibitor Cocktail (100X, Thermo Scientific™

#PI78442). Soluble lysate fractions were isolated by constant agitation at 4℃ for 30 minutes at

1000 rpm and then centrifugation at 20,000 × g, for 20 min at 4 °C.

Cytoplasmic and Nuclear Extraction

1 million cells were harvested into a 1.5ml eppendorf tube and centrifuged at 500 ×g for

5 min to form a pellet. Cells were washed with ice cold PBS with 0.5mM Sodium Butyrate and

centrifuged at 500 × g for 2 min to form a pellet. After centrifugation, the supernatant was

discarded. Ice-cold CERI with 1X Halt™ Protease and Phosphatase Inhibitor Cocktail (100X,

Thermo Scientific™ #PI78442) was added to each cell pellet. Cytoplasmic and nuclear

extraction was conducted using the Thermo Scientific CE/NER Kit (#78833) according to

protocol.

Histone Extraction

Histones were extracted as per established protocol 49.

Western Blot

Protein was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific

#23225). For Western blots, we used 15ug or 30μg of whole cell lysate, 10μg of cytoplasmic

extract, 3ug of nuclear extract or 1ug of acid-extracted histone per well for 30 minutes at 130V.

Proteins were then transferred to 0.2uM nitrocellulose membranes (BioRad #1704271) using
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the semi-dry TransBlot for 7 min at 25 mA. The membranes were blocked with 5% milk in 1x

TBST and then probed with primary antibodies (1:1000) overnight at 4℃. The antibodies for

whole cell lysate, cytoplasmic and nuclear extracts are shown in Table 2-3.

Membranes were then probed with secondary antibodies (1:10,000), at room

temperature for one hour according to manufacturer dilutions. These secondary antibodies were

Goat anti-Rabbit IgG Highly Cross-Adsorbed, Alexa FluorTM 680 (Invitrogen #A-32734) and Goat

anti-Mouse IgG Highly Cross-Adsorbed, Alexa FluorTM 488 (Invitrogen #A-11001). Blots were

imaged on a Biorad ChemiDoc.

DNA Gel Electrophoresis and Gel Extraction

DNA fragments were analyzed by electrophoresis on a 2% agarose gel in 1xTAE buffer

at 90V for 30-60 minutes. The gel was stained with SYBR™ Safe DNA Gel Stain (Invitrogen,

S33102) for visualization under UV light. Target bands were excised from the gel using a clean

scalpel and extracted using the Zymoclean Gel DNA Recovery Kit (Zymo, #D4001) following the

manufacturer's instructions. The DNA was eluted in 30 μl of Elution Buffer and quantified using

a NanoDrop™ spectrophotometer (Thermo Fisher Scientific).

Sanger sequencing by Genewiz

Gel-extracted PCR products and plasmids were sequenced through GeneWiz and

visualized with SnapGene.

Lipofectamine 3000 transfections

For transfection experiments, fibroblast cells were grown in DMEM (Gibco™,

#11-995-073), 10% FBS, 1% NEAA, and 1% PenStrep, and HEK293T cells and CACO2 cells

were grown in DMEM (Gibco™, #11-995-073), 10% FBS, and 1% PenStrep at 37℃ in 5% CO2

incubators. CACO2 cells were a gift from the Tontonoz lab at the University of California, Los

Angeles.
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RT-qPCR

RT-qPCR was conducted using TaqPath™ 1-Step RT-qPCR Master Mix, CG (Applied

Biosystems, A15300) according to protocol (Document #100020171, Rev 1.00) on

QuantStudio™ 3.

10ng of RNA was used per well in 20ul total well volume, and each sample and primer

combination was conducted in triplicate. Machine settings were for Standard Curve and Fast run

mode. RNA isolated from patient blood and patient-derived fibroblast cell lines were subject to

quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) to validate RNA-seq

findings. RNA isolated from transfection experiments were subject to RT-qPCR to identify

effects of the ASXL1 truncated plasmids or ASXL1 siRNAs on cell transcriptome.

Next Generation Sequencing

RNA-sequencing

Fibroblasts were grown to 80-90% confluency in T75 flasks before total RNA extraction

via RNeasy Plus Mini Kit (Qiagen, #74136). Blood samples were first treated with QIAseq

FastSelect −Globin (Qiagen, #334376). All samples were then prepared with QIAseq FastSelect

−rRNA HMR (Qiagen, #334386) and lllumina Truseq® Stranded Total RNA Library Prep Gold

(Illumina, 20020599), before sequencing to a minimum of 30 million paired end 150bp reads per

sample.

Fibroblast and blood samples were quantified on the Qubit 4.0 and Tapestation

Bioanalyzer 4150 using High Sensitivity RNA Tapestation (Agilent, #5067-5579) to ensure

high-quality RNA (RIN ≥ 9.0 for fibroblasts, RIN ≥ 5.3 for blood). All libraries were quantified on

the Qubit 4.0 and library quality was assessed using Agilent D1000 DNA Tapestation (Agilent,

#5067-5582) before multiplexing and sequencing on a NovaSeq flow cell for a minimum of 30

million paired-end 150bp reads per sample.

66



ATAC-sequencing

Fibroblast lines were cultured to 80-90% confluency in T75 flasks and 50,000 freshly

isolated cells per line were treated with Tn5 transposase as per established protocol 50. Libraries

were sequenced to a minimum of 40 million paired-end reads per sample with 75bp length.

After purification and PCR amplification for library generation, the libraries were double-sided

bead purified using AMPure XP beads (Beckman, A63881) to remove contaminating primer

dimers. All libraries were quantified on the Qubit 4.0 and library quality was assessed using

Agilent High Sensitivity DNA Tapestation (Agilent, 5067-5584) before multiplexing and

sequencing on a Nextseq 550 for a minimum of 40 million paired-end reads per sample with

75bp length.

Cleavage Under Targets & Release Using Nuclease (CUT&RUN)

CUT&RUN libraries were prepared with the established CUT&RUN Assay Kit (Cell

Signaling, #86652S). CUT&RUN libraries were prepared using the SimpleChIP ChIP-seq DNA

Library Prep Kit for Illumina (Cell Signaling, #56795S) with SimpleChIP ChIP-seq Multiplex

Oligos for Illumina (Cell Signaling, #47538S) according to manufacturer guidelines, with

modifications for CUT&RUN as noted in the CUT&RUN Assay Kit (Cell Signaling, #86652S).

The following antibodies were used for CUT&RUN libraries: IgG isotype (DA1E) (Cell Signaling,

#66362, negative control, 1:20), H3K4me3 (C42D8) (Cell Signaling, #9751S, 1:50) and

H3K27me3 (C36B11) (Cell Signaling, #9733S, 1:50) according to protocol. For DNA purification,

the DNA Purification Buffers and Spin Columns for ChIP and CUT&RUN (Cell Signaling,

#14209), with elution in 50 ul. All libraries were quantified on the Qubit 4.0 and library quality

assessed using Agilent High Sensitivity DNA Tapestation (Agilent, 5067-5584) before

multiplexing and sequencing on a Nextseq 550 Mid Output Kit (150 cycles) with 1% PhiX for a

minimum of 5 million paired-end reads per sample with 50bp read length.

Samples were analyzed using the established NF-Core CUT&RUN analysis pipeline51.
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DNA methylation

DNAm data underwent processing through our established pipeline 52. For DNA

methylation (DNAm), the absolute difference between the means of β values for BOS patients

versus controls was calculated for each CpG, obtaining the delta beta (Δβ) value through linear

regression modeling. Highly differentially methylated sites (|delta beta (Δβ)| > 5%) were filtered,

and significant CpG sites were identified with FDR < 0.05. To discern dysregulated biological

mechanisms, queried CpG sites were analyzed using GREAT 53, filtering for gene ontologies

with padj < 0.05. Principal component analysis (PCA) and hierarchical clustering utilized the BOS

DNAm episignature sites (413 CpG sites) 52.

Data Analysis

RNA-seq Bioinformatic Analysis.

Samples were demultiplexed after sequencing, and fastq sequencing files were

processed using established pipelines in the Arboleda lab (Figure 2-1A). Raw read quality,

adaptor content, and duplication rates were assessed with FastQC v0.11.8.54 Raw reads were

then aligned against the Gencode human genome version hg38 (GR38) version 31 using STAR

2.7.0e 55 with default parameters. Gene counts from raw reads were generated using

featureCounts 1.6.5 56 from the Subread package. Only reads that uniquely mapped to exons of

a gene were counted per gene. Differential expression analysis was completed using DESeq2

v1.24.0 57, adjusting for sample gender. Multidimensional scaling based on the top 500 genes

with the highest variance was performed and verified that BOS samples clustered together and

away from controls. We confirmed effective ribosomal RNA (rRNA) removal.

Differential expression analysis was performed, adjusting for sample sex. Genes with a

p-adjusted (Benjamini-Hochberg) less than 0.05 were classified as significantly differentially

expressed (Wald’s test), and fold changes 57 were shrunk using approximate posterior

estimation for GLM coefficients. We further filtered our differentially expressed genes (DEGs) for
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abs(log2FC) ≥ 0.58, corresponding to an absolute log fold change ≥ 1.5. Gene ontology 58,59

over-enrichment tests were completed using clusterProfiler v3.12.0 60 by submitting differentially

expressed genes against all genes from the Gencode hg38 annotation, version 31. Gene

ontologies were classified as significantly enriched when p-adjusted (Benjamini-Hochberg) was

less than 0.05 (hypergeometric test). HOMER v4.9 findMotifs.pl 61 was used to identify

enrichment of motifs within differentially expressed genes’ promoters. Differentially expressed

genes were compared against HOMER’s default human, RefSeq-based promoter set, which

yielded de novo and known motif enrichments for motif lengths of 8, 10, and 12. Sequencing

tracks were visualized using Integrated Genomic Viewer (IGV 2.9.4) and GVIZ.

ATACseq bioinformatic analysis.

Fastq files were processed through our best practise bioinformatic in-house pipeline

(Figure 2-1B). Quality of reads were assessed using FastQC. Raw reads were then aligned to

GENCODE Human genome version hg38 (GR38) version 31 using BWA-MEM 62. BAM files

were then sorted, indexed, filtered against chrX, chrY, and MT reads using SAMtools. Picard

tools were then used to generate insert size histograms and remove duplicates from BAM files.

Narrow peaks from each sample were called using MACS2 callpeak 63; any peak that

overlapped by at least one base was then merged using BEDtools merge 64 merge. Reads

overlapping merged peaks were counted using featureCounts 56. Technical replicates clustered

closely on PCA and were collapsed during analysis. Peaks were annotated using

annotatePeaks.pl from HOMER to the nearest gene or regulatory element, including exon,

intron, promoter, 5’ untranslated region (UTR), 3’ UTR, and other genomic features 61.

DESeq2 was used to identify differentially open peaks between disease and control

samples, adjusting for sample gender. Peaks with p-adjusted value (Benjamini-Hochberg) less

than 0.05 were classified as significantly differentially open (Wald’s test), and fold changes were

shrunk using approximate posterior estimation for GLM coefficients. Significant peaks were
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identified as promoter peaks if their distance from their respective closest gene was less than

1kb upstream or 2kb downstream relative to the gene transcription start site. Gene ontology

over-enrichment tests were completed using clusterProfiler by submitting the closest genes to

significantly differentially open peaks against all genes from the Gencode hg38 annotation,

version 31. Gene ontologies were classified as significantly enriched when p-adjusted

(Benjamini-Hochberg) was less than 0.05 (hypergeometric test). Enriched de novo and known

motifs were identified in significant peaks using findMotifsGenome.pl from HOMER 61.

Significant peaks were identified as promoter peaks if their distance from their respective closest

gene was less than 1kb upstream or 2kb downstream relative to the gene transcription start site.

Sequencing tracks were visualized using Integrated Genomic Viewer (IGV 2.9.4) and GVIZ.

DNA methylation bioinformatic analysis.

We used DNA methylation generated from BOS and control blood and fibroblasts and

processed as described in Awamleh et al. 52. We calculated the absolute difference between

the means of the β value for BOS patients versus controls for each CpG to obtain the delta beta

(Δβ) value using linear regression modeling. We filtered for highly differentially methylated sites

(|delta beta (Δβ)| > 5%). Significant CpG sites were identified if they were below a false

discovery rate (FDR) < 0.05. To identify biological mechanisms that were dysregulated, we

queried these CpG sites using GREAT 53. We filtered for gene ontologies with padj < 0.05 for

significance.

Statistics

RNA-seq, ATAC-seq, and CUT&RUN reads were aligned to the human genome (hg38)

and featureCounts (v1.6.5) was used to generate count matrices for genes or chromatin

regions. DESeq2 (v1.24.0), which internally normalizes sample library size and utilizes the

negative binomial distribution for testing, was used to identify differentially expressed genes

(RNA-seq) or differentially accessible chromatin regions (ATAC-seq, CUT&RUN) after adjusting
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for sample sex, which was identified as a covariate to adjust for through PCAs generated based

on the top 500 most variably expressed genes. Genes or regions were identified as significant if

Benjamini-Hochberg adjusted p-values (padj) <0.05. We further filtered for highly dysregulated

significant genes or regions using an abs(log2FoldChange)≥0.58, corresponding to an

abs(FoldChange)≥1.5 with reference to control samples. Gene ontology over-enrichment tests

were completed using clusterProfiler v3.12.0 by submitting differentially expressed genes

against all genes from the Gencode hg38 annotation, version 31. Gene ontologies were

classified as significantly enriched when padj (Benjamini-Hochberg) < 0.05 (hypergeometric

test).

DNAm beta (β) values were calculated using minfi 65, and differentially methylated sites

were identified by running Limma regression modeling, while adjusting for the covariates of age,

sex, and ethnicity. Our significance cut-offs were FDR<0.05 (Benjamini-Hochberg). We filtered

for significantly methylated CpG sites with abs(Δβ)>0.10, where Δβ represents the difference in

average DNAm (β) between BOS and controls. GREAT 53 was run on significant CpG sites to

identify biological mechanisms that were dysregulated, filtering for gene ontologies with

padj<0.05 for significance.

Results

Study design.

We recruited 18 individuals with BOS (Table 2-1), 25 sex-matched and genetically

related controls, and 30 sex- and age-matched controls (Table 2-2), comprising the largest

cohort of BOS patients studied at the molecular level. All BOS individuals had clinically identified

ASXL1 mutations in the last 2 exons of the gene predicted to cause protein-truncating variants

(NM_015338.6), between amino acids 364 to 1415 (Figure 2-2A, Table 2-1). A summary of

patient demographics is provided in Table 2-4. This cohort includes novel patients first reported
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in 2023 by Russell et al 66, and a subset of patients were previously reported by Awamleh et al.

52. Clinical data are available through the ASXL registry.

Consent was obtained from individuals, who donated peripheral blood (n=14) , a skin

punch biopsy (n=8), or both. Multi-omics analysis was conducted across tissues, examining

chromatin accessibility (ATAC-seq)67, histone modifications H3K4me3 and H3K27me3

enrichment using cleavage under targets and release using nuclease (CUT&RUN)68, DNA

methylation (DNAm, Illumina Epic Arrays)52, and global transcriptome (RNA-seq) (Figure 2-2B,

Figure 2-2C). The study aimed to understand tissue-dependent and -independent dysregulation

caused by truncating ASXL1 mutations. We derived disease-specific DNAm signatures 52 and

transcriptional signatures from RNA-seq using blood and fibroblast cells (Figure 2-2B), and

integrated our findings to examine the trans-omics dysregulation (Figure 2-2D).

ASXL1 transcript and protein expression levels were not significantly different in BOS patient

samples.

ASXL1 exhibits a broad expression profile across various tissues and cell types,

consistent with the clinical manifestation affecting multiple organ systems. Thus, we

hypothesized that ASXL1 mutations may have high-level epigenomic and transcriptomic

signatures across affected cells and tissues.

To examine ASXL1 expression between BOS and control samples, we performed

RT-qPCR using ASXL1 primers (Table 2-5), revealing no significant differences in ASXL1

expression levels between BOS and control samples in both blood (n=4 BOS, n=4 control) and

fibroblast (n=6 BOS, n=6 control) samples.

We also analyzed RNA-seq data to evaluate ASXL1 transcript levels. In blood samples,

the absolute fold change (|log2FoldChange|) was 0.11, falling below the threshold for a strong

fold change (0.58), with an adjusted p value (padj) of 0.29, failing to meet our significance
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criterion of padj<0.05. Similarly, for fibroblasts, the |log2FoldChange| was -0.01, and padj was

0.95.

To explore whether the truncating mutation influenced wild-type ASXL1 protein levels,

we meticulously selected a high-quality antibody through testing multiple commercially available

options (Table 2-3). This selection process involved CACO2 cells, characterized by elevated

ASXL1 RNA expression, and HEK293T cells transfected with FLAG-tagged truncated ASXL1

(54). Two antibodies (ab228009, MABE1933) were identified, with ab228009 exhibiting higher

ASXL1 expression in CACO2 cells and demonstrating overlap with the ASXL1 construct probed

with a high-affinity FLAG antibody.

Western blotting identified no bulk differences in total ASXL1 protein levels between

BOS (n=5) and control (n=5) fibroblasts (Figure 2-2E). Western blot bands for ASXL1 were

consistently detected at the same molecular weight between BOS and control samples, and

truncated proteins were not detected at a reduced molecular weight for any BOS sample tested.

This is consistent with other literature examining endogenous, truncated human ASXL1

expression 69.

Finally, we extracted histones from fibroblast cells to quantify global changes for histone

modification. The identified mutations in BOS lead to the premature termination of ASXL1

before the PHD domain—a critical histone- and DNA-binding domain known for recognizing

specific histone modifications, including H3K4me and H3K27me3 (5). It is also implicated in

influencing levels of H3K27me3 and H2AK119ub (19). We performed histone immunoblotting,

focusing on the specific modifications mentioned, using representative BOS (n=5) and control

(n=5) fibroblast samples. Our analysis revealed no significant changes in the levels of

H3K4me3, H3K27me3, or H2AK119Ub between BOS and control groups (Figure 2-2F). These

findings suggest that the observed ASXL1 mutations in BOS do not result in overt alterations to

these key histone modifications in the examined fibroblast cells.
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The study aimed to understand if truncating mutations affected ASXL1 transcript or

protein levels, but no significant differences were observed.

Transcriptomic profiling in BOS patient samples.

One of the fundamental roles of ASXL1 is to regulate the epigenome, activating and

repressing the expression of specific genes and pathways during developmental time points.

The intricate interplay between epigenetic modifications and transcriptional regulation prompted

us to conduct comprehensive RNA-seq analyses on blood and dermal fibroblasts from both

BOS patients (n=8 blood, n=7 fibroblasts) and controls (n=11 blood, n=7 fibroblasts. A total of 33

RNA-seq libraries were generated, ensuring a minimum of 30 million reads per sample across

different groups.

In line with our qRT-PCR data, normalized ASXL1 gene expression exhibited no

significant differences between BOS (n=8) and control (n=11) blood samples, as well as

between BOS (n=7) and control (n=7) fibroblast samples. Examining the relationship between

ASXL1 reads and total sequencing reads revealed a correlation in both blood and fibroblast

samples, with fibroblasts exhibiting higher normalized ASXL1 read counts per sequencing

coverage, consistent with the tissue-specific expression pattern.

Further exploration into the correlation between ASXL1 reads at mutation sites and total

ASXL1 reads demonstrated no significant correlation (R2<0.01 for blood samples and R2=0.10

for fibroblast samples). Notably, individual variations were observed, such as Pt4 fibroblasts with

only 2 reads at the mutation site compared to a total of 3968 ASXL1 reads, and Pt8 blood with

100 reads at the mutation site compared to 1314 total ASXL1 reads.

Allelic Distribution in ASXL1 in BOS patient samples.

To evaluate allelic representation, we assessed the ASXL1 reference and mutant alleles

in patient blood (Figure 2-3A, n=8) and fibroblast (Figure 2-3B, n=7) RNA-seq data. Calculating

the variant allele frequency (VAF) at the mutation site across each BOS sample, most samples
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conformed to the expected germline range, between 30% to 70% of the reads at the site

(Figures 2-3A and 2-3B). This suggests that these late-truncating alleles escape

nonsense-mediated decay.

An exception to the expected germline allele distribution was identified in Pt6, who

underwent treatment for Wilms tumor before sample collection, displaying 36.9% pathogenic

allele in fibroblast RNA-seq, but intriguingly, 100% of reads (27/27) in blood RNA-seq over the

ASXL1 mutation site contained the pathogenic mutation and no reference allele was identified,

suggesting loss of heterozygosity. This suggests a potential selective growth advantage during

tumorigenesis, treatment, or new clonal hematopoiesis. Pt6, with truncating mutation at amino

acid 672, underwent treatment with actinomycin D and vincristine for Wilms tumor years prior to

sample collection.

Transcriptomic profiling of Bohring-Opitz syndrome reveals tissue-specific transcriptional

dysregulation

To assess the pathogenesis of truncating ASXL1 mutations, we examined the impact on

global transcription across diverse tissues. ASXL1, expressed ubiquitously at low levels

throughout the body, exhibits higher expression in the skin (32.55 transcripts per million (TPM))

than in whole blood (8.03 TPM). Anticipating a greater number of differentially expressed genes

(DEGs) in blood RNA-seq, given its bulk assessment of heterogeneous cell types, we observed

substantial gene expression dysregulation in blood, identifying 2118 significant DEGs (Figure

2-3C), in contrast to 177 in fibroblast RNA-seq (Figure 2-3D). The top 30 DEGs for BOS

fibroblast are shown in Table 2-6, and the top 20 DEGs for BOS blood are shown in Table 2-7.

We identified an outlier in our blood RNA-seq analysis—Pt7 (Figure 2-3A), aged 29 at

sample collection (Table 2-1). Pt7 defies the typical age distribution of BOS, associated with

high infant mortality (27%), with most patients not surviving into early adulthood (56). The rarity

of BOS and the age profile of available samples constrained our ability to independently assess
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Pt7 for age-related effects. Corrective measures included incorporating an age-matched control,

Ctrl19 (age 28, Table 2-2), integrating analyses across diverse -omics assays with varying

control group ages, and assessing significant genes for age-specific bias. Moreover, we

examined if Pt7's transcript expression resembled other BOS cases before downstream

analysis.

After filtering for fold change (|log2FC|≥0.58), 1097 significant DEGs were identified in

blood and 155 in fibroblasts. Both blood and fibroblast RNA-seq analyses revealed a

predominance of upregulated DEGs in BOS patients compared to controls—590/1097 DEGs

(53.8%) in blood (Figure 2-3C) and 125/155 DEGs (80.6%) in fibroblast cells (Figure 2-3D). Top

DEGs in blood included GRIK5 (Glutamate receptor, Kainate 5, log2FC=3.8), VANGL2

(Vang-like protein 2, log2FC=3.8), and GREM2 (Gremlin 2, BMP antagonist, log2FC=-2.5), while

fibroblast DEGs featured UGT3A2 (UDP Glycosyltransferase Family 3 Member A2, log2FC=4.8),

VANGL2 (log2FC=2.5), GRIK5 (log2FC=2.5) and GREM2 (log2FC=-2.1). Gene ontology

analyses unveiled an unexpected commonality in BOS tissues, despite their distinct origins,

identifying enrichment in the biological process of regulating neuron projection development

(padj=9.82x10-5 in blood, padj=0.02 in fibroblasts) (Figures 2-3E and 2-3F), driven by genes

that play key roles in early morphogenesis, particularly neurodevelopmental processes.

Our exploration of gene ontology (GO) in blood and fibroblast RNA-seq not only revealed

distinct gene expression alterations but also highlighted tissue-specific changes. Blood DEGs

were enriched for hematological processes, encompassing T-cell activation (padj=3.23x10-8),

neutrophil activation (padj=1.90x10-5), axogenesis (padj=1.90x10-5), and leukocyte cell-cell

adhesion (padj=3.62x10-5) (Figure 2-3E). In contrast, fibroblast DEGs showed enrichment in

structural cell processes, particularly dysregulation of potassium ion transport (padj=0.004) and

regulation of membrane potential (padj=0.02) (Figure 2-3F).
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Transcriptomic profiling of Bohring-Opitz syndrome reveals tissue-independent transcriptional

dysregulation

To examine potential common, cross-tissue effects of truncating ASXL1 mutations, we

performed a correlation analysis on BOS blood RNA-seq DEGs and BOS fibroblast RNA-seq

DEGs to unveil shared dysregulated transcripts (Figure 2-3G). We identified a core subset of 25

genes dysregulated across both tissue types, with 84% (21/25) of DEGs showing dysregulation

in the same direction. This compelling evidence suggests a robust tissue-independent effect of

ASXL1 mutations transcending tissue types. Noteworthy genes within this core subset include

VANGL2, GRIK5, and GREM2, emphasizing their pivotal role in the broader impact of ASXL1

mutations.

Chromatin accessibility dysregulation unveils aberrant activation of developmental pathways

ATAC-seq analysis of BOS (n=6) and control (n=6) fibroblast cells was conducted to

examine chromatin accessibility. Chromatin accessibility, identified by increased reads over a

genomic region in ATAC-seq, positively correlated with gene expression BOS gene expression

profiles, establishing a crucial link between epigenetic modifications and transcriptional

dysregulation (Figure 2-3D) 67,70.

All ATAC-seq libraries displayed the expected distribution of fragment lengths, with an

average of 52% of fragments being small (<200 bp length) representing open chromatin

regions, and progressively fewer fragments of larger size spanning nucleosomes (>300 bp

length). Distinct chromatin landscapes were identified for BOS patient fibroblasts compared to

controls. Notably, BOS fibroblasts exhibited a mean insert size of 184bp, indicative of more

open chromatin regions, while control fibroblasts had a median insert size of 242bp, reflecting

less open chromatin regions. PC1 (47% variance) on PCA and heatmap analysis underscored

the clear separation of BOS and control samples, emphasizing the impact of ASXL1 mutations

on chromatin accessibility (Figure 2-4A).
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A comprehensive examination of differentially accessible regions revealed 4336

significant peaks, with 70.02% (3036/4336) more open and 29.98% (1300/4336) more closed

regions in BOS patients compared to controls. These peaks corresponded to 3054 unique

genes, with 25.0% (763/3054) represented by more than one significant differentially accessible

peak. Key genes, such as APBA2 (Amyloid beta precursor protein binding family A member 2),

KCNQ5 (Potassium voltage-gated channel subfamily Q member 5), OTUD7A (OTU

deubiquitinase 7A), PRXL2A (Peroxiredoxin like 2A) and PELI2 (Pellino E3 ubiquitin protein

ligase family member 2), were among those affected, each represented by multiple peaks.

HOMER annotation 61,71 unveiled top differentially accessible peaks mapping to FBXL20

(log2FC=-8.3), LINGO1 (log2FC=-7.2), RUNX3 (log2FC=4.4) and CTNNB1 (β-catenin,

log2FC=3.8). The top 20 significantly dysregulated transcriptional start site (TSS) and 5’UTR

peaks are listed in Table 2-8.

Gene set enrichment analysis identified dysregulation in crucial developmental systems,

encompassing muscle development and differentiation (padj=9.11x10-13), skeletal system

development (padj=1.0x10-9), regulation of neurogenesis (padj=1.35x10-9), limb morphogenesis

(padj=1.38x10-8), renal system development (padj=2.14x10-8), and cardiac septum morphogenesis

(padj=2.67x10-8) (Figure 2-4B). Motif enrichment analysis using both known motif and de novo

methods identified significant enrichment of transcription factor binding sites, including JunB

(padj=1x10-208, BOS 18.43%, background 5.23%), RUNX1 (padj=1x10-203, BOS 26.45%,

background 10.09%) and Fra1 (padj=1x10-196, BOS 17.44%, background 4.95%), emphasizing

the core factors driving dysregulation of differentially expressed genes in BOS.

Chromatin accessibility is correlated with the dysregulation of gene expression in BOS.

To unravel the connection between transcriptional dysregulation in BOS and chromatin

accessibility, we integrated DEGs identified from fibroblast RNA-seq (BOS n=6, control n=6)

with differentially accessible chromatin regions pinpointed through ATAC-seq (BOS n=6, control
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n=6). This revealed a positive correlation (R2=0.405) between increased chromatin accessibility

and increased gene expression for the same gene (Figure 2-4C).

Seventy-one differentially accessible chromatin regions corresponded to 20.9% (37/117)

unique DEGs in the fibroblast RNA-seq dataset. For DEGs represented by multiple significantly

differentially accessible peaks, we validated that these peaks were concordant in the direction of

change. Notably, a subset of these peaks mapped to the promoter-transcriptional start site

(TSS) region, typically indicative of more pronounced effects on transcription. Approximately

19.7% (14/71) of the peaks mapped to promoter-TSS regions, including the differentially

accessible peak for VANGL2. This association accounted for 35.1% (13/37) of unique DEGs in

the fibroblast RNA-seq data, underscoring a clear link between increased promoter accessibility

and increased transcription.

Further extending our findings across tissue types, a subset of DEGs identified through

ATAC-seq exhibited dysregulation in RNA-seq analyses of both BOS fibroblast and blood

samples (Table 2-9). Seven genes emerged as significant and differentially expressed across

multiple omics levels (ATAC-seq and RNA-seq) and tissues (blood and fibroblasts): VANGL2,

PRXL2A, APBA2, OTUD7A, KCNQ5, PELI2, and GREM2. These genes, pivotal in body

patterning, neuron function, neural plate development, and ubiquitination, underscore their

multifaceted involvement in the pathogenesis of BOS.

Truncating ASXL1 mutations dysregulate DNA methylation, and contribute to changes in gene

expression.

The negative correlation between endogenous CpG methylation levels at promoter

regions and gene expression is well-established (Figure 2-2D) 70. Increased DNA CpG

methylation or more closed chromatin correlates with diminished gene expression. To generate

a BOS-specific DNA methylation (DNAm) signature, we conducted genome-wide DNAm
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profiling in blood from BOS individuals (n=13) compared to sex- and age-matched control

subjects (n=26) (Table 2-1 and Table 2-2) 52.

DNAm analysis unveiled 8596 differentially methylated CpG sites (FDR<0.05),

associated with ENSEMBL genes, with 5773 CpG sites overlapping genes and mapping to 3803

unique genes. Employing linear regression modeling, 763 differentially methylated CpG sites

surpassed a threshold of |Δβ|>0.10 (10% DNAm difference). These sites corresponded to 163

unique genes, 71 of which (43.6%) were represented by more than one differentially methylated

CpG site. After filtering for effect size (abs(log2FC)>0.58), 24 unique genes remained,

encompassing 50 differentially methylated CpG sites, including Proteasome 20S subunit alpha 8

(PSMA8) represented by 8 sites, Ellis van Creveld (EVC) represented by 6 sites, and LRP5

represented by 3 sites.

Examining the potential downstream effects of statistically significant differential

methylation on transcription, we correlated BOS blood DNAm with RNA-seq expression profiles.

This identified 672 differential CpG sites that mapped to 341 unique DEGs in the blood RNA-seq

dataset, and we observed 143 genes represented by more than one differential CpG site.

Genes represented by multiple CpG sites were analyzed for concordance across the same

gene and analyzed in correlation with gene expression values for each sample. We filtered for

highly differentially methylated sites (|Δβ|>5%) and highly differentially expressed transcripts

(|log2FoldChange (log2FC)|>1.5). After filtering, we retained 50/672 CpG sites (7.44%),

corresponding to 24/341 unique genes (7.04%) (Figure 2-5A). 11 genes were represented by

>1 CpG site, including PSMA8 with 8 CpG sites and GRIK5 with 2 CpG sites. VANGL2 was

represented by 1 CpG site. The correlation between these DNA methylation differences and

transcriptomic changes indicates a steady-state effect of dysregulated DNA methylation on gene

expression.

Three differentially methylated CpG sites within the transcriptional start site (TSS) were

identified for EVC and EVC2. Both genes were hypomethylated at the TSS (-5% and -3.5%,
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respectively) and transcriptionally upregulated (log2FC=1.50 and 1.54, respectively) in BOS

patient blood.

We also generated BOS DNAm data using BOS fibroblasts (n=8) and control fibroblasts

(n=8). We identified 444 CpG sites with a nominal p-value of 0.005 and |Δβ|>0.10. Despite not

meeting FDR<0.05 criteria for significance, the fibroblast DNAm analysis displayed lower

significance and effect levels compared to blood, this aligned with our RNA-seq findings when

comparing across tissues. The inherent homogeneity in fibroblast cell culture, as opposed to the

heterogeneity of primary tissue like blood, likely contributed to this observation. Furthermore,

the reduced number of DEGs identified in fibroblast RNA-seq compared to blood RNA-seq may

have resulted in no significant correlations between fibroblast DNAm and RNA-seq.

Gene set enrichment analysis of DNA methylation and RNA sequencing reveals activation of

canonical Wnt pathway signaling in BOS samples.

We observed concordant findings in the DNAm and RNA-seq datasets which prompted

us to conduct gene ontology analysis for common gene targets using two complementary

methods, GREAT 53 and clusterProfiler v3.12.0 60. We applied a significance threshold of

padj<0.05. Both analyses unveiled significant gene set enrichments in the Wnt signaling pathway

(GO#0060070, 17 genes, padj=0.045), anterior-posterior pattern specification process

(GO#0007389, 19 genes, padj=0.045), and regulation of neuron projection development

(GO#0010975, 19 genes, padj=0.045), along with other biologically relevant pathways (Figure

2-5B, Table 2-10). Key genes enriched in these pathways include PSMA8, WNT7A, FZD3,

LRP5 and LRP6 in canonical Wnt signaling and body pattern specification. VANGL2 strongly

contributed to the enrichment in the latter pathway. The identification of overlapping gene

targets and pathways between the methylome and transcriptome in BOS patients suggests

robust, coordinated, epigenetically-driven effects of truncating ASXL1 mutations.
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PSMA8 emerged as a pivotal driver gene in the canonical Wnt-signaling enrichment

identified in blood DNA methylation and RNA-seq data. We observed significant

hypermethylation of PSMA8 across all 8 CpG sites within the promoter and TSS region, with Δβ

ranging from 6.1% to 18.9% (Figure 2-5C). Transcriptionally, PSMA8 was downregulated in

BOS patient blood (log2FC=-2.92, Figure 2-5D). Interestingly, PSMA8 showed no expression in

BOS (n=7) or control (n=7) fibroblasts, with normalized read counts of 0 in all samples and a

read count of 1 in one BOS fibroblast sample .

