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Abstract 
Histone proteins have vital roles in the regulation of gene expression during development, 

where dysregulation of this processes results in diseases such as cancer and neurological 

disorders. Pediatric high-grade glioma (pHGG) is a highly aggressive cancer with a two-year 

survival rate of less than 30%. With the advent of whole genome sequencing, recurrent somatic 

mutations in histone H3 proteins and common co-occurring partner mutations have been 

identified to drive a subset of cancer. Histone H3 lysine 27 to methionine (H3K27M) cause a 

subset of pHGGs occurring in the brain midline in younger children, while mutations in glycine 

34 to arginine or valine (G34R/V) cause another subset of pHGGs occurring in the cerebral 

cortex of adolescents and young adults. Histone H3 mutants also drive cancer outside of the 

brain, where mutations in glycine 34 to tryptophan (G34W) cause over 90% of giant cell tumors 

of bone (GCTB) in adults. The restricted pattern of histone mutations with anatomical location 

and age of incidence in brain tumors gave rise to the hypothesis that histone mutations only 

occurring in a specific developmental window and cellular context give rise to cancer. While the 

cellular context is known for these tumors, how the mutations subsequently impact cell identity 

along differentiation are not well characterized.  

In this thesis, I study the transcriptomic effect of H3 and partner mutations on cellular identity 

using in silico integrative analysis of genome-wide transcriptomic data from model systems and 

normal references of the developing brain at single-cell resolution. I will use a variety 

computational methods to map genome-wide transcriptomic data to normal references to infer 

changes to cell identity in disease states. First, I study the role of partner mutations in a kinase, 

ACVR1, in the context of mutant H3 K27M. Gene expression profiling shows that mutations in 

ACVR1 impact cellular identity in distinct ways depending on the histone context. Second, I 

study the effect of H3.3 K27M mutations using cell lines subjected to differentiation 

experiments and orthotopic xenograft models using an isogenic system. In vivo K27M-KO 

experiments show a difference in cell state towards oligodendrocyte and astrocyte lineages, 

while in vitro K27M-KO experiments show upregulation of extracellular matrix and cellular 

adhesion gene programs. Third, I study the transcriptomic effects of germline heterozygous 

H3.3 G34R/V/W mutations in murine models. Germline G34 mutants have surprising tissue 
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specificity; G34R mutants cause progressive neuronal loss coupled to increased immune 

infiltration in the brain, while G34W mutants cause an unhealthy obesity phenotype with 

decreased expression of PPARG, a master regulator of adipocyte differentiation. Together, this 

work provides insight into changes in cell identity and neurological abnormalities induced by H3 

mutations at the level of transcription. This represents an important step in characterizing the 

cellular contexts of these disease states for the development of therapeutics.  
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Résumé 
Les histones jouent un rôle essentiel dans la régulation de l'expression des gènes au cours du 

développement alors que la dérégulation de ces processus entraîne des maladies telles que le 

cancer et des troubles neurologiques. Le gliome pédiatrique de haut grade (pHGG) est un 

cancer très agressif dont le taux de survie après deux ans est inférieur à 30 %. Grâce à la 

technologie du séquençage du génome entier (WGS), des mutations somatiques récurrentes 

dans les histones H3 en combinaison avec des mutations partenaires ont été identifiées comme 

étant à l'origine d'un sous-ensemble de cancers. Les mutations de la lysine 27 en méthionine de 

l'histone H3 (H3K27M) sont à l'origine d'un sous-ensemble de pHGG survenant dans la ligne 

médiane du cerveau chez les jeunes enfants, tandis que les mutations de la glycine 34 en 

arginine ou en valine (G34R/V) sont à l'origine d'un autre sous-ensemble de pHGG survenant 

dans le cortex cérébral des adolescents et des jeunes adultes. D’autres mutants de l'histone H3 

provoquent également des cancers en dehors du cerveau; les mutations de la glycine 34 en 

tryptophane (G34W) sont à l'origine de plus de 90% des tumeurs osseuses à cellules géantes 

(GCTB) chez les adultes. Le schéma restreint des mutations des histones en fonction de la 

localisation anatomique et de l'âge d'incidence des tumeurs cérébrales a donné lieu à 

l'hypothèse selon laquelle les mutations des histones ne se produisant que dans une fenêtre de 

développement et un contexte cellulaire spécifiques donnent lieu à un cancer. Bien que le 

contexte cellulaire soit connu pour ces tumeurs, comment les mutations impactent l'identité 

cellulaire durant la différenciation n'est pas bien caractérisé.  

 

Dans cette thèse, j'étudie l'effet transcriptomique des mutations de H3 et de ses partenaires 

sur l'identité cellulaire en utilisant des analyses intégratives in silico de données 

transcriptomiques du génome entier provenant de systèmes de modèles et de références 

normales du cerveau en développement à une résolution de cellules individualisées. J'utiliserai 

diverses méthodes informatiques pour cartographier les données transcriptomiques à l'échelle 

du génome entier et les références normales afin de déduire les changements d'identité 

cellulaire dans un contexte de maladies. Tout d'abord, j'étudie le rôle des mutations partenaires 

dans une kinase, ACVR1, dans le contexte du mutant H3 K27M. Le profilage de l'expression des 
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gènes montre que les mutations dans ACVR1 ont un impact sur l'identité cellulaire de manière 

distincte selon l’état de l'histone. Ensuite, j'étudie l'effet des mutations H3.3 K27M en utilisant 

des lignées cellulaires soumises à des expériences de différenciation et des modèles de 

xénogreffes orthotopiques utilisant un système isogénique. Les expériences K27M-KO in vivo 

montrent une différence d'état cellulaire vers les lignées d'oligodendrocytes et d'astrocytes, 

tandis que les expériences K27M-KO in vitro montrent une régulation positive des programmes 

de gènes de la matrice extracellulaire et de l'adhésion cellulaire. Troisièmement, j'étudie les 

effets transcriptomiques des mutations germinales hétérozygotes H3.3 G34R/V/W dans des 

modèles de souris. Les mutants de lignée germinale G34 ont une spécificité tissulaire 

surprenante ; les mutants G34R provoquent une perte neuronale progressive couplée à une 

infiltration immunitaire accrue dans le cerveau, tandis que les mutants G34W provoquent un 

phénotype d'obésité malsaine avec une diminution de l'expression de PPARG, un régulateur 

principal de la différenciation des adipocytes. Ensemble, ces travaux permettent de mieux 

comprendre les changements d'identité cellulaire et les anomalies neurologiques induits par les 

mutations de H3 au niveau de la transcription. Cela représente une étape importante dans la 

caractérisation des contextes cellulaires de ces maladies pour le développement de thérapies. 
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Chapter 1: Introduction 
 

1.1 Introduction to histone mutant pediatric high grade gliomas 
The central nervous system is one of the most common sites of cancer in children with an 

average incidence of 5.65 cases per 100,000 individuals1. Cancers in the central nervous system 

are one of the leading causes of cancer-related death in children aged 14 years or less. Unlike 

other cancers which are classified into stages, tumors of the central nervous system are 

classified into grades which are essential for determining prognosis and treatment2–4. Grading 

of tumors is split into two large categories previously based on histology, low grade (I and II) or 

high grade (III, IV). High grade tumors are comprised of a heterogenous set of specific cancers 

but are characterized by nuclear atypia, brisk mitotic activity (grade III), and necrotic areas 

(grade IV). Within high grade tumors, pediatric glioblastoma (GBM) and diffuse intrinsic pontine 

glioma (DIPG) have an especially poor prognosis with a two-year survival rate of less than 10%5. 

Despite advances in the field, standard treatment consists of maximal surgical resection 

followed by a combination of radio- and chemotherapy6, aggressive therapies that leave a long-

lasting series of side effects which severely affect the quality of life of the few surviving 

patients. Therefore, a deeper molecular understanding of the disease is required for the 

development of effective therapeutics. 

With the advent of genomic profiling, tumor classification moved away from a solely histology-

based characterization and towards a molecular and histologic characterization. Molecular 

markers divide tumors into distinct biological groups which are prognostically and clinically 

significant5,7–16. Notably, mutations in histone genes drive a subset of pediatric and adult 

cancers including pediatric high grade gliomas (pHGGs), giant cell tumor of bone (GCTB), and 

chondroblastoma7–9,14,17. In rare cases, mutations in histone genes have been shown to 

promote tumorigenesis in undifferentiated sarcoma, head and neck squamous cell carcinoma, 

and acute myeloid leukemia18–21.  

In pHGGs, recurrent somatic mutations at specific residues in histone genes segregate with 

anatomical location and age of incidence. Given this pattern of occurrence and the normal 

function of histones in development, it is thought that these mutations only cause brain tumors 
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if they occur in a specific developmental window and cellular context22–25. Mutations at lysine 

27 to methionine (K27M) occurring in H3F3A (encoding H3.3) and less commonly in HIST1H3B  

or HIST1H3C (encoding H3.1, H3.2, respectively) define a subset of high-grade glioma and DIPG 

occurring along the midline in young children; where H3.3 K27M mutations drive approximately 

63% of DIPGs and approximately 60% of non-brainstem midline tumors5,9,14,26. Mutations in 

glycine 34 to arginine (G34R) or less commonly valine (G34V) in H3F3A define approximately 

16% of high-grade gliomas occurring in the cerebral cortex (primarily temporal and parietal 

lobes) in adolescents and young adults. Glycine 34 to tryptophan (G34W) in H3F3A define 

above 90% of GCTB occurring in adults17. Mechanistically, these mutations result in distinct 

epigenetic landscapes which promote tumorigenesis through global dysregulation of chromatin 

marks27–30. pHGGs are thought to arise from a stem-like ‘cell of origin’ characterized by a 

primed epigenetic state which mirror cell types from the developing brain29,31–34 . The 

occurrence of histone and partner mutations in this particular cellular context is thought to 

promote tumorigenesis8,23,24,35. However, how the mutations impact cellular differentiation 

toward terminal lineages is poorly understood. Moving forward, insight on how cell identity and 

differentiation is impacted by the mutations in a specific cellular context may provide insight 

onto potential molecular dependencies and thus aid in the development of therapeutics. 