Truncating ASXL1 mutations disrupt canonical and non-canonical Wnt signaling.

The integration of various datasets unveiled dysregulation of the canonical Wnt pathway

(Figure 2-6A), as evidenced by gene set enrichment analysis of RNA-seq (Figure 2-3E) and

DNA methylation studies (Figure 2-5B). This dysregulation was characterized by a consistent

pattern of upregulation in the RNA-seq differentially expressed genes (DEGs) associated with

the canonical Wnt/β-catenin pathway. Specifically, we observed the upregulation of Wnt ligands:

WNT1 (log2FC=0.87), WNT7A (log2FC=0.97), and WNT10B (log2FC=0.53) and upregulation of

Wnt ligand receptor, Frizzled receptor FZD3 (log2FC=0.87).

Western blot quantification of representative BOS fibroblasts (n=5) and control (n=5)

fibroblasts did not reveal significant differences in two key proteins regulated through spatial

distribution, VANGL2 and β-Catenin, using bulk whole-cell lysate (Figure 2-6B and 2-6C).

However, the analysis using a commercial Wnt antibody kit demonstrated a fold increase of 1.5x

for AXIN1, 2.8x for AXIN2, 3.5x for DVL2, and 1.5x for DVL3 averaged across BOS patient

samples compared to controls (Figure 2-6C). Notably, while the levels of ASXL1, histone marks,

VANGL2, β-Catenin, and β-actin were consistent between BOS samples, Pt3 and Pt4 exhibited

control-like levels of AXIN2, DVL2, and, to some extent, DVL3.

RNA-seq and DNA methylation studies further identified aberrant upregulation and

hypomethylation of Wnt signaling co-receptors LRP5 (Figure 2-6D to 2-6F) and LRP6 (Figure
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2-6G to 2-6I). We observed significant transcriptional upregulation of LRP5 (log2FC=1.64, padj

=3.58x10-9, Figure 2-6D and 2-6E) and LRP6 (log2FC=1.63, padj =1.17x10-12, Figure 2-6G and

2-6H), 4 hypomethylated DNAm sites for LRP5 (Δβ -3.5% to -8.0%, FDR<0.05) (Figure 2-6F),

2 of which reside in a CpG island, and 2 hypomethylated DNAm sites for LRP6 (Δβ -2.7% to

-4.0%, FDR<0.05), both of which reside in a CpG island (Figure 2-6I).

Moreover, we identified transcriptional upregulation of AXIN2 (log2FC=0.95) and

downregulation of GSK3β (log2FC=-0.28), consistent with canonical Wnt signaling activation.

AXIN2, a key mediator, is directly induced by Wnt pathway activation, and its expression serves

as a proxy reporter for Wnt pathway signaling (62, 63). Additionally, in BOS patient samples, the

Wnt pathway transcription factors, TCF7 (log2FC=0.81) and LEF1 (log2FC=0.86), were

significantly transcriptionally upregulated.

Altered epigenetic profile in VANGL2, a non-canonical Wnt signaling gene, in BOS.

VANGL2 emerged as a prominently dysregulated gene in BOS, displaying significant

overexpression in both blood and fibroblast RNA-seq datasets (Figure 2-3G). The integration of

RNA-seq, ATAC-seq, and DNAm data consistently identified VANGL2 as differentially regulated

across all datasets (Figure 2-4C and 2-5A).

In BOS blood samples, VANGL2 exhibited transcriptional upregulation accompanied by

hypomethylation (Δβ= -7.6%) at the TSS of VANGL2 CpG site cg17024258 (Figure 2-6J) and

an inverse relationship between hypermethylation and transcriptional upregulation in individual

samples. The 5’ UTR of VANGL2 displayed a 2.3-fold increase in chromatin accessibility as

observed in ATAC-seq data (Figure 2-6K).

These findings were supported by differential gene expression of VANGL2 in BOS

patients compared to control samples. Cross-tissue RNA-seq integration (Figure 2-3G) showed

that VANGL2 was significantly overexpressed in both BOS patient blood (log2FC=3.8, Figure

2-6L) and in fibroblasts (log2FC=2.55, Figure 2-6M).
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Additionally, the visualization of ATAC-seq data in IGV revealed a clear increase in reads

for BOS patients at the VANGL2 TSS, indicating more open chromatin (Figure 2-6N).

CUT&RUN for H3K4me3, a transcription-activating histone mark, further supported these

findings, showing significantly stronger H3K4me3 binding at the VANGL2 TSS in BOS

compared to controls (Figure 2-6O). Notably, ASXL1's role in histone modifications, particularly

H3K4me3, H3K27me3, and H2AK119ub, has been established, and our data further

corroborates that truncating mutations in ASXL1 result in the loss of its gene-repressive

functions.

Discussion

Comprehensive multi-omics studies establish a direct link between ASXL1 mutations and the

Wnt signaling pathway.

We employed a comprehensive multi-omics approach to profile primary samples from

BOS patients. This study marks the first direct link of ASXL1 mutations to the activation of both

canonical and the non-canonical Wnt-signaling pathway, specifically the planar cell polarity

(PCP) pathway (Figure 2-7). These pathways are essential in developmental patterning, with

the PCP pathway playing a key role in defining cell polarity and regulating morphogenesis and

diverse cellular processes 72. The data demonstrate that upregulation of Wnt pathways in BOS

samples can be attributed to disruption of the epigenetic landscape, ultimately resulting in

transcriptomic dysregulation.

In contrast to most studies focusing on human ASXL1 function in the context of myeloid

leukemia, which propose haploinsufficiency 10,35, dominant negative, or gain-of-function effects

30,36,37, our findings present a unique perspective. Previous reports on in vivo deletion of ASXL1

showed mild phenotypes in myeloid and lymphoid cell frequencies 7, while other studies with

ASXL1 knockout mice demonstrated systemic developmental defects and MDS-like

presentation, suggesting a potential loss-of-function effect in hematopoietic progenitor cells 10,35.
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However, it is essential to note that the majority of ASXL1 mutations identified in human myeloid

malignancies and BOS do not involve a deletion but rather harbor C-terminal nonsense or

frameshift mutations. These mutations are hypothesized to escape nonsense-mediated decay

and may potentially exert a dominant-negative or gain-of-function effect 30.

Our findings, revealing comparable ASXL1 transcript and protein expression between

BOS and control samples (Figures 2-2D, 2-3A, and 2-3B) are consistent with this hypothesis

and show no evidence of degradation or nonsense mediated decay. The dysregulation observed

in BOS may be a result of the combination of haploinsufficiency of the full-length transcript and

translation of a short and non-functional protein, leading to the mistargeting of ASXL1 functions.

Furthermore, the developmental context may also play a role, a hypothesis supported by iPSC

studies conducted by Matheus et al. 8.

Additionally, our findings of comparable levels of wild-type and pathogenic transcripts in

BOS patients add further evidence to the existing literature, refuting the role of

nonsense-mediated decay and haploinsufficiency in BOS pathogenesis 36,73. Instead, the

pathogenesis appears to be mediated through mis-expression and impact, potentially through

gain of function, of a truncated ASXL1 protein.

These findings highlight the discovery of the direct linkage between ASXL1 mutations

and Wnt-signaling pathways, challenges prevailing theories regarding ASXL1 mutations, and

provides crucial insights into the complex mechanisms underlying BOS pathogenesis.

High-penetrance mutations in severe monogenic disorders supersede effects of age, sex and

genetic background in molecular assays.

Despite the well-established tissue-specific gene expression 74, we propose that the

high-penetrance effect of truncating ASXL1 mutations leads to a set of dysregulated genes

across tissues. The identification of 25 common DEGs in both BOS blood and fibroblast data

supports the overarching hypothesis that truncating ASXL1 mutations exert a strong
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tissue-independent effect across tissues expressing ASXL1. The functions of these key genes

likely contribute to BOS pathophysiology, suggesting that targeting these genes could provide a

systemic treatment for BOS.

Addressing the inherent challenges in studying rare diseases, including heterogeneity in

ages at sample collection and diverse genetic backgrounds of patients, is crucial. While

controlling for age-specific effects and genetic background proves challenging with fewer than

100 reported patients worldwide, our study took steps to mitigate these challenges. DNA

methylation controls were matched for age and sex effects, while ATAC-seq and RNA-seq

controls were matched for sex and genetic background effects. The integration of ATAC-seq,

RNA-seq, and DNA methylation data, along with the identification of common dysregulated

genes, suggests that the impact of truncating ASXL1 mutations supersedes the effects of age

and genetic background.

Integration of ATAC-seq and RNA-seq identified seven genes that were commonly

dysregulated (Table 2-4). We tested these genes specifically for age-specific effects since that

was a variable we were unable to sufficiently match given the young age of the BOS patient

cohort, and restricted access to samples from healthy young children who do not require

procedures. In our ATAC-seq and RNA-seq assays, we primarily used related parental controls

to account for genetic variation in our population. The seven genes that were commonly

dysregulated in our ATAC-seq and RNA-seq integration (Table 2-4), were all tested as part of a

larger study by Lee et al. 75 through transcriptome analysis to classify human genes based on

age-specific differential expression analysis. None of these genes showed an age-specific

signature. These seven genes have important functions in body patterning and organogenesis,

nervous system development and ubiquitination regulation. While this does not rule out

age-specific differences in potential interacting proteins, it suggests that truncating ASXL1

effects are not significantly impacted by age.
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ASXL1 represses canonical and non-canonical Wnt signaling in normal development

A pivotal finding of this study is the association between ASXL1 mutations and the

activation of both canonical and non-canonical Wnt-signaling pathways. The canonical Wnt

signaling pathway plays an important role in embryonic development, stem cell maintenance,

and differentiation of cells in adults and is highly conserved across species 76. The Wnt signaling

pathway is under complex regulation, and functions in context-specific manners dependent on

the receptors present on the cell membrane and Wnt ligand-receptor interactions during

pathway activation 77.

The molecular mechanisms and specific developmental stages of the interactions

between the canonical and non-canonical Wnt pathways are not well elucidated. In the absence

of Wnt signaling, β-catenin undergoes degradation by the 26S proteasome, comprising two

subcomplexes, the 20S proteasome and the regulatory particle 78,79 (Figure 2-6A). We observed

hypermethylation and transcriptional downregulation of PSMA8, a subunit of the 20S

proteasome, in BOS patient samples (Figure 2-5C and 2-5D). This suggests downregulation of

the 26S proteasome-mediated degradation of β-catenin in BOS patient tissues 78. While PSMA8

is involved in numerous cellular pathways, considering the context of other differentially

regulated Wnt signaling pathway genes identified, the hypermethylation and transcriptional

downregulation of PSMA8 aligns with our findings of aberrant Wnt activation in RNA-seq

(Figure 2-3E) and DNA methylation studies (Figure 2-5B) of BOS.

The “β-catenin destruction complex” comprising AXIN1, AXIN2, Dishevelled1/2/3 (DVL1,

DVL2, DVL3), GSK3β and Adenomatous polyposis coli (APC), plays a crucial role in Wnt

signaling. BOS patient fibroblast samples exhibited increased protein levels of AXIN1, AXIN2,

DVL2, and DVL3. Notably, Pt3 and Pt4, who harbor truncating mutations within close proximity;

at amino acid 635 and 642 respectively, exhibited control-like levels of AXIN2, DVL2 and, to

some extent, DVL3. This hints at a location specific effect of ASXL1 mutations, necessitating

further investigation. The heterogeneity of BOS, influenced by patient specific factors such as
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sex and age, or environmental effects, was evident in our analysis. Fibroblasts derived from

female BOS patients (Pt2, Pt14 and Pt15) exhibited much higher levels of Wnt pathway proteins

than fibroblasts from male patients (Pt3 and Pt4). No significant difference was identified

between male and female control samples, suggesting a potential sex-linked differential effect of

truncating ASXL1 mutations on Wnt pathway protein expression, warranting further study and

replication with an increased number of patient samples.

Contrary to expectations, Western blot analysis did not reveal differences in total whole

cell β-catenin or VANGL2 levels between BOS and control fibroblasts (Figure 2-6B and 2-6C).

Given that both genes are both post-translationally regulated, further studies are required to

unveil their role in driving phenotypic effects. Investigating the cellular localization of canonical

and non-canonical Wnt proteins is essential to understanding their role in BOS pathogenesis.

Notably, the nuclear translocation of β-catenin is important in identifying Wnt signaling

pathway activation. In the Wnt-active state, the “β-catenin destruction complex” is dissociated

and leads to nuclear translocation of β-catenin 42–44 (Figure 2-6A). In the nucleus, β-catenin

binds to the TCF and LEF families, initiating transcription of Wnt pathway targets 80,81. TCF7,

upregulated in BOS samples, is an important regulator of self-renewal and differentiation in

multipotential hematopoietic cell lines 82, potentially shedding light on the pathogenesis of

myeloid cancers with truncating ASXL1 mutations.

In contrast, the non-canonical Wnt pathways, including the PCP pathway which defines

cell polarity and migration, exhibit β-catenin-independent regulation of crucial events during

embryonic development 83. However, experiments suggesting binary utilization of these

pathways may be model-system and context-specific 47. Given the complex interplay and

cross-talk at various levels of the Wnt signaling pathways, we endorse a more integrated view,

rather than the outdated binary classification 47.
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Dysregulation of the Wnt signaling pathway identified in BOS samples may explain phenotypic

presentations in BOS patients.

The identified dysregulation of the Wnt signaling pathway in BOS samples provides a

potential explanation for the observed phenotypic presentations in BOS patients. Wnt signaling

plays a key role in hair growth and the development of hair follicles. Notably, WNT10B,

transcriptionally upregulated in BOS samples, promotes differentiation of primary skin epithelial

cells towards the hair shaft in mice and elongation of the hair shaft in isolated rabbit whisker hair

follicles 84–86. Intriguingly, clinicians and parents have frequently noted excessive hypertrichosis

with rapidly growing hair and nails in BOS patients 24. This suggests the possibility that aberrant

activation of Wnt signaling may play a crucial role in the pathophysiology of BOS patients.

Several other significant Wnt signaling DEGs in our datasets further support the intricate

role of Wnt signaling in BOS. WNT1, known for its importance in regulating cell fate and

patterning during embryogenesis, and WNT7A, a key gene in embryonic dorsal vs ventral

patterning gene, are among these genes. WNT7A also serves as a key regulator of normal

neural stem cell renewal, proliferation, and differentiation. The activation of the PCP pathway

WNT7A, coupled with its overexpression inducing Vangl2 overexpression and impairing

neurulation in mouse neural stem cells through aberrant Vangl2 polarized distribution 87,88, adds

a layer of complexity to the role of Wnt signaling in BOS pathophysiology.

The comprehensive integration of our epigenomic, transcriptional and protein data

regarding the Wnt signaling pathways consistently indicates a distinct activation of canonical

Wnt signaling in BOS samples. These findings not only provide valuable insights into the

molecular mechanisms underlying BOS but also offer a potential connection to the observed

phenotypes in patients.

Upregulation of VANGL2 in BOS drives clinical phenotypes.
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The profound dysregulation of VANGL2 was notable in all our datasets, with a

remarkable 9-fold increase in gene expression driven by epigenetic dysregulation (Figures 2-6J

to 2-6O). VANGL2, known for its role in regulating Wnt protein distribution 89, also plays

non-canonical roles in regulating various developmental processes, including neurulation,

cardiac development, kidney-branching morphogenesis and the regulation of hematopoiesis

48,90–92. Although we identified no significant difference in total VANGL2 protein at the whole cell

level between BOS and control fibroblasts (Figures 2-6B, 2-6C), the functional impact of

VANGL2 is strongly dependent upon cellular localization. The asymmetric localization of

VANGL2 on the plasma membrane is needed for signal transduction, polarization and cell

organization 93. The PCP pathway is also crucial for neural tube closure 94 and studies suggest

that a gradient of Wnt activity helps establish VANGL2 polarity in the neural plate during

neurulation 95, with canonical Wnt signaling required for neural crest induction, and

non-canonical Wnt pathway required for neural crest migration 96.

Studies involving knockout and loss-of-function of Vangl2 identified significant reduction

in spine density and dendritic branching in primary culture rat hippocampal neurons 48. In

humans, homozygous mutations in VANGL2 result in embryonic lethality and cause

craniorachischisis - a severe neural tube defect encompassing anencephaly and bony defects

of the spine - in mice 97. Heterozygous VANGL2 mutations are embryonic lethal and have been

identified in miscarried human fetuses with severe cranial neural-tube defects 98. Considering

the essential role of neural crest cells in nervous system and craniofacial development, along

with their critical contribution to cardiac outflow septation and alignment 99, it is noteworthy that

Vangl2 knockout mice exhibit cardiac outflow tract malformations and septal defects 90, mirroring

findings in BOS patients 24. These observations suggest that dysregulation of VANGL2, with

downstream effects on neural crest migration, may contribute to the severe neural phenotype,

distinctive craniofacial features, and cardiac defects observed in BOS patients 24.
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While the interplay between canonical Wnt and non-canonical Wnt pathways is not well

understood, recent literature suggests reciprocal pathway inhibition through competition for a

common downstream coreceptor FZD 83,100, most evident during tissue regeneration and

development 101,102. We identified upregulation of FZD3 in our data. The asymmetric localization

of FZD3, required for proper function, is dependent on anchoring by VANGL2 through physical

interaction of the two proteins 103. FZD3 regulates the establishment of the non-canonical

Wnt/PCP pathway, playing a role neural crest cell migration and neural tube closure 104,105,

findings that are supported by molecular characterization of truncating ASXL1 mutations

conducted in iPSCs 8.

Limitations and future directions.

A limitation of our study is its focus on differentiated cell types, whereas BOS

pathophysiology is inherently shaped by cellular context and developmental stage. The

molecular effects of epigenetic modifiers like ASXL1 are influenced by cellular and

developmental context, and the effects of ASXL1 are known to begin in early embryogenesis 106.

To capture cell types where ASXL1 maximally impacts clinical phenotypes, embryonic stem cells

would represent an ideal model. In future studies, multi-omics approaches would benefit from

being performed in patient-derived stem-cell models and through samples generated with

introduction of truncating ASXL1 mutations using DNA- editing systems. This shift towards

stem-cell models holds promise for gaining additional insights into the role of ASXL1 in stem cell

homeostasis and differentiation.

Conclusion

In conclusion, we present the largest multi-omics analysis of patients with Bohring-Opitz

syndrome (BOS), a rare genetic disorder. Conducting the first analyses of RNA-seq and

ATAC-seq on primary BOS patient samples, we contribute to the growing literature on ASXL1

and the pathogenesis of ASXL1 truncating mutations. Our integrated methods reveal the
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dysregulation of key transcripts such as VANGL2, through direct chromatin modifications,

suggesting that physiological levels of truncating ASXL1 mutations lead to the loss of the

repressive function of ASXL1. Importantly, pathways dysregulated across multiple assays are

involved in neural development, shedding light on the severe intellectual and neural features in

BOS patients. The dysregulation of Wnt/β-catenin and non-canonical Wnt PCP pathways

emerges as a critical finding, representing key, drug-targetable pathways. Our results hold major

implications for identifying potential therapeutics for diseases harboring ASXL1 mutations.
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Figures and Tables

Figure 2-1: Arboleda lab RNA-seq and ATAC-seq analysis pipelines

(A) Arboleda Lab RNA-seq analysis pipeline.

(B) Arboleda Lab ATAC-seq analysis pipeline.
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Figure 2-2: Multiomics study design for Bohring-Opitz syndrome (BOS) caused by

pathogenic mutations in ASXL1

(A) Schematic representation of the ASXL1 transcript (ENST00000375687.10) and protein

(GenBank: NM_015338.6; GRCh37), depicting its functional domains and mutations causing

BOS. Mutations listed correspond to patients in this study, tagged with a Pt identifier.

(B) Peripheral blood and dermal fibroblasts underwent epigenomic assays for ATAC-seq,

CUT&RUN, DNA methylation, and global transcriptome analysis using RNA-seq.
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(C) Across multiomics assays and two specimen types, we had 8 of 18 BOS samples with

fibroblast assays and 14 of 18 with blood assays. Four of 18 BOS patients had data from

assays across both specimen types.

(D) Promoter hypermethylation and closed chromatin, examined through DNA methylation and

ATAC-seq analysis, respectively, are associated with decreased transcription, while activating

histone methylation, such as H3K4Me3 at promoters and open chromatin, are associated with

increased transcription.

(E) Western blot for representative BOS (n = 5) and representative control (n = 5) fibroblast

whole-cell lysate extracts shows no significant difference in total ASXL1 protein. This

experiment was repeated three times.

(F) Western blot for representative BOS (n = 5) and representative control (n = 5) fibroblast

histone extracts reveals no significant difference in H2AK119ub, H3K4me3, and H3K27me3.

This experiment was repeated three times.
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Figure 2-3: Pathogenic mutations in ASXL1 induce both tissue-specific and

tissue-independent effects on gene expression

(A) and (B): RNA-seq raw read counts illustrate the ASXL1 reference allele (black) and

pathogenic allele (white, outlined in black) at mutation sites in blood (n=8) and fibroblast (n=7)

samples, providing insights into allele-specific expression patterns.
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(C) and (D): RNA-seq heatmaps showcase all significant Differentially Expressed Genes

(DEGs) with Padj < 0.05 and abs(log2FC) ≥ 0.58. In blood, 1097 DEGs are identified (blue for

BOS, n=8; pink for control, n=11), with 53.8% being more upregulated. In fibroblasts, 155 DEGs

are highlighted (BOS, n=7; control, n=7), with 80.6% being more upregulated in BOS patients.

(E) and (F): Gene ontology analyses reveal enriched biological processes in blood and

fibroblast RNA-seq. Blood samples exhibit genes related to nervous system development and

the canonical Wnt signaling pathway, while fibroblast samples highlight genes associated with

nervous system development.

(G): Volcano plots for BOS vs. control RNA-seq in blood (x-axis) and fibroblast (y-axis) identify a

core subset of 25 shared dysregulated transcripts. Remarkably, 21 of these 25 DEGs (84%)

display dysregulation in the same direction, emphasizing a strong tissue-independent effect of

ASXL1 mutations on gene expression.
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Figure 2-4: Epigenetic dysregulation in fibroblasts from BOS patients precipitates

transcriptomic dysregulation.

(A) ATAC-seq heatmap showcases significant DEGs with padj < 0.05 and abs(log2FC) ≥ 0.58 in

fibroblasts. In BOS (blue, n=7) vs. control (pink, n=7), 4336 DEGs are identified, with 70.0%

being more upregulated.
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(B) Gene set enrichment unveils pivotal dysregulated pathways, notably including nervous

system development.

(C) Integration of chromatin accessibility (ATAC-seq, x-axis) and gene expression (RNA-seq,

y-axis) in BOS (n=7) compared to control fibroblasts (n=7) identified a positive correlation (R2 =

0.405) between chromatin accessibility and gene expression. A subset of 37 common

dysregulated transcripts is highlighted (right), signifying their shared epigenetic and

transcriptomic alterations. DEGs deemed significant (red) met the criteria of abs(log2FC) ≥ 0.58

and padj > 0.05.
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Figure 2-5: DNA methylation drives transcriptomic dysregulation in BOS samples and

identifies common dysregulated transcripts enriched in Wnt signaling genes

(A) Integration of patient blood samples across DNA methylation (DNAm) (BOS n=13, control

n=26) and RNA transcriptomic (BOS n=8, control n=11) dysregulation identifies 672 differentially

methylated CpG sites (adjusted p<0.05) that correlate with 341 RNA-seq Differentially

Expressed Genes (DEGs) (adjusted p<0.05). These significant DEGs were further filtered for

RNA-seq |log2FC|≥0.58 and DNAm |Δβ|≥0.05, shown by the dotted red lines. After filtering, we

retained 50/672 CpG sites (7.44%) and 24/341 unique genes (7.04%).
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(B) Analysis of enriched biological processes identified canonical Wnt signaling,

anterior-posterior body patterning, regulation of neuron projection development, and other

biologically relevant pathways.

(C) In BOS patients, PSMA8, a key component of the β-catenin destruction complex, is

hypermethylated in blood DNAm across 8 CpG sites (Δβ 6.1% to 18.9%).

(D) PSMA8 shows strong downregulation in blood RNA-seq (log2FC=-2.92). Control sample

normalized counts ranged from 0 to 17.7, with a mean of 8.1, and quartile bounds of 4.6 and

10.8. BOS normalized sample counts ranged from 0 to 2.1, with a mean of 0.8, and quartile

bounds of 0 and 1.5.
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Figure 2-6: Truncated ASXL1 dysregulates the canonical and non-canonical Wnt

signaling pathways

(A) Canonical Wnt signaling pathway (left) is activated when Wnt ligand stimulates its receptors.

This inactivates the "β-catenin destruction complex," allowing nuclear translocation of β-catenin

and activation of target genes. Van Gogh-like 2 (VANGL2) intersects with the canonical pathway

through activation of Dishevelled (DVL) to activate non-canonical pathways (right) and cell

migration.
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(B) Whole cell lysate (15ug) of representative BOS (n=5) and control-derived (n=5) fibroblasts

show downstream Wnt pathway activation at the protein level through staining for VANGL2,

β-catenin, axis-inhibition protein 1 (AXIN1), AXIN2, DVL2, and DVL3.

(C) ImageJ quantification identified a fold increase of 1.5x for AXIN1, 2.8x for AXIN2, 3.5x for

DVL2, and 1.5x for DVL3 in BOS. This was repeated 2 times.

In BOS patient samples, the Wnt pathway co-receptor LRP5 (green) shows transcriptional

upregulation in (D) blood (log2FC=1.64, padj=3.58x10-9) and (E) fibroblast RNA-seq and (F) DNA

hypomethylation in blood (Δβ -3.5% to -8.0%, FDR<0.05) at multiple CpG sites. Similarly, LRP6

(green) shows transcriptional upregulation in (G) blood RNA-seq (log2FC=1.63, padj=1.17x10-12)

and (H) fibroblast RNA-seq and (I) DNA hypomethylation in blood (Δβ -2.7% to -4.0%,

FDR<0.05).

BOS samples exhibit strong dysregulation of VANGL2 across tissue and assay types (pink).

VANGL2 is (J) hypomethylated (Δβ -7.6%) at CpG site cg17024258, and shows (K) increased

chromatin accessibility at the 5’ UTR (log2FC=1.20), and significant transcriptional upregulation

in (L) blood RNA-seq (log2FC=3.80) and (M) fibroblast RNA-seq (log2FC=2.55). The VANGL2

promoter shows (N) increased chromatin accessibility and (O) increased H3K4me3 marks in

BOS.
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Figure 2-7: Multi-omics analyses identify broad activation of canonical Wnt signaling and

planar cell polarity pathways across BOS patient tissues
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Table 2-1: Bohring-Opitz syndrome (BOS) patient information and assays

Bohring-Opitz syndrome (BOS) patients included in our assays are identified with their patient

IDs. ASXL1 mutation, age at collection, sex, and assays conducted are shown.

105



106



Table 2-2: Control sample information and assays

Control samples included in our assays are identified with their control IDs. Age at collection,

sex, and assays conducted are shown.
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Table 2-3: List of antibodies used

Antibodies used in this paper are shown here with their purchasing information.
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Table 2-4: BOS patient summary table

Summary data (age, sex, mutation) for BOS patients in our cohort that are included in each

-omics assay.
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Table 2-5: RT-qPCR primers

PrimeTime™ RT-qPCR primers were purchased from IDT to assay ASXL1 expression.

Pre-designed primer pairs and fluorescently labeled 5′ nuclease probe that were used in our

assays are listed. These are two primer sets for ASXL1, each targeting a different exonic range.

and one set targeting B-actin (ACTB) which was used as a control.
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Table 2-6: 30 most significant differentially expressed genes in BOS fibroblasts identified

through RNA-seq

DESeq2 was used to analyze RNA-seq gene counts from our cohort of BOS and control

fibroblast samples. Samples were adjusted for the co-variate of sex based on principal

component analysis. Genes were considered significant if Bonferroni adjusted p < 0.05 and the

top 30 dysregulated genes are listed here with their adjusted p value, log2Fold Change, and

gene annotations.
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Table 2-7: 20 most significant differentially expressed genes in BOS blood identified

through RNA-seq

DESeq2 was used to analyze RNA-seq gene counts from our cohort of BOS and control blood

samples. Samples were adjusted for the co-variate of sex based on principal component

analysis. Genes were considered significant if Bonferroni adjusted p < 0.05 and the top 20

dysregulated genes are listed here with their adjusted p value, log2Fold Change, and gene

annotations.
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Table 2-8: Significant differentially expressed genes in BOS fibroblasts identified through

ATAC-seq

DESeq2 was used to analyze ATACseq gene counts from our cohort of BOS and control

fibroblast samples. Samples were adjusted for the co-variate of sex based on principal

component analysis. Genes were considered significant if Bonferroni adjusted p < 0.05 and the

top 20 dysregulated genes are listed here with their adjusted p value, log2Fold Change, and

gene annotations.
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Table 2-9: Integration of datasets across tissue types and across sample types identified

a subset of overlapping genes that are significantly dysregulated in BOS

These 7 genes were identified across blood and fibroblast RNA-seq as well as fibroblast

ATACseq. Gene functions and their respective significant log2FC are shown.
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Table 2-10: Gene ontology analysis for BOS blood RNA-seq and DNA methylation

integration

Integration of DEGs from BOS RNA-seq blood and BOS blood DNA methylation were analyzed

using clusterProfiler v3.12.0 to identify gene set enrichments. clusterProfiler v3.12.0 uses all

genes from the Gencode hg38 annotation, version 31, as background. We filtered for gene

ontologies with padj < 0.05 for significance.
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CHAPTER 3:

Dissecting the Impact of ASXL1 Mutations on

Neurodevelopmental Processes in Bohring-Opitz syndrome

126



Abstract

Bohring-Opitz syndrome (BOS) is caused by truncating mutations in the ASXL1

(additional sex combs like 1) gene and is characterized by significant developmental delays.

This study aims to elucidate the molecular and cellular mechanisms underlying BOS by

examining the expression of ASXL gene family members and conducting a comprehensive

transcriptomic analysis across different tissue types derived from BOS patients. Our findings

reveal that truncated ASXL1 transcripts do not undergo nonsense-mediated decay but highlight

a potential compensatory role played by ASXL3 in neural progenitor cells (NPCs). Furthermore,

significant transcriptomic alterations in induced pluripotent stem cells (iPSCs) and NPCs

indicate disrupted neurodevelopmental processes and suggest a role for these genes in the

pathology of BOS. Additionally, gene ontology analysis linked significant differentially expressed

genes in BOS NPCs to crucial neurodevelopmental pathways, such as axogenesis and pattern

specification. We also observed pronounced defects in neural crest development driven by

significant downregulation of the ZIC1 and ZIC4 genes in BOS neural lineages, providing

insights into the developmental anomalies associated with the syndrome. This study provides a

foundation for understanding the complex interplay between genetic mutations and

neurodevelopmental dysregulation in BOS, offering potential targets for future therapeutic

interventions.
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Introduction

Bohring-Opitz syndrome (BOS; OMIM #605039) is a classic example of how genetic

mutations can disrupt normal human development, leading to a spectrum of physical,

developmental, and neurological challenges. Characterized by distinctive facial features, growth

delays, and a range of congenital anomalies, BOS is most commonly associated with truncating

mutations in the ASXL1 gene, a crucial regulator of epigenetic modifications and gene

expression. Despite its clear genetic linkages, the pathophysiological mechanisms through

which ASXL1 mutations lead to the varied manifestations of BOS remain poorly understood,

highlighting a pressing need to examine the developmental timeline of dysregulatory effects.

ASXL1 is highly expressed in progenitor cells of the developing brain. Recent single cell

RNA-sequencing studies of mouse organogenesis have clearly identified cell-type specific

expression of ASXL1 1 which is most highly expressed across early neural progenitors and glial

subtypes2.

Cellular models offer unparalleled insights into human developmental biology, enabling

the recapitulation of disease progression from the earliest stages of embryogenesis. Induced

Pluripotent Stem Cells (iPSCs), derived from patient somatic cells, can be differentiated into a

myriad of cell types, including Neural Progenitor Cells (NPCs) and neural crest cells (NCCs),

providing a versatile platform for studying the cellular and molecular underpinnings of rare

diseases such as BOS.

Patient-derived iPSCs allow for the modeling of human genetic diseases by capturing

the pluripotent state of early development, crucial for studying disorders with developmental

origins 3. Moreover, iPSCs capture the entire genetic makeup of the individual from whom they

are derived, including any disease-specific mutations. This aspect is critical for understanding

how genetic abnormalities contribute to disease pathology. For example, iPSCs can be used to

model neural tube defects by differentiating them into NPCs and NCCs, allowing researchers to

study the molecular and cellular consequences of genetic mutations observed in patients.
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NPCs, which give rise to neurons and glial cells, and NCCs, are critical for the

development of many structures including the peripheral nervous system and facial cartilage.

NPCs serve as a model to examine the early stages of neural development and the impact of

genetic mutations on neurodevelopmental processes, and are thus particularly relevant for

understanding the neurological and craniofacial abnormalities seen in BOS.

The neural crest and its implications in vertebrate development and Bohring-Opitz syndrome

Similarly, NCCs, derived from the transient and highly migratory population in vertebrate

embryos, play a significant role in neurodevelopment. Recent studies using patient-derived

iPSCs identified ASXL1 as a critical regulator of neural crest development, with mutations

perturbing the NC regulatory network and resulting in impaired neural crest delamination and

emigration 4. Many of the tissues and anatomical structures that the NC contribute to overlap

with those that are disrupted in BOS, such as cardiac septal defects, cleft palate and lip, and

seizure 5.

The neural crest is a pivotal component in the evolutionary history and diversification of

vertebrates. These transient, multipotent cells originate from the dorsal aspect of the neural tube

and embark on a remarkable journey, migrating to various regions of the embryo. This migration

is intricately timed with the closure of the neural tube, a process essential for proper embryonic

development. The NC cells give rise to a diverse array of cell types, including neurons, glia,

cartilage, and melanocytes, underscoring their critical role in forming the complex structures

necessary for vertebrate life 6,7 .

Central to the process of NC cell migration and differentiation are the signaling pathways

that guide these cells to specific locations and functions. Among these, the planar cell polarity

(PCP) pathway and canonical Wnt signaling are paramount. The PCP pathway, involving core

components such as Frizzled, Dishevelled, Prickle, and Vang-like (VANGL1/2) proteins,

regulates cell-cell adhesion and is crucial for tissue morphogenesis and neural tube closure 8.
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Concurrently, Wnt/β-Catenin signaling plays a vital role in NC induction, lineage specification,

and differentiation, triggering the expression of key transcriptional factors necessary for the

transition from neural borders to distinct NC cell types 9. Intriguingly, multi-omics studies on BOS

patient-derived fibroblasts and blood samples have identified an aberrant upregulation of

canonical Wnt and PCP pathways at the epigenetic, transcriptomic, and protein levels 10.

In BOS, recent findings have shown significant dysregulation of VANGL2 in

patient-derived samples 10. VANGL2, a core component of the planar cell polarity (PCP)

pathway, is essential for establishing cell polarity and guiding tissue morphogenesis, particularly

during neural tube closure. This protein's function is so critical that disruptions in its signaling

pathway have been directly linked to developmental anomalies, including neural tube defects

that are clinically significant in human pathologies 11,12. This suggests a direct link between PCP

pathway disruption and the neural crest related developmental anomalies observed in BOS 5,10.

The Zic gene family and its implications in neural crest function and Bohring-Opitz syndrome

The Zic gene family, comprising five transcription factors with zinc finger domains in mice

and humans, plays a pivotal role in early embryonic development, including neural crest

induction and neurulation 13,14. The Zic gene family (Zinc finger protein of the cerebellum)

regulates various developmental processes, from cell fate determination to cranial development,

to negative regulation of the Wnt pathway 15,16. Notably, mutations in the ZIC gene family have

been implicated in severe brain malformations and neural tube closure defects 17–21, conditions

that mirror some clinical aspects of BOS. In particular, ZIC1 and ZIC4 heterozygous deletion are

responsible for the Dandy-Walker malformation cerebellar phenotype in deletion 3q patients 21.

The role of Zic genes in neural crest development suggests a possible pathway through which

BOS manifests, highlighting the critical need to study these genes within this specific

developmental context.
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Rationale for this study

Here, we delve into the molecular intricacies of BOS by exploring the transcriptional

dysregulation in patient-derived iPSCs and NPCs, as well as the functional impacts of these

gene regulatory networks.Through detailed studies of these cells and integration with our

previous study in differentiated cells derived from BOS patients, we seek to illuminate the

developmental trajectories altered by ASXL1 mutations, offering insights into the molecular

cascades disrupted in this syndrome.

Methods

Patient recruitment

Study approval. This project was approved by the UCLA IRB# 11-001087. In conjunction

with Dr. Bianca Russell and the ASXL Biobank at the University of California, Los Angeles,

written informed consent from participants and guardians were obtained for skin punch biopsies.

Deep phenotyping and review of medical records was also collected.

Sample collection and derivation

All individual level-data was de-identified prior to analysis and samples were collected for

follow-up experiments. We collected blood from 12 BOS individuals and 11 controls, and skin

punch biopsies from 7 individuals and 7 controls. Patient-derived skin fibroblasts were

generated by the Translational Pathology Core Laboratory at UCLA. Blood and fibroblasts were

processed as per methods described in 10.

A subset of the patient-derived fibroblasts (n=2) were reprogrammed by the

Cedars-Sinai Core to generate induced pluripotent stem cells (iPSCs) (Figure 3-1A). iPSC

controls were purchased from Cedars-Sinai Core (n=3). Neural progenitor cells (NPCs) and

neural crest models were differentiated from these iPSCs using StemDIFF Neural Induction

protocol and 2D neuroectoderm protocol from the Fu lab respectively.
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Cell culture.

General conditions:

All cell lines were cultured in a controlled environment at 37°C with 5% CO2. The

following specific conditions were applied for each cell type:

Fibroblasts were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco™,

Cat No. 11-995-073) supplemented with 10% fetal bovine serum (FBS), 1% Non-essential

Amino Acids (100X, Gibco™, Cat No. 11140-050), and 1% Penicillin-Streptomycin (Pen/Strep).

Cells were cultured in T75 flasks.

iPSCs were cultured in mTeSR™1 medium (STEMCELL Technologies, #85850) atop a

Vitronectin-coated surface (Invitrogen, #A14700) in 6-well plates to support pluripotency.

NPCs were maintained in StemDIFF™ Neural Progenitor Medium (STEMCELL

Technologies, #05839) on a Vitronectin-coated surface (Invitrogen, #A14700) in 6-well plates to

promote progenitor cell growth.

NC models were cultured on vitronectin-coated coverslips in neural induction medium

enriched with dual SMAD inhibitors: SB 431542 (10 µM, Sigma Aldrich, Cat No. S4317-5MG), a

TGF-β inhibitor, and LDN 193189 (500 nM, Sigma Aldrich, Cat No. SML0559-5MG), a bone

morphogenetic protein 4 (BMP4) inhibitor 22.

Neural crest induction and differentiation

These models were developed according to established protocol 22. In brief, circular

patterns of 400 µm diameter were created using silicon stamps provided by the Fu Lab and

used to spin-coat #1.5 thickness coverslips (Thomas Scientific, #1217N79) with vitronectin (20

µg/ml; Trevigen). A single cell suspension from each iPSC line was plated onto the patterned

coverslips at a density of 20,000 cells per cm². Neural induction was initiated using the

aforementioned neural induction medium containing dual SMAD inhibitors for a period of 9 days.
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Additionally, CHIR 99021 (3 µM; a WNT pathway activator and β-catenin stabilizer) was

supplemented on Days 3 and 4 to promote neural plate border cell specification 22.

Neural crest immunofluorescence.

Fixation and permeabilization:

Coverslips with neural crest models were fixed in 4% paraformaldehyde (PFA) at room

temperature (RT) for 10 minutes. After fixation, coverslips were washed with phosphate-buffered

saline (PBS). Coverslips were incubated in 0.1% Triton X-100 in PBS for 5 minutes at RT to

permeabilize cells. Following permeabilization, coverslips were washed again with PBS.

Antibody incubation:

We used a blocking solution of 2.5% FBS in PBS to reduce non-specific binding. Primary

antibodies were diluted in the blocking solution as follows: Nestin (Cell Signaling, #33475,

1:100) at a dilution of 1:100, PAX6 (Abcam, #ab78545, 1:200) at a dilution of 1:200, ZIC1

(Novus, #NB600-488, 1:200) at a dilution of 1:200. 50 µL of primary antibody dilution was

applied to a piece of parafilm taped to the bench per sample. Coverslips were flipped cell-side

down and incubated for an hour at RT before washing 3x in blocking solution.

Secondary antibodies were diluted in blocking solution as follows: Anti-mouse AF555

(Invitrogen, #PIA32727, 1:400), Anti-rabbit AF488 (Invitrogen, #PIA32731TR, 1:400). 50 µL of

secondary antibody dilution was applied to a piece of parafilm taped to the bench per sample.

Coverslips were flipped cell-side down and incubated for an hour at RT shielded from light

before washing 3x in blocking solution.

Mounting:

A drop of Invitrogen™ ProLong™ Glass Antifade Mountant with NucBlue™ Stain

(ThermoFisher, #P36985) was added to microscope slides just before mounting the coverslip

cell-side down. Slides were cured overnight at 4°C before imaging.
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RNA-sequencing and analysis.

All cell lines were grown to 80-90% confluency before total RNA extraction via RNeasy

Plus Mini Kit (Qiagen, #74136). All samples were then prepared in technical triplicate with

QIAseq FastSelect −rRNA HMR (Qiagen, #334386) and lllumina Truseq® Stranded Total RNA

Library Prep Gold (Illumina, 20020599), before sequencing to a minimum of 30 million paired

end 150bp reads per sample. A detailed protocol and analysis are described 10.

Results

Methodological overview of sample collection and cellular reprogramming

To study stem cell differentiation during early development in the genetic background of

BOS, we employed a comprehensive approach to examine the transcriptomic and functional

dysregulation driven by truncating ASXL1 mutations.

Skin punch biopsies were collected from patients and controls to generate

patient-derived fibroblasts, followed by reprogramming of fibroblasts into induced pluripotent

stem cells (iPSCs) (Figure 3-1A). We derived and characterized two BOS-patient iPSCs

harboring truncations at p.G642*, G826Efs*12 (Figure 3-2A), and controls lines through the

iPSC Core at Cedars Sinai Medical Center in Los Angeles. These iPSC lines were differentiated

to NPCs using the StemDIFF Neural Induction protocol and also to a neural crest model. These

cell types, and blood samples collected from patients, were assayed with RNA-sequencing in

technical triplicates (Figure 3-1A).

The detailed schematic of the ASXL1 gene highlights the truncating mutations

specifically identified in this patient cohort across various tissue types including fibroblasts,

blood, iPSCs, and NPCs (Figure 3-1B).

Principal Component Analysis (PCA) of the transcriptomic data from BOS

patient-derived samples revealed distinct clustering by tissue type (PC1 explaining 68% of

134

https://paperpile.com/c/iX1LTX/1g7JK


variance) and partial segregation of BOS and control samples within each tissue (PC2

explaining 25% of variance), suggesting a strong tissue-specific transcriptional identity and

disease-specific transcriptional signatures (Figure 3-2A).

Key genes and differential expression in iPSCs: insights into BOS pathophysiology

In iPSCs, we identified 73 significantly upregulated and 54 downregulated differentially

expressed genes (DEGs) (Figure 3-2B and Table 3-1). Noteworthy among the upregulated

genes was Maternally Expressed Gene 3 (MEG3), an imprinted long non-coding RNA that plays

a crucial role in cellular differentiation and has been implicated in osteogenesis. Another

upregulated gene, Nuclear Factor I/B (NFIB), is essential for brain development, specifically in

myelination and neurogenesis.

Conversely, Salt-Inducible Kinase 1 (SIK1) showed significant downregulation. SIK1

interacts with histone deacetylases and the TORC (transducer of regulated CREB activity)

signaling pathways, suggesting its potential role in BOS pathology through modulation of gene

expression and stress response pathways.

Key genes and differential expression in NPCs: functional insights into BOS pathophysiology

In NPCs, we identified 1660 upregulated DEGs and 2241 downregulated DEGs in BOS

patient-derived samples (Figure 3-2C and Table 3-1). Gene expression analysis showed

dramatic downregulation of crucial neural crest genes ZIC1 and ZIC4, both of which play

significant roles in early neural development and have been implicated in craniofacial formation

and neural tube closure.Also downregulated were NFIB, which supports neural development,

and Gremlin 2 (GREM2), a BMP antagonist involved in embryonic development and tissue

differentiation. Conversely, VANGL2, part of the planar cell polarity pathway that is crucial for

neurodevelopmental processes, was found to be upregulated.

Previous studies examining iPSC-derived neural crest cells with truncating ASXL1

mutations also identified significant changes in ZIC1 and ZIC4, highlighting their role in neural
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crest defects (Matheus, 2019). Additionally, our previous study on BOS patient-derived fibroblast

and blood samples also noted the significant impact of truncating ASXL1 mutations on GREM2

and VANGL2 dysregulation, emphasizing the cross-tissue and developmental effects of these

mutations 10.

The gene ontology analysis of significant DEGs in NPCs has linked these genes to

several key developmental processes, providing deep insights into the pathophysiology of BOS.

Among these processes, pattern specification (Gene Ontology: GO:007389, padj 8.46E-08) is

particularly notable, as it relates to the basic body layout and the precise positioning of neural

structures—a function directly influenced by ASXL1 through its regulation of Homeobox (HOX)

genes, which are pivotal in the anterior-posterior body patterning.

Moreover, the ontology highlighted the significance of axogenesis (Gene Ontology:

GO:0007409, padj 8.78E-08), the process by which axons form during neurodevelopment.

Axogenesis is critical for the establishment of neural circuits and proper brain function, making

its disruption a likely contributor to the neurological symptoms observed in BOS patients. The

development of specific brain regions was also prominently featured in the ontology results,

including forebrain development (Gene Ontology: GO:0030900, padj 4.90E-07) and

telencephalon development (Gene Ontology: GO:0021537, padj 6.92E-07). The forebrain is

responsible for a variety of complex behaviors and cognitive functions, and its development is

crucial for overall brain structure and function. The telencephalon, part of the forebrain, plays a

key role in motor and sensory activities and cognitive abilities.

Implications of ASXL gene family expression in BOS: comparing across tissues and conditions

ASXL1 expression did not differ significantly between BOS and control samples across

all tissues (Figure 3-2E). These, and our previous findings of germline levels of the wild type

and the truncated ASXL1 allele in BOS patient derived samples across different tissues 10,

suggest that nonsense-mediated decay (NMD) is not a contributing factor in BOS.
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However, ASXL3 was notably decreased in BOS NPCs (Figure 3-2F), pointing to a

specific pathway through which ASXL1 truncating mutations may exert their effects, potentially

mediated by ASXL3 in neurodevelopmental processes. There was no significant difference in

ASXL3 expression in BOS in any of the other cell types.

Neural crest specification and defects in Bohring-Opitz syndrome derived models

We utilized a 2D neural crest model to investigate early specification events in BOS.

Developed by Dr. Jianping Fu, this model incorporates pre-patterned geometrical confinement

to induce emergent patterning of neuroepithelial and neural plate border (NPB) cells (Figure

3-3A) (Xue, 2018). The process and timeline of induction is depicted in Figure 3-3A. This

induction is illustrated in Figure 3-3B with the pre-patterned coverslips and micropatterned

colonies, and neural crest colonies at Days 2, 5, and 7 imaged at 40X magnification, showing

the transition from columnar to cuboidal cell shapes with rounded nuclei at the colony

periphery—indicative of neuroectoderm thickening similar to in vivo neural induction by Day 7.

Control colonies successfully undergoing neural crest formation were stained on Day 9

with ZIC1 and PAX6, alongside DAPI, to examine neural plate border and neuroectoderm

specification respectively. The localisation of PAX6+ cells at the colony center and ZIC1+ cells

to the colony periphery indicated successful induction and patterning (Figure 3-3C). Conversely,

BOS-derived neural crest models exhibited profound specification defects, displaying impaired

attachment and disorganized growth by Day 7, and failure to maintain a monolayer structure

(Figure 3-3D). Unlike controls that preserved a distinct neural plate border even past the typical

collection timepoint of Day 9, BOS colonies involuted into a disorganized cell mass, highlighting

the severe impact of the disease on cellular organization and stability, and inhibiting our ability to

characterize these cells by immunofluorescence.

Our findings correlate with those by Matheus et al. (2019), who noted defects in neural

crest lamination and emigration in BOS due to ASXL1 mutations 4. Their study identified
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reduced activation of transcription factor ZIC1 and ZIC4, which are critical in the NC gene

regulatory network. Our transcriptomic analysis further underscores this, showing significant

downregulation of ZIC1 (log2FC -5.92, padj 3.21E-52) and ZIC4 (log2FC -5.28, padj 7.92E-46)

in BOS NPCs (Figures 3-3E and 3-3F). This specific defect in neural specification in BOS

NPCs likely contributes to the failed development of a neural plate border in the disease

models.

Comparative transcriptomic analysis in Bohring-Opitz syndrome across multiple tissue types

identify potential biomarkers

We undertook a comprehensive transcriptomic comparison using patient-derived iPSC,

NPC, blood, and fibroblast samples to understand the gene expression profile in BOS.

Significant upregulation and downregulation of genes were identified across these tissues

(Table 3-1). A crucial intersection of DEGs was identified, with 441 DEGs significantly regulated

in two or more tissues, demonstrating a broad impact of BOS across different cell types (Figure

3-4A). Furthermore, 19 genes showed significant differential regulation across three of the four

tissues. Notably, 10 of these genes exhibited significant dysregulation specifically in NPCs,

blood, and fibroblasts but not in iPSCs, highlighting differentiation-associated genetic changes in

BOS (Table 3-2).

We verified iPSC and NPC types using gene expression markers, such as SRY-box

transcription factor 2 (SOX2) and Nestin (NES), complemented by immunofluorescence staining

(Figures 3-4B and 3-4C). These findings corroborate the cell identity and showed no significant

differences between BOS and control samples in these specific markers, indicating accurate cell

type identification and consistent baseline expression of pluripotency and neural lineage

markers.

Our analysis particularly highlighted VANGL2 and GREM2; VANGL2 was significantly

upregulated, while GREM2 was significantly downregulated across NPC, blood, and fibroblast
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samples (Figures 3-4D and 3-4E, Table 3-2). Previously, our research demonstrated that the

dysregulation of these genes in BOS is driven by epigenetic alterations 10. This consistent

dysregulation across various tissues suggests that VANGL2 and GREM2 may serve as potential

biomarkers for identifying BOS in both progenitor and differentiated cell types.

Discussion

Expression of ASXL genes and implications for BOS pathophysiology

The expression of ASXL1, ASXL2, and ASXL3 in various tissue types from BOS patients

provides critical insights into their roles in the syndrome's development. Notably, ASXL1

expression levels did not significantly differ between BOS and control samples across all tissues

(Figure 3-2E). This observation aligns with findings from Lin et al. (2023), indicating that NMD is

not a contributing factor in BOS 10. However, a marked decrease in ASXL3 expression was

noted specifically in BOS NPCs (Figure 3-2F), underscoring a potentially unique role of ASXL3

in neurodevelopmental processes associated with BOS. ASXL3, as an epigenetic regulator,

influences chromatin remodeling and gene expression essential for neural cell fate

determination and development 23,24. The clinical manifestations of ASXL3-related syndromes,

such as Bainbridge-Ropers syndrome, include intellectual disability and developmental delays,

further supporting the critical role of ASXL3 in neural development 25.

Differential expression in iPSCs and NPCs and clinical implications

Significant transcriptional changes were observed in BOS-derived iPSCs and NPCs,

highlighting a dysregulated core transcriptional program. MEG3, a neuron-specific long

noncoding RNA, was notably upregulated in BOS iPSCs and is known to induce necroptosis in

human neurons, indicating its potential involvement in neurodegeneration observed in

Alzheimer's disease 26. Additionally, NFIB, critical for brain development and myelination,

displayed altered expression levels in BOS, being upregulated in BOS iPSCs and
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downregulated in NPCs 27. NFIB's role is further complicated by its expression across various

tissues and its implication in different neurodevelopmental disorders and cancers, suggesting a

multifaceted role in cellular development and pathology 28,29.

Gene ontology analysis of NPCs from BOS patients revealed significant links to

developmental processes, notably pattern specification and axogenesis, which are crucial for

the correct positioning of neural structures and axon formation, respectively and overall brain

function. The dysregulation of these pathways likely contributes directly to the neurological

manifestations of BOS, including developmental delays and cognitive impairments.

Neural crest impairment and aberrant downregulation of ZIC1 and ZIC4 in BOS

The observed defects in neural crest development in BOS models provide profound

insights into the developmental anomalies associated with the syndrome. Significant reductions

in ZIC1 and ZIC4 expression in BOS-derived NPCs highlight their pivotal role in neural crest and

early neural development (Figure 3-3D and 3-3E). These genes are essential for the

specification and migration of neural crest cells, with their dysregulation potentially leading to

the development of craniofacial anomalies and neurological disorders observed in BOS

patients. The impact of ZIC1 and ZIC4 dysregulation extends to conditions like Dandy-Walker

malformation, where these genes play critical roles in cerebellar development and size

regulation, mirroring some of the structural brain abnormalities seen in BOS 4,21.

In conclusion, this study provides a comprehensive overview of the genetic and cellular

disruptions caused by ASXL1 mutations in BOS. Our analyses suggest that while ASXL1 itself

does not undergo significant expression changes, the downstream effects mediated through

ASXL3 and changes in other critical genes like MEG3 and NFIB contribute substantially to the

syndrome’s pathology. The specific downregulation of neurodevelopmentally important genes,

such as ZIC1 and ZIC4, in BOS-derived neural progenitor cells further elucidates the impact of

these mutations on neural crest development and the resultant neurodevelopmental defects.
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These findings underscore the complexity of BOS and suggest that future research should focus

on the detailed mechanisms through which ASXL1 mutations affect neural development.

Ultimately, understanding these pathways may provide novel insights into potential therapeutic

strategies aimed at mitigating the severe developmental and neurological symptoms observed

in patients with BOS. This study not only advances our understanding of BOS pathology but

also highlights the critical role of epigenetic and transcriptional regulation in human

neurodevelopmental disorders.
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Figures and Tables

Figure 3-1: Investigating genetic and cellular mechanisms in Bohring-Opitz syndrome

(A)Workflow illustrating sample collection to analyses in Bohring-Opitz syndrome (BOS).

(B) Schematic of the ASXL1 gene showing exons and protein domains. Truncating mutations

identified in BOS patient samples in this cohort are highlighted, with distinctions made across

different sample types including fibroblasts, blood, iPSCs, and NPCs.
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Figure 3-2: Molecular profiling of Bohring-Opitz syndrome via RNA-seq analysis

(A) Principal component analysis (PCA) of RNA-seq data from iPSCs, NPCs, blood, and

fibroblast samples. PC1 accounts for 68% of the variance, distinguishing between tissue types,

while PC2 (25% variance) separates control and BOS samples within each tissue category.

(B) Volcano plot displaying differential gene expression between BOS compared to control

iPSCs. Key genes include upregulation of MEG3 and NFIB and downregulation of SIK1 and

ZNF667.

(C) Volcano plot illustrating differential gene expression in BOS compared to control NPCs, with

notable downregulation of ZIC1, ZIC4, NFIB, and GREM2, and upregulation of VANGL2.

(D) Gene ontology analysis of significant DEGs in BOS NPCs, highlighting involvement in

pattern specification, axon development, neuron projection guidance, and forebrain

development.
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(E) Boxplot depicting ASXL1 gene expression across different sample types (iPSC, NPC, blood,

fibroblast) and groups (control in red, BOS in blue). No significant differences in transcript levels

were identified between BOS and control across the sampled tissues.

(F) Boxplot depicting ASXL3 gene expression across different sample types (iPSC, NPC, blood,

fibroblast), showing a significant reduction in ASXL3 expression in BOS NPCs, suggesting a

potential mechanism for neurodevelopmental defects observed in BOS through ASXL3

depletion. No significant differences in transcript levels were identified between BOS and control

across the other sampled tissues.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Figure 3-3: Neural crest specification and defects in Bohring-Opitz syndrome derived

models

(A) Timeline of neural crest induction in the 2D model showing emergent patterning of

neuroepithelial and NPB cells.

(B) Micrographs of micropatterned colonies on pre-patterned coverslips, illustrating the

morphological transitions of iPSC cells to neuroectoderm cells with a neural plate border

through day-wise progression (Days 2, 5, and 7). Colonies were imaged at 40X magnification.
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(C) Immunofluorescence staining of control colonies at Day 9 for neural plate border (ZIC1) and

neuroectoderm (PAX6) markers, with cellular localizations indicative of successful specification.

Colonies were imaged at 40X magnification.

(D) Control and BOS-derived neural crest models at Day 7 and Day 11 showing disorganized

growth and inability to maintain monolayer formation, contrasting sharply with control models.

Transcriptomic analysis of BOS-derived tissues showing significant downregulation of (E) ZIC1

and (F) ZIC4 in BOS-derived NPCs, critical for neural crest specification.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Figure 3-4: Comparative transcriptomic analysis in Bohring-Opitz syndrome across

multiple tissue types identify potential biomarkers

(A) Intersection of differential gene expression across BOS-derived tissue types, illustrating

widespread genetic dysregulation across tissues driven by truncating ASXL1 mutations.

(B) Gene expression analysis of SOX2 in iPSCs and NPCs, confirming the pluripotent and

neural progenitor cell identity respectively.
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(C) NES expression profile in NPCs, indicating no significant differential expression between

BOS and control cells and supporting the maintenance of neural characteristics.

(D) Expression patterns of (D) VANGL2 and (E) GREM2 across iPSC, NPC, blood, and

fibroblast tissues highlighting their significant upregulation and downregulation respectively in

BOS across the latter three tissues.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Table 3-1: Number of significant differentially expressed genes (DEGs) across tissues in

BOS
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Table 3-2: Common DEGs across BOS tissues that are significantly dysregulated in at

least 3 tissues
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CHAPTER 4

ASXL1 Mutations Drive Metabolic Dysregulation and Mitochondrial Dysfunction

in Bohring-Opitz syndrome
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Abstract

Bohring-Opitz syndrome (BOS, OMIM#605309) is a rare neurodevelopmental disorder

caused by heterozygous truncating mutations in the ASXL1 gene. Patients are identified at birth

with significant neurodevelopmental impairments and distinctive craniofacial anomalies. While

previous research has primarily focused on the genetic and molecular dimensions of BOS, our

study reveals novel insights into the metabolic dysfunctions and mitochondrial defects

characterizing this condition.

We conducted a comprehensive study using patient-derived fibroblasts to investigate the

metabolic and mitochondrial consequences of ASXL1 mutations in BOS. Our findings reveal a

significant decrease in mitochondrial pyruvate carrier proteins (MPC1 and MPC2) in BOS

fibroblasts compared to controls, coupled with reduced mitochondrial oxygen consumption rates

(OCR). Metabolomic analysis highlighted a shift towards increased glycolysis and amino acid

biosynthesis, indicative of a metabolic reprogramming in response to mitochondrial dysfunction.

Further functional studies demonstrated a dependency on specific amino acids for cellular

proliferation and migration.

This study provides novel insights into the metabolic disturbances driven by ASXL1

mutations in BOS, illustrating significant mitochondrial dysfunction and compensatory metabolic

reprogramming. These findings open new avenues for investigating targeted therapies and

suggest broader implications for the pathophysiology of BOS and possibly other similar genetic

neurodevelopmental disorders.
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Introduction

The intersection between epigenetic regulation and metabolism represents a vital area

of study in understanding cellular adaptation and disease pathogenesis. Epigenetic

modifications, which alter gene expression without changing the DNA sequence, are crucial for

cellular responses to environmental stimuli and maintaining identity. Conversely, metabolism

encompasses all biochemical processes vital for life, supplying substrates and energy for

epigenetic modifications. The dynamic interplay between these processes is evident in various

diseases, including cancer, where metabolic and epigenetic reprogramming are fundamental to

tumor survival under stress conditions 1,2.

In this context, mutations in the additional sex combs-like 1 (ASXL1) gene present a

unique lens for exploring how disruptions in epigenetic regulation can lead to metabolic

dysregulation. ASXL1 is integral to the regulation of gene expression, and its mutations are

associated with a range of hematological malignancies and a rare neurodevelopmental germline

disorder, Bohring-Opitz syndrome (BOS). These mutations lead to altered chromatin states and

dysregulated gene expression 3, and are thought to impact cellular metabolism and contribute to

disease progression 4. The reciprocal relationship between metabolism and epigenetics

suggests that metabolic changes induced by ASXL1 mutations could further exacerbate

epigenetic dysregulation, creating a feedback loop that promotes disease progression.

BOS is a rare genetic disorder first described in 1999 by Bohring et al., characterized by

profound developmental delays, distinct craniofacial anomalies, growth retardation, and a

spectrum of other clinical manifestations 5–7. Seizures and respiratory complications are

common, severely impacting the quality of life for affected individuals 5,6. The genetic

underpinnings of BOS are primarily de novo mutations in the ASXL1 gene, essential for

chromatin remodeling and normal development. Despite advancements in genetic diagnostics,

the rarity of BOS poses challenges in accumulating comprehensive research data, making each

individual sample critical for understanding the disorder's complex nature. Current management
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strategies focus on symptomatic care, highlighting the need for targeted therapies that could

alleviate the diverse symptoms associated with BOS 5,6.

Current understanding and research gaps in BOS

While significant strides have been made in understanding the neurodevelopmental and

systemic manifestations of BOS, our knowledge of its metabolic landscape remains limited.

There is a critical need for comprehensive studies to elucidate the molecular dysregulations

underpinning BOS and other rare diseases. Our use of patient-derived samples has been

instrumental in advancing our understanding of BOS. These cell models not only carry the

genetic and molecular aberrations inherent to BOS but also allow for elucidating disease

mechanisms, identifying potential therapeutic targets, and screening effective treatments

through high-throughput methods.

Recent multi-omics studies on primary BOS patient samples identified significant

upregulation of Vang-like 2 (VANGL2), which plays a critical role in cell polarity and directed cell

migration 3,8. VANGL2 dysregulation is linked to impaired cellular motility and tissue

morphogenesis 8, neural crest closure and morphogenesis in mice 9,10 and in humans 11, and

impaired neural crest in BOS cell models 12.

Role of ASXL1 mutations in mTOR signaling and metabolic dysregulation

The mechanistic target of rapamycin (mTOR) pathway is a central regulator of growth,

proliferation, and metabolism, responding to external cues, nutrient availability, and cellular

energy status 13. The mTOR pathway regulates glycolysis, a fundamental cellular process

involved in energy production, by promoting expression of key glycolytic pathway enzymes.

mTOR is a conserved serine/threonine kinase that exists in two distinct complexes: the mTOR

Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) orchestrates a myriad of processes

from protein synthesis to mitochondrial activity 14,15. Upon activation of mTORC1, S6 kinase

becomes phosphorylated (pS6K) and subsequently activates downstream targets involved in
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ribosomal biogenesis and protein translation. This process is tightly regulated and plays a

crucial role in maintaining cellular homeostasis by balancing the energy and nutrient availability

with the cellular demand for protein synthesis 14.

Truncating germline mutations in ASXL1 cause BOS, while somatic mutations in the

hematopoietic stem cell drive acute myeloid leukemia (AML) progression. Fujino et al. (2021)

and Youn et al. (2017) demonstrated the implications of ASXL1 mutations on the Akt/mTOR

pathway, suggesting a potential mechanism for the observed proliferative disorders in BOS 16,17.

Wild-type and truncated mutant ASXL1 was found to bind to BRCA1 Associated Protein 1

(BAP1) and AKT serine threonine kinase 1 (AKT1) in both the cytoplasm and nucleus in

HEK293T cells, suggesting complex formation 17. This disruption not only affects glycolysis and

mitochondrial function but also influences cellular processes like growth and migration, essential

for tissue development and repair.

The mTOR pathway is highly responsive to the availability of amino acids, particularly

asparagine, and dysregulation can contribute to disease pathology. Asparagine is a key

modulator of mTORC1 and activating transcription factor 4 (ATF4), a transcription factor that

modulates the expression of genes involved in amino acid metabolism, antioxidant responses,

and stress response 18,19. When cellular levels of asparagine are depleted, it leads to the

activation of the integrated stress response (ISR) pathway, a cellular stress response

mechanism, and impairment of mTORC1 activity 18. This activation, in turn, induces the

expression of ATF4 18,20 in order to increase de novo asparagine synthesis via asparagine

synthetase (ASNS) 19,21.

Objective and rationale for our study

Understanding the role of ASXL1 mutations in both epigenetic regulation and metabolic

disruptions is crucial for identifying novel therapeutic targets. Our research aims to dissect these

interactions, providing insights that could lead to novel therapeutic strategies for BOS and
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potentially other related disorders. By identifying key metabolic pathways affected by ASXL1

mutations and exploring their link to disease pathology, our work seeks to pave the way for

metabolic interventions that could enhance patient outcomes and quality of life.

Methods

Sample collection

We collected samples as outlined in Lin et al. (2023)3, which provides comprehensive

details on the selection and characterization of cell lines. To ensure representative diversity, we

incorporated both male and female subjects, and strove to include an equal ratio, to minimize

the potential for gender-specific variations in our analysis (Table 4-1). Furthermore, we

deliberately included cell lines derived from patients with varied genetic variants to capture the

heterogeneity inherent in BOS. Additionally, we sampled from a broad age range,

encompassing individuals across different age groups affected by BOS, thus ensuring that our

analysis reflects the spectrum of ages typically observed in this condition. This enhances the

robustness and relevance of our findings in elucidating the complexities of BOS pathogenesis.

Cell culture and media conditions

Fibroblasts were maintained under typical growth conditions, as previously described 3.

Medias used in each assay are described in detail (Table 4-2). Cells were maintained in

Glucose media (+NEAA) unless otherwise specified. Cells used in galactose assays were

cultured in Galactose media (+NEAA) for at least 10 days prior to assay. Catalogue numbers for

each reagent are listed (Table 4-3).

Scratch wound assay and analysis

We used scratch wound assays to evaluate fibroblast growth and wound healing

dynamics. Cells were seeded at a density of 40,000 cells per well in a 96-well Sartorius

ImageLock Plate (Sartorius BA-04856) containing full growth media. Four hours post-seeding, a
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scratch was introduced using the Incucyte® 96-Well Woundmaker Tool (Sartorius, Cat #4563).

Following a gentle wash with PBS, cells were changed to and incubated in Glucose media

(+NEAA), Glucose media (-NEAA) or Glucose media (+L-Asn), and the plate was imaged for 48

hours using an Incucyte SX5 system located within the UCLA Broad Stem Cell Research Center

Microscopy Core Facility. Images were captured every 2 hours over the 48-hour period with

phase-contrast microscopy at 10X wide mode objective. Subsequently, the data were analyzed

using the Incucyte Scratch Wound Analysis Software Module (Sartorius 9600-0012).

The rate of wound closure was calculated by determining the change in wound area or

distance between the wound edges over time. The closure rate was then expressed as the

percentage of wound closure per unit time, allowing for the comparison of different experimental

conditions or treatments. The data was then graphed using RStudio ggplot2 to visualize the

changes in wound closure over time and the differences between experimental conditions. The

mean and standard deviation (SD) were calculated and plotted at each time point for each

condition.

Western blots

Cell cultures were subjected to three distinct growth conditions: Glucose media

(+NEAA), Glucose media (-NEAA), and Glucose media (+L-Asn). These conditions were

maintained for predetermined durations of 16, 48, and 72 hours in 15 cm^2 culture dishes. After

incubation, whole cell lysates were prepared as previously described 3, using a 10× Cell Lysis

Buffer (Cell Signaling Technology 9803S) supplemented with Halt Protease and Phosphatase

Inhibitor Cocktail (100X, Thermo Fisher Scientific, Catalog #78440). Lysates were quantified

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific 23225).

Western blotting was performed using standard protocols 19. The following commercial

antibodies were used as probes: ASNS (Proteintech 14681-1-AP, 1:1000), ATF4 (Cell Signaling

11815, 1:500), phospho-T389 S6 kinase (Cell Signaling 9234, 1:500), S6 kinase (Cell Signaling
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2708, 1:1000), phospho-S235/235 S6 ribosomal protein (Cell Signaling 4858, 1:3000), S6

ribosomal protein (Cell Signaling 2217, 1:1000), 4E-BP1 (Cell Signaling 9644, 1:500), MPC1

(Sigma HPA045119, 1:1000), MPC2 (Cell Signaling 46141S, 1:1000), LC3A/B (Cell Signaling

4108, 1:1000) and β-Actin (Cell Signaling 4970, 1:1000).