In this chapter, I will first introduce concepts related to normal functions of histone proteins 

and known roles associated with development in Chapter 1.2. Next, in Chapter 1.3 I will 

provide background on how specific histone (H3K27M, H3G34R/V/W) and partner (ACVR1) 

mutations work to promote oncogenesis in the context of pHGGs, and GCTB. The role of 

histone mutations in neurodevelopmental disorders will be briefly addressed. Finally, Chapter 

1.4 outlines the hypothesis and aims addressed in the body of this thesis. 

Chapter 1.2 Histone H3 in Development 
 

1.2.1 Introduction to Histone Modifications 

Gene expression is regulated in the cell through heritable factors which do not alter DNA 

sequence but influence chromatin structure36,37. The basic repeating unit of chromatin is a 

nucleosome which consists of 146-147 base pairs (bp) of DNA wrapped around a histone 
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octamer38,39. The histone octamer consists of two copies of H2A, H2B, H3 and H4 which form a 

globular core that DNA is wrapped around. Importantly, the histone amino-terminal (N-

terminal) tails are free in space. Repeating nucleosomes along the genome are condensed into 

dense arrays through linker H1 proteins and further condensed into chromatin fiber40,41. The 

degree of condensation determines the accessibility to transcriptional machinery in the cell. 

There are two large categories of chromatin; ‘euchromatin’ which is less condensed and 

transcriptionally active, and ‘heterochromatin’ which is highly condensed and generally 

transcriptionally silent. Heterochromatin is further subdivided into two categories; facultative 

heterochromatin which has the potential to be transcriptionally active, and obligative 

heterochromatin which is always transcriptionally silent. Chromatin state is a blueprint for 

cellular identity and is regulated over the course of development in a cell-cycle and tissue-

specific manner42–44. Key players in regulating chromatin state are histone modifications43,44.  

Histone tails serve as the site of chemical post-translational modifications (PTMs) which have 

essential roles in remodeling chromatin to mediate DNA transcription, replication, 

recombination, and response to damage45. Histone PTMs promote or repress gene expression 

depending on the specific mark deposited, histone residue, and cross-talk interactions with 

other histone marks. Examples of histone PTMs include but are not limited to acetylation, 

methylation, phosphorylation, and ubiquitination. The majority of histone PTMs are 

dynamically regulated and are deposited by ‘writer’ complexes, their function mediated 

through recognition by ‘reader’ complexes, and removed by ‘eraser’ complexes46,47. Writer 

complexes can recognize a variety of histone residues but deposit a single type of chemical 

mark44. Histone modifications enact their function through two known mechanisms. One 

mechanism is that the PTM modifies the chemical charge of the nucleosome such that 

interactions with DNA or nearby nucleosomes are disrupted. A second mechanism is through 

recognition of the PTM by reader complexes which function in promoting repair, transcription, 

or chromatin condensation.  

Variants of histone proteins play a key role in chromatin remodeling during development and 

cellular differentiation48. In mammals, variants of all histone proteins except H4 exist. Several 

properties of histone variants mediate their specific functionalities in the cell, including 
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differences in protein sequence, deposition in the genome, cell cycle- and tissue-specificity. In 

particular, variant H3 (H3.3) plays a key role in early embryogenesis including maintenance of 

genome integrity49,50. H3.3 expression is required for the oocyte, and complete depletion leads 

to early embryonic lethality. Depletion of H3.3 leads to disruption of heterochromatin 

structures, mitotic defects, and disruption neural stem cell differentiation50,51. With age, H3.3 

accumulates in neurons where it constitutes over 90% of total H3 in post-mitotic neurons by 

adulthood52,53. Over the course of life, H3.3 expression in neurons and glial cells contributes to 

regulation of cell-identity gene programs.  

H3.3 differs from canonical histone H3 in a variety of ways which contribute towards its 

specialized functions. Canonical histone H3 is encoded by genes located in multiple gene 

clusters along the genome and consists of H3.1 and H3.2 proteins which differ by a single amino 

acid48,54. Canonical histones are deposited in a cell cycle dependent manner during DNA 

replication. In contrast, H3.3 is encoded by two genes in mammals, H3F3A  and H3F3B, and 

deposited in a replication and cell cycle-independent manner. H3.3 differs in sequence from 

H3.1 and H3.2 in four to five amino acids, respectively48,55. It is these differences in sequence 

which contribute to the differential recognition of histone H3.3 by chaperone proteins which 

deposit H3.3 in specific locations in the genome. H3.3 deposited by the HIRA chaperone 

complex is associated with actively transcribed gene bodies, while deposition by the ATRX 

chaperone complex is associated with heterochromatin56. The differing role of H3.3 in 

transcription is due to the specific patterns of deposited chromatin marks50. Among different 

chromatin marks, lysine methylation does not change the chemical charge of the nucleosome, 

but functions through recognition by downstream effector proteins.43. Due to its dysregulation 

in pHGGs, lysine methylation is discussed in more detail in the following subsections.  

1.2.2 H3K27 methylation 

Lysine 27 is located on the N-terminal tail of H3 and serves as a site of methylation57. It is 

dynamically regulated, where lysine 27 is methylated by histone methyltransferases and 

demethylated by histone demethylases. Although H3K27me3 is canonically associated with 

gene silencing in heterochromatin, H3K27 methylation exists in different degrees of mono-, di- 

and trimethylated states (H3K27me1, H3K27me2, H3K27me3, respectively) which correspond 
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to functional roles in activating transcription (H3K27me1) or repressing transcription 

(H3K27me2/3)58,59. H3K27 methylation is established and propagated in distinct genomic 

regions by the PRC2 complex which contains core subunits EED, SUZ12, AEBP2 and one of the 

mutually exclusive catalytic subunits EZH1 and EZH2. H3K27me1 is catalyzed by PRC2 in gene 

bodies and is associated with active transcription59,60.  The conversion of H3K27me1 to 

H3K27me2 is regulated through crosstalk with H3K36 methylation. In contrast to the activating 

role of H3K27me1, H3K27me2/3  are progressively catalyzed by PRC2 and associated with 

transcriptional repression. H3K27me2 forms broad domains in both inter- and intragenic 

regions and is the most abundant methylation state, accounting for over 70% of the total 

methylated H3K27 pool. It is associated with lowly transcribed genes and thought to prevent 

activation of non-cell type specific gene programs. H3K27me3 is found in broad domains in the 

genome and functions to repress transcription59,61. It is propagated in the genome to form 

broad domains through a positive feedback loop where H3K27me3 is recognized as a substrate 

and functions to allosterically activate the EED domain of PRC2, causing increased deposition of 

H3K27me3 by PRC262.   

Dynamic regulation of H3K27 methylation in facultative chromatin is critical for normal 

development and cellular differentiation. In human embryonic stem cells, H3K27 methylation 

targets developmentally regulated genes including pluripotency markers and is critical for 

differentiation61,63,64. In combination with the transcriptionally activating mark of H3K4 

methylation, it marks promoters of developmentally regulated genes and serves to control 

lineage-specific gene programs65. It is therefore perhaps unsurprising that dysregulation of 

H3K27 methylation results in disease.  

1.2.3 H3K36 methylation 

In contrast to the repressive transcriptional function of H3K27 methylation, methylation on 

lysine 36 (H3K36) is associated with transcriptional activation66,67. H3K36me3 promotes 

transcription through regulating the spread of repressive H3K27me3 and functions in silencing 

transcription of cryptic intragenic regions. H3K36 methylation also exists in different degrees of 

mono-, di-, and trimethylated states (H3K36me1, H3K36me2, H3K36me3) which correspond to 

functional states. However, unlike H3K27me3 methylation which is solely deposited by PRC2, 
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H3K36 methylation is deposited by multiple enzymes containing a catalytic SET domain which 

separate into two major classes: mono- and dimethylases and trimethylases. H3K36 mono- and 

dimethylases include NSD family proteins (NSD1, NSD2, and NSD3) and ASH1L67–71. H3K36me1 

has no clear functional role, while H3K36me2 forms large intergenic domains in euchromatin72. 

In intergenic regions H3K36me2 serves to recruit DNA methylase Dntm3a to promote 

transcriptional repression and represses the conversion of H3K27me2 from H3K27me373,74. 

While there are multiple mono- and dimethylases, SETD2 and SETD5 are the only known 

enzymes to catalyze H3K36me375,76. H3K27me3 is co-transcriptionally deposited in actively 

transcribed genes through interaction of SETD2 with RNA polymerase II67,77. H3K36me3 serves 

to recruit DNA methylase Dnmt3b through a PWWP reader domain to promote transcriptional 

repression of cryptic intragenic regions78. Due to its crosstalk with H3K36 methylation, DNA 

methylation is briefly discussed below. 

1.2.4 DNA methylation  

DNA methylation occurs on cytosine residues primarily in the context of a cytosine followed by 

a guanine nucleotide (CpG)79. A small minority of cytosine methylation occurs in non-CpG 

sequences (mCH, where H denotes A, C, T) found in postnatal neurons80. Patterns of DNA 

methylation are established during development in a dynamic process through DNA methylases 

and demethylases where they serve to regulate cell-identity programs in differentiated cells, 

maternal- or paternal-allele specific expression through genomic imprinting, silence repeat 

element expression, and function in X-chromosome inactivation79–81. In the CpG context, 

methylation at genic promoters functions to repress gene expression through inhibition of 

transcription factor binding. In intragenic regions, CpG methylation is associated with 

repression of spurious transcription initiation. In the non-CpG context, mCH methylation 

characterizes specific neuronal subtypes and is associated with transcriptional repression in 

gene bodies82,83.  