Protein bands were quantified using ImageJ software, facilitating the analysis of protein

intensity. Data analysis was performed in RStudio, where protein intensity values were

normalized against actin intensity values. Statistical evaluations, including pairwise t-tests, were

employed to discern significant differences between the experimental conditions. Visualization

of the results was performed using ggplot2 in R. Boxplots depict the normalized protein intensity

relative to actin and the fold changes of target protein levels as a result of nutrient depletion or

replenishment compared to their baseline expression within the same sample.

Seahorse assay

Fibroblast cell lines were cultured under standard conditions and were seeded at 12,000

cells per well in an Agilent Seahorse 96 well XFe96 / XF Pro Microplate one day prior to

analysis (Agilent 103794-100). Oxygen consumption rates (OCR) were completed on a

Seahorse XF96 Analyzer. The Seahorse XF Analyzer was loaded with pre-calibrated sensor

cartridges containing compounds targeting mitochondrial respiration: oligomycin (2 μM round 1

and round 3, 2.5uM round 2), FCCP (3 μM x2), and a mixture of rotenone (2 μM) and antimycin

A (2 μM). The Seahorse assay was conducted according to the manufacturer's guidelines,

measuring OCR to assess mitochondrial function and other variables to evaluate mitochondrial

bioenergetics.

Mitochondrial imaging

To examine mitochondrial dynamics, we plated 12,000 cells per well in a 96 well plate

(Corning Costar 3603). We used tetramethylrhodamine, ethyl ester (TMRE) to assess

mitochondrial membrane potential, and Mitotracker Green (MTG) to estimate mitochondrial
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mass. Initially, we added a carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP)

control to each well to induce depolarization of the mitochondrial membrane, serving as a

crucial experimental control. Changes in mitochondrial membrane potential were quantified by

measuring the fluorescence intensity of TMRE before and after FCCP treatment. This approach

allowed us to analyze FCCP-induced depolarization effectively, providing insights into

mitochondrial functionality under stress conditions.

RNA sequencing (RNA-seq)

Fibroblasts were cultured per established protocol 3 in Glucose media (+NEAA) or

Glucose media (-NEAA). Cells were harvested, RNA was extracted, and RNA-seq was

conducted and analyzed according to established protocol 3. RNA-seq data are deposited in the

NCBI Gene Expression Omnibus database (GEO GSEXXXX).

Intracellular metabolite extraction and analysis

Fibroblast cells were seeded in six-well plates at 200,000 cells per well, in Glucose

media (+NEAA) or Glucose media (-NEAA) accordingly. One day prior, media was changed and

glucose tracing or glutamine tracing media were added, with or without NEAA as needed.

Metabolites were extracted at 70–80% confluence per established protocol 18. Dried metabolites

were stored at -80°C prior to mass spectrometry analysis. Analysis was conducted using the

Christofk Lab Grapha platform.

Dot blot assays

Cell lysate

Cell lysate was prepared according to R&D Proteome Profiler Human Cell Stress Array

Kit (R&D ARY178) and R&D Systems Proteome Profiler Human Ubiquitin Array Kit (R&D

ARY027) protocols.

Cell stress assay
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The evaluation of cellular stress responses was conducted using the R&D Systems

Proteome Profiler Human Cell Stress Array Kit (R&D ARY178), which enables the simultaneous

detection of 26 different stress-related proteins. The assessment of relative expression levels of

stress-induced proteins in human samples was performed according to the manufacturer's

guidelines. In brief, nitrocellulose membranes included in the array kit, each spotted with

antibodies specific to different stress-related proteins, were incubated with prepared cell lysates

overnight at 4°C on a rocking platform shaker. Following extensive washing steps to remove

non-specific binding, the membranes were exposed to a biotinylated detection antibody cocktail

targeting stress-related proteins for 1 hour. Subsequently, thorough washing was performed,

and streptavidin-HRP was added. The resulting signal, proportional to the amount of

stress-induced protein bound, was visualized using a ChemiDoc system per manufacturer

guidelines, and analyzed.

Ubiquitination screen assay

The evaluation of ubiquitination of 49 target proteins were determined using an R&D

Systems Proteome Profiler Human Ubiquitin Array Kit (R&D ARY027). Relative expression

levels of ubiquitination of human proteins in samples were determined as per the manufacturer’s

protocol. Briefly, the human ubiquitin array nitrocellulose membranes spotted with 49 different

antibodies to human ubiquitin target proteins were incubated with prepared cell lysates

overnight at 4C on a rocking platform shaker. After thorough washing to remove unbound

proteins, the membranes were incubated with biotinylated pan–anti-ubiquitin detection antibody

cocktail for 1 hour. Then the membrane was washed thoroughly, followed by addition of

streptavidin-HRP. The signal produced at each capture spot corresponding to the relative

amount of ubiquitinated protein bound was imaged using a ChemiDoc system per manufacturer

guidelines, and analyzed.

Cleavage Under Targets and Release Using Nuclease (CUT&RUN)
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Cells were seeded at 200,000 cells per well in 6 well plates in Glucose media (+NEAA)

or Glucose media (-NEAA), and cultured for 4 days. Upon reaching confluence, four pellets of

50,000 cells per cell line, per media condition, were harvested to a 1.5 mL Eppendorf tube.

Pellets were washed with PBS and pelleted at 300xg for 5 minutes.

CUT&RUN libraries were prepared using the SimpleChIP ChIP-seq DNA Library Prep Kit

for Illumina (Cell Signaling 56795S) along with SimpleChIP ChIP-seq Multiplex Oligos for

Illumina (Cell Signaling 47538S), according to manufacturer's guidelines, with adaptations for

CUT&RUN as specified in the CUT&RUN Assay Kit (Cell Signaling 86652S). The following

antibodies were utilized for CUT&RUN libraries: IgG isotype (DA1E) (Cell Signaling 66362,

negative control, 1:20 dilution), H3K4me3 (Cell Signaling 9751S, 1:50) and ATF-4 (D4B8)

Rabbit mAb (Cell Signaling 11815, 1:200), as per protocol. Subsequently, all libraries were

quantified using the Qubit 4.0 fluorometer and assessed for quality using the Agilent High

Sensitivity DNA Tapestation (Agilent 5067-5584) before multiplexing and sequencing on a

Nextseq 2000 P2 Kit (100 cycles), targeting a minimum of 5 million paired-end reads per sample

with 50 bp read length.

Samples were analyzed using the established NF-Core CUT&RUN best practices

bioinformatics pipeline 22.

Quantification and statistical analysis

Each experimental condition was repeated at least three times. Fibroblast lines from

controls (n=3) and BOS patient (n=3) were seeded in technical replicates of at least three in

each experimental condition. All experiments were performed in biological triplicate unless

otherwise indicated.

Graphs present the mean +/-SD, and p values were generated by two-tailed Student’s t

test. Asterisks indicate the significance of the p value: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Data

were analyzed and visualized using GraphPad Prism and ggplot2.
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Results

In our investigation of the metabolic dysregulation present in Bohring-Opitz syndrome

(BOS), we employed an integrated approach using patient-derived fibroblasts as a model

system. Figure 4-1A illustrates collection of skin punch biopsies from BOS patients to culturing

of fibroblasts that serve as the foundation for our investigations. This schematic representation

illustrates the array of analytical assays utilized to unravel the complex metabolic and molecular

landscape of BOS.

We utilized the scratch wound assay to evaluate the migration capabilities of BOS cells

in various nutrient conditions. This assay provided valuable insights into cell motility and wound

healing, and allows for high-throughput manipulation of drug and compound testing, such as

repletion or depletion of nutrients. Subsequent analysis with the Seahorse assay examined

critical alterations in mitochondrial bioenergetics, including significant shifts in the OCR and

glycolytic activity, underscoring the metabolic reprogramming in BOS cells.

To delve deeper into the molecular aspects, western blot analyses were conducted to

quantify the regulation of the mTOR pathway, expression levels of mitochondrial proteins, and

the activation of stress pathways. Our study extended to both untargeted metabolomics and

targeted tracing to probe the metabolic pathway intermediates, revealing a disrupted metabolic

flux indicative of the metabolic inflexibility in BOS cells. Multi-omics assays, including CUT&RUN

for histone modifications (H3K4me3) and transcription factor (ATF4) localization, as well as

RNA-seq analysis under different amino acid conditions, provided a comprehensive view into

the epigenetic and transcriptional shifts occurring in BOS fibroblasts.

Mitochondrial pyruvate carrier levels are significantly reduced in BOS

Western blot analyses were conducted to examine the expression levels of the

mitochondrial pyruvate carriers MPC1 and MPC2, which are crucial for mitochondrial pyruvate

uptake and, by extension, mitochondrial function. These assays were performed on fibroblast
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cells derived from both control individuals (n=4) and patients diagnosed with BOS (n=3). Our

findings revealed a significant deficiency in the expression levels of both MPC1 and MPC2 in

the BOS fibroblast samples compared to controls (Figure 4-1B), indicating a direct impact of

ASXL1 mutations on mitochondrial pyruvate transport. This difference was not identified at the

RNA transcript level.

Quantification of the protein levels, normalized against actin as a loading control, further

confirmed the reduced expression of MPC1 and MPC2 in BOS cells (Figure 4-1C). Statistical

analysis showed a significant decrease in MPC1 (p=8.32E-04) and MPC2 (p=1.70E-03)

expression levels in BOS fibroblasts, suggesting that ASXL1 mutations may lead to impaired

mitochondrial function by affecting the expression of key mitochondrial pyruvate carriers.

We extended our findings to other BOS patient-derived sample types. Our findings

revealed a stark contrast in the impact of ASXL1 mutations on MPC1 and MPC2 protein levels

between cell types, with a significant decrease observed in BOS fibroblasts but not in

BOS-induced pluripotent stem cells (iPSCs, Figure 4-2A) or neural progenitor cells (NPCs,

Figure 4-2B). This differential expression suggests that the cellular state—specifically, the

transition from pluripotency to a differentiated state—plays a critical role in mediating the

phenotype. While BOS iPSCs and NPCs maintained normal levels of these MPCs, the

differentiated fibroblasts exhibited diminished levels, implying a possible loss of mitochondrial

function associated with differentiation in the presence of ASXL1 mutations.

Metabolomic analyses unveil significant enrichment in glycolysis in BOS cells

Untargeted metabolomic analyses highlighted significant disruptions in mitochondrial

function and cellular metabolism in BOS fibroblasts. This was evident from the dysregulation of

critical metabolites, including dihydroorotate, FGAR, glucose, glyceraldehyde-3-phosphate,

UMP, AMP, CMP, and pyruvate (Student’s t test, p=1.92E-02), emphasizing the profound

metabolic disturbance in BOS cells (Figure 4-3A). Mummichog 2.0 analysis further supported
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these findings, revealing significant pathway enrichments. Notably, we identified enrichment of

glycolysis/gluconeogenesis (enrichment factor 2.05, -log10 p-value 2.16), and pyruvate

metabolism (enrichment factor 2.34, -log10 p-value 1.96), suggesting metabolic reprogramming

or compensation in BOS patient-derived fibroblasts (Figure 4-3B).

A heatmap comparison between control and BOS samples showed a significant increase

in glycolytic metabolites in BOS samples, indicating enhanced glycolytic flux (Figure 4-3C).

Pyruvate, a key glycolysis metabolite, was significantly elevated in BOS fibroblasts (Student’s t

test, p=1.92E-02) (Figure 4-3D).

BOS patient-derived fibroblasts utilise increased glycolysis and decreased oxidative

phosphorylation

Using the Seahorse assay, we identified a distinctive metabolic profile in BOS cells,

characterized by a marked decrease in the basal OCR and increased extracellular acidification

rate (ECAR). The former is a proxy measure for mitochondrial oxidative phosphorylation and the

latter is a proxy measure for glycolytic processes. Quantitative analysis of ATP production

sources revealed significantly decreased percentage of ATP generated by oxidative

phosphorylation in BOS fibroblasts (mean 35.37% ± 10.95%) compared to controls (mean

52.77% ± 16.93%) (p=1.16E-03), indicating a diminished usage of mitochondrial ATP generation

and reliance on alternative pathways such as glycolysis (Figure 4-3E).

The normalized OCR data from the Seahorse assay (Figure 4-3F) highlights the

significantly reduced mean basal OCR in BOS fibroblasts (2.45 pmol/min) compared to controls

(2.93 pmol/min) (p=4.23E-02) (Figure 4-3G). Surprisingly, BOS cells had comparable levels of

maximal OCR to controls, suggesting that BOS cells have an adaptive decrease of OCR and

adaptive increase of glycolysis, with potential for mitochondrial engagement when glycolysis is

less favorable.
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The normalized ECAR data highlighted the upregulated glycolytic metabolism in BOS

cells compared to controls (Figure 4-3H). BOS cells had significantly increased mean basal

ECAR (3.00 mpH/min) compared to controls (1.90 mpH/min) (p=1.01E-04) (Figure 4-3I).

Depletion of nutrients exacerbates metabolic inflexibility in BOS cells

To further investigate the adaptive responses of BOS cells to metabolic stress, we

assessed the effects of nutrient alterations, with a specific focus on glucose, NEAA and

pyruvate depletion. Availability of glucose regulates the glycolytic pathways and the availability

of NEAAs and pyruvate regulates the TCA cycle.

We cultured control and BOS fibroblast cells under conditions designed to challenge

their metabolic flexibility, namely substituting glucose with galactose to push cells towards

oxidative phosphorylation, and in the presence or absence of NEAA and pyruvate to test the

effects of nutrient deprivation. Unlike glucose, which can readily enter glycolysis to fuel cellular

energy production, galactose requires conversion to glucose-6-phosphate before entering

glycolysis, thus placing a greater demand on mitochondrial oxidative phosphorylation for ATP

generation 23,24.

As expected in galactose medium, all cells exhibited a marked increase in the

percentage of ATP generated through oxidative phosphorylation (as opposed to glycolysis)

compared to glucose conditions, indicating an enhanced reliance on mitochondrial respiration

(Figure 4-4B). Control cells showed a slight, but statistically significant, decrease in oxidative

phosphorylation efficiency upon NEAA and pyruvate depletion (p=2.13E-02), highlighting the

importance of these nutrients in supporting mitochondrial function.

Basal oxygen consumption rates (OCR) remained consistent across all conditions,

averaging 5-6 pmol/min, significantly higher than rates observed in glucose conditions (Figure

4-4C). However, maximal OCR revealed a differential response; depletion of pyruvate

(p=6.21E-03), depletion of NEAA (p=4.25E-03), and depletion of both pyruvate and NEAA
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(p=1.45E-05) drove significantly reduced capacities for upregulating respiratory activity in BOS

cells, indicating compromised mitochondrial function and dependency on exogenous nutrients

(Figure 4-4D). In comparison, control cells did not show any statistically significant difference in

maximal OCR when depleted of NEAA, pyruvate, or both NEAA and pyruvate.

In contrast to glucose conditions, all galactose conditions showed significantly lower

basal ECAR, with averages ranging from 0.4 to 0.6 mpH/min, as expected. This reduction

confirms a decreased reliance on glycolysis for energy production in the absence of glucose

and in the presence of galactose (Figure 4-4E). Interestingly, control cells exhibited a slight

increase in ECAR upon NEAA and pyruvate depletion (p=5.99E-03), potentially indicating a

normal metabolic adaptation to the depletion of these nutrients. BOS cells did not exhibit this

compensatory response.

Mitochondrial mass per cell area, assessed using mitogreen tracker (MTG), significantly

increased in conditions of pyruvate depletion for both control and BOS cells (p=3.31E-18 to

3.07E-15), suggesting an acute compensatory mitochondrial biogenesis in response to

metabolic stress (Figure 4-4F). Depletion of NEAA did not significantly affect control cells while

BOS cells experienced a significant decrease in mitochondrial mass per cell area (p=2.40E-03) .

BOS cells rely on increased glycolytic flux and de novo amino acid biosynthesis

Untargeted metabolomics revealed elevated pyruvate levels in BOS cells compared to

controls (p=1.92E-02), which normalized to control-like levels upon NEAA depletion, indicating a

complex interplay between pyruvate and NEAA levels in BOS pathology (Figure 4-4G).

Western blot analysis of mitochondrial pyruvate carrier proteins 1 and 2 (MPC1 and

MPC2) showed significant reductions in BOS cells compared to controls, regardless of NEAA

presence (Figure 4-4H). This suggests a mechanistic link between ASXL1 mutations and a

critical bottleneck in mitochondrial pyruvate transport.
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In exploring the metabolic alterations induced by ASXL1 mutations in BOS, this study

examined the glycolytic and TCA cycle dynamics, and de novo amino acid synthesis pathways

through glucose tracing experiments (Figure 4-5A). The findings highlight an enhanced

glycolytic rate alongside upregulated de novo amino acid synthesis, even under amino acid-rich

conditions.

Despite comparable glucose uptake across both cell types (Figure 4-5B), BOS cells

demonstrated a pronounced increased flux of glucose through the glycolytic pathway, evidenced

by a significant accumulation of fructose-1,6-bisphosphate in both NEAA replete and deplete

conditions (Figure 4-5C, p=1.67E-02). This enhanced glycolytic flux suggests an increased

reliance on glycolysis. Moreover, the isotopic composition analysis revealed a higher

percentage of M6-labeled pyruvate in BOS cells (Figure 4-5D).

Isotope tracing also revealed significant dysregulations in TCA cycle dynamics (Figure

4-5E, p<0.0001) and an increased biosynthesis of glutamate (Figure 4-5F, p<0.0001) and

aspartate (Figure 4-5G, p<0.0001) from TCA cycle intermediates a-ketoglutarate and

oxaloaxetate respectively, suggestive of an increased demand for amino acid biosynthesis in

BOS cells. Intriguingly, while BOS cells with NEAA exhibited significantly increased labelled

carbon flux for glutamate and aspartate, the total peak area was not significantly different from

control cells with NEAA (p=0.36 for glutamate and p=0.78 for aspartate). Intriguingly, while BOS

cells without NEAA exhibited control-like levels of isotope composition, the total peak area was

significantly decreased compared to controls (p=1.66E-02 for glutamate and p=4.40E-03 for

aspartate) and to BOS cells with NEAA (p=0.13 for glutamate and p<0.0001 for aspartate). This

suggests that while BOS cells are able to compensate through increased carbon flux and de

novo amino acid synthesis in nutrient-rich conditions to maintain a control-like level of certain

amino acids, depletion of exogeneous nutrients leads to an inability to compensate in BOS cells.
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NEAA depletion exacerbates mTOR signaling defects in BOS cells, which can be rescue by

L-asparagine repletion

To explore the impact of truncating ASXL1 mutations on mTOR signaling, a key nutrient

sensing pathway, and cellular stress responses in BOS cells, we conducted western blot

analyses on whole cell lysates. These lysates were collected after 16 hours, 48 hours, and 72

hours of NEAA depletion to assess changes in key protein levels, providing insight into

mTORC1 activity and the cellular stress response.

In Glucose media (+NEAA), we identified no significant differences in levels of total S6 or

total S6K proteins between BOS and control cells (0.94-fold change) (Figure 4-6A, Figure

4-6B, Figure 4-6D). However, we noted an elevated baseline ASNS level in BOS at baseline

compared to controls (1.49-fold increase), and in active phosphorylated S6K; pS6K p70

(0.60-fold decrease) and pS6K p85 (0.54-fold decrease). This suggests baseline elevated stress

response and impaired activation of mTOR signaling (Figure 4-6A).

Upon acute NEAA depletion (16 hours), BOS cells were marked by a pronounced

increase in ASNS expression compared to at baseline (1.22-fold increase) and to control cells

(t-test, p=0.0168), indicating an acute stress reaction likely mediated though disruptions in

mTORC1 signaling and asparagine synthesis or utilization. Upon NEAA depletion, both BOS

and control cells exhibited a slight increase in ATF4 (1.26-fold increase and 1.22-fold increase

respectively) and pS6K p70 (1.26-fold increase and 1.33-fold increase respectively), and p85

(1.18-fold increase and 1.15-fold increase respectively), suggesting a standard early mTORC1

response to nutrient scarcity.

By 48 hours after NEAA depletion (Figure 4-6B), differences in ASNS levels between

BOS and control cells normalized under both +NEAA and -NEAA conditions. However,

significant reductions in both pS6K p70 (t-test, p=4.41E-02) and in pS6K p85 (t-test,

p=5.40E-03) levels were identified compared to controls (Figure 4-6E, Figure 4-6F).
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This reduction in S6K phosphorylation, a hallmark of dysregulated mTORC1 signaling,

was reversed upon L-asparagine repletion, underscoring a critical metabolic bottleneck and

potential therapeutic target in BOS cells. Intriguingly, mTORC1 activity in BOS responded

positively to L-asparagine repletion (Figure 4-6C). Specifically, with repletion of L-asparagine

alone, pS6K levels returned to comparable levels as in Glucose media (+NEAA). We identified

partial rescue of the mTORC1 phenotype in BOS cells with an increase of pS6K p70 (1.49-fold

increase) and pS6K p85 (1.18-fold increase) (Figure 4-6E, Figure 4-6F). Control cells did not

exhibit this response, highlighting a unique metabolic response in BOS fibroblasts. No effect

was observed on ASNS expression.

At 72 hours after NEAA depletion, protein levels were similar to those at 48 hours, with

no significant differences in ASNS or ATF4 levels, and significantly reduced protein levels of

pS6K p70 (0.79-fold decrease, t-test, p=3.29E-02) and pS6K p85 (0.73-fold decrease) (Figure

4-6D, Figure 4-6E, Figure 4-6F). This finding highlighted the specific dependency of BOS cells

on asparagine for normal mTOR pathway activity which aligns with our early observations of

increased ASNS levels upon acute depletion of NEAA. This may points towards an adaptive

mechanism in BOS cells to synthesize asparagine internally when external supply is restricted.

Asparagine has been identified as a key modulator of mTOR signaling. When cellular

levels of asparagine are depleted, it leads to the activation of the integrated stress response

(ISR) pathway, a cellular stress response mechanism. This activation, in turn, induces the

expression of ATF4, which regulates amino acid metabolism, stress responses, and mTORC1

activity in response to asparagine availability 18,20. At the transcriptomic level, BOS cells

exhibited increased ATF4 levels compared to controls (Figure 4-7A). From our previous

multi-omics study 3, we observed H3K4me3 enrichment at the ATF4 promoter and gene body in

BOS fibroblast cell lines, indicating derepression and corroborating the transcriptomic findings

(Figure 4-7B).
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BOS cells are dependent on NEAA for cell migration, and partial rescue can be achieved with

repletion of L-asparagine

The scratch wound assay is a widely used in vitro technique to study the process of

wound healing in vitro. We assessed the growth and migration capabilities of BOS fibroblasts

under various nutritional conditions. This technique sheds light on cellular motility and the

inherent mechanisms of wound healing 25,26, and facilitates the high-throughput evaluation of

therapeutic agents by modulating nutrient availability 27,28.

Given the interplay between ASXL1 mutations and mTOR pathway dysregulation17,

which regulates epithelial cell proliferation, migration, cutaneous wound healing 29, and

negatively regulates autophagy30, we investigated the impact of nutrient deprivation on cell

migration in BOS. We hypothesized that the increased sensitivity of the mTOR pathway in BOS

cells to nutrient availability might influence cell growth and migration.

In Glucose media (+NEAA), we identified no significant difference in wound healing

between BOS patient fibroblasts and control fibroblasts (Figure 4-8A). However, the depletion

of NEAAs significantly reduced the growth rate of BOS cells post-scratch wound, highlighting a

stark contrast to control fibroblasts, which remained unaffected. Remarkably, the repletion of

L-asparagine, mimicking the NEAA cocktail composition, substantially mitigated this growth

deficit in BOS cells, improving growth rates by 30-40% at 24 hours and 40-50% at 48 hours

post-supplementation, pinpointing a critical metabolic dependency on asparagine (Figure 4-8B).

Interestingly, the concurrent removal of pyruvate and supplementation with L-asparagine

normalized the growth rates of BOS cells to levels observed under +NEAA conditions or in

control fibroblasts (Figure 4-8C), suggesting a nuanced metabolic requirement in BOS cells that

extends beyond simple nutrient availability and warrants further study.
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Discussion

Our study examines the intricate link between truncating ASXL1 mutations and

mitochondrial dysfunction in Bohring-Opitz syndrome (BOS, OMIM#605309), revealing profound

impacts on cellular metabolism and signaling pathways (Figure 4-9). The metabolic

characterization of BOS patient-derived fibroblasts demonstrates a marked reduction in the

expression levels of MPC1 and MPC2, which are crucial for mitochondrial pyruvate import

(Figure 4-1B, Figure 4-1C). The MPC reduction is substantiated by a significant decrease in

both basal and maximal OCR (Figure 4-3F, Figure 4-3G), indicating compromised

mitochondrial function.

In humans, MPC is a hetero-oligomeric complex formed by the MPC1 and MPC2

paralogs that are both necessary to stabilize each other and form a functional MPC. MPC

deficiency (OMIM#614741) due to pathogenic MPC1 variants is a rare autosomal recessive

disease involving developmental delay, microcephaly, growth failure, and increased serum

lactate and pyruvate 31. Similarly, BOS patients present with developmental delay and growth

failure, as well as increased metabolite levels of pyruvate in patient-derived fibroblasts (Figure

4-3A, Figure 4-3E). Intriguingly, MPC loss-of-function studies in Drosophila intestinal epithelial

cells were identified to increase stem cell proliferation, while overexpression suppressed stem

cell proliferation, suggesting that MPC loss supports stem cell expansion and prevents

differentiation 32,33. Similar studies in human cells confirmed that MPC loss can increase

stem-like cell proliferation and drive cells towards a glycolytic state 34.

The efficiency of mitochondria in utilizing pyruvate through the MPC is essential for

linking glycolysis, the primary pathway of glucose metabolism in the cytosol, with mitochondrial

energy production processes to generate ATP 35. Dysfunctional MPC, due to either reduced

expression or altered activity of MPC1 and MPC2, can severely impair cellular metabolism. This

dysfunction restricts the flow of pyruvate into the mitochondria, leading to a metabolic bottleneck

that forces cells to rely more heavily on glycolysis for ATP production, even in the presence of
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oxygen—also known as aerobic glycolysis or the Warburg effect 35. The Warburg effect is

typically observed in cancer cells, other rapidly proliferating cells, and under certain pathological

conditions, where cells rely on glycolysis rather than oxidative phosphorylation even under

oxygen-rich conditions.

Our metabolomic analyses revealed a clear metabolic reprogramming in BOS cells,

characterized by the increased flux through glycolysis and altered pyruvate metabolism (Figure

4-3A, Figure 4-3B, Figure 4-3D). Such metabolic shifts are reminiscent of the Warburg effect or

of an early pluripotent state, where aerobic glycolysis is required to stimulate acetylation of

histones in chromatin and maintain cells in a stem-like state 36–39. In BOS cells, the increased

reliance on glycolysis, despite the presence of oxygen, could suggest a shift towards a similar

metabolic profile, aiming to support rapid cell proliferation or adapt to metabolic stress.

These findings were supported by observations of increased ECAR in BOS cells,

suggesting a higher glycolytic activity a direct consequence of a preference to generate

increased biomass or to compensate for mitochondrial deficiencies (Figure 4-3H, Figure 4-3I).

The latter may suggest impaired metabolic flexibility, where cells cannot efficiently switch

between glycolysis and oxidative phosphorylation, leading to an overreliance on glycolysis. This

metabolic reprogramming or altered set point could be an adaptive mechanism to mitigate

mitochondrial-derived reactive oxygen species (ROS) production, as glycolysis is less prone to

generating ROS compared to oxidative phosphorylation. Additionally, the accumulation of

glycolytic intermediates might fuel anabolic pathways, supporting biomass accumulation

essential for cell growth and division.

Sercel et al. (2024) suggest that pathophysiology of mitochondrial defects actually lies in

maladaptive stress responses triggered by oxidative phosphorylation defects, leading to a state

of hypermetabolism rather than mere ATP deficiency 40. This hypermetabolic state imposes

energetic constraints that are pivotal in causing the pathophysiology observed in mitochondrial

diseases. This perspective aligns with our observations in BOS cells, where increased
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glycolysis, despite reduced oxidative phosphorylation, could be part of a broader compensatory

mechanism to meet the energetic demands imposed by cellular stress responses. Recent

studies have also shown that ASXL1 mutations regulate glucose metabolism 41. Together, our

findings highlight a profound metabolic reprogramming characterized by an enhanced glycolytic

rate and rerouted carbon flux into amino acid biosynthesis in BOS cells (Figure 4-9).

The hypermetabolic state induced by mitochondrial dysfunction, as described by Sercel

et al., may be linked to accelerated ageing and physiological decline. This reorientation of

energy expenditure could divert resources away from longevity-promoting processes, reducing

fitness and lifespan 40. Interestingly, DNA methylation studies in BOS patient blood samples

show acceleration in DNA methylation age 42.

Recent findings suggest a broader network involving ASXL1's binding partner, BAP1, in

the regulation of cellular metabolism. Germline BAP1 mutations have been linked to the

induction of a Warburg effect, characterized by increased aerobic glycolysis and lactate

secretion, sacrificing mitochondrial respiration and ATP production to facilitate uptake and

incorporation of nutrients into the biomass even in the presence of oxygen 43,44. This metabolic

phenotype was observed in primary fibroblasts from carriers of heterozygous germline BAP1

mutations (BAP1+/−), highlighting the role of BAP1 in modulating cellular metabolism. Further in

vitro studies using siRNA-mediated reduction of BAP1 confirmed these metabolic alterations

44,45. Notably, these findings challenge the conventional notion that the Warburg effect solely

arises as an adaptive response to carcinogenesis, suggesting its potential role as an early

facilitator of malignancy 44.

The response of BOS cells to nutrient stress, as observed under different growth

conditions, highlights the maladaptive stress responses in BOS cells. The pronounced reduction

in maximal OCR under nutrient-deprived conditions (Figure 4-4D) underscores the limited

capacity of these cells to upregulate respiratory activity in response to metabolic stress. This is

supported by our findings that BOS cells exhibit increased levels of glycolytic intermediates and
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increased biosynthesis of key amino acids like glutamate and aspartate, under nutrient-rich

conditions, but are unable to maintain this increased biosynthesis of key amino acids under

nutrient-depleted conditions (Figure 4-5F, Figure 4-5G) which may drive the growth impairment

phenotype observed in our functional assays.

The scratch wound assay revealed that BOS cells are highly dependent on external

nutrient availability. Specifically, the depletion of NEAAs drastically impairs cell migration, an

effect partially rescued by the addition of L-asparagine (Figure 4-8B). These findings indicate

not only a dependency on specific amino acids but also suggests potential therapeutic targets to

mitigate such growth deficits.

Our study also highlights significant disruptions in the mTOR signaling pathway, a central

regulator of cell growth and metabolism. The reduction in pS6K upon NEAA depletion (Figure

4-6B, Figure 4-6D) points to mTORC1 dysregulation. Notably, the repletion of L-asparagine

restores mTORC1 activity, suggesting a specific amino acid sensitivity and a potential

therapeutic avenue to normalize mTOR signaling in BOS cells (Figure 4-6C).

These metabolic and signaling alterations are likely driven by transcriptional and

epigenetic changes, as evidenced by our CUT&RUN and RNA-seq analyses. Increased

H3K4me3 deposition at the ATF4 promoter (Figure 4-7B) and elevated ATF4 expression under

nutrient stress (Figure 4-7A) suggest that stress response pathways are also engaged in an

attempt to adapt to mitochondrial dysfunction and nutrient scarcity.

Our findings align with previous studies indicating that disruptions in mitochondrial

pyruvate transport can lead to compensatory metabolic reconfigurations. For instance,

isotopomeric flux analysis has shown that during MPC suppression, alternative carbon sources

can replenish TCA cycle intermediates, a mechanism potentially sustained through glutamine

oxidation 46,47, and which may be at play in the BOS patient population. This adaptation aligns

with the upregulation of pathways involving glutamine transporters and asparagine synthetase
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during metabolic stress, which we also observe in the context of ATF4-mediated transcriptional

responses.

Our study is the first that we know of to identify metabolic and mitochondrial dysfunctions

in BOS. However, several limitations are inherent to our study of rare diseases. One significant

limitation is the small sample size, which can impact the generalizability of our findings and

statistical power of the analyses. Additionally, the use of patient-derived fibroblasts, while

informative, does not encompass the full spectrum of tissue types that may be affected by

ASXL1 mutations. Although fibroblasts are a reliable source for metabolic studies, they do not

necessarily reflect the metabolic states of more ubiquitously affected tissues in vivo. Our study

did extend to patient-derived iPSCs (Figure 4-2A) and NPCs (Figure 4-2B) which did not show

the MPC defect observed in fibroblasts. This discrepancy could be attributed to cellular

reprogramming, which may alter mitochondrial characteristics because mitochondrial function is

known to be repressed in pluripotent cells compared to differentiated cells 48, or could lend

insight into BOS pathophysiology whereby BOS cells are unable to increase MPC levels

appropriately as cells differentiate.

Future expansions of this investigation to other rare genetic neurodevelopmental

disorders could validate whether the metabolic and mitochondrial disruptions observed in BOS

are common across other similar disorders, especially those not typically associated with direct

metabolic pathway mutations. Moreover, ongoing studies in patient-derived peripheral blood

mononuclear cells are anticipated to provide additional insights into the systemic metabolic

alterations in BOS, potentially offering a more accessible biomarker or therapeutic target.

Further metabolic tracing studies, such as glutamine tracing and lactate tracing, will enhance

our understanding of the role these metabolic intermediates play in the pathogenesis of BOS,

providing a clearer picture of how metabolic fluxes support the survival and function of affected

cells under metabolic stress. Such studies could pave the way for novel therapeutic strategies
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aimed at modulating metabolic pathways to mitigate the effects of genetic mutations in BOS and

potentially other similar disorders.

Overall, our findings indicate a marked reduction in MPC1 and MPC2 protein levels in

BOS cells, suggesting that ASXL1 mutations may interfere with pyruvate transport into

mitochondria, thereby compromising cellular energetics. This mitochondrial pyruvate bottleneck

could contribute to the metabolic inflexibility observed in BOS. Our comprehensive analysis not

only underscores the profound metabolic and signaling disturbances in BOS but also provides a

foundation for exploring metabolic reprogramming as a potential therapeutic strategy. By

delineating the cellular adaptations to mitochondrial dysfunction and nutrient stress, we highlight

the potential for targeted interventions that could alleviate the metabolic deficiencies observed in

BOS.

Conclusion

Our comprehensive investigation into the metabolic and mitochondrial implications of

ASXL1 mutations in BOS underscores a complex interplay between genetic aberrations and

cellular metabolic responses. We have demonstrated significant disruptions in mitochondrial

function, particularly a notable reduction in the levels of mitochondrial pyruvate carriers MPC1

and MPC2 in patient-derived fibroblasts. This finding aligns with decreased mitochondrial

respiration capacities as evidenced by lower basal and maximal oxygen consumption rates.

Furthermore, our metabolic profiling revealed a profound reprogramming towards increased

glycolysis and amino acid biosynthesis, suggesting an adaptive response to mitochondrial

inefficiency.

The cellular adaptations observed in BOS cells—such as increased glycolytic flux and

altered amino acid metabolism—highlight a fundamental shift towards alternative metabolic

pathways, likely as a compensatory mechanism for impaired mitochondrial function. These

adaptations are consistent with the hypermetabolic state described in other mitochondrial

179



pathologies, which may contribute not only to the disease phenotype but also to broader

implications such as accelerated cellular aging and altered physiological resilience.

In conclusion, our study not only provides crucial insights into the metabolic

consequences of ASXL1 mutations in BOS but also sets a precedent for the metabolic

examination of other genetic neurodevelopmental disorders. Our findings highlight the

importance of integrating metabolic perspectives into the study of rare diseases to ultimately

improve patient outcomes and quality of life.
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Figures and Tables

Figure 4-1: Overview of methods and identification of intrinsic metabolic defects in BOS

(A) Schematic overview of the experimental workflow and genetic and metabolomic analyses

conducted on BOS patient-derived fibroblast samples.

(B) Western blot analysis of the protein levels of mitochondrial pyruvate carrier 1 and 2 (MPC1

and MPC2) in control fibroblast samples (n=4) and BOS fibroblast samples (n=3). Significantly

lower levels of both proteins are evident in BOS samples.

(C) Normalized boxplots quantifying protein expression of MPC1 (p=8.32E-04) and MPC2

(p=1.70E-03), indicate statistically significant reduction in BOS compared to control samples.

Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001.
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Figure 4-2: Conserved expression of MPC1 and MPC2 in pluripotent and neural

progenitor cells from BOS patients

(A) Western blots showing the expression levels of MPC1 and MPC2 in control iPSC samples

(n=3) and BOS iPSC samples (n=2).

(B) Western blots showing the expression levels of MPC1 and MPC2 in control NPC samples

(n=3) and BOS NPC samples (n=3).

182



Figure 4-3: BOS patient-derived fibroblasts utilize increased glycolysis and decreased

oxidative phosphorylation

(A) Volcano plot of untargeted metabolomics data, highlighting significant differential metabolites

between BOS and control fibroblasts. P-value thresholds are marked with horizontal dotted lines

(B) Mummichog 2.0 pathway analysis show the primary affected metabolic pathways in BOS

fibroblasts, with glycolysis/gluconeogenesis and pyruvate metabolism being most significantly

disrupted.

183



(C) Heatmap of glycolytic pathway intermediates comparing metabolite levels in BOS fibroblasts

(n=2 biological replicates, in technical triplicate) to control fibroblasts (n=3 biological replicates,

in technical triplicate).

(D) Box plot depicting elevated pyruvate metabolite levels in BOS fibroblasts (p=1.92E-02)

compared to controls, indicating disrupted pyruvate metabolism.

(E) Percentage of oxidative phosphorylation (% OxPhos) capacity is significantly reduced in

BOS fibroblasts.

(F) Normalized OCR (pmol/min) data from Seahorse assay of BOS and control patient-derived

fibroblasts.

(G) Basal OCR (pmol/min) comparison, indicating significantly lower rates in BOS fibroblasts.

(H) Normalized extracellular acidification rate (ECAR, pmol/min) data, a measure of glycolytic

activity, is increased in BOS cells.

(I) Basal ECAR (mpH/min) is significantly increased in BOS cells, reflecting a compensatory

increase in glycolytic flux.

Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001.

184



Figure 4-4: Depletion of nutrients exacerbate metabolic inflexibility in BOS cells

(A) Untargeted metabolomics showing asparagine levels in control and BOS cells under

different nutrient conditions.

(B) Percentage of ATP production via oxidative phosphorylation in control and BOS fibroblasts

under various nutrient conditions, showing a general increase in oxidative phosphorylation in

galactose and a slight decrease in control cells upon NEAA and pyruvate depletion (p=2.13E-2).

(C) Basal oxygen consumption rate (OCR) in cells cultured in galactose. No significant

differences were identified across nutrient conditions, but a notable increase was identified

compared to glucose conditions.
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(D) Maximal OCR capacity showcasing a reduced ability in BOS cells to increase respiratory

activity without pyruvate (p=6.21E-03), without NEAA (p=4.25E-03), and without both

(p=1.45E-05).

(E) Basal extracellular acidification rate (ECAR) in galactose conditions, highlighting a

significant reduction in glycolytic reliance compared to glucose conditions, with a slight increase

in control cells under nutrient depletion (p=5.99E-03).

(F) Mitochondrial mass per cell area increased significantly in all conditions lacking pyruvate,

suggesting a compensatory mitochondrial biogenesis in response to nutrient stress (p values =

3.31E-18 to 3.07E-15).

(G) Untargeted metabolomics showing pyruvate levels in control and BOS cells under different

NEAA conditions, revealing significant alterations in BOS cells that align with nutrient availability.

(H) Western blot analysis of MPC1 and MPC2 levels in control and BOS cells with or without

NEAA, demonstrating significantly reduced levels in BOS cells across nutrient conditions.
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Figure 4-5: BOS cells rely on increased glycolytic flux and de novo amino acid

biosynthesis

(A) Schematic representation of the glycolysis and TCA cycle pathways, highlighting the

intermediates for de novo amino acid synthesis.
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(B-G) Comparative glucose tracing analysis in control (n=3 biological replicates, in technical

triplicates) versus BOS (n=3 biological replicates, in technical triplicates) cells, under conditions

with and without non-essential amino acids (NEAA). Results illustrate isotopic enrichment

(histograms) and quantification (pooled peak area boxplots) across key metabolites: (B)

Glucose, (C) Fructose-1,6-bisphosphate, (D) Pyruvate, (E) Citrate, (F) Glutamate, and (G)

Aspartate.

Statistical significance determined by Student's t-test is annotated for each metabolite

comparison.
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Figure 4-6: NEAA depletion exacerbates mTOR signaling defects in BOS cells, which can

be rescue by L-asparagine repletion

Whole cell lysate (WCL) western blots highlight the effects of NEAA depletion on mTOR

signaling pathways and the ATF4/ASNS stress response in BOS cells. '+' and '-' symbols
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indicate the presence or absence of 1% NEAA, or of 10mM L-asparagine, respectively. Actin is

a loading control across all conditions.

(A) WCL of control (n=3) and BOS (n=3) cells reveal early responses to acute NEAA depletion

at 16 hours. The blots highlight elevated ASNS levels in BOS cells, both at baseline and upon

NEAA depletion.

(B) WCL of control (n=4) and BOS (n=3) cells at 48 hours post-NEAA depletion show a baseline

reduction in phosphorylated S6K (pS6K) forms upon NEAA depletion in BOS cells. Controls

showed no significant changes with or without NEAA.

(C) WCL of control (n=4) and BOS (n=3) cells, under NEAA-depleted conditions, with and

without 10mM L-asparagine repletion after 48 hours. Repletion of L-asparagine rescued pS6K

levels in BOS cells to control-like levels. Control samples exhibited no marked differences upon

L-asparagine repletion.

(D) WCL of control (n=3) and BOS (n=2) cells at 72 hours post-NEAA depletion highlight the

continued reduced levels of pS6K.

(E) Quantitative box plots of the fold change in pS6K p70 expression over time with NEAA

depletion, including under L-asparagine repletion.

(F) Quantitative box plots of the fold change in pS6K p85 expression over time with NEAA

depletion, including under L-asparagine repletion.
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Figure 4-7: Transcriptional upregulation and epigenetic activation of ATF4 in BOS

fibroblasts

(A) RNA sequencing normalized expression levels of ATF4 in BOS and control fibroblasts, both

with and without non-essential amino acids (NEAA). The data reveal significantly elevated levels

of ATF4 in BOS cells under both nutrient conditions, compared to controls.

(B) CUT&RUN (Cleavage Under Targets and Release Using Nuclease) data illustrating

increased deposition of the histone mark H3K4me3 at the promoter and transcription start site

(TSS) of ATF4 in BOS fibroblasts.
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Figure 4-8: BOS cells are dependent on NEAA for cell migration, and partial rescue can

be achieved with repletion of L-asparagine

(A) Relative wound density plots show scratch wound healing in control patient fibroblasts

(above, red) and BOS fibroblasts (below, blue) under Glucose media (+NEAA, circle points) vs

Glucose media (-NEAA, triangle points).

(B) Comparative growth rates post-scratch wound under NEAA depletion (circle points) with

10mM L-asparagine supplementation (triangle points) show no change in growth rate in controls

(above), and partial rescue in BOS (below).

(C) Comparative growth rates post-scratch wound under NEAA depletion (circle points) with the

removal of pyruvate and addition of 10mM L-asparagine (square point) demonstrate no growth

difference in control cells (above) and rescue of BOS cell growth rates (below).
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Figure 4-9: ASXL1 mutations drive metabolic dysregulation and mitochondrial

dysfunction in Bohring-Opitz syndrome
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Table 4-1: Bohring-Opitz syndrome (BOS) patient and control demographics

Bohring-Opitz syndrome (BOS) patients and controls included in our assays are identified with

their patient IDs and prior IDs from our previous multi-omics paper 3. ASXL1 mutation, age at

collection, sex, and severity of BOS are shown.
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Table 4-2: Media compositions
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Table 4-3: Reagents used in media compositions
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CHAPTER 5

Expanding the ASXL1 Mutation Spectrum: Transcriptomic and Metabolic Dysregulation

Underlying Overgrowth Phenotype in Inherited ASXL1 Missense Mutations
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Abstract

Mutations in genes associated with chromatin remodeling underlie a spectrum of

congenital abnormalities and neurodevelopmental disorders. Additional sex combs-like 1

(ASXL1) is a key chromatin regulator, and de novo truncating mutations in ASXL1 are known to

cause the rare genetic disorder Bohring–Opitz syndrome (BOS). BOS is characterized by

distinctive neurodevelopmental and physical abnormalities.

In this study, we present a 14-year-old female with overgrowth syndrome, macrocephaly,

and normal neurodevelopment, features that diverge from the typical BOS phenotype. This

proband was identified to be carrying a paternally-inherited ASXL1 missense mutation

(c.4562C>T p.Ala1521Val) in the plant homeodomain and an additional KIF22 missense

mutation, both variants of unknown significance.

Through genetic, transcriptomic, and metabolomic analyses, we uncovered 104

differentially expressed genes dysregulated in ASXL1 missense mutation samples across both

blood and fibroblast. Notably, the mutation significantly affects gene expression of core

components of the mitochondrial respiratory chain. Moreover, metabolomics analysis confirmed

significant metabolic alterations consistent with the transcriptomic findings. These findings

highlight the distinct metabolic phenotype driven by the ASXL1 missense mutation in this family,

distinct from classical BOS. This study contributes to the literature around inherited ASXL

mutations, and expands the phenotypic spectrum associated with ASXL mutations.
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Introduction

Introduction to chromatin remodeling and genetic disorders

Chromatin remodeling is a fundamental process that regulates gene expression and

genomic integrity, pivotal to the proper development and functioning of an organism. This

dynamic process involves the modification of chromatin architecture, allowing access to genetic

information stored within DNA for replication, repair, and transcription. The complexity of

chromatin remodeling is underscored by its involvement in a wide array of genetic disorders.

Mutations in genes encoding chromatin remodeling proteins can disrupt these essential

processes, leading to a spectrum of congenital abnormalities and neurodevelopmental

disorders. These conditions manifest a wide range of severity and complexity, often reflecting

the diverse roles of chromatin remodeling components in gene regulation. Understanding the

link between chromatin remodeling defects and genetic disorders is crucial for examining the

molecular mechanisms underlying these conditions and for the development of targeted

therapeutic strategies.

ASXL1: role in chromatin remodeling

The Additional sex combs-like 1 (ASXL1) gene plays a critical role in chromatin

remodeling, acting as a regulator of gene expression through its involvement in histone

modification and epigenetic signaling pathways 1,2. Truncating mutations in ASXL1 cause the

rare genetic condition Bohring-Opitz syndrome (BOS; OMIM #605039), which is characterized

by a distinct set of physical and neurodevelopmental features 3. Features of BOS include

intrauterine growth restriction, severe developmental delay, craniofacial abnormalities, and a

unique posture known as the "BOS posture," among other clinical manifestations 4. This

syndrome reflects the essential role of ASXL1 in the orchestration of gene expression critical for

normal growth and neurological development.
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ASXL genes, including ASXL1, play a critical role in epigenetic and transcriptional

regulation by influencing histone modifications. These modifications occur through interactions

with polycomb repressive complexes (PRC) and BRCA-1-associated protein 1 (BAP1), which is

essential for modulating histone deubiquitination and methylation 5–7 . The plant homeodomain

(PHD) within ASXL1 is crucial for its function, mediating these interactions and thereby

maintaining chromatin integrity. Truncating mutations in ASXL1, leading to BOS, result in the

heterozygous loss of this PHD, which is pivotal in the gene's role in chromatin remodeling 8. The

loss of the PHD disrupts the ASXL1-BAP1 complex's ability to counteract PRC1-mediated

monoubiquitination of histone H2A lysine 119 (H2AK119), a pivotal epigenetic marker.

Consequently, truncated forms of ASXL1 enhance the catalytic activity of BAP1

disproportionately, causing a significant reduction in H2AK119 ubiquitination levels and thus

perturb the normal chromatin state 8,9. This loss of interaction with PRC1 in truncated ASXL1

leads to diminished PRC1 activity and unchecked PR-DUB activity, culminating in the

widespread de-repression of genes across various tissues 10. This effect underscores the

hypothesized dominant negative or gain-of-function impact of truncated ASXL1 mutations 11.

Missense mutations in ASXL genes: literature review

Literature on ASXL missense mutations paints a different picture of phenotypic

outcomes, indicating a broader and less understood aspect of ASXL gene mutations. While

truncating mutations often lead to well-documented syndromes like BOS, the effects of

missense mutations in the ASXL genes remain less predictable. For instance, several patients

with ASXL3 missense variants exhibited phenotypes vastly different from those associated with

loss-of-function mutations, often inherited from clinically unaffected parents, suggesting a

nuanced impact of missense mutations on gene function and disease phenotype 12 Moreover,

compound heterozygous mutations in ASXL3 have been linked to phenotypes overlapping with

reported cases of Bainbridge-Ropers syndrome, indicating potential loss-of-function effects 13.
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In this study, we aim to delve into the unique clinical and molecular landscapes shaped

by a novel ASXL1 missense mutation identified in a family. Unlike the truncating mutations

associated with BOS, which significantly alter chromatin remodeling and gene expression,

missense mutations in ASXL1 offer a less understood pathogenic pathway. This case study

presents a paternally inherited ASXL1 missense mutation, identified in a patient with an

overgrowth syndrome, yet exhibiting normal neurodevelopmental progress. As far as we know,

this is the first known germline case of ASXL1 missense mutations, and the first known case of

inherited ASXL1 missense mutations.

Methods

Cell culture

Primary fibroblast cultures were established and maintained following the protocols

outlined by Lin et al. (2023) 10.

DNA/RNA extraction

Genomic DNA was extracted from cultured fibroblasts using the Quick-DNA Miniprep Kit

(Zymo, Cat#D3024) and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen,

#74136), adhering to manufacturer protocol. The RNA integrity and concentration were

assessed with TapeStation and Qubit respectively before proceeding with RNA sequencing.

Genetic and transcriptomic analysis

Transcriptomic profiling was conducted through RNA sequencing (RNA-seq), as per

methodology detailed by Lin et al. (2023) 10. The RNA sequencing data was analyzed according

to the established pipeline outlined by Lin et al. (2023) 10, with adjustment for patient sex and

technical replicates where applicable. Technical replicates prepared by different individuals

clustered together and were collapsed in downstream analyses.
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Sanger sequencing was performed through Genewiz and visualized using SnapGene

software.

Metabolomic analysis

Fibroblast cells were seeded in six-well plates, with or without 1% non-essential amino

acids (NEAA) and metabolites were extracted at 70–80% confluence per established protocol 14.

Dried metabolites were stored at -80°C prior to mass spectrometry analysis. Analysis was

conducted using the Christofk Lab Grapha platform.

ESM1b

ESM1b pathogenicity scores for missense mutations were identified using the publicly

available score predictions generated by Brandes et al. (2023) 15.

AlphaMissense

AlphaMissense pathogenicity scores for missense mutations were generated using the

model developed by Cheng et al. (2023) 16.

Results

This case presentation focuses on a 14-year-old female proband diagnosed with a

distinct phenotype from the traditional phenotypic spectrum associated with ASXL1 mutations.

The proband's clinical picture is characterized by an overgrowth syndrome, macrocephaly, and

normal neurodevelopment, distinctly lacking the severe neurodevelopmental delay typically

observed in BOS (Figure 5-1A). Genotyping revealed the presence of a paternally inherited

ASXL1 missense mutation (c.4562C>T p.Ala1521Val) located in the PHD (Figure 5-1A, Figure

5-1B), and a kinesin family member 22 (KIF22) missense mutation (c.130G>A p.Val44Ile), both

classified as variants of unknown significance (VUS). Exome studies confirmed the mutations in

the proband and father, and not in the mother.

Clinical history and physical findings
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The proband's medical history reveals a history of proportionate overgrowth, first noted

at 20 months of age. At 14 years of age, the proband had a height of 5'7" (93rd percentile,

+1.4SD, Figure 5-1C) and weighed 290 lbs (100th percentile, +4.28SD, Figure 5-1D), with a

BMI of 46.42 (100th percentile, +3.88SD, Figure 5-2A) . Her growth metrics significantly

surpassed standard deviations for her age, pointing to a pronounced overgrowth syndrome.

Other clinical features of note include obesity (100th percentile), macrocephaly (100th

percentile, +6.39SD, Figure 5-1E), increased bone age, premature adrenarche, and

dysfunctional uterine bleeding attributed to ovarian androgen hypersecretion.

The ASXL1 missense mutation was paternally inherited, and may co-segregate with

increased height. The proband’s father has a height of 5'11" while the mother has a height of

5'3" (Figure 5-1D). On the paternal side of the family, there are also multiple cousins, aunts and

uncles over 6’ tall, whom have not been genetically evaluated (Figure 5-1B). However, the

proband’s 9-year-old sister's growth parameters (99th percentile for weight and 75th percentile

for height) without inheritance of the ASXL1 missense mutation and without pubertal

development signs suggest a potential genetic predisposition towards overgrowth within the

family, albeit with varying manifestations.

Family history

The proband's paternal lineage exhibits a notable history of overgrowth,

hemihypertrophy, early facial hair development in males, and other symptoms mirroring the

proband's condition, suggesting a hereditary pattern of inheritance (Figure 5-1B). Exome,

sanger sequencing, and RNA-seq confirmed that the proband and father both have the ASXL1

missense mutation. The mother, sister, and paternal grandmother are confirmed to have neither

ASXL1 nor KIF22 mutation (Figure 5-2B).

The maternal side reports significant health issues, including precancerous conditions

and lung cancer, though no direct linkage to the proband's condition is evident (Figure 5-1B).
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Variant assessment

Genetic analysis confirms the presence of an ASXL1 missense mutation affecting the

PHD domain, an essential component for its role in chromatin remodeling, as well as a KIF22

missense mutation, where KIF22 has been shown to play a role in bone growth. Clinically, the

proband displays a wide array of symptoms including macrocephaly, accelerated skeletal

maturation, polycystic ovaries, and metabolic dysregulation, among others. These symptoms

underscore a multisystem impact, pointing towards ASXL1 missense mutations driving this

dysregulation. KIF22 missense mutation adds a confounding factor and could be acting in a

compounding manner, and may explain the increased bone age phenotype.

Using ESM1b, a protein language model for predicting the effects of coding variants, the

ASXL1 missense mutation had a predicted pathogenicity score of -10.792 while the KIF22

missense mutation had a predicted pathogenicity score of -6.62. ESM1b defines likely

pathogenic missense mutations as having a score less than -7.5.

Similarly, with AlphaMissense annotations, the ASXL1 missense mutation was predicted

as likely pathogenic, with a pathogenicity score of 0.9541 while the KIF22 missense mutation

was predicted as likely benign, with a pathogenicity score of 0.2687.

Clinical management and follow-up:

The proband's management has involved multidisciplinary care, including pediatric

endocrinology for her growth and metabolic concerns, gynecological oversight for menstrual

irregularities, and continued monitoring for potential cardiovascular complications suggested by

an enlarged aortic valve. The intricate interplay of genetic mutations presents a clinical

challenge, requiring ongoing evaluation to understand the full scope of phenotypic impact and to

tailor her management accordingly.

The atypical phenotypic spectrum warrants further investigation.
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Transcriptomic profiling of ASXL1 missense mutation identifies signature distinct from

Bohring-Opitz syndrome

The transcriptomic analysis was designed to dissect the genetic expression patterns

resulting from the ASXL1 missense mutation in comparison to both the typical BOS signature,

caused by truncating ASXL1 mutations, and unaffected controls. Utilizing both blood and

fibroblast RNA-seq, we aimed to capture a comprehensive view of the transcriptomic alterations

across different cell types, offering insights into systemic and tissue-specific effects of the

mutations.

Blood samples from the proband, father, and mother, and control individuals underwent

RNA-seq to evaluate the expression patterns associated with the missense ASXL1 mutation.

Notably, the analysis of allele ratios in the father highlighted an intriguing skew towards the

wild-type allele for the father (77% wild type, 23% mutation), suggesting a compensatory

mechanism or selective expression favoring the wild type ASXL1 allele in the father. The

proband exhibited an equal distribution of allele ratios at the mutation site (50% wild type, 50%

mutation). This pattern was distinct from what would typically be observed in germline

mutations, indicating a nuanced interaction between the mutated and wild-type alleles in

response to the ASXL1 missense mutation.

The principal component analysis (PCA) identified that PC3, accounting for 12% of the

variance, distinctly separated the ASXL1 missense mutation carriers from both BOS samples

and healthy controls (Figure 5-3A). Unsupervised clustering identified strong familial effect, and

distinct clustering separate from BOS samples and control samples (Figure 5-3B). DESeq2

analysis identified 4468 differentially expressed genes (DEGs), of which 2060 (46.11%) DEGs

were upregulated and 2408 (53.89%) DEGs were downregulated in blood samples (Figure

5-3C, Table 5-1). 2723/4468 (60.94%) of these DEGs were protein-coding, with 1646 (60.44%)

DEGs being upregulated and 1077 (39.56%) DEGs being downregulated. Intriguingly, 8 of the

30 most strongly dysregulated DEGs encoded oxidative phosphorylation subunits. We identified
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significant enrichment in gene ontologies related to ATP metabolic processes and histone

modifications among other biological pathways (Figure 5-3D, Table 5-2). Unlike BOS samples

10, there was no significant dysregulation in the Wnt pathway, underscoring the distinct

molecular impacts of the ASXL1 missense mutations (Figure 5-3D).

The expression levels of ASXL1 in missense mutation carriers were not significantly

different from controls, indicating an absence of nonsense-mediated decay (NMD) - a feature

also observed in BOS samples (Figure 5-3E). Similarly, Vang-like 2 (VANGL2) expression did

not show significant changes in ASXL1 missense samples, in contrast to its strong upregulation

in BOS patient blood compared to control 10, further illustrating the divergent transcriptional

impacts of the ASXL1 mutations (Figure 5-3F).

Patient-derived fibroblasts were cultured from the proband, father, mother, sister, and

paternal grandmother. RNA-seq analysis, as well as Sanger sequencing (Figure 5-2B),

confirmed expression of the ASXL1 missense mutation in the proband and father. The mutation

was absent in the mother, sister, and paternal grandmother.

The PCA of fibroblast RNA-seq identified that PC1, accounting for 30% of the variance,

clustered samples with ASXL1 missense mutations closer to that of controls than BOS samples

(Figure 5-4A). Unsupervised clustering using our previously derived transcriptomic signature for

BOS showed distinct clustering separate from BOS samples. Instead, ASXL1 missense

samples clustered with control samples (Figure 5-5A). Similarly, ASXL1 missense fibroblasts

showed stronger clustering with control samples with unsupervised clustering using the ASXL1

missense DEGs (Figure 5-3B).

DESeq2 analysis was conducted with (Figure 5-5B) and without (Figure 5-4C) technical

replicate collapse. We identified 1565 DEGs driven by missense ASXL1 mutations. Of these,

1356/1565 (86.65%) of DEGs downregulated (log2 fold change (log2FC) < 0), and 209/1565

(13.45%) of DEGs upregulated (log2FC > 0) (Figure 5-5B). This negative skew of dysregulation

is in stark contrast to the de-repression of a key subset of genes identified in BOS fibroblast
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RNA-seq 10. After filtering for protein-coding genes, there remained 577/738 (78.18%)

downregulated DEGs and 161/738 (21.82%) upregulated DEGs (Table 5-3). Technical

replicates prepared by different individuals clustered together and were collapsed in

downstream analyses.

One of the most significantly dysregulated DEGs in patient-derived fibroblasts was

thyrotropin releasing hormone (TRH, log2FC = 5.87) which controls the secretion of

thyroid-stimulating hormone (TSH) and is involved in thyroid hormone synthesis regulation.

Other significantly dysregulation genes of interest included upregulation of multiple nuclear

receptor subfamily 4 members, retinol binding protein 4 (RBP4) and activating transcription

factor 3 (ATF3) which all act in the nucleus to regulate transcription.

We identified significant enrichment in gene ontologies related to mitotic cell cycle,

response to oxidative stress, ossification, and Wnt signaling (Figure 5-4D, Table 5-4).

Again, in fibroblasts, the expression levels of ASXL1 in missense mutation carriers were

not significantly different from controls, indicating an absence of NMD (Figure 5-4E). Similarly,

VANGL2 expression did not show significant changes in ASXL1 missense samples, in contrast

to its strong upregulation in BOS patient fibroblasts 10 (Figure 5-4F).

Furthermore, direct comparison of the ASXL1 missense fibroblast to BOS fibroblast

samples revealed distinct separation of the samples along PC1, accounting for 53% of the

variance (Figure 5-6A). Differential gene expression analysis identified 6497 DEGs, with 3741

(57.58%) downregulated and 2756 (42.42%) upregulated (Figure 5-6B, Table 5-5). Of the most

significantly dysregulated genes, was RAS like estrogen regulated growth inhibitor (RERG,

log2FC = -10.15) a member of the RAS superfamily of GTPases, which acts to inhibit cell

proliferation and tumor formation. We also found significant downregulation Ras-Related

GTP-Binding Protein D (RRAGD, log2FC = -9.08) which is a G protein that regulates the

mammalian target of rapamycin complex 1 (mTORC1) signaling cascade 18–20, and Sp9

transcription factor (SP9, log2FC = -8.99), which is a transcription factor involved in limb
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development, and predicted to be involved in regulation of transcription by RNA polymerase II,

and chromatin functions. ASXL1 is known to interact with RNA polymerase II 17 so this could

provide insight into the mechanistic dysregulation driven by missense mutations in the ASXL1

PHD.

Gene ontology analysis of these DEGs identified dysregulation of key pathways

including cell growth, ossification, hemostasis and coagulation, and response to oxygen levels

(Figure 5-6C, Table 5-6).

Transcriptomic profiling of ASXL1 missense mutation across tissues identifies significant

dysregulation of oxidative phosphorylation subunits

Following the analyses of blood and fibroblast RNA-seq to explore the transcriptomic

landscape associated with the ASXL1 missense mutation, a comprehensive integration of the

DEGs was conducted on both datasets. This integrative approach aimed to identify common

pathways and gene expression patterns altered in both systemic (blood) and localized

(fibroblast) cellular environments.

From the initial sets of 4468 DEGs identified in blood and 1565 DEGs in fibroblast

RNA-seq, a subset of 104 common DEGs was identified to be significantly dysregulated (Figure

5-5C). A significant finding from this integrated analysis was the identification of 11 genes

related to the oxidative phosphorylation pathway that were dysregulated in both datasets (Table

5-7). Notably, six of these genes are core subunits of the NADH:ubiquinone oxidoreductase

complex (Complex I of the mitochondrial respiratory chain), three of these genes encoded

cytochrome b and cytochrome c oxidase I and cytochrome C oxidase III, and one of these

genes encoded a subunit of the ATP synthase (Figure 5-7). Complex I reduces ubiquinone to

ubiquinol, and the cytochome bc1 complex then reoxidises ubiquinol to reduce oxygen to water

at Complex IV 21–23. This discovery points to a substantial impact of the ASXL1 missense

mutation on mitochondrial function and energy metabolism.

214

https://paperpile.com/c/qyBARz/7tgZr
https://paperpile.com/c/qyBARz/zafEM+5r9Lf+l0vEi


Intriguingly, in blood samples, all identified mitochondrially encoded oxidative

phosphorylation genes were significantly downregulated, with log2FC ranging from -6.68 to

-1.13. This suggests a profound suppression of mitochondrial oxidative phosphorylation activity

in the systemic environment. Conversely, in fibroblast samples, these genes were significantly

upregulated, with log2FC values ranging from 1.06 to 1.64. Notably, these encompass the small

percentage of upregulated genes (13.4%) identified in fibroblast RNA-seq. This upregulation in

fibroblasts highlights a contrasting cellular response to the mutation, potentially informing the

patient phenotype.

Metabolomic profiling in ASXL1 missense mutation identifies reduction in glycolysis and

generation of energy carriers

Metabolomic analysis of fibroblasts from the proband unveiled significant alterations in

metabolic pathways, including a notable downregulation of key glycolytic intermediates (p <

0.001) including glycerol-3-phosphate, phosphoglycerate, and phosphoenolpyruvate when

compared to control fibroblasts (Figure 5-8A). This contrasts sharply with BOS-derived

fibroblasts, which exhibit an upregulation of glycolytic intermediates (Figure 5-8B), suggesting a

distinct metabolic phenotype driven by the ASXL1 missense mutation.

Intriguing, depletion of exogenous NEAA results in downregulation of key energy carriers

NADPH (p < 0.001) and NAD+ (p < 0.01), and further depletion of glycolytic intermediates and

the tricarboxylic acid (TCA) cycle (Figure 5-8C, Figure 5-8D). While no significant change was

identified in the NEAA depleted state for control and BOS cells for NAD+ (Figure 5-8E) or

NADPH (Figure 5-8F), suggesting a distinct response to NEAA depletion in ASXL1 missense

fibroblasts. Other significantly dysregulated metabolic intermediates include downregulation of

the amino acids glycine and proline, which are components of the exogenous NEAA, and

downregulation of phosphoglycerate and alpha-ketoglutarate, which are intermediates of

glycolysis and the TCA cycle respectively.
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Gene ontology pathway analysis identified significant pathway enrichment in

beta-Alanine metabolism (p (Fisher) = 0.009), glycolysis / gluconeogenesis (p (Fisher) = 0.025),

among other biological pathways (Table 5-8). These findings illuminate the profound impact of

this mutation on cellular metabolism, offering new insights into the role of ASXL1 missense

mutations in disease pathogenesis.

Discussion

This study describes a novel phenotype linked to a paternally inherited ASXL1 missense

mutation, characterized by an overgrowth syndrome with macrocephaly and normal

neurodevelopment. This presentation starkly contrasts with classical BOS, which is caused by

de novo truncating mutations in ASXL1 24. The divergence in clinical manifestations between the

ASXL1 missense family and classical BOS cases underscores the mutation's unique impact on

ASXL1 function, and prompted our investigation into the role of chromatin remodeling gene

mutations and their intersection with metabolic processes.

Truncating mutations causing BOS occur 5’ of the ASXL1 PHD and lead to the

hyperstabilization and hyperactivation of the truncated ASXL1-BAP1 complex 8. This results in

subsequent dysregulation of epigenetic markers such as H2AK119ub. In contrast, the mutation

within the PHD domain as observed in our case likely alters the normal interaction mechanisms

of ASXL1 with its molecular partners. This alteration could lead to a distinctly aberrant functional

interaction, driving the unique clinical presentation observed.

Genetic interplay and clinical implications of ASXL1 and KIF22 missense mutations

The clinical manifestations observed in the proband, including macrocephaly,

accelerated skeletal maturation, polycystic ovaries, and metabolic dysregulation, are largely

attributed to the ASXL1 missense mutation impacting the PHD domain, crucial for chromatin

remodeling. This mutation is predicted by ESM1b and AlphaMissense as likely pathogenic.
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These findings align with prior research, such as the case study by Efthymiou et al.

(2019), which documented a case of segmental overgrowth associated with an ASXL1 mutation,

albeit with a different mutation and a more restricted phenotype, with overgrowth restricted to

the craniofacial region 28. This suggests that different mutations within the same gene can lead

to diverse phenotypic spectrums.

However, the broader implication of missense ASXL1 mutations in the PHD, include

associations with distinct cancer types recorded in the Catalogue of Somatic Mutations in

Cancer (COSMIC), indicating a potential oncogenic role. COSMIC identified 28 samples with

mutations (18 missense, 6 nonsense, 3 synonymous, 1 frameshift truncating) in the PHD region

of ASXL1 in their cohort of samples with ASXL1 mutations (n=4714). In fact, this exact mutation

(p.Ala1521Val) was identified in a nasopharyngeal tumour (#P-04-27987-Tumor-SM-7CKBE)

and a laryngeal cancer (#TIS54078F1D1L1) 25,26. This dual role in developmental disorders and

cancer progression emphasizes the need for deeper investigation into the ASXL1 pathways and

their mechanistic underpinnings in disease causation.