DNA methylation in both contexts is catalyzed by the Dnmt family of DNA methyltransferases. 

De novo methylation patterns are established in the genome by Dnmt3a or Dnmt3b, while 

methylation is maintained at CpG sites by Dnmt1 and at mCH sites by Dnmt3a84,85. Although 

both Dnmt3a and Dnmt3b are capable of establishing DNA methylation, there are differences in 



19 
 

tissue expression and recruitment. Dnmt3a is ubiquitously expressed and recruited by 

H3K36me2, while Dnmt3b expressed in testis, thyroid and bone marrow and recruited by 

H3K36me373,78,86. DNA is demethylated through the ten–eleven translocation (TET) family of 

enzymes79. Dysregulation of DNA methylases or downstream effector proteins are implicated in 

neurological syndromes. 

1.3 Dysregulation of H3 and partner mutations in cancer and human disease 
 

1.3.1 H3K27M mutations in pHGGs 

Mutation of lysine 27 to methionine in histone H3 (H3K27M) drives a subset of pHGGs including 

80% of deadly diffuse intrinsic pontine glioma (DIPG)5,8–10,14,26. A common partner mutation in 

H3K27M tumors is loss of TP53, which functions to suppress tumor formation through a variety 

of mechanisms including regulation of cellular division, DNA repair in response to damage or 

stress, and inducement of apoptosis in response to irreversible cellular damage9,26,87. H3K27M 

mutations induce DNA hypomethylation and global reduction of H3K27me2 and H3K27me3 

levels in a genome-wide manner25,88–90. While H3K27M mutated nucleosomes constitute a 

minority of the total H3 pool, H3K27M mutations act in a dominant-negative manner to inhibit 

PRC2 activity through interaction with the catalytic EZH2 subunit25,88. How PRC2 inhibition leads 

to global loss of H3K27me2/3 is still the subject of debate. Several mechanistic models have 

been proposed: recruitment and retention of PRC2 by H3K27M mutated nucleosomes resulting 

in inhibition of H3K27me2/3 deposition25,89,91 ; retention of PRC2 at strong PRC2 targets92; PRC2 

interactions with H3K27M leading to partly irreversible inhibition93; impaired genomic 

spreading of H3K27me3 with unaltered PRC2 recruitment and propagation90; and PRC2 

inhibition leading to ‘step-down’ reduction of one degree of K27M methylation94.  

The vast epigenetic dysregulation induced by H3K27M mutations serves to stall cells in an 

epigenetic landscape reflective of a cell-of-origin29. At the level of gene expression, tumor cells 

mirror a primitive stem-cell like state with high proliferative capacity with impaired ability to 

differentiate towards terminal states23,24,90,95. Given the restricted pattern of occurrence in the 

midline and efforts to induce high-grade tumors in murine models, H3 K37M tumors are 

thought to arise in a specific cellular context in a restricted neurodevelopmental window. Early 
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experiments of inducing an H3.3 K27M transgene with p53 loss in postnatal neural progenitor 

cells (NPCs) in vitro using murine cells and in vivo using a murine model failed to produce 

tumor-like lesions24,25. However, H3.3 K27M transgene delivery with p53 loss and PDGFRA 

activation induced glioma-like lesions in vitro using embryonic NPCs derived from human ES 

cells23. The same genetic combination induced in vivo using murine embryonic NPCs in the 

forebrain or hindbrain faithfully recaptured the invasive high-grade glioma phenotype24. A 

second in vivo approach using H3.3-K27M transgene delivery with tp53 loss in NPCs induced 

glioma-like lesions using orthotopic xenograft models96. While the general consensus is that 

tumors arise from an embryonic cell-of-origin, the exact cell of origin remains elusive. In 

addition to NPCs, oligodendrocyte precursor cells (OPCs) have been proposed as a putative cell-

of-origin from single-cell studies of primary tumor samples34. However, a third in vivo approach 

using NPCs, but not OPCs, derived from human induced pluripotent stem cells injected with 

H3.3 K27M and TP53 loss gave rise to tumors in orthotopic xenograft models96. This is 

suggestive of a cell-of-origin committed towards the oligodendrocyte lineage, but an earlier 

progenitor may be possible.  

H3.3 K27M also impairs differentiation of cells which may contribute towards the proliferative 

capacity of the tumor. Delivery of H3.3 K27M transgene in NPCs resulted in a severe 

differentiation block towards the astrocyte lineage and to some extent the oligodendrocyte 

lineage in vitro23. Removal of the H3.3 K27M mutation resulted in differentiation of cells 

towards the astrocyte lineage in vitro31. However, astrocytes and oligodendrocytes are distinct 

terminal cell types arising from different lineages derived from NPCs. Thus the precise cellular 

context of where along differentiation the tumors arose remains a subject of active 

investigation.  

1.3.2 ACVR1 partner mutations in H3K27M pHGGs 

While H3K27M mutations are a founding event in tumorigenesis, evidence suggests the 

presence of obligate partner mutations to promote and maintain oncogenesis in high-grade 

tumors8,9,14,23,25,26,35. Common partner mutations include loss of ATRX and TP53, and activation 

of kinases including PDGFRA, PI3K, ACVR1. The role of partner mutations, particularly kinase 
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mutations, in promoting oncogenesis is of particular therapeutic interest since histone 

mutations are not directly targetable but a wealth of kinase inhibitors exist.  

Recurrent activating mutations in activin A receptor type I (ACVR1) encoding the kinase ALK2 

are reported in 20-25% of DIPGS harboring a H3 K27M mutation8,13,16,97. ACVR1 mutations 

display preferential segregation with canonical H3.1 K27M DIPGs occurring in the pons but are 

also present in H3.3 K27M DIPGs occurring along the midline. In addition, mutations in specific 

domains of ACVR1 show enrichment in specific histone contexts. Mutations in ACVR1 affecting 

the inhibitory glycine-serine (GS) domain (arginine 206 to histidine; R206H) segregate with H3.3 

K27M, while mutations affecting the ATP binding pocket of the kinase domain (glycine 328 to 

glutamic acid or valine, G328E/V, respectively) segregate with H3.1 K27M. From a structural 

basis mutations in both the GS domain and kinase domain are thought to inhibit interactions 

which stabilize the inactive state of the kinase and shift it towards a structurally active state98. 

At the protein level, these mutations induce a weak constitutive gain of function13,16,98.  

ALK2 belongs to the bone morphogenic protein (BMP) growth signaling pathway in the 

transforming growth factor β (TGFβ) superfamily99. Inducement of BMP signaling occurs upon 

heteromeric complex formation of serine-threonine kinases belonging to type II and type I 

receptors100. Ligand binding occurs on constitutively active type II receptors which is then 

recognized by class I receptors. Class I receptors are recruited to the complex and 

phosphorylated by type II receptors and then propagate downstream signaling mediated by 

receptor-regulated and pathway-specific SMAD proteins101,102.  SMAD proteins converge upon 

binding with co-mediator SMAD4, where they translocate to the nucleus to induce transcription 

of target genes including ID1/2.103 Gain of function mutations in ACVR1, which encodes a type I 

receptor, causes constitutive activation even in the absence of a ligand in DIPG13,16.  

BMP signaling has a wide variety of functions including embryonic patterning, tissue 

morphogenesis and cellular differentiation104–106. Given the important roles of BMP signaling in 

development, it is not surprising that dysregulation of BMP signaling pathways results in human 

disorders. Congenital mutations in ACVR1 result in fibrodysplasia ossificans progressiva (FOP), a 

disorder characterized by ectopic bone formation in soft tissue usually occurring in children, but 
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with no predisposition for malignancies107–113.  A subset of the same mutations which occur in 

FOP have been reported in ACVR1 mutant H3K27M pHGGs114,115. The biological functions of 

ACVR1 mutations in promoting oncogenesis is still a subject of active investigation. 

Furthermore it is possible that  ACVR1 mutations may have different functions in canonical H3.1 

versus variant H3.3 K27M DIPGs due to distinct epigenetic landscapes and cellular contexts of 

H3.1 versus H3.3 K27M tumors116.  

ACVR1 mutations in DIPG are found in a younger age group and associated with slightly longer 

overall survival 13,16. ACVR1 mutations are an early clonal event in tumorigenesis which indicate 

the importance of ACVR1 mutations in promoting tumorigenesis35. To further support the idea 

that ACVR1 mutations promote tumorigenesis, inducement ACVR1 R206H or G328E/V 

mutations with H3.1 K27M and p53 loss in postnatal brainstem precursors induced glioma-like 

lesions in a murine model117. Using another murine model, ACVR1 G328V mutations in 

progenitor cells were shown to impair differentiation of cells along the oligodendrocyte lineage 

but the mutation alone was insufficient to induce tumorigenesis118. While ACVR1 mutations 

promote tumorigenesis, the role of ACVR1 impacting the cellular differentiation in differing 

histone contexts (canonical versus variant) H3K27M DIPGs has yet to be elucidated.  

1.3.3 H3.3 G34 mutations in cancer and neurodevelopmental syndromes 

Mutations at glycine 34 to arginine or valine (G34R/V) in the tail of H3.3 (encoded by H3F3A) 

drive approximately 30% of pHGGs occurring in the cerebral cortex of adolescents and young 

adults9,10,14,26. Common partner mutations include loss of TP53 and ATRX and activation of 

PDGFRA. Intriguingly, mutations at glycine 34 to tryptophan (G34W) in H3.3 do not present in 

pHGGs but drive over 90% of GCTB, a locally aggressive tumor affecting the epiphysis of long 

bones in adults17. The specificity in each mutation in driving a specific cancer is a subject of 

active investigation.  