Additionally, the presence of a KIF22 missense mutation in the proband introduces a

complex layer to the clinical presentation. Although this mutation received a lower pathogenicity

score, suggesting it might be benign, its established role in skeletal development could

contribute to the proband's accelerated bone age. This compound effect, where the KIF22

mutation possibly exacerbates certain phenotypes driven by ASXL1 mutations, illustrates the

intricate genetic interplay affecting the proband's condition. This scenario is less typical than

isolated ASXL1 effects and indicates the necessity of considering multiple genetic factors when

diagnosing and treating complex multisystem disorders.

Differential expression analysis identifies systemic oxidative phosphorylation dysregulation in

ASXL1 missense patients
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The differential expression analysis conducted on RNA-seq data from blood and

fibroblast samples of subjects with the ASXL1 missense mutation highlights a profound and

complex alteration in mitochondrial functions, particularly in the oxidative phosphorylation

pathway. This analysis identified significant dysregulation in critical components, such as the

NADH:ubiquinone oxidoreductase complex (Complex I) and cytochrome components of the

mitochondrial respiratory chain. Notably, the contrasting cellular responses—downregulation in

blood and upregulation in fibroblasts—suggest distinct, tissue-specific impacts of the ASXL1

mutation on mitochondrial dynamics.

The involvement of mitochondrial dysfunction across different cell types provides a

nuanced insight into the cellular energetics alterations induced by nuclear gene mutations. In

blood, the significant downregulation of mitochondrial genes may represent a systemic

response to reduce energy production, which could potentially serve as a protective mechanism

against excessive ROS production and its associated risks, such as oxidative damage and

oncogenesis 27. On the other hand, the upregulation observed in fibroblasts might be an

adaptive response aimed at meeting increased metabolic demands typically associated with cell

growth and repair processes. This upregulation could drive cellular processes that contribute to

the phenotypic characteristics observed in the proband, such as accelerated cell proliferation

and growth, possibly explaining the overgrowth phenotypes.

Although mitochondrial genetics is predominantly maternally inherited, the interplay

between nuclear and mitochondrial DNA complicates inheritance patterns, particularly for

diseases involving chromatin remodeling genes like ASXL1 29–31.

Integration of Differential Gene Expression and Metabolomic Profiling Identify Systemic

Oxidative Phosphorylation Dysregulation in ASXL1 Missense Patients

Our metabolomic and transcriptomic analyses revealed a complex interplay between

metabolic and mitochondrial pathways affected by the ASXL1 missense mutation, which
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appears to have distinct, tissue-specific effects on cellular metabolism and mitochondrial

function. The observed downregulation of glycolytic intermediates in the fibroblasts from the

proband, including glycerol-3-phosphate, phosphoglycerate, and phosphoenolpyruvate, in

contrast to their upregulation in BOS-derived fibroblasts, suggests a significant rerouting of

glycolytic flux in response to this mutation. This differential regulation of glycolysis might be

compensatory to mitochondrial dysfunction observed in the oxidative phosphorylation pathway

as evidenced by RNA-seq data.

In fibroblasts, the upregulation of components of the oxidative phosphorylation pathway,

despite a decrease in glycolytic intermediates, might indicate an adaptive increase in

mitochondrial metabolic activity to counterbalance the energy deficit caused by impaired

glycolysis. This is supported by the depletion of exogenous non-essential amino acids leading to

further downregulation of glycolytic intermediates and key energy carriers like NADPH and

NAD+. The specific downregulation of these metabolites in ASXL1 missense fibroblasts, but not

in controls or BOS cells, underscores the unique metabolic vulnerabilities driven by the ASXL1

missense mutation.

These findings raise important questions about the metabolic reprogramming in cells

with the ASXL1 mutation such as whether the upregulation of oxidative phosphorylation in

patient fibroblasts represent a failed compensatory mechanism or an effective adaptive strategy.

Future studies should aim to dissect these complex metabolic shifts using targeted metabolic

flux analysis and explore the possibility of leveraging these vulnerabilities for therapeutic

interventions. Additionally, examining these pathways in a model organism or through in vitro

systems could provide deeper insights into the mechanistic underpinnings of these changes and

help in the development of more precise treatment strategies that target specific metabolic

pathways altered by ASXL1 mutations.

Our findings contribute to the growing body of evidence linking chromatin remodeling

disturbances to mitochondrial dysfunction and altered cellular metabolism. Previous studies
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have indicated that mutations in complex I subunits can significantly impact ROS levels and

cellular signaling pathways, including those mediated by TOR signaling, which plays a pivotal

role in responding to mitochondrial respiratory dysfunction 32,33. Our observations suggest that

the ASXL1 missense mutation may drive similar complex signaling cascades, impacting growth

and development through altered mitochondrial function. Future research should prioritize

functional studies to dissect the precise mechanisms by which ASXL1 missense mutations,

particularly mutations in the PHD, influence chromatin regulation and gene expression.

Conclusion

In conclusion, our study presents, to our knowledge, the first case of ASXL1 missense

mutations, and the first case of inherited ASXL1 missense mutations. The phenotypic and

functional characterisation of this family highlights the interplay between chromatin remodeling,

mitochondrial function, and cellular metabolism. The distinct clinical presentation and the

underlying molecular profiles observed in this family provide a basis for further exploration of

targeted therapies and interventions.
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Figures and Tables

Figure 5-1: Molecular and phenotypic characterisation of inherited ASXL1 missense

mutation

(A) Schematic representation of the ASXL1 protein, with functional domains highlighted. The

inherited ASXL1 missense mutation identified in this case study is indicated in black font, along
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the protein structure. Germline truncating mutations associated with Bohring-Opitz syndrome

are indicated in grey.

(B) Family pedigree illustrating the inheritance pattern of the ASXL1 mutation and overgrowth

phenotype likely associated with this mutation. The proband is indicated with an arrow. Affected

or likely affected individuals are shaded in yellow, denoting overgrowth. Individuals with a history

of cancer are indicated in blue.

WHO Growth Charts for Canada for girls aged 2 to 20 years were used to show:

(C) Height trajectory of the proband across four different time points, consistently registering

above the 90th percentile and (D) weight for age of the proband across four different time points

consistently at the 100th percentile.

(E) Head circumference of the proband charted on the United States Head Circumference

Growth Reference Charts for girls aged 2 to 20 years. Two different time points are represented

by triangles, both at the 100th percentile, reflecting macrocephaly.
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Figure 5-2: Molecular and phenotypic characterisation of inherited ASXL1 missense

mutation (Extended)

(A) Body mass index for age, 2 to 20 years, girls, based on the WHO Growth Charts for

Canada, showing four different time points for the proband consistently at the 100th percentile.

(B) Sanger sequencing traces visualised using SnapGene (left) and RNA sequencing visualised

using Integrative Genomics Viewer (right) for patient-derived fibroblasts from the proband,

father, mother, sister, and paternal grandmother at the ASXL1 mutation locus. Heterozygosity

was identified in both the proband and father.
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Figure 5-3: Blood transcriptomic profiles and gene expression in ASXL1 missense

samples

(A) Principal component analysis (PCA) of blood RNA sequencing (RNA-seq) data illustrates

distinct separation between samples from patients with ASXL1 missense mutations, ASXL1

truncating mutations which cause Bohring-Opitz syndrome (BOS), and control samples.

(B) Heatmap of blood RNA-seq differentially expressed genes (DEGs) for ASXL1 missense

samples compared to controls are depicted, along with the BOS samples.

(C) Volcano plot of ASXL1 missense blood samples compared to control blood samples

RNA-seq DEGs, with log2 fold change on the x-axis and -log10 adjusted p-value on the y-axis.

(D) Gene ontology of ASXL1 missense blood DEGs identifies dysregulation of key pathways

including ribonucleoprotein complex organisation, ATP metabolic processes and histone

modification.

(E) ASXL1 normalised counts showing control, BOS, ASXL1 missense. ASXL1 missense

compared to control is a log2FC = 0.29, padj 0.105.

(F) VANGL2 normalised counts showing control, BOS, ASXL1 missense. ASXL1 missense

compared to control is a log2FC = 0.01, padj 0.987.
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Figure 5-4: Patient-derived fibroblast transcriptomic profiles and gene expression in

ASXL1 missense samples

(A) Principal component analysis (PCA) of patient-derived fibroblast RNA sequencing

(RNA-seq) data for samples from patients with ASXL1 missense mutations, ASXL1 truncating
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mutations which cause Bohring-Opitz syndrome (BOS), and control samples. Independently

generated technical replicates cluster together.

(B) Heatmap of patient-derived fibroblasts RNA-seq for ASXL1 missense samples, control

samples, and BOS samples, using previously identified BOS transcriptomic signature.

(C) Volcano plot of ASXL1 missense patient-derived fibroblast samples compared to control

fibroblast samples RNA-seq differentially expressed genes (DEGs), with log2 fold change on the

x-axis and -log10 adjusted p-value on the y-axis.

(D) Gene ontology of ASXL1 missense blood DEGs identifies dysregulation of key pathways

including response to oxidative stres, mitotic cell cycle, and Wnt signaling.

(E) ASXL1 normalised counts showing control, BOS, ASXL1 missense. ASXL1 missense

compared to control is a log2FC = -0.04, padj 0.827.

(F) VANGL2 normalised counts showing control, BOS, ASXL1 missense. ASXL1 missense

compared to control is a log2FC = -0.22, padj 0.216.
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Figure 5-5: Transcriptomic profiling and differential expression analysis in ASXL1

missense mutation identifies oxidative phosphorylation dysregulation

(A) Heatmap of patient-derived fibroblast RNA-seq for ASXL1 missense, Bohring-Opitz

syndrome (BOS, ASXL1 truncation) and control individuals using the BOS transcriptomic

signature. All technical replicates are displayed. (B) Volcano plot of differentially expressed

genes (DEGs) from ASXL1 missense fibroblast. RNA-seq identified 1565 DEGs, of which 1356

(86.6%) are downregulated (log2 fold change < 0), and 209 (13.4%) are upregulated (log2 fold

change > 0). (C) Integration of DEGs identified in both blood (x-axis) and fibroblast (y-axis)

RNA-seq analysis of ASXL1 missense mutation samples pinpoints 104 common DEGs across
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different tissues. The log2FC for blood RNA-seq is shown on the x-axis and the log2FC for

fibroblast RNA-seq on the y-axis.
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Figure 5-6: Comparative analysis of fibroblast RNA-seq data in ASXL1 missense and

truncating mutations

(A) Principal component analysis (PCA) of patient-derived fibroblast RNA sequencing

(RNA-seq) data for samples from patients with ASXL1 missense mutations compared to ASXL1

truncating mutations which cause Bohring-Opitz syndrome (BOS). Independently generated

technical replicates cluster together.

(B) Volcano plot of ASXL1 missense patient-derived fibroblast samples compared to BOS

fibroblast samples RNA-seq differentially expressed genes (DEGs), with log2 fold change on the

x-axis and -log10 adjusted p-value on the y-axis.

(C) Gene ontology of DEGs identified from comparison of ASXL1 missense blood to BOS blood

samples identifies dysregulation of key pathways including cell growth, ossification, hemostasis,

and response to oxygen levels.

230



Figure 5-7: Oxidative phosphorylation (OXPHOS) complexes and subunits

(A) Schematic representation of the oxidative phosphorylation (OXPHOS) chain illustrating the

complexes and key reactions. Complex names and number of subunits, subdivided into

mitochondrially encoded (mt) and nuclearly encoded (n) are listed below each complex. Created

with BioRender.
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Figure 5-8: Metabolomic insights into ASXL1 missense mutation effects and energy

metabolism dysregulation

(A) Volcano plot of untargeted metabolomic analysis comparing ASXL1 missense fibroblast and

control cells identified pronounced downregulation of glycolytic intermediates, indicated a

disrupted glycolytic pathway and altered energy production mechanisms in the presence of

ASXL1 missense mutations. (B) Heatmap of untargeted metabolomics glycolytic metabolites

with control samples (n=3, technical triplicates), BOS (n=2, technical triplicates), ASXL1

missense proband (technical triplicates).

(C) Volcano plot of untargeted metabolomic analysis illustrating the metabolic response of

ASXL1 missense mutation fibroblast to depletion of non-essential amino acids (NEAA). Key

dysregulated metabolites include pronounced downregulation of energy carriers NADPH and

NAD+, indicating vulnerability to amino acid availability and impaired metabolic flexibility. (D)
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Heatmap of untargeted metabolomics energy carrier metabolites with control samples (n=3,

technical triplicates), BOS (n=2, technical triplicates), ASXL1 missense proband (technical

triplicates).

(E) NAD+ metabolite levels in control, BOS, and ASXL1 missense samples, with or without

NEAA.

(F) NADPH metabolite levels in control, BOS, and ASXL1 missense samples, with or without

NEAA.
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Table 5-1: Differentially expressed genes in blood samples from ASXL1 missense

mutation patients compared to controls

The 30 most strongly dysregulated protein-coding differentially expressed genes (DEGs)

identified in RNA sequencing of blood samples collected from a family with an ASXL1 missense

mutation compared to controls.
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Table 5-2: Gene ontology enrichment in blood samples from ASXL1 missense mutation

patients compared to controls

Top 20 gene ontology (GO) terms identified in RNA sequencing of blood samples collected from

a family with an ASXL1 missense mutation compared to controls. Dysregulated pathways

include ATP synthesis coupled electron transport and ATP metabolic processes, as well as

protein-DNA complex assembly and chromatin regulation of gene expression.
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Table 5-3: Differentially expressed genes in fibroblast samples from ASXL1 missense

mutation patients compared to controls

The 30 most strongly dysregulated protein-coding differentially expressed genes (DEGs)

identified in RNA sequencing of patient-derived fibroblast samples collected from a family with

an ASXL1 missense mutation compared to controls.
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Table 5-4: Gene ontology analysis of patient-derived fibroblasts with ASXL1 missense

mutation.

Top 20 gene ontology (GO) terms identified in RNA sequencing of fibroblasts derived from a

family with an ASXL1 missense mutation compared to controls. Dysregulated pathways include

Wnt signaling pathway, axonogenesis, and metabolic processes.
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Table 5-5: Differentially expressed genes in blood samples from ASXL1 missense

mutation patients compared to ASXL1 truncation patients.

The 30 most strongly dysregulated protein-coding differentially expressed genes (DEGs)

identified in RNA sequencing of blood samples collected from a family with an ASXL1 missense

mutation compared to Bohring-Opitz syndrome (BOS) individuals with ASXL1 truncation

mutations.
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Table 5-6: Gene ontology analysis of patient-derived fibroblasts with ASXL1 missense

mutation compared to ASXL1 truncation mutations.

Top 20 gene ontology (GO) terms identified in RNA sequencing of fibroblasts derived from a

family with an ASXL1 missense mutation compared to Bohring-Opitz syndrome (BOS) patients,

characterized by ASXL1 truncation mutations. Dysregulated pathways include developmental

growth, response to oxygen levels, and hemostasis.
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Table 5-7: Differential expression of significantly dysregulated genes involved in

oxidative phosphorylation across tissues in ASXL1 missense samples.

This table lists the log2 fold changes and adjusted p-values (padj, < 0.05) for 11 genes related

to the oxidative phosphorylation chain. These genes were significantly dysregulated in both

blood and fibroblast samples from a family with an ASXL1 missense mutation, compared to

control samples.
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Table 5-8: Enriched metabolic pathways identified in fibroblasts with ASXL1 missense

mutation.

Top 15 enriched metabolic pathways identified in untargeted metabolomics analysis using

Mummichog from a family with an ASXL1 missense mutation compared to controls.

Dysregulated pathways include glycolysis / gluconeogenesis, and glycine metabolism.
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CHAPTER 6

Comparative Analysis of ASXL1 Mutations in

Bohring-Opitz syndrome and Acute Myeloid Leukemia
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Abstract

This study delves into the shared epigenetic and transcriptomic impacts of additional sex

combs-like 1 (ASXL1) mutations in Bohring-Opitz syndrome (BOS) and acute myeloid leukemia

(AML) patients with ASXL1 mutations (AML-ASXL1). ASXL1 mutations result in two distinct

disorders: AML, arising from somatic mutations, and BOS (OMIM #605039), a rare

neurodevelopmental disorder caused by germline mutations, marked by multiorgan anomalies

and severe intellectual disability.

Through the analysis of DNA methylation and RNA sequencing data from BOS,

AML-ASXL1, and their respective controls, we identified common molecular signatures between

these two distinct diseases. Our findings highlight key biomarkers including VANGL2, GRIK5

and GREM2 that are dysregulated across samples with ASXL1 mutations, regardless of disease

type. Notably, our data also reveal significant depression of posterior homeobox A (HOXA)

genes and upregulation of Wnt signaling and hematopoietic regulators such as HOXB4, which

may drive pathogenesis.

The study of differential exon usage (DEU) and isoform expression through DEXSeq

analysis also revealed commonly dysregulated genes. Notably, we identified DEU of multiple

exon bins for RUNX3 in both datasets, although the dominant isoform used in BOS was

RUNX3/p46 transcript and in AML-ASXL1 was RUNX3/p44. RUNX3 encodes a transcription

factor that regulates cellular development and myeloid and B-cell differentiation, and acts as a

tumor suppressor in various cancers.

This study is the first to directly compare the effects of ASXL1 mutations in AML and

BOS, unveiling shared molecular pathways and suggesting potential targets for therapeutic

intervention. While patterns of gene expression and epigenetic regulation may align, we find

differences in isoform usage, which may inform pathophysiology of truncating ASXL1 mutations.

These findings demonstrate the significant, cross-disease influence of ASXL1 mutations, and

advocate for a gene-centric approach in the research and treatment of genetic disorders.
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Introduction

Bohring-Opitz syndrome (BOS, OMIM#605309) 1 and acute myeloid leukemia (AML)

represent two conditions with markedly distinct clinical presentations and outcomes. BOS, a rare

neurodevelopmental disorder characterized by severe intellectual disability, distinctive facial

features, and a spectrum of physical anomalies affecting multiple organ systems, is primarily

caused by germline mutations in the additional sex combs-like 1 (ASXL1) gene 2,3. Notably,

individuals with BOS exhibit an elevated risk of developing Wilms tumor, an embryonic kidney

tumor that occurs in children, yet there are no reported cases of myelodysplastic syndrome or

myeloid leukemias, even in the third decade of life 2,3.

In contrast, AML—a cancer that affects the blood and bone marrow—exhibits a diverse

genetic landscape, including somatic mutations in the ASXL1 gene. Somatic ASXL1 mutations

are also implicated in a range of hematologic malignancies, including chronic myelomonocytic

leukemia (CMML), myelodysplastic syndromes (MDS), myeloproliferative neoplasms, and both

secondary and de novo AML 4–7. Further studies have correlated low-frequency somatic

mutations in ASXL1 with mutagenic processes and increasing age, suggesting a

pre-malignancy state termed clonal hematopoiesis of indeterminate potential (CHIP) 8,9. The

presence of the ASXL1 mutations is a strong adverse prognostic factor in an AML, being

associated with poor overall survival and therapeutic outcome 4. Despite the similarity in the

disease pathology of BOS and AML-ASXL1, with some shared mutations observed in both

disorders, the extent to which molecular mechanisms of dysregulation may be shared are

unclear.

Despite the significant overlap between genes causing syndromic developmental delay

and established cancer driver genes 10, few studies have established the presence of common,

molecular mechanisms and pathway of these mutations across disease-types in patient

samples. The hypothesis connecting development and cancer as an "error of development,"
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proposed by Dr. Beatrice Mintz over fifty years ago 11,12, posits that genetic anomalies in stem

cells can lead to cancer by inducing a reversion to an undifferentiated state 13. Genes that

regulate the epigenome, termed epigenes, play a pivotal role in controlling cell-specific RNA

expression and complex biological signaling during human development 14. Mutations in

epigenes serve as primary drivers in cancer, activating aberrant developmental programs that

transform cells back to a malignant stem-cell state 15. Although the dual role of epigenes in both

human development and cancer has been documented across numerous studies 16, the specific

pathogenic mechanisms driven by lesions in the same gene across distinct diseases remain

largely unexplored.

ASXL1 is a gene integral to chromatin remodeling and gene repression through

polycomb-mediated mechanisms, with mutations in ASXL1 implicated in BOS, AML, and a

subset of other malignancies, highlighting its broad impact on human health 17,18. It is known to

regulate the balance between the proliferation and differentiation of stem progenitor cell

populations, with mutations in ASXL1 disrupting this equilibrium and favoring stem-cell identity

over differentiation in both BOS and myeloid leukemias 19,20.

Changes to chromatin accessibility and structure can affect alternative splicing events,

which is a biological mechanism that follows mRNA transcription where non-coding introns are

removed and coding exons are kept 21. Different combinations of exons may be included in the

final mRNA transcript, resulting in multiple mRNA variants and therefore various protein

isoforms, all from a single gene. Isoforms differ in their protein-coding sequences, and therefore

in their protein structure and regulatory properties. Alternative splicing is a method by which

cells regulate development. For example, runt-related transcription factor 3 (RUNX3) is a gene

that has a role in the hematopoietic system and helps regulate cell differentiation, growth and

tissue development.

The epigenetic and transcriptomic dysregulations driven by ASXL1 mutations are

cell-type specific, however across multiple cell types, key intermediates of Wnt-signaling
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pathway intermediates are disrupted 18. Some of the genetic mutations in ASXL1 are shared

between BOS and AML-ASXL1, and therefore we asked whether the same molecular and

cellular pathways are perturbed in both distinct disorders. If these mutations drive common

pathways, this highlights the potential for leveraging similar therapeutic targets against these

distinct diseases.

Gene-centric approach informing molecular mechanisms

This study delves into this underexplored area of genetic research and proposes that a

deeper understanding of a gene's role could reveal more about the disease mechanism than the

clinical phenotype alone. A gene-specific investigative lens offers the potential to not only

improve outcomes for patients with BOS and AML-ASXL1 but also to establish a replicable

model for examining other genetic disorders. This type of approach opens the door to identifying

shared pathways, ultimately leading to improved diagnosis, treatment, and prevention strategies

for affected individuals.

Integrative analyses of RNA-seq and DNA methylation data are important for a more

comprehensive understanding of gene regulation 22–24. This helps pinpoint key molecular events

driven by ASXL1 mutations and how they drive distinct clinical manifestations. As an example,

our recent study across distinct patient-derived tissue types in the BOS patient cohort identified

ASXL1 mutation-driven molecular dysregulations, such as the upregulation of VANGL2 18. With

this study, we aim to identify whether these findings are generalisable across distinct diseases

too. The association between truncating ASXL1 mutations and poorer prognosis in diseases

could be directly linked to the disruption of critical developmental and cellular pathways such as

the Wnt pathway, which was identified to be strongly upregulated in BOS samples 18.

Furthermore, differential exon usage and, by proxy, isoform usage of genes that play a key role

in development and differentiation, such as RUNX3, may lend insight into the pathophysiology
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of these disorders. These types of insights could have profound implications for disease

severity, progression, and patient outcomes, and inform development of targeted therapies.

This study delves into the molecular landscape of ASXL1 mutations driving two distinct

diseases - BOS and AML. By employing a comprehensive approach integrating RNA-seq, DNA

methylation, and exon usage analyses, we aim to unravel common epigenetic and

transcriptomic effects driven by protein truncating mutations in ASXL1.

Methods

Selection and characterization of BOS and AML samples

Our study comprised patient cohorts from Bohring-Opitz syndrome (BOS) and Acute

Myeloid Leukemia (AML). Specifically, we leverage samples from patients with AML harboring

ASXL1 mutations (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 DNAm data was acquired for

six AML samples from The Cancer Genome Atlas (TCGA) program 25, available on the Genomic

Data Commons (GDC) repository 26. Among these, three samples had somatic ASXL1

mutations, serving as the AML-ASXL1 cohort, and three had somatic mutations in other genes,

serving as AML controls. Transcriptomic data for AML-ASXL1 bone marrow samples (n=26)

were sourced from the Beat AML cohort 27 and AML-ASXL1 blood samples (n=6) from TCGA,

with non-AML blood controls (n=60) from the Genotype-Tissue Expression (GTEx) Portal, and

bone marrow controls (n=8) from publicly available dataset GSE120444 28 (Table 1 and Table

2). Additionally, blood samples for RNA sequencing (RNAseq) and DNA methylation (DNAm)

data from BOS patients (n=8 RNAseq, n=8 DNAm) and healthy blood controls from REACH

biobank (n=11 RNAseq, n=26 DNAm) were collected from our previous studies and are publicly

available datasets deposited at GSE230685 and GSE230686 18,29. A subset of patient-derived
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blood (n=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 isoform expression analysis.

RNA-seq and DNA methylation profiling of BOS and AML samples:

Sample collection, processing, and sequencing:

For DNA and RNA extraction, peripheral blood samples were processed using

standardized protocols 18,29, with EDTA tubes for DNA and PAXgene Blood Tubes

(BDBiosciences, 762165) for RNA. DNAm profiles were generated following established

methods 29. RNAseq libraries were prepared using TruSeq Stranded TotalRNA Library Prep

Gold (Illumina, #20020599) with QiaSelect rRNA and globin depletion (Qiagen, #334376 and

#334386) following established methods 18. Pooled libraries were sequenced to 40 million reads

per sample on a NovaSeq6000.

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

RNA-seq data was processed using our established pipeline 18. Briefly, reads were

mapped to hg38 using STAR 2.7.0e 30, gene counts were generated using featureCounts 1.6.5

31, and differential expression adjusted p value (padj) and log2 fold change (log2FC) were

quantified using DESeq2 v1.24.0 32, correcting for sex and tissue (Table 1 and Table 2).

DNAm data underwent processing through our established pipeline 29. Briefly, highly

differentially methylated sites (|delta beta (Δβ)| > 5%) were filtered, and significant CpG sites

were identified with FDR < 0.05. Principal component analysis (PCA) and hierarchical clustering

utilized the BOS DNAm episignature sites (413 CpG sites) 29.

Integration of RNA-seq and DNA methylation data:

Integration of RNA-seq and DNAm data utilized beta values for DNAm 33 and transcript

per million (TPM) values for RNA-seq 34, enabling the identification of shared and distinct

molecular signatures across the conditions studied.
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DEXSeq analysis of bulk RNAseq datasets:

The Bioconductor R package DEXSeq v1.50.0 35 was used to quantify DEU from

RNAseq 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 transcripts with varying boundaries. These were

then compared across conditions to test for DEU. Preprocessing was done using two Python

scripts built into the DEXSeq package, and the Python package HTSeq is required to access

these scripts. Samtools/1.20 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.

Cell type deconvolution using CIBERSORTx:

CIBERSORTx is an online bioinformatics tool that assesses cell type-specific gene

expression profiles and cellular composition from single cell RNA (sc-RNA) and bulk RNA-seq

data 36. The software uses sc-RNA-seq or bulk sorted RNA-seq, or microarrays to create a

deconvolution signature matrix containing marker gene profiles. The signature matrix is then

used to impute cell type proportions and cell expression profiles, the latter of which has 2

modes: group-mode (gives a transcriptomic profile) and high-resolution mode (gives a

sample-level profile) 37.

Results

Study design and genetic landscape of ASXL1 mutations

To compare the epigenetic and transcriptomics effects of ASXL1 mutations, we collected

data from patients with BOS and AML with ASXL1 mutations. For BOS patients and matched

controls, our integrative workflow collects patient blood samples and performs RNA-sequencing

(RNA-seq) and DNA methylation (DNAm) analyses (Figure 6-1A). For comparison across

disease-states, we identified RNA-seq and DNAm data from patients diagnosed with AML
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harboring ASXL1 mutations (AML-ASXL1) and controls from through dbGAP repositories 27. We

re-processed all samples through a shared 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 and the majority of pathogenic mutations in this study disrupt the latter half of the protein

encoding region encoded by the last two exons of ASXL1. A diagrammatic representation of

the ASXL1 gene (Figure 6-1B), illustrates the BOS germline mutations (depicted below the

gene) and somatic mutations driving AML-ASXL1 in our study (depicted above the gene).

Common mutation sites between the two disorders are highlighted in bold. Alternate allele read,

allele frequency and mutation details for the AML-ASXL1 bone marrow samples in this study are

provided (Table 6-3).

Transcriptomic alterations driven by ASXL1 mutations across blood and bone marrow

We next asked whether the pathogenic ASXL1 mutations were the primary source of

differential gene expression across disease types. Differential gene expression analysis was

conducted for BOS blood (n=8), AML-ASXL1 bone marrow (n=26), and AML-ASXL1 blood (n=6)

and controls. Since our samples spanned blood or bone marrow tissue, which are related by

distinct tissue subsets, we also incorporated control data sets. These included healthy blood

controls generated at UCLA (n=11), GTEX blood controls (n=60), and bone marrow controls

(n=8).

To assess the role of tissue specificity on our gene expression, we processed the

AML-ASXL1 data with the blood and bone marrow combined as well as independently with the

matched controls. Our principal components analysis showed that tissue type explains 17% of

the variance along PC1, while ASXL1 explains 11% along PC2 (Figure 6-2A). In the subsets

analyzed within the same tissue types, ASXL1 mutation status drove 34% variance in blood and

64% variance in bone marrow samples.
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DESeq2 analysis was conducted to identify differentially expressed genes (DEGs) and

these were visualized using unsupervised clustering (Figure 6-2B). This showed stronger

clustering of samples by condition (AML-ASXL1) than by tissue type (blood and bone marrow).

DESeq2 analysis identified 9527 DEGs, adjusting for tissue type. Of these DEGs, 5696/9527

were upregulated (59.79%, log2FC<0) and 3831/9527 were downregulated (40.21%, log2FC>0)

in the AML-ASXL1 samples (Figure 6-2C). 9140/9527 (95.94%) of these DEGs were protein

coding. The 30 DEGs with the largest absolute log2FC are shown in Table 6-4.

Using clusterProfiler, we conducted gene ontology analyses to identify dysregulated

biological processes. We identified consistent dysregulation of epigenetic functions (padj

6.51E-06), including histone modification (padj 1.40E-05), chromatin modification (padj

2.35E-05), DNA replication (padj 1.30E-05) and conformational change (padj 7.63E-05), and

immune activation (padj 1.30E-03) (Figure 6-2D).

Transcriptomic alterations driven by ASXL1 mutations in AML-ASXL1 and BOS highlight

Wnt-signaling pathway

To identify DEGs that are common across different disease-types driven by ASXL1

mutations, we integrated these AML-ASXL1 DEGs (AML-ASXL1 compared to tissue-matched

controls) with the 2118 significant DEGs identified for BOS blood samples 18 (BOS compared to

healthy controls) to determine whether ASXL1 mutations, regardless of whether the mutation

occurred in the germline or somatic state, drove common transcriptional 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 downregulated in both datasets (Figure 6-3A). We plotted fold change for the

transcriptomic analyses with AML-ASXL1 compared to their respective controls on the x-axis,

and BOS compared to their respective controls 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
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AML-ASXL1. 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 6-5, with respective log2FC and

padj values.

Gene ontology analyses demonstrated enrichment in biological processes such as

epigenetic gene regulation, histone modification, and chromatin regulation, underscoring the

shared pathogenic pathways linked to the chromatin-modifying function of ASXL1 (Figure 6-3B,

Table 6-6). This suggests that these dysregulated genes contribute to the disease mechanism

in both BOS and AML-ASXL1 through similar molecular pathways.

Further analyses of these gene ontologies driven by truncating ASXL1 mutations

identified dysregulations in the biological processes anterior/posterior patterning (GO:0009952,

padj 5.61E-03), pattern specification (GO:0007389, padj 7.51E-03), which are known functions

of ASXL genes, were driven by DEGs upregulated in both BOS and AML-ASXL1. DEGs

downregulated in both datasets drove immune response-activation pathways (GO:0002429,

padj 5.61E-003). On the other hand, DEGs that were upregulated in BOS but downregulated in

AML-ASXL1, were specific to T cell activation (GO:0042110, padj 4.35E-06) and T cell

differentiation (GO:0045580, padj 2.71E-02) among other T cell functions, which aligns with the

disease pathologies.

Wnt-signaling pathways are dysregulated across BOS and AML-ASXL1 samples.

Of note, the beta-catenin-TCF complex assembly, a key component of the canonical Wnt

signaling pathway significantly dysregulated (padj 2.71E-02) in the DEGs across both datasets.

The canonical Wnt signaling pathway was recently identified to be aberrantly upregulated in

BOS patient-derived samples across blood and fibroblast tissues 18. Specifically, this

dysregulation of Wnt signaling in the BOS and AML-ASXL1 datasets was driven by

dysregulation in the blood samples (GO:0060070, padj 2.57E-03) and not the bone marrow

samples suggesting dysregulations specific to the state of differentiation.
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We further analyzed this dysregulation of Wnt signaling through comprehensive gene

ontology network analysis 38,39. We first depicted the consensus of DEGs against the KEGG

pathway hsa05200 which represents the kernel regulatory factors that contribute to the initiation

and progression of pan-cancer. This identified the KEGG pathway hsa04310, representing Wnt

signaling pathway, as one of the most significantly dysregulated of the pan-cancer pathways

(Figure 6-4).

The data highlight key dysregulated genes across different cell types in BOS 18, that are

also some of the most highly dysregulated genes in the AML-ASXL1 dataset, revealing potential

biomarkers and therapeutic targets. These genes include Vang-like 2 (VANGL2), a member of

the planar cell polarity pathway40, glutamate ionotropic receptor kainate type subunit 5 (GRIK5),

a pre- and post-synaptic receptor for glutamate, a crucial excitatory neurotransmitter of the

central nervous system 18,41, and gremlin 2 (GREM2), a bone morphogenetic protein antagonist

involved in developmental processes and tissue differentiation 42, as well as the transmembrane

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-ASXL1 log2FC 4.24) (Figure 6-3C) and GRIK5 (BOS log2FC

3.83, AML-ASXL1 log2FC 4.67) (Figure 6-3D) in both BOS and AML-ASXL1 and significant

downregulation of GREM2 in both conditions (BOS log2FC -2.48, AML-ASXL1 log2FC -1.67)

(Figure 6-3E, Table 6-5). Similarly, we identified significant upregulation of LRP5 (BOS log2FC

1.64, AML-ASXL1 log2FC 2.65) (Figure 6-3F) and LRP6 (BOS log2FC 1.63, AML-ASXL1

log2FC 2.21) (Figure 6-3G) in both BOS and AML-ASXL1 samples.

These genes were already previously established in our study across different tissues in

BOS as key biomarkers 18. A large scale study comparing AML-ASXL1 to AML also identified

VANGL2, LRP5 and LRP6 as three of the most significantly upregulated genes using a limited

microarray probe-set 43, and were also identified across different tissues in BOS patient samples

18, supporting aberrant Wnt signaling in the context of ASXL1 mutations. These expression
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changes suggest roles for these genes in the pathophysiology of disorders associated with

ASXL1 mutations and highlight their potential as biomarkers for ASXL1 mutations.

Interestingly, we identified significant upregulation of ASXL1 expression in AML-ASXL1

samples compared to tissue-matched controls (log2FC 0.46, padj 1.11E-02) but no significant

dysregulation of ASXL1 expression in BOS (Figure 6-3H). This may lend insight to

disease-specific mechanisms.

ASXL1 mutations in BOS and AML-ASXL1 identified DNA methylation driven de-repression of

HOX genes

Our integrated analysis of DNAm leverages our previously published BOS-specific

DNAm episignature 29 to distinguish pathogenic ASXL1 mutations from normotypic matched

controls and variants of uncertain significance (VUS) in ASXL1 29. To assess whether

AML-ASXL1 samples and BOS samples shared epigenetic mechanisms, we obtained Illumina

450K DNAm data for AML samples (n=6) from TCGA on the GBC repository 26,44. This

comprised individuals harboring somatic mutations in ASXL1 (n=3, AML-ASXL1) or somatic

mutations in other genes (n=3, AML).

We compared DNAm episignature profiles of blood samples from typically developing

controls (n=26), BOS (n=8), AML-ASXL1 (n=3), and AML controls (n=3). PCA based on the

previously established BOS DNAm episignature sites (413 CpG sites) 29 revealed significant

differences in the epigenetic landscapes between the samples. AML-ASXL1 samples clustered

distinctly from other AML samples without ASXL1 mutations and, instead, clustered closer to

BOS samples, reflecting a shared epigenetic landscape driven by ASXL1 mutations (Figure

6-5A).

Furthermore, unsupervised clustering of CpG methylation across the 413 BOS

episignature sites confirmed the clustering pattern of AML-ASXL1 alongside BOS samples,
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distinct from AML controls (Figure 6-5B). This suggests that ASXL1-driven epigenetic

alterations transcend disease type in defining DNAm patterns.

We identified 90 CpG sites corresponding to transcriptional start sites (TSS), 200bp

upstream (TSS200) or 1500bp upstream (TSS1500) and the mean β values for each group are

shown in Table 6-7.

We focused on the methylation status of posterior homeobox A (HOXA) genes, which

are known to be regulated by ASXL1, and HOXB3 and HOXB4 (Table 6-8). The latter two

genes are expressed in hematopoietic stem cells (HSCs) and progenitors as “master genes in

early hematopoiesis,” and exhibit lineage and differentiation stage-restricted expression 45–47.

The HOXB4 3'UTR was hypermethylated in BOS and AML-ASXL1 samples compared to

respective controls (Figure 6-5C). Consistent with findings that 3’UTR methylation correlates

positively with gene expression 48, RNA-seq data showed significant upregulation of HOXB4

(BOS log2FC 1.41, AML-ASXL1 log2FC 1.89) (Figure 6-5D). Significant upregulation was also

observed in HOXB3 (BOS log2FC 1.34, AML-ASXL1 log2FC 2.48) (Figure 6-6A). While

overexpression of HOXB4 has been shown to drive enhanced hematopoietic stem cell

regeneration, deficiency of Hoxb3 or Hoxb4 leads to defects in proliferative ability of

hematopoietic progenitors 48. Furthermore, one of the key targets of HOXB4 is Wnt signaling 50.

Our investigation of Wnt signaling revealed significant upregulation of Wnt signaling coreceptors

LRP5 and LRP6 in both BOS and AML-ASXL1 samples (Figure 6-3F, Figure 6-3G).

DNAm analysis further identified hypomethylation at specific CpG sites upstream of the

HOXA11 transcriptional start site (cg00705992 and cg16038003) in BOS and AML-ASXL1

samples, supporting literature that truncating ASXL1 mutations lead to derepression of posterior

HOXA genes (Figure 6-5E, Figure 6-7A). Interestingly, while ASXL1 mutations drove significant

upregulation of HOXA11 transcript expression (log2FC 3.87, padj 1.33E-06) in AML-ASXL1,

there was no significant dysregulation of HOXA11 in BOS. Similar trends were identified in other
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posterior HOXA genes including HOXA5 (Figure 6-6B, Figure 6-7B) and HOXA9 (Figure

6-6C); there was no significant dysregulation in BOS samples.

These findings underscore the pervasive influence of ASXL1 mutations in modulating

the epigenetic and transcriptomic landscapes across diseases, promoting abnormal gene

expression and signaling pathways crucial for disease pathology.

Differential RUNX3 isoform expression in BOS and AML-ASXL1

Differential exon usage (DEU) analysis was conducted for BOS blood (n=8), blood

controls (n=10), AML-ASXL1 blood (n=4), and AML blood controls (n=6). We profiled the

transcriptome to determine whether ASXL1 mutations drive downstream effects on exon usage

and isoform expression in other genes (Figure 6-8A).

Exon counts were calculated for a total of 597,773 exonic regions in 56,940 genes and

analyzed DEU. A total of 88 significant exonic regions from 63 affected genes were identified in

BOS blood (padj < 0.05). Some of the most significant exons from BOS blood were in the

following genes: runt-related transcription factor 3 (RUNX3), plasmolipin (PLLP), ST6

beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1), serpin family F member 1

(SERPINF1), and pleckstrin homology and RhoGEF domain containing G6 (PLEKHG6). Many

of these genes were also identified as DEGs in the multi-omics study by Lin et al. (2023) and

are involved in embryonic/brain development and neuronal differentiation 18,51,52. In AML-ASXL1

blood, a total of 11624 significant exon bins from 4521 affected genes were identified (padj <

0.05). Many of the most significant exons in AML-ASXL1 blood had immune- or cancer-related

function, such as TBL1X/Y related 1 (TBL1XR1), DEAD-box helicase 42 (DDX42), Rho

associated coiled-coil containing protein kinase 1 (ROCK1), neurobeachin like 2 (NBEAL2), and

UDP-glucose pyrophosphorylase 2 (UGP2).

Notably, 5 exon bins from RUNX3 were among the most significant DEUs identified in

BOS blood (Figure 6-8B). All 5 exon bins were significantly upregulated in BOS samples,
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corresponding to higher usage of exon 1 of RUNX3 (Figure 6-8C). Heatmap clustering revealed

that this DEU was correlated with disease status and not tissue type, when analyzing the BOS

blood and fibroblast samples from the multi-omics study on BOS (Figure 6-12A) 18. Comparison

of exon base means for each RUNX3 exonic bin in BOS showed that RUNX3 is more highly

expressed in blood than fibroblast (Figure 6-12E), suggesting important functionality in blood

cells.

Similarly, we observed DEU of 6 exon bins in RUNX3 for AML-ASXL1 blood samples

(Figure 6-8D). However, based on the exon usage plot, we identified overall upregulation of the

first 10 exon bins and downregulation of the last exon, which is the opposite effect observed in

BOS blood, where we saw upregulation of the first exon (Figure 6-8E). RUNX3 is known to

have two main transcripts expressed in blood cells— p46 which includes the first exon of the

gene, and p44 whichdoes not 53. Thus, our results suggest that the p44 transcript is more highly

expressed in AML-ASXL1 blood, while the p46 transcript is more highly expressed in BOS

blood.

ASXL1 exon usage displays tissue-specific patterns in BOS and AML-ASXL1

We did not observe significant DEU within ASXL1 itself for BOS blood or fibroblast

(Figure 6-11A-B). Heatmap 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 ASXL1 in BOS (Figure 6-11D). In AML-ASXL1 blood,

however, we observed DEU for multiple exons bins of ASXL1, but this did not correspond to

differential isoform expression (Figure 6-11C).

Discussion

This study provides the first detailed exploration into the epigenetic and transcriptomic

landscapes associated with ASXL1 mutations in BOS and AML-ASXL1. BOS and AML present

with vastly different clinical manifestations—BOS as a congenital disorder characterized by
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developmental delays and multiple malformations, and AML as a malignancy of the blood and

bone marrow. Yet, both are linked by heterozygous truncating mutations in ASXL1 (Figure

6-1B) that strike at the respective stem cell. By employing RNA-seq and DNAm analyses, we

have uncovered significant cross-disease epigenetic signatures and gene expression alterations

that underlie the profound influence of ASXL1 mutations across distinct yet pathophysiologically

connected diseases.

Identification of biomarkers and role of Wnt signaling in ASXL1 mutation-driven diseases

Our analysis demonstrates a strong influence of ASXL1 mutations on gene expression

profiles, with significant numbers of DEGs identified in blood and bone marrow samples of AML

patients as well as in BOS patients. The identification of 843 common DEGs between

AML-ASXL1 and BOS datasets, with a substantial proportion dysregulated in the same

direction, underscores shared molecular dysfunctions that underlie both conditions. This overlap

suggests that, beyond the specific symptoms or affected tissues, there may be a common

molecular foundation to the disorders driven by mutations in the ASXL1 gene. To further

investigate the extent of this shared dysregulation in the transcriptome, we analyzed differential

exon usage and isoform expression in BOS and AML-ASXL1 and identified differential isoform

expression of key genes such as RUNX3 that may play a key role in the distinct pathogenesis of

these diseases.

This shared dysregulation is particularly evident in genes involved in epigenetic

regulation, chromatin modification, and the canonical Wnt signaling pathway, which are critical

for cell fate determination and proliferation. These pathways suggest a common thread in the

disease mechanism, likely through the chromatin-modifying function of ASXL1. Notably, the

identification of the beta-catenin-TCF complex assembly and its significant dysregulation

highlights the crucial role of the Wnt signaling pathway in the pathology of both diseases. Our
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findings suggest that this pathway could serve as a therapeutic target, given its involvement in

cell differentiation and proliferation.

The dysregulation of key biomarkers such as VANGL2, GRIK5, GREM2, LRP5, and

LRP6 across both BOS and AML suggests roles for these genes in the pathophysiology of

disorders associated with ASXL1 mutations. The significant upregulation of these genes across

different tissue types in both diseases highlights their potential as diagnostic and therapeutic

targets. In our study, the ASXL1 mutation-driven upregulation of VANGL2, GRIK5, LRP5, and

LRP6, and downregulation of GREM2 presents unique opportunities to redefine our

understanding of BOS and AML-ASXL1.

VANGL2, identified as a key player in the planar cell polarity pathway, showed significant

upregulation in both BOS and AML-ASXL1 (Figure 6-3A, Figure 6-3C). This upregulation

suggests a broader role for VANGL2 in diseases involving ASXL1 mutations, potentially

influencing cell morphology and migration patterns that are pivotal in both oncogenic

transformations and developmental anomalies. The consistent upregulation and epigenetic

dysregulation across different datasets and studies 18, including ours and those reported by

Metzeler et al. (2011) 43, underscores its potential as a robust biomarker, insights into

mechanisms of disease progression in these disorders, and suggest avenues for therapeutic

intervention in conditions characterized by ASXL1 mutations.

GRIK5, a receptor for glutamate, was also notably upregulated in our study (Figure

6-3A, Figure 6-3D). Considering the critical role of glutamate in neuronal and possibly

non-neuronal excitatory signaling, the dysregulation of GRIK5 might influence cellular

communication and proliferation in leukemia.

Conversely, GREM2, a known antagonist in the BMP pathway, showed significant

downregulation (Figure 6-3A, Figure 6-3E). This alteration could disrupt normal developmental

and differentiation processes, potentially contributing to the pathogenesis of BOS and

262

https://paperpile.com/c/PsVipU/egAw
https://paperpile.com/c/PsVipU/vtWF


AML-ASXL1, and offering a novel angle through modulation of BMP signaling for therapeutic

development.

Similarly, the Wnt signaling co-receptors LRP5 and LRP6 are upregulated (Figure 6-3A,

Figure 6-3F, Figure 6-3G), suggesting an aberrant activation of Wnt signaling associated with

ASXL1 mutations. This is consistent with findings from previous studies, including those by Lin

et al. (2023) and Metzeler et al. (2011) 18,43. Wnt signaling is crucial for stem cell maintenance

and differentiation, processes that are fundamentally disrupted in both cancerous conditions like

AML and developmental disorders like BOS. The significant upregulation of these genes in the

context of ASXL1 mutations suggests a converging pathway that might be pivotal in the

pathophysiology of both diseases. This linkage suggests that the Wnt pathway, often implicated

in cancer and developmental disorders, could be aberrantly activated in conditions associated

with ASXL1 mutations, thereby driving disease processes through a common molecular

mechanism. These findings highlight the potential for targeting Wnt signaling as a targeted

therapeutic strategy.

Interestingly, the specific upregulation of ASXL1 in AML-ASXL1 samples points to

possible disease-specific mechanisms of ASXL1-associated malignancies. This differential

expression pattern offers insights into the distinct molecular pathways activated in AML

compared to BOS, which may have implications for targeted therapies.

Overall, the consistent dysregulation of key genes across different diseases suggests

that they are not merely artifacts of disease-specific processes but are potentially pivotal drivers

of pathophysiology associated with ASXL1 mutations. The discovery of these cross-disease

biomarkers offers a promising avenue for further research and development of diagnostic tools

and therapeutic strategies. Therapeutics targeting VANGL2 and LRP6 could potentially be used

to advance pan-disease therapies resulting from ASXL1 mutations, irrespective of the traditional

disease classification.
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Truncating ASXL1 mutations drive dysregulation of HOX genes

The epigenetic alterations delineated in our study, particularly through DNAm profiling

using a BOS-specific DNAm episignature, demonstrated that AML-ASXL1 and BOS share a

closer epigenetic landscape compared to AML samples harboring mutations in other genes

(Figure 6-5A, Figure 6-5B). This supports the hypothesis that ASXL1 mutations exert a unique

epigenetic influence, potentially driven by the impact of ASXL1 mutations on chromatin

modification processes.

The dysregulation of ASXL1, whether by loss or mutation, is established to disrupt

recruitment of ASXL1 to polycomb repressive complex 2 (PRC2), leading to derepression of

HOXA genes 54. ASXL1 interacts with EZH2, one of the key components of PRC2, which is

responsible for depositing the H3K27me3 histone modification, and thus regulating chromatin

accessibility 54. This modification is crucial for the repression of gene expression during

development. EZH2 also interacts with DNA methyltransferases (DNMTs) 29,54, thus aberrant

interactions caused by mutations in ASXL1 could drive epigenetic dysregulation in BOS and

AML-ASXL1.

Central to our findings are the epigenetic and corresponding transcriptomic dysregulation

of HOX genes, particularly in the posterior HOXA cluster and the HOXB cluster. These genes

play critical roles in development and hematopoiesis and are known to be tightly regulated by

epigenetic mechanisms. The hypermethylation of HOXB4 3'UTR in both BOS and AML-ASXL1

samples (Figure 6-5C) and its correlation with increased gene expression (Figure 6-5D) align

with the role of HOXB4 in enhancing hematopoietic stem cell regeneration. Such epigenetic

modifications potentially mediate the oncogenic and developmental pathways activated in AML

and BOS, respectively.

Our analyses also identified hypomethylation at specific CpG sites upstream of the

HOXA11 TSS in BOS and AML-ASXL1 samples (Figure 6-5E, Figure 6-7A), which supports

the current understanding that truncating ASXL1 mutations lead to the derepression of posterior
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HOXA genes, which are instrumental in developmental and cellular differentiation processes.

However, this derepression is particularly pronounced in AML-ASXL1, where significant

upregulation of HOXA11 transcript expression is in stark contrast to the non-dysregulated

expression in BOS (Figure 6-5F). This pattern of differential expression across disease states

provides key insights into disease-specific epigenetic regulation by ASXL1 mutations. Similar

trends were observed with other posterior HOXA genes, such as HOXA5 and HOXA9, further

supporting the selective impact of these mutations on gene expression profiles in AML

compared to BOS.

The significant upregulation of key genes within the HOXA cluster in AML-ASXL1

highlights a mutation-driven mechanism that potentially contributes to leukemogenesis through

the deregulation of genes critical for hematopoietic differentiation and proliferation.

Differential isoform usage of RUNX3 in BOS and AML-ASXL1

Through DEU analysis, we showed that while BOS is caused by truncating ASXL1

mutations, there is no difference in ASXL1 exon usage or isoform expression. Many of the most

significant genes affected by DEU in BOS samples had functions involving embryonic and

neural crest development, while the genes affected in AML-ASXL1 had immune- or

cancer-related function. This is reflective of the phenotypes of the disorders because while BOS

patients have severe neurodevelopmental defects, AML-ASXL1 patients do not, and instead

experience immunodeficiencies associated with cancer.

Key to our results was the identification of dysregulation of RUNX3 in both BOS and

AML-ASXL1. The RUNX3 gene, originally named acute myeloid leukemia gene 2 (AML2), is

located on human chromosome 1p36.1. It is highly expressed in the hematopoietic system,

including the spleen, thymus and peripheral blood mononuclear cells, and has been found to

play a role in myeloid and B-cell differentiation 53. Furthermore, it acts as a tumor suppressor

and apoptosis inducer in many forms of cancer, including myeloid leukemias 55. There are three
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genes in the RUNX family— RUNX1, RUNX2, and RUNX3— which all contain the highly

conserved runt domain (RD) that covers the N-terminal region. RUNX1 and RUNX2 are

well-studied as drivers of organ development, and found to be associated with various human

disorders including acute myeloid leukemia and insufficient osteogenesis, respectively 53.

While much is known on the functional and disease-causing roles of RUNX1 and

RUNX2, less is known on RUNX3. RUNX3 facilitates the binding of RUNX proteins to DNA and

its partner subunit Core Binding Factor β (CBFβ), as well as helps regulate transcription 53. It is

highly expressed in the hematopoietic system, including the spleen, thymus and peripheral

blood mononuclear cells, and is speculated to play a role in myeloid and B-cell differentiation 53.

The gene encodes the RUNX3 transcription factor that plays a role in regulating cell

differentiation, growth and tissue development. Furthermore, RUNX3 acts as a tumor

suppressor and apoptosis inducer in many forms of cancer, including myeloid leukemias 55.

RUNX3 contains six exons and spans 67 kb, half of this being the first intron. Its

transcription is regulated by two promoter regions, P1 and P2. The P1 promoter regulates

transcription of the RUNX3/p44 transcript (exons 2-6, ENST00000308873.11), while the P2

promoter regulates RUNX3/p46 (exons 1-6, ENST00000399916.5 and ENST00000338888.4);

the longer RUNX3/p46 isoform contains 19 additional unique amino acids encoded by exon 1

(NCBI; Bangsow et al. 2001). In BOS blood, we identified higher usage of exon 1 which is only

included in the p46 transcript, indicating increased expression of the RUNX3/p46 transcript in

this disease. On the contrary, in AML-ASXL1 blood, we found higher usage of the exons that are

expressed in the RUNX3/p44 transcript and lower expression of exon 1, indicating increased

expression of the RUNX3/p44 transcript in this disease.

Recent studies have revealed the extensive role of RUNX3 in neuronal development in

the mammalian nervous system, which may suggest the discovery of RUNX3 dysregulation in

BOS, a disease associated with disruption to normal neural development 55. RUNX3 was further

identified as a super-enhancer that enhances the transcription of key oncogenes in various
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cancers, and has shown to play a role in AML progression, which may explain the similar

discovery of RUNX3 dysregulation in AML-ASXL1. RUNX3 mRNA and protein levels were

highly expressed in AML patient cells compared to controls and positively associated with poor

prognosis in AML, similar to ASXL1 56.

Overall, the dual function of RUNX3 in neural development and as a tumor suppressor in

the hematopoietic system, combined with our finding of differential isoform expression of

RUNX3/p46 and RUNX3/p44 transcripts in BOS and AML-ASXL1 blood, suggest that RUNX3

isoforms may play a key role in the distinct pathogenesis of these diseases. Quantification of

RUNX3 isoform usage through single-cell RNA sequencing would further validate our findings,

which hold potential as therapeutic targets for both diseases.

Conclusion

This comparative analysis provides a deeper understanding of the complex molecular

underpinnings of ASXL1 mutations in BOS and AML, highlighting shared and unique molecular

features. By delineating the genetic, epigenetic, and transcriptomic impacts of these mutations,

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 strategies that address the

specific molecular alterations associated with ASXL1 mutations.

Overall, our study advocates for a gene-centric approach in understanding the molecular

basis of diseases associated with ASXL1 mutations.

Our study contributes to a broader understanding of how genetic mutations can

influence disease across traditional phenotypic boundaries. This not only challenges existing

paradigms of disease classification but also opens new avenues for innovative therapeutic

strategies that are based on molecular commonalities rather than clinical manifestations alone.

This gene-centric perspective could redefine therapeutic strategies and promote the

development of more precise and effective treatments for genetically driven disorders.
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Figures and Tables

Figure 6-1: Study design and genetic landscape of ASXL1 mutations

(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. In combination with blood and bone marrow samples

from acute myeloid leukemia with ASXL1 mutations (AML-ASXL1) or without (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.
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(B) The ASXL1 gene, on chromosome 20q11, is illustrated, highlighting gene domains and the

loci of germline mutations that cause BOS (below the gene) and somatic mutations that drive

AML-ASXL1 (above the gene) in this study. Common mutation sites (bold font), illustrate the

genetic intersections between BOS and AML-ASXL1. Mutations from blood +/- fibroblast

samples are denoted in black, bone marrow sample mutations in purple, and fibroblast-only

sample mutations from our previous study are shown in grey.
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Figure 6-2: Integrative analysis of AML-ASXL1 samples compared to controls reveals

distinct transcriptomic signatures.
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(A) Principal component analysis (PCA) plot of all AML-ASXL1 samples sourced from

BEAT-AML and TCGA, and all control samples sourced from GTEx and GSE120444. Samples

are colored by condition (AML-ASXL1 = green, control = grey), shaded by tissue type (bone

marrow = dark, blood = light), and the shapes represent sex (female = circle, male = triangle).

The PCA plot demonstrates the distinct clustering patterns between AML-ASXL1 and control

samples. (B) Heatmap showing differentially expressed genes (DEGs) between AML-ASXL1

and control samples. The heatmap highlights significant changes in gene expression patterns,

providing insights into the molecular alterations associated with AML-ASXL1. (C) Volcano plot

comparing AML-ASXL1 samples to controls, with log2 fold change on the x-axis and -log10

adjusted p-value on the y-axis. Relevant genes are labeled to highlight those with significant

expression changes. (D) Gene ontology (GO) analysis of the DEGs, illustrating the enrichment

of biological processes and pathways affected in AML-ASXL1. This analysis identifies key

functional categories that are dysregulated in AML-ASXL1 compared to controls.

271



Figure 6-3: Transcriptomic alterations driven by ASXL1 mutations in BOS and

AML-ASXL1 highlight key biomarkers and Wnt signaling dysregulation.

(A) Fold change integration plot of significant differential expression genes (DEGs, padj < 0.05)

with large effect size (|log2FC| ≥ 0.58) across AML-ASXL1 and BOS compared to their

respective controls.
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(B) Gene ontology of common DEGs in AML-ASXL1 and BOS revealed enrichment in

epigenetic regulation, histone modification, chromatin regulation, and protein-DNA complex

assembly among other pathways.

Transcript expression analysis of BOS and AML-ASXL1 samples and their respective controls

identified key biomarkers and showed significant (C) upregulation in VANGL2 (D) upregulation

in GRIK5, and (E) downregulation in GREM2. Wnt signaling co-receptors (F) LRP5 and (G)

LRP6 were also significantly upregulated. (H) ASXL1 was significantly upregulated in

AML-ASXL1 but not in BOS.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Figure 6-4: KEGG pathway analysis highlights Wnt signaling dysregulation in

AML-ASXL1 and BOS.

KEGG Mapper visualization of differentially expressed genes (DEGs) within the Wnt signaling

pathway, identifying transcriptomic dysregulation in both AML-ASXL1 and Bohring-Opitz

syndrome (BOS). The analysis demonstrates the shared molecular alterations in Wnt pathway

components, highlighting key dysregulated genes and their roles in disease pathogenesis.
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Figure 6-5: Epigenetic landscape of ASXL1 mutations in BOS and AML-ASXL1 highlights

de-repression of HOX genes.

(A) Principal component analysis (PCA) plot demonstrates the closer clustering of acute myeloid

leukemia with ASXL1 mutations (AML-ASXL1) samples (green, n=3) with Bohring-Opitz

syndrome (BOS) samples (orange, n=8) compared to AML samples with somatic mutations in

other genes (purple, n=3), and control samples (grey, n=26), illustrating shared epigenetic

landscapes driven by ASXL1 mutation status.
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(B) Heatmap representing DNA methylation patterns using the 413 episites identified in the

BOS DNAm episignature depicts a consistent clustering pattern of the unique clustering of

AML-ASXL1 samples alongside BOS samples.

(C) DNAm β values for HOXB4 3’UTR at CpG site cg04014328 highlight the hypermethylation in

both BOS and AML-ASXL1 patients compared to controls and other AML samples. (D) RNA-seq

data demonstrates significant upregulation of HOXB4 and in BOS and AML-ASXL1 compared to

their respective controls.

(E) DNAm β values for HOXA11 TSS1500 at CpG site cg00705992 highlight the

hypomethylation in both BOS and AML-ASXL1 patients compared to controls and other AML

samples. (F) RNA-seq data demonstrates significant upregulation of HOXA11 in AML-ASXL1

but not in BOS.
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Figure 6-6: RNA-seq of HOX gene expression boxplots

RNA-seq data in BOS and AML-ASXL1 compared to their respective controls demonstrates (A)

significant upregulation of HOXB3 in both diseases, (B) significant upregulation of HOXA5 in

AML-ASXL1 only, and (C) significant upregulation of HOXA9 in AML-ASXL1 only.
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Figure 6-7: DNAm of posterior HOXA TSS CpG site

(A) DNAm β values for HOXA11 TSS1500 at CpG site cg16038003 highlight the

hypomethylation in both BOS and AML-ASXL1 patients compared to respective controls. (B)

DNAm β values for HOXA5 TSS200 at CpG site cg0486392 highlights the hypermethylation in

BOS and hypomethylation in AML-ASXL1 patients compared to respective controls.
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Figure 6-8: Differential exon usage (DEU) analysis of BOS and AML-ASXL1 blood reveals

DEU of RUNX3 and differential isoform usage in both diseases.
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(A) The DEXSeq framework was applied to RNA-seq data and used to obtain exon counts and

conduct differential exon usage (DEU) analysis in patients vs controls, as well as isoform usage

and gene ontology analysis. An integrated analysis was conducted between BOS and

AML-ASXL1 samples.

(B) Fold change plot of significant DEUs (padj < 0.05) in BOS patients compared to controls

(orange background) highlights RUNX3 as a key affected gene with multiple DEUs. (C) Fitted

expression exon usage plot for RUNX3 in BOS blood, with significant DEUs are indicated with a

pink line. Cases are shown in red and controls in blue. The boxed transcript highlights the

primary transcript observed in BOS blood based on DEU.

(D) Fold change plot of significant DEUs (padj < 0.05) in AML-ASXL1 patients compared to

controls (green background) also highlights RUNX3 as an affected gene with multiple DEUs.

(E) Fitted expression exon usage plot for RUNX3 in AML-ASXL1 blood. Cases are shown in red

and controls in blue. The boxed transcript highlights the primary transcript observed in

AML-ASXL1 blood based on DEU.
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Figure 6-9: Cell type distribution in blood and bone marrow samples reveals no

significant differences in immune cell proportions in BOS.

(A) Deconvolution of DNA methylation (DNAm) blood data, comparing the proportion of immune

cell types between controls (red) and BOS samples (blue). The analysis includes CD8+ T cells,

CD4+ T cells, NK cells, B cells, monocytes, and neutrophils. (B) Deconvolution of RNA-seq

blood data, comparing the proportion of immune cell types between BOS and control samples.

The analysis includes CD8+ T cells, CD4+ T cells, NK cells, B cells, monocytes, and
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neutrophils. (C) Comparison of cell type distributions for RNA-seq data from blood and bone

marrow samples across BOS, controls (blood), AML-ASXL1, and controls (bone marrow).
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Figure 6-10: DEXSeq quality control analysis.

Dispersion (per-exon dispersion estimates versus mean normalized count) plot for (A) BOS

blood and (B) AML-ASXL1 blood. Initial per-exon dispersion estimates are shown in black, fitted

mean-dispersion function in red, and shrinked values in blue.

MA (logarithm of fold change versus mean normalized count per exon) plot with an FDR=0.05

for (C) BOS blood and (D) AML-ASXL1 blood.
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Figure 6-11: ASXL1 exon usage

ASXL1 fitted expression exon usage plots for (A) BOS blood, (B) BOS fibroblast, and (C)

AML-ASXL1 blood.

(D) Unsupervised hierarchical cluster heatmap of ASXL1 exon bin usage in BOS blood and

fibroblast samples shows clustering by tissue type and not disease status (blue = blood, purple

= fibroblast, green = case, pink = control).
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Figure 6-12: RUNX3 exon usage and gene expression

Unsupervised hierarchical cluster heatmap of RUNX3 exon bin usage in (A) BOS blood and (B)

AML-ASXL1 blood. Cases are shown in green and controls in pink. (C) Boxplot comparing

mean exon usage of RUNX3 in Controls, BOS, AML, and AML-ASXL1 (blood samples). (D)

Boxplot comparing normalized RUNX3 gene expression in control blood, BOS blood, AML blood

and bone marrow, and AML-ASXL1 blood and bone marrow. (E) Boxplot comparing mean exon

usage of RUNX3 exon bins shows RUNX3 is more highly expressed in BOS blood than

fibroblast.
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Table 6-1: Demographic and clinical characteristics of AML-ASXL1 patients

This table presents the demographic and clinical data of acute myeloid leukemia patients with

ASXL1 mutations (AML-ASXL1). Sample ID, tissue type, gender, ASXL1 mutation, and relevant

clinical parameters are provided.
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Table 6-2: Control sample characteristics for AML-ASXL1 analysis

Demographic information for control samples used in the AML-ASXL1 analysis. This table

includes sample ID, tissue type, and sex.
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Table 6-3: Allele frequency and mutation details for AML-ASXL1 samples

Detailed genetic information for AML-ASXL1 samples at the ASXL1 mutation sites for bone

marrow samples. This table includes sample ID, alternate allele read, total read, cancer allele

frequency, ExAC frequency, and mutation registration in dbSNP or COSMIC databases.
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Table 6-4: Differential gene expression in AML-ASXL1 samples compared to controls

(blood + bone marrow)

This table shows the 30 differentially expressed genes (DEGs) with largest effect size from RNA

sequencing comparing AML-ASXL1 samples and control samples from blood and bone marrow,

adjusted for tissue and sex. The gene ID, log2 fold change, p-value, adjusted p-value, and gene

name are listed.
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Table 6-5: Comparative differentially expressed genes between AML-ASXL1 (blood +

bone marrow) and BOS RNA-seq analyses

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, log2

fold changes for both datasets, adjusted p-values, and gene names.
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Table 6-6: Gene ontology analysis for common DEGs in AML-ASXL1 (blood + bone

marrow) and BOS

Gene ontology (GO) analysis for the common differentially expressed genes (DEGs) identified in

both AML-ASXL1 (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, description, gene ratio, and adjusted p-value.
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Table 6-7: DNA methylation at transcriptional start sites (TSS)

DNA methylation (DNAm) at transcriptional start site (TSS) CpG sites, 200bp (TSS200) and

1500bp upstream (TSS1500), comparing average mean DNAm beta (β) values. Samples

analyzed are from patients with AML with non-ASXL1 mutations (AML-other, n=3), AML with

ASXL1 mutations (AML-ASXL1, n=3), Bohring-Opitz syndrome (BOS, n=8), and controls (n=26).

The gene, CpG ID, chromosome, and position for each CpG site are provided.
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Table 6-8: DNA methylation analysis at HOX gene sites across different sample groups

Average mean DNA methylation (DNAm) beta (β) values at HOX gene sites for four sample

groups: AML with non-ASXL1 mutations (AML-other, n=3), AML with ASXL1 mutations

(AML-ASXL1, n=3), Bohring-Opitz syndrome (BOS, n=8), and controls (n=26).
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Table 6-9: Significant differential exon usage (DEU) exon bins in Bohring-Opitz syndrome

blood samples.

This table lists the most significant DEU exon bins identified in the comparison between

Bohring-Opitz syndrome (BOS) samples and control samples. Each row represents an exon bin

with detailed information on its statistical significance, including adjusted p-values and fold

changes, highlighting the key exonic regions differentially used in BOS.
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Table 6-10: Significant differential exon usage (DEU) exon bins in AML-ASXL1 blood

samples.

This table presents the most significant DEU exon bins identified in the comparison between

AML-ASXL1 samples and control samples. The table provides comprehensive details on the

differential usage of exon bins, including statistical significance metrics, which underscore the

exonic regions with altered usage in AML-ASXL1.
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Table 6-11: Differential exon usage in RUNX3 across BOS and AML-ASXL1 analyses.

This table displays the base means and log2 fold changes (log2FC) for each exon bin in the

RUNX3 gene, as identified in the differential exon usage analysis comparing BOS to controls

and AML-ASXL1 to controls. It includes detailed statistics for each exon bin, facilitating a

comparative understanding of exon usage patterns in RUNX3 across these conditions.
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CHAPTER 7

Bloom Syndrome and Carriers: Increased Frequency of Somatic Mutations in Clonal

Hematopoiesis of Indeterminate Potential

304



Abstract

Bloom Syndrome (BSyn) is an autosomal recessive disorder caused by biallelic germline

variants in BLM, which functions to maintain genomic stability. BSyn patients have poor growth,

immune defects, insulin resistance, and a significantly increased risk of malignancies, most

commonly hematologic. The malignancy risk in carriers of pathogenic variants in BLM (BLM

variant carriers) remains understudied. Clonal hematopoiesis of indeterminate potential (CHIP)

is defined by presence of somatic mutations in leukemia-related genes in blood of individuals

without leukemia and is associated with increased risk of leukemia. We hypothesize that

somatic mutations driving clonal expansion may be an underlying mechanism leading to

increased cancer risk in BSyn patients and BLM variant carriers.