G34 mutations cause DNA hypomethylation and disrupt H3K36 methylation on the same 

histone tail10,19,25,119,120. There are two proposed overlapping mechanisms by which G34 

mutations act to influence H3K36 methylation: glycine is the smallest amino acid and 

substitutions to larger amino acids are thought to sterically hinder deposition of H3K36 

methylation; and / or glycine substitutions lead to altered recognition by reader complexes for 
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H3K36 methylation25,121–123. In support of the first mechanism, glycine 34 exists in a very narrow 

tunnel upon H3K36 tri-methylase SETD2 binding123. Mutations to larger amino acids are 

thought to inhibit SETD2 interactions through steric hinderance in the narrow tunnel. Indeed, 

G34 mutations in cell lines inhibit SETD2-mediated deposition of H3K36me330. In contrast to 

promoting loss of H3K36 methylation, G34W mutations do not affect catalytic activity of EZH2 

in the PRC2 complex and promote gain of repressive H3K27me3124. Indeed, in G34W in cell lines 

promote abnormal PRC2-mediated deposition of repressive H3K27me3 at enhancers targeted 

by SETD230. G34W mutations additionally alters landscape of H3K27me3 by inducing a shift of 

H3K27me3 from intergenic to genic regions28. In support of the second mechanism, G34W 

mutant cell lines display reduced binding of ZYMD11, a reader for H3K36 methylation124. Thus 

G34 mutations impact local epigenetic landscapes through alteration of H3K36 and H3K27 

methylation.  

In addition to disruption of histone methylation, G34 mutations are associated with global DNA 

hypomethylation in gliomas120. The mechanism by which this occurs is not well understood. 

One potential route may be through disruption of DNA methylase Dnmt3 family members 

which are known to be recruited by H3K36 methylation73,74,125. Dnmt3a recognizes H3K36me2 

and is recruited to deposit DNA methylation in non-coding regions. Dnmt3b recognizes 

H3K36me3 and is recruited to gene bodies78. Local disruptions of H3K36 methylation by G34 

mutations may impact binding of Dnmt3 family members, resulting in an altered DNA 

methylation landscape.  

The epigenetic dysregulation induced by G34 mutations serves to transcriptionally alter the 

cellular context of G34 mutant tumors and converge on inhibition of cellular 

differentiation28,30,32. Similar to H3K27M pHGGs, G34R/V pHGGs follow a spatial and temporal 

specificity leading to proposed origins in neurodevelopment and are proposed to arise in a 

prenatal interneuron cell-of-origin32.  At the epigenetic level, G34R/V mutations induce gain 

H3K27me3 at promoters of mature neuronal genes and which is thought to transcriptionally 

inhibit differentiation of cells towards mature neurons. G34W mutations in GCTB are thought to 

follow a similar model of impaired differentiation of the mesenchymal lineage. In GCTB, G34W 

stromal cells mirror a proliferative osteoblast-like progenitor cell-of-origin which are derived 
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from mesenchymal stem cells (MSCs)28,30. The stromal cells isolated from GCT tumors are 

refractory to differentiation towards a terminal myofibroblast state using in vitro differentiation 

experiments. This supports the model that G34 mutations alter the epigenome and 

transcriptome in a tissue and cellular context-specific manner to promote oncogenesis.  

Outside of cancer, H3.3 G34 mutations are implicated in neurological disorders through their 

effect of disrupting H3K36 methylation. H3K36 methylation is required for proper normal 

development126,127. Mutations in epigenetic modifiers of H3K36 methylation, among others, 

result in neurological syndromes characterized by neurological dysfunction and often 

intellectual disability, but no overall predisposition for cancer128. Other features of individual 

syndromes include immune dysfunction and overgrowth. Genetically, there is a clear dosage 

dependency contributing to these syndromes, where loss of a single allele recapitulates the 

phenotypes for most known disorders affecting reader, writer, and eraser protein complexes. 

Germline loss of function in one copy of H3K36 writer NSD1 results in Sotos Syndrome; 

mutations in NSD2 are implicated in a subset of Wolf–Hirschhorn syndrome; mutations in 

SETD2 result in Luscan-Lumish syndrome and other Sotos-like syndromes129–135. Mutations in 

H3K36 readers such as DNA methylase DNMT3A results in Tatton-Brown Syndrome; mutations 

in ZYMND11 result in 10p15.3 deletion syndrome; mutations in reader MECP2 result in Rett 

Syndrome136–140. The dosage dependencies often noted in these syndromes are evident in 

murine models; homozygous loss of H3K36 writers NSD1, SETD2, or SETD5 results in embryonic 

lethality with clear developmental defects, while homozygous loss of writer NSD2 results in 

severe developmental delay followed by postnatal lethality126,127,141,142. However, heterozygous 

loss of NSD1 or NSD2 result in viable mice126,127. This points to an underlying sensitivity for 

regulation of H3K36 methylation in the developing brain.  

Recently, mutations in H3F3A and H3F3B were identified in a neurodegenerative disorder with 

neurological dysfunction but no predisposition for cancer-related malignancies143,144. While 

there was one patient identified bearing a G34V mutation in H3F3B, the same G34 mutations in 

H3F3A observed in cancer were not reported. This is suggestive of key roles of H3.3 mutations 

in development which may potentially overlap with those observed in pHGGs. How G34 
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mutations function to dysregulate downstream changes in gene expression over the course of 

development and in the brain is poorly understood. 

1.4 Hypothesis and Aims 
We model that driver mutations in pediatric high grade gliomas (pHGGs) arise in a temporal and 

spatially restricted cellular context during neurodevelopment and maintain oncogenicity by 

stalling cells in a progenitor-like state. Characterizing the effect of histone and partner 

mutations on cellular differentiation may provide insight onto cell-specific dependencies 

required by the tumor and thus open therapeutic avenues. My aims are to use transcriptomic 

data to understand the effect of histone mutations on cell identity programs using several 

model systems by mapping to the developing brain.  

In the body of this text, I will first demonstrate that mutations in ACVR1 have different 

transcriptomic effects on cell state dependent on the specific histone context, using data 

generated by Abdulshakour Mohammadnia (Jabado lab). I will secondly show that K27M 

mutations stall differentiation towards astrocyte and oligodendrocyte states using in vivo 

patient-derived orthotopic xenograft models, but this effect is not primarily recapitulated using 

in vitro serum-differentiation experiments using data generated by Brian Krug (Jabado lab). I 

will thirdly demonstrate that germline heterozygous G34R / V / W mutations display surprising 

specificity in affected lineages; G34R mutants display progressive neuronal loss coupled to 

immune infiltration while G34W mutants display an unhealthy fat phenotype using data 

generated by Sima Khazaei (Jabado lab). The work here will improve our understanding of 

specific cell-type gene programs impacted by histone and partner mutations in cancer and 

development which have implications for the further development of therapeutics.  
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Chapter 2: Materials and Methods 
 

2.1. Analysis of bulk RNA seq data 
Read Processing. Raw reads were trimmed using trimmommatic145 (v0.32) to remove adaptor 

sequences four bp from the start of each read and Illumina-specific sequences using 

palindromic mode. Reads were truncated where the average base quality was too low (phred 

score < 30) over a four nucleotide sliding window. After this procedure, reads which were less 

than 30 bp were discarded.  

Read Alignment. Reads which passed preprocessing thresholds were aligned to reference 

genomes using STAR146 (v2.3.0e) with default parameters. The reference genome build used 

were hg19 (GRCh37) or mm10 (GRCm38), respectively. Reads obtained from two species were 

simultaneously aligned to both genomes. Reads mapping to more than 10 locations in the 

genome (MAPQ < 1) were discarded. Multiple control metrics were obtained using FASTQC 

(v0.11.2), samtools147 (v0.1.20), BEDtools148 (v2.17.0), and custom scripts. 

Gene expression analysis. Gene expression was estimated using featureCounts149 (v1.4.4) by 

counting the number of primary alignments mapping to at most two locations (MAPQ >= 3) to 

exonic regions of the Ensembl ensGene genome. Reads from multiple isoforms were collapsed 

to the gene-level to obtain a gene by sample counts matrix. Reads were normalized using 

DESeq2150 (v1.18.1) mean-of-ratios and variance-stabilizing transformation was done for 

visualization.  

Principal component analysis. Principal component analysis was run using the top 10000 most 

variable genes calculated from DESeq2 mean-of-ratios normalized counts.  

Hierarchical clustering. Hierarchical clustering was performed on top 10000 most variable 

genes calculated from DESeq2 mean-of-ratio normalized counts. Complete linkage was used for 

the agglomeration method and Euclidean distance as the distance metric. Variance-stabilized 

counts were plotted for visualization purposes. 

Differential gene expression analysis. Differential gene expression analysis was run using 

DESeq2 (v1.18.1) comparing samples using normalized counts without batch correction or any 

further transformation of the data. The Benjamini-Hochberg method was used for multiple 

testing correction. Significance of genes was called using a threshold of sufficient coverage with 
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an average normalized read count of > 100, absolute value of log2FoldChane > 0.58, and 

adjusted p-value < 0.05, unless otherwise noted. 

Pathway analysis. Pathway analysis was run using the R package gProfiler151 using the gost 

function with default parameters. The default parameter ‘gSCS’ was used for multiple testing 

correction. Input gene lists were genes significantly downregulated or upregulated, 

respectively, from differential expression analysis. We filtered on gene ontology GO categories 

‘BP’, ‘CC’, and ‘MF’ for interpretability of results, unless otherwise noted.  