To determine whether de novo or somatic variation is increased in BSyn patients or

carriers, we performed and analyzed exome sequencing on BSyn and control trios.

We discovered that both BSyn patients and carriers had increased numbers of

low-frequency, putative somatic variants in CHIP genes compared to controls. Furthermore,

BLM variant carriers had increased numbers of somatic variants in DNA methylation genes

compared to controls. There was no statistical difference in the numbers of de novo variants in

BSyn probands compared to control probands.

Our findings of increased CHIP in BSyn probands and carriers suggest that one or two

germline pathogenic variants in BLM could be sufficient to increase the risk of clonal

hematopoiesis. These findings warrant further studies in larger cohorts to determine the

significance of CHIP as a potential biomarker of aging, cancer, cardiovascular disease,

morbidity and mortality.
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Introduction

Bloom syndrome (BSyn, OMIM #210900) is a rare autosomal recessive disorder

characterized by prenatal and postnatal growth restriction, sun sensitivity, insulin resistance,

mild immune deficiency, and increased risk of early-onset malignancy1–3. Predominantly, BSyn

cases are caused by homozygous or compound heterozygous variants in the BLM gene, with

over 70 different pathogenic variants identified, including several founder variants in Ashkenazi,

Slavic, Spanish and Portuguese populations4,5.

The BLM protein, a 3’->5’ ATP-dependent RecQ DNA helicase, plays crucial roles in

genome maintenance, including the stabilization of replication forks3, suppression of DNA

crossovers during meiosis6, disentanglement of under-replicated DNA strands during

metaphase, and management of complex DNA structures such as G complexes7. Notably, cells

from individuals with BSyn exhibit an excess number of sister-chromatid exchanges (SCE),

historically considered the diagnostic test for BSyn.8–11 However, increased SCE has not proven

predictive of cancer development and there are currently no evidence-based cancer

surveillance guidelines and biomarkers for early cancer detection8,12.

The heightened incidence of early-onset cancer in BSyn patients is thought to be driven

by genomic instability resulting from biallelic germline variants in BLM13–16. For example, a

recent BSyn patient with T-cell anaplastic large-cell lymphoma showed an excess of inter- and

intra-chromosomal structural rearrangements, 150 and 1,293 respectively, in tumor cells17.

The Bloom Syndrome Registry reported that 53% of participants had developed cancer,

with hematologic malignancies being the most common16. The most common solid tumors

included colon, breast, and oropharyngeal cancers. The well-established cancer risk in BSyn

individuals contrasts with the conflicting literature surrounding cancer risk in carriers of

pathogenic variants in BLM (BLM variant carriers)5,18–23. A study conducted in New York and

Israeli Ashkenazi Jews identified an increased risk of colorectal cancer in BLM variant carriers,
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with an odds ratio of 2.3424, and an Australian study in a high-risk breast cancer cohort identified

a heterozygous, deleterious, protein truncating variant in BLM that co-segregated with cancer in

a family19. A Netherlands cohort of early-onset colorectal cancer reported an increased

frequency of heterozygous loss-of-function BLM variants18. Moreover, in vitro and in vivo

experiments found that heterozygous BLM mutations increased susceptibility to mesothelioma25.

Clonal hematopoiesis of indeterminate potential (CHIP) is characterized by somatic

mutations in leukemia-related “CHIP” genes detected in the blood of individuals without

apparent hematologic malignancy26,27. The definition of CHIP has been a subject of ongoing

discussion, ranging from a benign precursor state for hematologic neoplasms28, to the presence

of a clonally expanded hematopoietic stem cell with a mutation with leukemogenic potential29.

CHIP significantly elevates hematologic malignancy risk, with an annual increased risk of

leukemia ranging from 0.5% to 1.0%26. Furthermore, CHIP has been implicated in adverse

outcomes, such as cardiovascular disease, inflammation, and reduced age-adjusted life

expectancy30–32.

The prevalence of CHIP varies with age, with up to 10% of patients aged 60-70 showing

evidence of CHIP, while only 1% of those under the age of 50 seem to be affected. This age

dependent pattern is attributed to the cumulative effects of mutations and telomere shortening in

haematopoietic stem cells and multipotent progenitors over time, resulting in selective fitness

and a profound decrease in clonal diversity26,32–34.

Studies suggest increased risk of CHIP in individuals harboring germline mutations in

DNA repair and telomere maintenance genes33,35,36. In a study on heterozygous carriers of

POT1, a gene involved in telomerase-dependent telomere elongation, predisposition to clonal

hematopoiesis was observed in an autosomal dominant pattern of inheritance. This increased

risk demonstrated age-dependent penetrance, with the hypothesis that longer telomere length

allowed clones to sustain clonality37. Patients with short telomere syndrome have also been

found to have an increased incidence of CHIP, although there is a wide spectrum of mutation
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types and genes in which these mutations occur38,39. This suggests that germline genetics can

create a “permissive” environment for clonal evolution38, leading to clonal selection in

hematopoietic cells. Furthermore, in a recent large-scale study of UK Biobank, Memorial Sloan

Kettering IMPACT, and The Cancer Genome Atlas cohorts, BLM was identified as one of 18

clonal hematopoiesis genes also associated with hematopoietic malignancy in the heterozygous

state40.

Although clonal cytogenetic abnormalities in Bloom Syndrome fibroblast cell lines hint at

a neoplastic process, no comprehensive genomic analyses have assessed overall somatic

mutational load or CHIP as potential predictive biomarkers for hematologic malignancy41,42. We

hypothesize that 1 or 2 germline BLM variants may heighten CHIP risk, potentially at earlier

ages, correlating with increased malignancy risk identified in BSyn individuals and mildly

elevated risk in BLM variant carriers. This study used exome sequencing to investigate the

correlation between germline BLM variants, germline mutational load, and the risk of

developing CHIP, potentially at earlier ages. To determine whether de novo or somatic variation

occurs at rates in BSyn patients and BLM variant carriers different from control populations, we

conducted exome analysis and variant annotation for these cohorts.

No significant differences in de novo mutation were identified in BSyn probands

compared to controls; however, both BSyn probands and BLM variant carriers exhibited an

increased incidence of low frequency, putatively somatic variants in CHIP and DNA methylation

(DNAm) genes compared to sex- and age-matched controls. This study sheds new light on the

interplay between genetic predispositions and somatic variation, and highlights the need for

additional studies to further evaluate the mechanisms and potential clinical implications for

patients with one or two BLM variants.
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Methods

Study participants and ethical approval

All study participants provided informed consent under a protocol for the Bloom

Syndrome Registry approved by the Weill Cornell Medical College Institutional Review Board,

and a material transfer agreement was obtained. Bloom Syndrome trios in this cohort are

described in Table 7-1.

Exome sequencing

We performed exome sequencing with the Nextera DNA Flex Pre-Enrichment Library

Prep and the Roche NimbleGen exome capture kit following standard protocols. Libraries were

indexed, multiplexed and sequenced on a 2x150 Illumina NovaSeq S1 flowcell at the UCLA

Technology Center for Genomics and Bioinformatics.

Age- and sex-matched control trios were obtained from the publicly available dbGAP

study phs001272.v1.p1 deposited by the Broad Institute Center for Mendelian Genomics.

Control trios harbored undiagnosed disease without cancer phenotypes (Table 7-2) were

processed with the Illumina Nextera Exome Kit and sequenced on an Illumina HiSeq.

Data processing, variant calling, and annotation

All FASTQ files underwent unified quality control, mapping and variant-calling based on

GATK best-practices pipeline 43,44. Given the reliable identification of high-confidence somatic

SNV/indel calls at positions with sufficient sequencing coverage >10X, variant calls were filtered

to maintain read depth (DP)>10 over the alternate allele.

Family structure and variants were confirmed with BLM gene variant visualization using

Integrative Genomics Viewer v2.9.4 and variant annotation using VarSeq 2.3.0.

309

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?id=phs001272
https://paperpile.com/c/LOHVqD/eWR6f+LyffP


Variant filtering

Variants were filtered for DP and analyzed for coverage across regions of interest.

Subsequent filtering for genotype quality (GQ) and a quality score of “PASS” were included.

Variant allele frequency (VAF) analysis

De novo variants were subsetted based on standard somatic and germline variant allele

frequencies (VAF). VAF, representing the percentage of sequencing reads matching a specific

DNA variant45, was used as a surrogate measure of allele proportion. A VAF<0.3 indicated

acquired somatic variants, while VAF≥0.3 indicated likely germline or de novo variants46–49.

Given the range of VAF cutoffs in literature, analyses were also conducted using a more

stringent VAF cutoff of 0.25, aligning with estimates of somatic singleton mutations in the range

0.1 ≤ VAF ≤ 0.25 from previous studies50.

Public data sets.

Control Exome data was obtained from Study ID: phs000178.v11.p8.c1, submitted by the

Center for Mendelian Genomics (CMG) - The Broad Institute Joint Center for Mendelian

Genomics. The Exomes used are: SRA ID SRS2136666, SRS2813808, SRS2136486,

SRS2140039, SRS2140061, SRS2136721, SRS2203482, SRS2202906, SRS2202907,

SRS2130875, SRS2136628, SRS2130876, SRS2197363, SRS2197826, SRS2197795,

SRS2140305, SRS2137393, SRS2137389, SRS2200570, SRS2200550, SRS2200596,

SRS2195820, SRS2195786, SRS2195798, SRS2200588, SRS2200627, SRS2200615,

SRS2205811, SRS2195821, SRS2195834, SRS2136679, SRS2136619, SRS2136617,

SRS2136629, SRS2136659, SRS2136613, SRS2203316, SRS2202950, SRS2202953,

SRS2203490, SRS2203471, SRS2203336, SRS2200551, SRS2200573, SRS2200609,

SRS2200624, SRS2200562, SRS2200610, SRS2200576, SRS2200561, SRS2288808,

SRS2288810, SRS2288816, SRS2200626, SRS2200613, SRS2288805, SRS2200605.

310

https://paperpile.com/c/LOHVqD/UjS1a
https://paperpile.com/c/LOHVqD/oAARE+muVfJ+9AODv+7dT40
https://paperpile.com/c/LOHVqD/riQoA


Results

Trio exome analysis for BSyn and control trios

We performed exome sequencing on 29 peripheral blood DNA samples obtained from

the Bloom Syndrome Registry. The cohort consisted of 10 BSyn probands and their biological

parents who are obligate carriers of these pathogenic variants in BLM (Table 7-1). Among the

BSyn probands, there were equal numbers of male (n=5) and female (n=5), with ages ranging

from 10 months to 36 years of age at the time of sample collection. Half (n=5) of the BSyn

probands had a history of developing at least one type of cancer before or after the sample was

collected (Table 7-1).

The pathogenic BLM variants observed in BSyn trios spanned amino acid 25 to 1243 of

the BLM gene, with most variants clustered in the DEAH Helicase and RecQ Helicase

C-terminal domains (Figure 7-1A). Family structure and BLM variants were confirmed with

Integrative Genomics Viewer v2.9.4 (Figure 7-1B) and detailed variant annotation (Table 7-1).

No significant difference in mean total reads was identified between BSyn and control

trio samples (t-test, p-value=0.268). After mapping to exome targets, BSyn trio samples had a

mean of 113.1x coverage compared to controls with 106.5x coverage (t-test, p-value=0.018).

This coverage consistency extended across all chromosomes.

Samples were categorized into four key groups: BSyn proband samples (n=10)

designated as “affected”, BLM variant carrier samples as “carrier” (n=19), and control proband

(n=19) and control parents (n=38) as “unaffected.” In our somatic variant analysis, we

separately considered control parent and control children as age-matched controls to assess

the incidence of CHIP.

BSyn probands and BLM variant carriers harbor somatic mutations in CHIP genes

We investigated the occurrence of low frequency, putative somatic variants (VAF < 0.3)

in CHIP genes among BSyn probands and BLM variant carriers, revealing a median of 2,
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contrasting with control cohorts where no somatic CHIP gene variants were detected (median =

0) (Kruskal Wallis, p-value=1.50E-06 to 6.37E-03) (Figure 7-2A, Table 7-3). Applying a more

stringent VAF cutoff of ≤ 0.25, based on differing cutoffs for somatic variants in literature, still

identified more variants in CHIP genes in BSyn probands and BLM variant carriers compared to

control cohorts, and notably significant comparisons between BLM variant carriers and control

cohorts (Kruskal Wallis, p-value=8.82E-06 to 7.37E-03).

We explored multiple read depth cut-offs for loci in CHIP genes . While DP>0 and

DP>10 actually identified more loci in control samples than BSyn samples, DP>50 showed no

significant difference in pairwise coverage comparison for total loci covered in CHIP genes. A

heatmap plotting all loci called for each sample at DP>0 confirmed nearly complete overlap

across all samples.

We further categorized variants in CHIP genes into putative somatic or germline based

on VAF (Figure 7-2B). Consistently, significant differences were observed across all likely

somatic variant comparisons between BSyn groups (model mean = 3.70 - 4.80%) and control

groups (model mean = 0.30%) (p-value=1.41E-06 to 1.60E-03) . No significant differences were

found in the mean proportion of germline and somatic variants between BSyn probands and

BLM variant carriers (p-value=0.447), nor between control probands and control parents

(p-value=0.991) (Figure 7-2B).

Our analysis identified no significant correlations between mean somatic and germline

variants in CHIP genes and the putative somatic subset. Across the four sample groups, we

identified no significant difference between mean somatic and germline number of variants in

CHIP genes (Figure 7-2C, Table 7-3), type of variant Refseq Genes 110, NCBI), pathogenicity

(ClinVar 2023-01-05, NCBI), or CHIP genes to which these variants mapped (Refseq Genes

110, NCBI). One-way ANOVA with random family effect confirmed that total CHIP gene variants

followed a normal distribution. No significant differences were observed in the type of variant,

variant pathogenicity , or CHIP gene distribution.
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We also explored the influence of age on the number of putative somatic variants in

CHIP genes in each cohort (Figure 7-2D). Linear regression analysis identified very weak linear

relationships between age and the frequency of putative somatic CHIP variants at VAF<0.3 in

our cohorts (R2 = 1.111E-05 to 0.009).

The increased presence of low frequency, putative somatic variants in CHIP genes for

BSyn probands and BLM variant carriers is not attributable to differential coverage at CHIP

genes but is likely due to increased somatic variant load in key cancer-related genes such as

CHIP genes.

BSyn probands and BLM variant carriers harbor somatic variants in DNA methylation genes

Epigenetic alterations have been linked to aging and cancer, and recent findings have found an

accelerated aging, DNA methylation episignature in patients and mice with biallelic variants in

BLM 51–54. Furthermore, loss of a different RecQ helicase protein, WRN, results in accelerated

rates of DNA damage and increased DNAm aging in patients with Werner Syndrome who

exhibit many clinical signs of accelerated aging55,56. To explore the impact of BLM mutations on

mutational load in DNAm genes, we conducted a comprehensive analysis57,58.

We identified significantly more low frequency, putatively somatic DNAm gene variants

(VAF < 0.3) in BSyn probands and BLM variant carriers compared to unaffected control cohorts

(Figure 7-3A). BLM variant cohorts exhibited a median of 1 somatic DNAm gene variant,

compared to a median of 0 in BSyn proband, control children and control parent cohorts.

Statistically, these differences were significant in comparisons between BLM variant carrier and

control children cohorts (Kruskal Wallis, p-value=7.941E-04) and BLM variant carrier and control

parent cohorts (Kruskal Wallis, p-value=8.815E-04) (Figure 7-3A, Table 7-4).

Applying a more stringent VAF cutoff of ≤ 0.25 still identified more variants in DNAm

genes in BLM variant carriers compared to control cohorts, with significant differences between

BLM variant carriers and the age-matched control cohort (Kruskal Wallis, p-value=0.044).
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We assessed multiple read depth cut-offs for loci in DNAm genes. While DP>0 and

DP>10 identified more loci covered in control samples than BSyn samples, DP>50 showed no

significant difference in pairwise coverage comparison for total loci in DNAm genes. Loci

coverage analysis identified almost complete overlap.

Total variant analysis in DNAm genes was further explored, categorizing variants into

putative somatic or germline based on VAF (Figure 7-3B). We identified significant differences

in the mean proportions of variants, with higher proportions of somatic DNAm gene variants in

BSyn proband (4.3%+/-2.3%) and BLM variant carrier (5.7%+/-1.9%) cohorts compared to

control parent (0.0%+/-0.0%) cohorts (Figure 7-3B, Table 7-4). Significant differences were

noted between BLM variant carriers and control children (mean proportion, p-value=2.944E-03),

and BLM variant carriers and control parents (mean proportion, p-value=2.944E-03).

No significant differences were found in the mean number of total variants in DNAm

genes using one way ANOVA with random family effect (Figure 7-3C). Similarly, in our mean

proportion analysis, no significant differences were observed based on the types of variants or

DNAm gene in which the variant occurred. Additionally, the effect of age on the frequency of

putative somatic variants in DNAm genes was assessed across cohorts (Figure 7-3D). Linear

regression analysis identified very weak to no linear relationships between age and the

frequency of putative somatic DNAm variants at VAF<0.3 in our cohorts (R2 = 0.001 to NA).

These findings suggest that the increased presence of low frequency, putatively somatic DNAm

gene variants in BSyn probands and BLM variant carriers is likely due to presence of the BLM

variant and not age or family-effects.

BSyn is not associated with increased de novo mutation rates

Finally, we assessed whether BLM mutations have differential effects on germline or

somatic mutation rates, which are driven by different molecular mechanisms. One proband

(B380) was excluded from this analysis as sequencing from only one parent was available. High
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quality coding variants in probands of each trio (n=9) that were not inherited from either parent

were identified, representing de novo variants (DNVs, VAF≥0.3) and newly arising somatic

variants (VAF<0.3) (Figure 7-4A). No significant difference was found between BSyn and

control cohorts (t-test, p-value=0.124).

Mean proportions of coding variants were assessed based on VAF categories, revealing

no significant differences (Figure 7-4B). The number and type of coding DNVs (VAF≥0.3)

showed no significant difference between BSyn probands and control children (Figure 7-4C,

t-test, p-value=0.628), aligning with reported literature values59. Similarly, putative somatic

variants (VAF<0.3) showed no significant differences between BSyn probands and control

children (Figure 7-4D, t-test, p-value=0.083). However, the mean number of somatic variants for

BSyn probands was 20.78, compared to a mean number of 16.33 in control children, suggesting

a potential trend that a larger sample size would clarify.

We examined whether the de novo mutation rate was influenced by parental age at

conception. An inverse relationship (slope=-0.961) between paternal age at conception and

number of DNVs in the BSyn probands was observed, however this correlation was not

robust(R2=0.355). This likely stems from a small sample size and a narrow range of paternal

age at proband conception (19-32 years of age). No significant difference in DNVs was

identified between BSyn probands with or without a cancer diagnosis. No significant trend was

observed between the number of DNVs in BSyn probands with maternal age at conception

(R2=0.294, data not shown) or with BSyn proband age at collection (R2=0.039) .

Discussion

This study addresses the impact of pathogenic BLM variants on the incidence of de novo

variants and somatic variants. Our findings reveal an increased frequency of low frequency,

putatively somatic variants in CHIP (Figure 7-2A) and DNAm genes (Figure 7-3A) in BSyn

probands and BLM variant carriers, compared to sex- and age-matched controls. These
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variants were predominantly represented by synonymous variants in BSyn probands and splice

variants in BLM variant carriers. In contrast to prior studies on clonal hematopoiesis, which

identified predicted-pathogenic somatic variants predominantly in DNMT3A, ASXL1, and TET2,

we identified mainly synonymous and benign splice variants primarily in NOTCH1 and CUX1

26,60,61.

The absence of significant differences in mean somatic and germline variants between

BSyn probands and BLM variant carriers suggests other factors besides BLM mutations, such

as environmental exposures or other genetic modifiers, may influence mutation patterns. Small

sample size limits statistical significance. For example, although the mean number of

exome-wide somatic variants for BSyn probands was higher than in control children, it did not

attain statistical significance.

The findings of increased low-frequency putative somatic variants in CHIP genes aligns

with the established roles of CHIP genes in cancer predisposition. This suggests a potential link

between BLM mutations and increased somatic mutation load in cancer-related genes. An oral

presentation at the American Society of Hematology 2023 Meeting identified BLM as one of 18

clonal hematopoiesis genes associated with hematopoietic malignancy in the heterozygous

state40, consistent with our findings.

This study suggests reduced function of BLM may lead to genomic instability, resulting in

increased somatic mutations. These identified variants, largely synonymous and benign splice

variants, may be a consequence of cell fitness selection, as they are less likely to be functional

and more neutral to cell fitness and selection bias. Functional (deleterious) mutations would

likely be selected against even in cells with deleterious BLM variants, while variants that

promote growth and maintenance pathways may experience clonal expansion within the bone

marrow. This expansion could contribute to a stable and functional hematopoietic system

despite the underlying genetic alterations. Furthermore, cellular mechanisms involved in

maintaining genomic stability, such as alternative DNA repair pathways or enhanced

316

https://paperpile.com/c/LOHVqD/dJLdm+StiSs+UFsub
https://paperpile.com/c/LOHVqD/u6QrK


surveillance against accumulation of deleterious genetic alterations, could act as protective

factors, potentially compensating for the deficiency caused by BLM mutations.

Our findings underscore the potential elevated risk for malignancies in BLM variant

carriers, as evidenced by 63% (12/19) of BLM variant carriers exhibiting 2 or more somatic

CHIP variants, a significant association compared to controls. However, conflicting evidence on

increased cancer risk in BLM variant carriers warrants further investigation 20,23,62–65.

Deep-amplicon sequencing is recommended to validate variants observed through exome

sequencing.

This study further explores the increased risk of CHIP in patients with germline mutations

in genes involved in DNA repair and telomere maintenance genes. The BLM gene is a DNA

helicase involved in replication fork stabilization and the suppression of homologous

recombination, which could influence genomic stability, potentially contributing to the observed

increase of somatic variants in CHIP-associated genes. This is consistent with existing evidence

linking germline mutations in DNA repair and telomere maintenance genes and an increased

risk of clonal hematopoiesis 33,35,36,38,39.

Epigenome dysregulation is a hallmark of many diseases, including hematologic

malignancies 26,61,66,67. DNAm genes are known regulators of the dynamic epigenome68. We

identified significantly increased numbers of somatic variants in DNAm genes in BSyn probands

and BLM variant carriers, suggesting potential accelerated aging and methylation changes as

observed recently by Lee et al.54, and similar to findings in patients with mutations in WRN 69.

Unfortunately, insufficient DNA precluded DNAm assays. Our findings advocate for future

studies and suggest that individuals with BLM mutations may benefit from sequencing-based

screenings, which include many genes involved in DNAm processes 26,61,66,67, for early detection

of hematological malignancies.

Contrary to expectations, no significant difference in de novo mutation rates between

BSyn probands and control cohorts were observed. However, the increased mean number of
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somatic variants for BSyn probands implies that a larger sample size may provide more clarity

on de novo mutation rates.

The study’s limitations include the rarity of Bloom Syndrome, resulting in a small sample

size that constrains our ability to detect significant differences in de novo mutation rates and

assess the potential impact of cancer therapy on the prevalence of clonal hematopoiesis.

Although cancer treatments conceivably shape the landscape of clonal hematopoiesis 70, our

study did not find significant correlations between prior cancer diagnosis, including treatments

administered before sample collection, and the number of somatic variants in BSyn patients

(Figure 7-4D). An interesting follow-up would be to examine temporal samples, enabling

monitoring of age-related expansions of potential somatic mutations and clarification of whether

these represent true clonal somatic mosaicism. Such analyses could enhance statistical power

in evaluating variant load in BSyn patients, and distinguishing those with and without cancer

diagnoses.

The use of two different exome enrichment methods is another limitation, mitigated

through joint computational processing. Additionally, the use of exome sequencing poses

challenges in detecting ultra-low-frequency clones associated with CHIP variants, and the

nature of exome sequencing with enrichment may lead to biases in coverage and detection of

somatic variants. Our findings point to the potential utility of targeted assay for CHIP variants to

address these ultra-low-frequency variants.

Finally, the association between true CHIP and cancer risk, as observed in various

studies, may be influenced by factors such as smoking 26,61,71. Some studies indicate a strong

link between CHIP and a history of smoking, which may be a confounding effect on association

studies. Although smoking history is unknown in our BSyn cohort, it is reasonable to assume

that the BSyn probands did not have significant pack-year history given their ages.

The complex interplay between BLM mutations and the mutational landscape, revealing

associations with somatic mutations in cancer-related genes and DNA methylation alterations,
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underscores the need for further investigation. Our findings contribute to the growing literature

on the heightened somatic mutation rate and increased cancer risk in carriers for genes

important in maintaining genomic integrity, such as ATM and a subset of Fanconi

Anemia-related genes 72–74. These findings may pave the way for early biomarkers in cancer

detection and general health assessment in rare disease patients and carriers. Larger-scale

studies with BSyn cohorts are imperative to unravel the mechanisms underpinning BLM

loss-of-function variants and their contribution to CHIP and cancer risk.
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Figures and Tables

Figure 7-1: Genomic analysis of BLM mutations in Bloom syndrome patients and

carriers.

(A) Schematic representation of the BLM transcript (ENST00000355112.8) and protein

(GenBank: BLM; NM000057.4; GRCh38), its functional domains (solid lines above transcript),

and mutations (dotted lines below transcript) causing Bloom Syndrome. Variants listed

correspond to BSyn probands in this study and are tagged with patient identifiers (B#, see Table

7-1). The location of deleterious biallelic variants are shown with one dotted line, while

compound heterozygous variants are shown with two dotted lines. (B) Variants in each BSyn

proband (B#) and BSyn carrier (C#) in our cohort were verified in Integrative Genomic Viewer

v.2.9.4. Each IGV screenshot shows coverage at the BLM variant at the top and the first two to

three sequencing reads below with reference bases in grey and genetic variants in color.

Histograms represent the coverage around the Bsyn variants at that site. Each trio relationship

is depicted.
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Figure 7-2: Comparative analysis of somatic CHIP gene variants identified significantly

more in BSyn probands and carriers.

We examined variants in CHIP genes in exome sequenced samples from four cohorts: BSyn

probands (n=10, black), BSyn carrier parents (n=19, grey), control children (n=19, light blue)

and control parents (n=38, dark blue). (A) Using VarSeq variant calling, we identified the

number of putative somatic CHIP variants using a variant allele frequency (VAF) cutoff < 0.3

(Table 7-2). (B) CHIP gene variants were subsetted based on variant allele frequency (VAF)

grouping, and the mean proportions are shown. (C) The total number of germline and somatic

CHIP gene variants are shown (Table 7-2). (D) We examined the effect of age on the number of

putative somatic variants in CHIP genes that were called. Linear regression analysis was

performed separately for each cohort and the R2 values indicate goodness of fit for each model:

R2 = 0.005 (BSyn proband), R2 = 1.111E-05 (carrier), R2 = 0.009 (control child), R2 = 0.001
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(control parent). These values suggest a weak linear relationship between age and the

frequency of somatic CHIP variants in our cohorts.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Figure 7-3: Comparative analysis of somatic DNA methylation gene variants identified

significantly more in BSyn carriers compared to controls.

We examined variants in DNAm genes in exome sequenced samples from four cohorts: BSyn

probands (n=10, black), BSyn carrier parents (n=19, grey), control children (n=19, light blue)

and control parents (n=38, dark blue). (A) Using VarSeq variant calling, we identified the

number of putative somatic DNAm variants using a variant allele frequency (VAF) cutoff < 0.3.

(B) DNAm gene variants were subsetted based on variant allele frequency (VAF) grouping, and

the mean proportions are shown. (C) The total number of germline and somatic DNAm gene

variants are shown. (D) We examined the effect of age on the number of putative somatic

variants in DNAm genes that were called. Linear regression analysis was performed separately

for each cohort and the R2 values indicate goodness of fit for each model: R2 = 0.001 (BSyn

proband), R2 = 2.473E-04 (carrier), R2 = NA (control child), R2 = NA (control parent). These
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values suggest a weak to no linear relationship between age and the frequency of somatic CHIP

variants in our cohorts.

ns or no stars denote p-value>.05, * denote p-value≤.05, ** denote p-value<.01, *** denote

p-value<.001, **** denote p-value<.0001
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Figure 7-4: De novo and exome-wide somatic variant rates in BSyn and controls.

(A) We examined variants not inherited from either parent in our trio cohorts using VarSeq Trio

Exome variant calling. This encompasses both germline de novo and newly arising somatic

variants in BSyn probands (n=9) and age- and sex-matched control (n=18). T-test was

conducted to compare BSyn and control numbers of variants (t-test, p-value=0.187). (B)

Non-inherited variants in BSyn probands and age- and sex- matched controls were subsetted

based on variant allele frequency (VAF) grouping. (C) The number of germline de novo variants

(VAF≥0.3) for each sample are shown. T-test was conducted to compare BSyn and control

numbers of variants (t-test, p-value=0.628). (D) The number of somatic variants (VAF<0.3) for

each sample are shown. T-test was conducted to compare BSyn and control numbers of
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variants (t-test, p-value=0.083).

Pink indicates no cancer diagnosis, green indicates history of cancer. ns denotes p-value>0.05,

implying no statistically significant difference between BSyn probands and controls.
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Table 7-1: Bloom syndrome patient and BLM variant carrier demographics

Bloom Syndrome patient (B#, n=10) and BLM variant carrier (C#, n=19) parents included in our

studies are identified with their patient IDs. Individual sex, age range, family grouping, BLM

mutation and prior history of cancer are also shown.
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Table 7-2: Statistical calculations for CHIP gene variant analysis

Control children (n=19) and parents (n=38) included in our studies are identified with their

sample IDs and SRA accession numbers from dbGaP. Individual sex, age range at sample

collection, family grouping, genetic disorder and sequencing information are shown for samples

where sample information was provided.
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Table 7-3: Statistical calculations for CHIP gene variant analysis

One way (mixed) analysis of variance (ANOVA) model with a random family effect to allow for

non-independence between cohorts was conducted for the total number of CHIP gene variants.

The mean and median number of variants for each sample group, as well as the standard

deviation (SD), pooled standard error of mean (SEM), and degrees of freedom (df) are shown.

For each comparison, the adjusted p values are listed.

The non-parametric Kruskal-Wallis method was conducted for the somatic CHIP gene variants

across the four sample groupings. The mean and median number of variants for each sample

group, as well as the standard deviation (SD) are shown. For each comparison, the adjusted p

values are listed.
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Table 7-4: Statistical calculations for DNAm gene variant analysis

One way (mixed) analysis of variance (ANOVA) model with a random family effect to allow for

non-independence between cohorts was conducted for the total number of DNAm gene

variants. The mean and median number of variants for each sample group, as well as the

standard deviation (SD), pooled standard error of mean (SEM), and degrees of freedom (df) are

shown. For each comparison, the adjusted p values are listed.

The non-parametric Kruskal-Wallis method was conducted for the somatic DNAm gene variants

across the four sample groupings. The mean and median number of variants for each sample

group, as well as the standard deviation (SD) are shown. For each comparison, the adjusted p

values are listed.
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CHAPTER 8

Conclusion: Bridging Genes and Diseases: From Insights to Impact
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Concluding remarks

This dissertation embarked on a comprehensive exploration of the ASXL gene family,

with a focus on the profound and multifaceted impact of ASXL1 mutations on human

development and disease. Through a series of detailed studies, we have expanded the

understanding of how these mutations disrupt various biological processes and contribute to the

pathogenesis of disorders like Bohring-Opitz syndrome and acute myeloid leukemia.

The multi-omics approach employed across different chapters provided a holistic view of

the epigenetic, transcriptomic, and metabolic alterations induced by ASXL1 mutations. Notably,

our findings underscore the pervasive influence of these mutations on Wnt signaling pathways

(Chapter 2), neural crest formation (Chapter 3), mitochondrial function (Chapter 4, Chapter 5),

and metabolic reprogramming (Chapter 4). These insights are critical for developing targeted

therapies that could mitigate the severe developmental and metabolic anomalies observed in

affected individuals.

Furthermore, the comparative analysis between BOS and AML highlighted shared

molecular signatures, suggesting common mechanistic pathways that may be exploited for

therapeutic benefits across multiple diseases (Chapter 6). This suggests a potential for

broad-spectrum therapies that target these shared pathways, providing a foundation for

cross-disease treatment strategies.

We also established links for genetic predispositions to increased somatic mutations in

clonal haematopoiesis of indeterminate potential (CHIP) genes in another rare genetic disease,

Bloom Syndrome. In both Bloom Syndrome individuals and carriers, increased numbers of

somatic mutations in these CHIP genes provide new insights into the mechanisms underlying

malignant potential and help identify potential targets for therapeutic intervention (Chapter 7).
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Challenges and limitations

Despite these advances, our research encountered challenges, including limited sample

availability, an inherent limitation to any rare disease study, phenotypic variability, and finding

suitable age-matched healthy controls for pediatric patients. Furthermore, the structural

complexity of the ASXL genes and lack of specific antibodies for the ASXL proteins limited our

ability to resolve the ASXL genes at the protein level. These limitations underscore the intricate

nature of genetic research and highlight areas where further methodological and technological

advancements are needed.

Future research directions

The insights gained from this dissertation open numerous avenues for future research.

The potential therapeutic targets identified—such as Wnt signaling, MPC1 and MPC2, and the

modulation of L-asparagine and pyruvate pathways—offer promising directions for developing

targeted interventions for BOS, AML, and the broader ASXL gene family and genetic

neurodevelopmental disorders. Expanding these studies to include other rare genetic disorders

and leveraging emerging techniques like single-cell sequencing, holds promise for

breakthroughs in the diagnosis, prevention, and treatment of genetic disorders. The

establishment of collaborative groups and increased data and sample sharing, facilitated

through initiatives like the Rare Epigenetic and Chromatin Disorders (REACH) biobank

established through our lab and our collaborators, are crucial steps toward fostering innovation

and accelerating research in this field.

In conclusion, this dissertation represents a significant step forward in our understanding

of the ASXL gene family and its multifaceted roles in human health and disease. By bridging the

fields of rare genetic disorders, cancer and metabolism, this research not only contributes to the

body of knowledge in genetics and biomedical research but also holds the potential to inform

the development of novel therapeutic strategies, ultimately improving patient care and outcomes
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in these complex conditions. I hope that my findings have laid a foundation to expand our

understanding and one day offer therapeutic options for the patients and families who have

made this research possible.
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