Gene set enrichment analysis. Gene set enrichment analysis was run using the R package 

fgsea152 with parameters minimum gene set size 15, maximum gene set size 500, and 10000 

permutations. Genes were ranked using the log2FoldChange divided by the standard error of 

the log2FoldChange, computed from the Wald test from DESeq2. Input gene lists were inputted 

from a selection of databases and publications. Hallmark and GO gene signatures were 

obtained from msigdbr153 (v7.4.1). Gene signatures defining cell type identity derived from 

single-cell RNA sequencing data were obtained for the developing murine forebrain and 

hindbrain, cerebellum, adult cortex, and disease-associated microglia31,33,154,155. The top 100 

genes were used ranked by log2FoldChange and adjusted p-value, where available. The 

Benjamini-Hocberg method was used for multiple testing correction. Significantly enriched or 

depleted pathways were defined as those with an adjusted p-value < 0.05.  

2.2. Analysis of single-cell RNA seq data 

Initial processing and quality control of sequencing data. Cell Ranger (10X Genomics, v3.1.0) 

was used with default parameters to demultiplex and align sequencing reads, to distinguish 

cells from background and obtain gene counts per cell. Alignment was performed using a joint 

hg19+mm10 genome reference build, coupled with Ensembl transcriptome build GRCh37 v.82 

for hg19 and GRCm38 v.84 for mm10. Intronic counts were excluded. For xenograft samples, 

human cells were extracted if cells were either assigned as human by Cell Ranger or if the cell 

contained greater than 75% of total reads mapping to hg19 in order to obtain adequate 

numbers of cells per sample. Cells were filtered based on the following quality control metrics: 

mitochondrial content (indicative of cellular damage), number of genes and number of unique 

molecular identifiers (UMIs) using the R package Seurat156 (v3.1.0). For xenograft samples, 
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thresholds were set on a per-sample basis where cells were excluded if they had greater than 

50% of total reads mapping to mitochondrial read counts, had less than 500 genes or UMIs per 

cell, or were outside 2 standard deviations from the mean number of genes or UMIs, 

respectively. For mouse samples, thresholds were set on a per-sample basis where cells were 

excluded if they had greater than 20% of total reads mapping to mitochondrial read counts, had 

less than 1000 genes or UMIs per cell, or were outside 2 standard deviations from the mean 

number of genes or UMIs, respectively. Libraries were scaled to 10,000 UMIs per cell and 

natural log-normalized. Log normalized counts were used for computing correlations for gene 

expression and assessing expression of specific genes. Samples were combined by cell line or 

tissue, respectively, without any additional transformation of the data. 

Dimensionality reduction. The top 2000 most variable genes were computed using ‘vst’ 

selection parameter from the FindVariableFeatures function the R package Seurat. Briefly, the 

method fits a line using loess regression between the observed log(variance) and log(mean). 

Then it standardizes the gene counts using the observed mean and expected variance. Gene 

variance is then calculated using standardized gene counts followed by regression of nUMIs and 

mitochondrial counts to eliminate technical artifacts. The top 2000 genes which have the 

greatest variance are then selected for downstream analysis. PCA is then run using the top 2000 

most variable genes. The top 30 PCs are used as input for UMAP157 and tSNE158 dimensionality 

reduction. Cells were clustered using the shared nearest neighbor graph159 (SNN) construction 

inputting the top 30 PCs, followed by unsupervised clustering using a resolution parameter of 

0.8 and the Louvain algorithm160 for modularity optimization.  

Differential gene expression analysis. A Wilcoxon rank-sum test was run to identify 

differentially expressed genes using the FindMarkers function from the R package Seurat 

requiring that genes are expressed in at least 25% of cells in either population to test.  

 Nearest normal cell type assignment. For xenograft samples, cells were projected using a 

Spearman correlation between log normalized counts and reference expression profiles. The 

cell type in the reference with the highest correlation was assigned as the cell type identity. 

Proportions of cells were calculated as the number of cells belonging to a given cell type over 

the total number of cells for a given condition. For mouse samples, cells were projected to 
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nearest normal cell types using consensus prediction between a neural network ACTINN161 and 

single sample gene set enrichment analysis (ssGSEA)162.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

Chapter 3: Results 
 

3.1: Transcriptomic effect of ACVR1 in H3.1 and H3.3 K27M mutant tumors in isogenic 

cell lines 

3.1.1. ACVR1 impacts global transcriptome in H3.3 K27M, to a lesser degree in H3.1 K27M 

While histone H3 K27M mutations are necessary for tumor initiation, evidence suggests the 

synergistic role of co-partner mutations to maintain tumorigenesis. However, the mechanisms 

of co-partner mutations in the cell are poorly understood. ACVR1 is a cell-surface kinase 

receptor which functions in BMP growth signaling and gain-of-function mutations in ACVR1 are 

present in approximately 67% of H3.1 K27M pHGGs and 18% of H3.3 K27M pHGGs13,16. Despite 

being an amenable drug target, little is known of the functional role of ACVR1 in promoting 

tumorigenicity. In particular, H3 K27M pHGGs maintain stem-like properties through inhibition 

of cellular differentiation. To test whether ACVR1 is directly involved in maintaining a 

differentiation blockade in H3 K27M pHGGs, CRISPR-Cas9 editing of ACVR1 was performed in 

four cell lines and sent for RNA sequencing (RNA seq). This allows us to study the effects of 

ACVR1 using an isogenic system and decouples the effect of the mutation from cell-of-origin or 

cell-line specific effects. Briefly, the guide RNA was designed to target exon 6 of ACVR1. 

Following CRISPR-Cas9 editing genotypes were verified as frameshift or complete KO using 

Illumina MiSeq. The ACVR1 sample cohort is presented in Table 1.  

Table 1: RNA seq cohort for ACVR1 cell lines  

Cell line Histone Mutation ACVR1 status Replicates 

BT869 

H3.3 K27m 

R206H 6 

R206H-KO 7 

DIPG007 
R206H 5 

R206H-KO 6 

DIPG36 

H3.1 K27M 

G328E 3 

G328E-KO 5 

DIPG4 
G328V 3 

G328V-KO 4 
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PCA for all samples was used to asses global transcriptomic changes. Visualizing samples across 

PC1 and PC2, which account for the most and second most sources of variation in the data 

showed that samples separate primarily by histone status (H3.3 or H3.1) and cell line, but not 

ACVR1 status (Fig 1). This indicates that ACVR1 status may drive changes secondary to histone 

status.  

 

Figure 1: ACVR1 mutation status is secondary to H3 K27M 

(A) PCA on top 1000 most variable genes highlighting histone H3 K27M status. (B) Same as A 

but highlighting cell line. (C) Same as A but highlighting ACVR1 mutation status.  

Due to the overwhelming effect of H3.1 or H3.3 K27M histone status and cell line-specific 

differences, cell lines were analyzed separately to assess the effect of ACVR1 status on the 

global transcriptome. PCA on H3.3 K27M cell lines showed separation by ACVR1 status, 

although this was not significant along PC1 and PC2 (Fig 2 A, B). In the case of BT869, there 

were two KO samples along PC1 closer to the mutant samples along PC1 than other KO. This 

indicates that those samples may be more similar to the mutant than other KO samples. 

However, this difference could not be mapped to technical factors such as mapping percentage, 

exonic coverage, mitochondrial content, or type of ACVR1 perturbation. In DIPG007 the same 

trend appeared and likewise could not be mapped to technical factors. Together these results 

indicate ACVR1 status influences global transcriptomic profiles in H3.3 K27M cell lines but 

removing the mutation may have a heterogeneous effect.  

C B A 
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In contrast, PCA on H3.1 K27M cell lines showed separation by ACVR1 status along PC2 for one 

replicate (DIPG4, Fig 2C). For this replicate, ACVR1 status is driving the second most source of 

variation in the samples, indicating a large effect on the transcriptome. However, for the 

second H3.1 K27M replicate DIPG36, samples did not segregate by ACVR1 status which 

indicates little effect of genotype in driving major transcriptomic changes (Fig 2D). Together, 

these results indicate that ACVR1 status effects the global transcriptome with substantial 

heterogeneity in H3.1 K27M cell lines. As a result, downstream analyses were kept separate per 

cell line.  

                               

Figure 2: ACVR1 has heterogeneous effects in driving transcriptomic changes in a cell-line 
specific manner 

(A) PCA using top 1000 most variable genes for H3.3 cell line BT689; (B) H3.3 K27m cell line 

DIPG007; (C) H3.1 K27M cell line DIPG4; (D) H3.1 K27M cell line DIPG36 

A B 

C D 
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Differential gene analysis was used to assess for significantly upregulated or downregulated 

genes. In H3.3 cell lines, differential gene expression analysis showed many significantly 

dysregulated genes (BT869, 3427; DIPG007 1381) (Fig 3). In H3.1 cell lines, differential gene 

expression analysis showed notably few dysregulated genes (DIPG4, 229; DIPG36). This 

indicates that ACVR1 mutation status plays a different role in the two histone (H3.1 K27M, H3.3 

K27M) contexts. In H3.3 cell lines, ACVR1 is majorly influencing the transcriptome. In contrast in 

H3.1 K27M cell lines, although there is an effect on global transcriptome by PCA for one 

replicate, this effect is not replicated in the second replicate. Furthermore, there are few 

differentially expressed genes in H3.1 cell lines indicating a weak effect of ACVR1 status in this 

histone context.  

          

Figure 3: ACVR1 status results in large changes in H3.3, but not H3.1, K27M cell lines 

(A) Volcano plot of bulk RNA seq highlighting differentially upregulated genes (red) and 

downregulated genes (blue) in ACVR1 KO using a threshold of mean normalized read count > 

A 

C D 

B 
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100, absolute log2FoldChange > 1 and adjusted p-value < 0.05 for H3.3 K27M cell line BT869; 

(B) H3.3 K27M cell line DIPG007; (C) H3.1 K27M cell line DIPG4; (D) H3.1 K27M cell line DIPG36. 

To identify potential functional terms associated with ACVR1 mutational status, pathway 

analysis on differentially expressed genes was run. For both H3.3 K27M cell lines, upregulated 

genes in ACVR1-R206 samples were associated with differentiation (neurogenesis, nervous 

system development, system development) (Fig 4 A, B). Upregulated genes in ACVR1-R206H-KO 

samples were associated with extracellular processes (cell adhesion, cell projection, cell 

migration) and developmental processes (cell differentiation, system development) (Figure 4 D, 

E). This indicates that in the context of H3.3, the effect of ACVR1 is potentially involved in 

neuron development and cells may have characteristics of an early progenitor. This is 

compatible with the scenario where removal of ACVR1 may switch the cell towards a more 

mature state and induce cell surface remodeling.  

For H3.1 cell lines, pathway analysis did not result in shared upregulated gene programs since 

one replicate (DIPG36) had few differentially expressed genes. As such, results obtained from 

pathway analysis were not deemed reliable. For the other 3.1 K27M replicate (DIPG4),  

upregulated genes in ACVR1-G328V samples were associated with extracellular responses 

(cellular response to chemical stimulus, cell periphery, extracellular region)  and developmental 

processes (developmental process, anatomical structure development) (Fig 4C) . Upregulated 

genes in ACVR1-G328V-KO were associated with homeostatic responses (cellular response to 

metal ion, cellular response to calcium ion) and extracellular pathways (cell periphery, 

extracellular matrix) (Fig 4F). These results indicate that while ACVR1 may be implicated in 

some aspect related to development, there seems to be a substantial component involved in 

other biological pathways not related to cellular differentiation upon removal of the mutation. 

This points to the idea that function of ACVR1 in these two histone contexts (H3.1 K27M, H3.3 

K27M) may be distinct and have cellular functions in promoting oncogenesis.  
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Figure 4: Pathway analysis shows terms related to differentiation in H3.3 K27M cell lines 

(A) Barplot showing top 10 gene ontology pathways in H3.3 cell line BT869 ACVR1 mutant; (B) 

in BT869 ACVR1-KO; (C) in H3.3 cell line DIPG007 ACVR1 mutant; (D) in DIPG007 ACVR1-KO; (E) 

A 

B 

C 

D 

E 
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in H3.1 cell line DIPG4 ACVR1 mutant; (F) in DIPG4 ACVR1-KO. Y-axis labels show numbers of 

DEGs and size of pathway followed by ontology term.  

3.1.2. ACVR1 induces switch in glial cell state in H3.3 K27M, not in H3.1 K27M 

Since ACVR1 mutations upregulated genes associated with potentially distinct biological 

pathways in H3.1 and H3.3 K27M cell lines, we next asked if ACVR1 had different impacts on 

cellular differentiation in these histone contexts. Since H3 K27M pHGGs are thought to arise 

during a specific cellular context and developmental window, assessment for changes in 

developmental cell types used a single-cell murine developmental atlas spanning embryonic 

and early postnatal time points in the forebrain and pons31. The reference contained a wide 

variety of cell types in the brain spanning neuronal, glial, and non-neuroectodermal lineages 

which allowed for detection of diverse gene programs. To derive cell-identity signatures, 

clusters were first manually assigned cell-type identity through expression of canonical marker 

genes followed by extraction of cluster markers to define robust gene signatures. 

To assess whether specific brain cell types were relatively enriched in the ACVR1 KO vs ACVR1 

mutants, gene set enrichment analysis (GSEA) was run using the cell-type identity gene 

signatures. Removal of ACVR1 mutations in H3.3 K27M cell lines resulted in an enrichment of 

astrocyte and ependymal gene programs (Fig 5A). However, astrocytes were the only robustly 

enriched gene programs in both replicates. The same conclusion was independently found 

through robust expression of the astrocytic markers GFAP and CD44 through 

immunofluorescence staining. (Figure 5B). This implies that in H3.3 K27M cell lines, a function 

of ACVR1 mutations on cell identity may be to hinder differentiation along the astrocytic 

lineage. To confirm whether an astrocytic enrichment was found in tumor samples, comparison 

5 H3.3 K27M ACVR1 WT tumors to 3 H3.3 K27M ACVR1-R206H tumors did not demonstrate the 

astrocytic increase. However, comparison of tumor samples has several confounding variable 

such as potentially differing cells-of-origin and different genetic backgrounds. Future work will 

be required to demonstrate the effect of a differentiation blockade towards astrocytes using 

genome-wide primary tumor data or in vivo models. 

There were no consistently identified enriched gene programs in both H3.3 K37M ACVR1 

mutant replicates. One H3.3 K27M replicate, DIPG007, had few consistently enriched gene 
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programs in ACVR1 mutants. The other H3.3 K27M replicate, BT869 showed a strong depletion 

of oligodendrocyte and oligodendrocyte precursor cell (OPC) gene programs and ACVR1 

mutants significantly expressed canonical gene markers SOX10, PDGFRA and CNTN1 (Figure 5C). 

However, mature oligodendrocytes do not have the capacity to differentiate towards 

astrocytes, thus further analysis in untangling the exact mechanisms contributing to this state 

are required. The component of OPC enrichment is partially consistent with the proposed OPC-

like cell-of-origin in H3.3 K27M tumors34,163.  

 

Figure 5: ACVR1 blocks astrocytic maturation in H3.3 K27M 

(A) Gene set enrichment analysis of cell identity signatures (Jessa et al) in H3.3 K27M cell lines 

and tumor samples. (B) representative immunofluorescence images of BT869 for astrocyte 

markers GFAP and CD44. Figure generated by Adbulshakour Mohammadnia. (C) 

Oligodendrocyte, OPC, and astrocyte markers in BT869. Abbreviations: NES, normalized 

NES 

astrocytes ependymal OL OPC 

A 

C B 
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enrichment score; OL, oligodendrocytes; OPC oligodendrocyte precursor cells. Scores which are 

not significant (adjusted p-value < 0.01) are set to 0.  

In contrast to H3.3 K27M cell lines, removal ACVR1-G328V in the context of H3.1 K27M did not 

yield an astrocytic enrichment (Figure 6A). Surprisingly, astrocytic signatures and the canonical 

astrocyte marker GFAP were strongly downregulated in ACVR1-KO cells, (Fig 6B). Results are 

only shown for one replicate (DIPG4) due to the handful of differentially expressed genes in the 

second replicate (DIPG36) which did not yield robust results. However, removal of ACVR1 

showed decreased proliferation in vitro and upregulation of very few transcriptomic cell-

identity gene programs, which consisted of a handful of non-neuroectodermal cell-identity 

signals (Figure 6A, C). This is consistent with the extracellular matrix programs upregulated 

through pathway analysis. Furthermore, ACVR1-R206H mutations in H3.1 K27M tumors 

promote a mesenchymal phenotype partly mediated through Stat3 signaling117. While our cell 

line does not bear the same ACVR1 mutation (G328V instead of R206H), it is possible that the 

downstream effects mediated by ACVR1 converge towards a common cellular response in H3.1 

K27M tumors. Therefore, our results are consistent with a model where ACVR1 in H3.1 K27M 

cell lines does not to promote changes in cell identity, but mesenchymal-related gene 

programs. 
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Figure 6: Removal of ACVR1 does not induce astrocytic maturation in H3.1 K27M 

(A) Gene set enrichment analysis of astrocyte signatures (Jessa et al, 2019) in H3.1 K27M cell 

line DIPG4. Scores not significant are set to 0. (B) Decreased expression of astrocyte marker 

GFAP in DIPG4. (C) median ssGSEA scores for non-neuroectodermal cell identities in ACVR1-KO 

vs ACVR1 mutant (D) ACVR1-KO reduces proliferation in vitro. Figure generated by 

Adbulshakour Mohammadnia. NES: normalized enrichment score.  

In summary, ACVR1 has unique functions in the cell which is dependent on histone status (H3.1 

vs H3.3 K27M). In H3.1 K27M cell lines, ACVR1 does not cause major transcriptomic changes but 

pathway analysis indicates it may be implicated in promoting developmental processes and 

extracellular responses. In vitro, ACVR1 promotes proliferation, which may tie into 

developmental processes results from pathway analysis. In the context of H3.3 K27M cell lines, 

ACVR1 has a role in promoting a differentiation block towards the astrocytic lineage. Given that 

H3.3 K27M is thought to promote a differentiation block towards astrocytes as well, these 

results indicate a potential synergistic role of ACVR1 in H3.3 K27M pHGGs in promoting 

A 

C B 

NES 

astrocytes Non-

neuroectoderm 
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oncogenesis31. We next turned our attention towards the effects on K27M mutations in H3.3 

K27M pHGGs to on cell identity.  

Chapter 3.2: Transcriptomic effects of H3.3 K27M in experimental model systems 

3.2.1. H3.3 K27M-KO show upregulation of extracellular matrix gene programs in vitro 

H3.3 K27M mutated pediatric pHGGs are thought to arise during neurodevelopment in a 

specific developmental window and cellular context23,25. K27M mutations are an initiating event 

in tumorigenesis and lock the tumor cells into a stem-like state with high proliferative capacity 

through epigenetic dysregulation23,90,95. The proposed cell-of-origin is thought to be an early 

glial progenitor cell which is blocked in differentiation potential towards the astrocytic 

lineage31.  

To assess whether the H3.3 K27M (K27M) mutation has a direct effect in blocking 

differentiation of progenitors, CRISPR-Cas9 editing of the K27M mutation was performed in 

three cell lines derived from thalamic tumors (BT245, HSJ019) or a pontine tumor (DIPG13) to 

generate H3.3 K27M-KO (KO) cell lines. Cell lines were maintained in different media 

conditions; neural stem-cell proliferation media (SCM), neural stem-cell proliferation media 

with DMSO (DMSO), or serum-differentiation media (DM) for two weeks prior to RNA 

sequencing.  

We first investigated transcriptomic changes related to cell identity using previously published 

samples31 and additional unpublished samples for H3.3 K27M cell lines and H3.3 K27M-KO cell 

lines. The data cohort is presented in Table 2. 

Table 2: RNA seq cohort for H3.3 K27M serum differentiation experiments 

Cell line Genotype Media Replicates 

DIPG13 

K27M 

DMSO 3 

SCM 2 

DM 2 

KO 

DMSO 2 

SCM 8 

DM 4 

BT245 K27M 
DMS0 3  

SCM 5  
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DM 2  

KO 

DMS0 2 

SCM 4   

DM 4   

HSJ019 

K27M 
SCM 4 

DM 2 

KO 
SCM 6 

DM 2 

 

We first used PCA to assess global differences in gene expression across cell lines and found 

that the pontine cell line (DIPG13) separated from the thalamic cell lines (BT245, HSJ019) which 

indicates that tumor location is accounting for larger differences in gene expression profiles 

than tumor-specific differences (Figure 7A). Consequently, tumor cell-of-origin expression 

profiles affects transcriptional profiles and may lead to different downstream effects. PCA for 

each cell line showed that culture media contributed the greatest source of variation in 

expression profiles for the pontine cell line (DIPG13) and one thalamic cell line (BT245), and 

genotype contributed the second largest source of variation in the other thalamic cell line 

(HSJ019) (Figure 7B-G). As the effect of media was larger than that of genotype for the majority 

of cell lines, subsequent comparisons were made comparing the effect of media while fixing 

genotype.  
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Figure 7: Media has a greater effect than H3.3 K27M status on global gene expression 

(A) PCA using top 10000 most variable genes of all samples; (B-C) DIPG13; (D-E) BT245; (F-G) 

HSJ019. SCM: stem cell media; DM: differentiation media; DMSO: stem cell media with DMSO. 

We used differential expression gene analysis comparing samples by media for each cell line to 

find genes significantly affected by the media. In the pontine cell line (DIPG13), differentiation 

media induced upregulation of potentially different pathways in each genotype (Fig 8). Top 

differentially expressed genes included upregulation of immune genes were noted in the K27M 

condition, while an upregulation of collagen genes was noted in the KO condition. For one of 

the thalamic cell lines, differentiation media was associated with an upregulation of collagen 

and extracellular genes in both genotypes and immune genes in the K27M condition (BT245). 

However, changes induced by differentiation media in the second replicate showed 

upregulation of cellular stress programs involving mitochondrial, ribosomal, and heat shock 

protein genes (HSJ019). Commonalities across two cell lines from different tumor locations 

(BT245, DIPG13) was the upregulation of collagen / extracellular and immune related genes. 

The collagen related genes may point to adaptive properties for cell culture gained induced by 

media. Interestingly, though an astrocytic enrichment is consistent with previous results31, the 

addition of canonical astrocyte marker genes showed both-down and up-regulation by 

differentiation media in this cohort.  
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Figure 8: ECM programs upregulated by media 
Top differentially genes (normalized mean read count > 100, log2FoldChange > 1, adjusted p-

value < 0.05) comparing differentiation media (DM) to stem cell media (SCM) or stem cell 

media with DMSO (DM) from bulk RNA sequencing. Selection of top differentially expressed 

genes across cell lines plotting genes with a base mean normalized read count of greater than 

100.  Size of dot corresponds to absolute value of log2FoldChange comparing differentiation 

media to control stem cell media conditions (SCM, DMSO). Color corresponds up or 

downregulation with an absolute log2FoldChange threshold of 1. Neutral is defined as an 

absolute log2FoldChange of less than 1. Intensity of color corresponds to the negative log10 of 

the adjusted p-value for genes with an adjusted p-value < 0.05. Dots without shading do not 

meet log2FoldChange or adjusted p-value thresholds.  

 

While top differentially expressed genes pointed to a few signals, we performed pathway 

analysis to glean a wider characterization of biological pathways affected by differentiation 

media. We kept the same comparisons as those made in differential gene expression analysis; 

we compared the effect of differentiation media to stem cell media and DMSO separately 

within the same cell line. In the pontine cell line (DIPG13), comparing the effect of DM in both 

genotypes resulted in upregulation of genes associated with extracellular matrix related terms 

Collagen and ECM immune astrocyte mitochondrial and 

heat shock protein 
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(cell adhesion, extracellular matrix)  and developmental terms (cell differentiation, 

developmental processes) (Fig 9A-D). For both of the thalamic cell lines, genes associated with 

developmental processes were upregulated in both genotypes in differentiation media (system 

development, cell differentiation) (Fig 10A-F). Additionally, upregulation of extracellular matrix  

and cellular adhesion associated pathways in for one replicate (BT245) in both genotypes. In all 

cell lines, the developmental signals gained in differentiation media may be due to the loss of 

gene expression promoting stem-like properties actively maintained in stem cell media. The 

gain of extracellular matrix and adhesion programs is consistent with the results from 

differential expression analysis, indicating that an overwhelming function of differentiation 

media may help cells survive in culture conditions.  

 

DIPG13 K27M DM vs SCM DIPG13 K27M DM vs DMSO 

DIPG13 KO DM vs SCM DIPG13 KO DM vs DMSO 

A B 

C D 
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Figure 9: Developmental and cellular adhesion pathways induced by media for pontine H3.3 
K27M and H3.3 K27M-KO cell line 

(A) Pathway analysis using significantly upregulated genes (mean normalized read count > 100, 

adjusted p-value < 0.05, log2FoldChange > 1) in DIPG13 comparing K27M DM to SCM; (B) K27M 

DM to DMSO; (C) KO DM to SCM; (D) KO DM to DMSO DM: differentiation media; SCM: stem 

cell media; DMSO: stem cell media with DMSO 
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Figure 10: Developmental pathways induced by media for thalamic H3.3 K27M and H3.3 
K27M-KO cell lines 

BT245 K27M DM vs SCM A BT245 K27M DM vs DMSO B 

BT245 KO DM vs SCM 
C 

BT245 KO DM vs DMSO D 

HSJ019 K27M DM vs SCM E HSJ019 KO DM vs SCM 
F 
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(A-D) Pathway analysis using significantly upregulated genes (mean normalized read count > 

100, adjusted p-value < 0.05, log2FoldChange > 1) in BT245; (E-F) HSJ019. DM: differentiation 

media; SCM: stem cell media; DMSO: stem cell media with DMSO 

We next determined if the developmental signal gained in differentiation media mapped 

towards a particular cell state. From previously published results with fewer replicates, the 

K27M mutation stalled differentiation towards the astrocytic lineage for the pontine cell line31. 

Since H3.3 K27M tumors are thought to arise from an OPC-like cell during neurodevelopment, 

we used a single-cell reference of cell-type identity signatures spanning the developing murine 

forebrain and pons as described in section 3.2. Using gene set enrichment analysis with this 

reference, a commonality across all cell lines was an enrichment of non-neuroectodermal cell-

identity signatures (pericytes, vascular smooth muscle, endothelial) coupled to a depletion of 

proliferating progenitor signals (Fig 11A). To help corroborate these results, genes which drive 

the enrichment, or leading edge genes, were plotted in the data. A strong enrichment of 

leading edge genes was observed for non-neuroectodermal signatures (Fig 11B) and strong 

depletion for proliferating progenitors (Fig 11E). Since stem cell media actively maintains self-

renewal and stem-like properties in culture, the depletion of proliferating progenitor signatures 

is perhaps unsurprising. However, the enrichment towards non-neuroectodermal cell type 

signatures is unexpected since the cell-of-origin is an early glial progenitor, which should not 

have the capability towards differentiating towards a completely different cellular lineage. A 

more plausible rationale for this result, given the earlier findings of upregulation of collagen 

and extracellular matrix associated genes and pathways in differentiation media, may be that 

these upregulated genes are masking glial cell identity signals.  

However, there were some changes to glial cell identity in differentiation media in a cell-line 

specific manner. In the pontine cell line DIPG13, an enrichment of astrocyte and ependymal 

gene programs was enriched in differentiation media for one K27M comparison, but not as 

robustly in the KO (Fig 11A, C). This indicates that an effect of media may be to promote a 

baseline level of induction towards the astro-ependymal lineage in DIPG13, which is consistent 

with previous results31. Additionally, in a thalamic cell line (BT245), a depletion of 

oligodendrocyte and OPC gene programs was observed (Fig 11D). While cells are not thought to 
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originate from mature oligodendrocytes, the movement away from OPCs is consistent with the 

idea of a differentiation blockade stalling cells in an OPC-like glial progenitor state34,163.  

 

Figure 11: Enrichment of non-neuroectodermal gene programs in differentiation media 

(A) Gene set enrichment analysis using cell-type identity signatures from a single cell 

developing murine reference (Jessa et al, 2019) comparing differentiation media to stem cell 

media and DMSO conditions. (B) representative leading edge plots for pericyte signature in 

DIPG13 K27M condition; (C)  astrocyte signature in DIPG13 K27M condition; (D) OPC signature 

in BT245 KO condition; (E) proliferating progenitor signature in HSJ019 KO condition. Scores not 

significant at adjusted p-value < 0.05 set to 0. NES: normalized enrichment score; OPC: 

oligodendrocyte precursor cell.  

Since a potential switch glial cell identities in differentiation media may be masked by 

overwhelming expression of collagen and extracellular matrix gene programs, we asked 

whether this signal was common to all cells or driven by a subset. Single-cell RNA sequencing 

data (scRNA seq) was generated for the same three cell lines in stem cell media (SCM) and 

differentiation media (DM) conditions. The data cohort is presented in Table 3. 

Table 3: scRNA seq cohort for H3.3 K27M serum differentiation experiments 

A 
NES 

Non-neuroectoderm Astrocytes Ependymal Oligodendrocytes, 

OPC 

Proliferating  
progenitors 

B C D 
Pericyte  

DIPG13 K27M  DM vs SCM 
Astrocyte  

DIPG13 K27M  DM vs DMSO 
OPC 

BT245 KO  DM vs SCM 

Proliferating progenitor 

HSJ019 KO  DM vs SCM 
E 
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Cell line Genotype Media Replicates 

DIPG13 

K27M 
SCM 1 

DM 1 

KO 
SCM 2 

DM 3 

BT245 

K27M 
SCM 1 

DM 1 

KO 
SCM 1 

DM 1 

HSJ019 

K27M 
SCM 1 

DM 1 

KO 
SCM 2 

DM 2 

 

To assign cell-type identity, individual cells were projected to the same developing murine atlas 

used earlier through spearman correlation between expression profiles of the cell and 

reference cell types. The reference cell type with the highest correlation was assigned as the 

nearest-normal cell type in the data. To assess broad changes to cell type identity caused by 

media or genotype conditions, cells proportions were computed by summing the total number 

of cells for a given nearest-normal cell type over the total number of cells in the specific 

genotype and media condition (K27M cells in stem cell media, K27M cells in differentiation 

media, KO cells in stem cell media, KO cells in differentiation media) within cell lines. Of note, 

the majority of cells in stem cell media across cell lines mapped to RGCs which are a more 

primitive glial progenitor than the consensus OPC-like state in K27M cells (Fig 12A-C). However, 

mean expression of canonical RGC marker genes (VIM, NES, PAX6, HES1, SOX2) were not highly 

specific to cells labeled as RGCs across cell lines and therefore the match to RGCs may be due to 

stem-like factors actively maintained in stem cell media (Fig 12D-F). The predominant effect of 

differentiation media across cell lines was to promote cells along a differentiation trajectory 

towards a non-neuroectodermal cell state. In the thalamic cell lines BT245 and HSJ019, a 
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minority of cells in both K27M and KO conditions progressed in differentiation towards mature 

glial cell types of astrocytes and oligodendrocytes in differentiation media, an effect which was 

greater in the KO condition. This is compatible with the idea that differentiation media 

promotes a baseline level of cellular differentiation and that removal of the K27M mutation 

acts in synergy to promote differentiation.  
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Figure 12: Non-neuroectodermal cell state induced by differentiation media 
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(A) Proportions of cell types assigned by Spearman correlations in DIPG13; (B) BT245; (C) 

HSJ019. (D) Mean expression of normalized counts for RGC marker genes VIM, NES, PAX6, SOX2 

and HES1 in DIPG13; (E) BT245; (F) HSJ019.  

However, the majority of cells in differentiation media mapped toward non-neuroectodermal 

cells, which is a completely different lineage than glial cells. Given the overwhelming expression 

of collagen and extracellular matrix promoting gene programs promoted by differentiation 

media in the same cell lines in bulk RNA seq, it is likely that the high expression of similar gene 

programs is driving a match towards non-neuroectodermal cell identity. To assess if other cell-

identity related programs are masked by non-neuroectodermal gene programs in the same 

cells, non-neuroectodermal cells were extracted and projected to the same cell-type reference 

without non-neuroectodermal cell identities. The highest correlation was assigned as the 

‘second match’ cell-type and cell proportions were computed per genotype-media condition. A 

large switch in cell proportions towards an astrocyte-like state was observed in differentiation 

media across cell lines, with the one exception of the KO condition of the pontine cell line (Fig 

13). Additionally the thalamic cell line HSJ019 showed progression towards the oligodendrocyte 

lineage which may reflect tumor-specific differences. Therefore, a secondary effect of 

differentiation media may be to promote cells in progression along the astrocytic lineage, which 

consistent with prior results31. The primary effect of differentiation media, however, may be to 

induce non-neuroectodermal gene programs which help cells survive in culture.  
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Figure 13: Non-neuroectodermal cell states mask astrocyte gene programs in differentiation 
media 

A 

B 

C 
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(A) Cells originally mapping to non-neuroectodermal cell identity (green) were extracted, 

projected to neuroectodermal cell types, and cell proportions per condition re-computed in 

DIPG13; (B) BT245; (C) HSJ019. Cells originally mapping to neuroectodermal cell types are 

displayed in pink.  

We concluded that the effect of media was greater than that of the genotype in serum-

differentiation experiments, and that the primary effect of differentiation media was the 

upregulation of collagen and extracellular matrix associated gene programs which may help in 

adaption to culture conditions. In assessing whether differentiation media promoted 

progression along a differentiation trajectory, we observed an upregulation of predominantly 

non-neuroectodermal cell states which may mask mature glial cell identity signals in single cells. 

In a minority of cells, a progression in differentiation towards astrocytes was observed, 

consistent with previously published results31. We observed an increase in oligodendrocyte 

gene expression in one thalamic cell line,  potentially indicating maturation along the 

oligodendrocyte lineage may be tumor-specific. To explore changes in cell state and uncouple 

the effects of differentiation media, we moved away from an in vitro model and used an in vivo 

model. 

3.3.2 H3.3 K27M-KO map oligodendrocytes and astrocytes in vivo 

In vitro cellular models present the limitation of inducing expression changes for adaptation to 

culture conditions. To move away from potential effects of culture of media induced in vitro, 

we next investigated differentiation state of tumor cells using orthotopic xenograft models. 

Briefly, brain tumor cells were transfected with lentiviruses expressing GFP. Cells were injected 

into orthologous regions in the mouse brain; into the caudate putamen for thalamic cell lines 

BT245 and HSJ019, and into the pons for pontine cell line DIPG13. Mice were monitored for 

clinical symptoms (weight loss, epilepsy) and euthanized upon clinical endpoint which was 

reached 100 days post-injection to upwards of one year. Dissected tumor and normal brain 

tissue was sorted for GFP+ human tumor cells before sending for sequencing. Samples were 

aligned to a joint human and mouse reference, human counts were extracted and used for 

further downstream analysis. Due to a batch effect, we analyzed batches separately. The data 

cohort is presented in Table 4.  
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Table 4: RNA seq cohort for H3.3 K27M orthotopic xenograft models 

Cell line Genotype Replicates Batch 

DIPG13 

K27M 
3 1 

3 2 

KO 
3 1 

4 2 

BT245 

K27M 
3 1 

2 2 

KO 
2 1 

3 2 

HSJ019 

K27M 
4 1 

4 2 

KO 
5 1 

4 2 

 

To assess changes in global gene expression, we performed PCA of all samples. We found 

separation by cell lines in both batches, with DIPG13 separating from HSJ019 and BT245 (Fig 

14A-B). The separation of DIPG13 from HSJ019 and BT245 may indicate differences due to 

anatomical location of the original tumors, which is consistent with differences found in serum 

differentiation experiments. PCA keeping cell lines separate revealed separation of samples by 

genotype for the thalamic cells, but not the pontine cell lines (Fig 14C-G). Thus we concluded 

that genotype drove the most greatest source of variation in gene expression profiles for 

thalamic cell lines, but not the pontine cell line. This is consistent with previous results in the 

pontine cell line from differentiation experiments. 
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Figure 14: Genotype drives most source of variation in xenografts derived from thalamic cell 
lines 

(A) PCA on top 10000 most variable genes across cell lines in batch 1; (B) batch 2; (C) pontine 

cell line DIPG13 in batch 1; (D) DIP13 in batch 2; (E) thalamic cell line BT245 in batch 1; (F) 

BT245 in batch 2; (G) thalamic cell line HSJ019 in batch 1; (H) HSJ019 in batch 2. 

To identify changes in gene expression and associated biological pathways between genotypes, 

we performed differential gene expression analysis followed by pathway analysis (Fig 15). We 

found an upregulation of terms relating to development in xenografts derived from the 

thalamic cell lines. In one xenograft (BT245), terms relating to the extracellular matrix were 

additionally observed. Therefore, while removal of the K27M mutation may cause direct effects 

relating to development, there may also be an upregulation of mesenchymal gene programs.  

 

Figure 15: Developmental terms are enriched in K27M-KO xenografts 

(A) pathway analysis using significantly upregulated genes (baseMean > 100, adjusted p-value 

(Benjamini-Hochberg) < 0.05, log2FoldChange > 1) in pontine cell line DIPG13 KO batch 1; (B) 

A 

B C 

DIPG13 up in KO 

BT245 up in KO 

HSJ019 up in KO 
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thalamic cell line BT245 batch 1; (C) thalamic cell line HSJ019 batch 1. The first two numbers of 

the label indicates number of differentially expressed genes found in gene list over total size of 

the list. 

Given upregulated genes were associated with developmental signals in the K27M-KO 

condition, we asked if the K27M mutation directly impacted cellular differentiation towards a 

more terminal state. To investigate changes related to cell type identity, GSEA was run using a 

developmental murine atlas described in section 3.2. We observed an enrichment in 

oligodendrocyte and OPC signals across xenografts in the KO (Fig 16A). There were additionally 

some cell-line specific differences; an additional enrichment in astrocytic cell identity was 

observed for one thalamic cell line (BT245) and the pontine cell line (DIPG13), and an additional 

enrichment in non-neuroectodermal cell identity in one thalamic cell line (BT245).  

Of note, genes driving the non-neuroectodermal cell identity signal observed in BT245 mapped 

to upregulation of collagen genes, and similar gene programs were upregulated from the 

serum-differentiation experiments for the same cell line (Fig 16B). Due to detection of the same 

signal in different experimental systems, it may be plausible that an effect of removing the H3.3 

K27M mutation is in part to upregulate mesenchymal-related gene programs in addition to 

promoting glial cell maturation. However, this finding is not recaptured for the other cell lines, 

indicating that it may be a tumor-specific effect. Across cell lines and tumor locations, an 

upregulation of oligodendrocyte and OPC gene programs was observed. This is compatible with 

the idea that cell-of-origin is in an early glial progenitor in the OPC lineage163. It is possible that 

removing the K27M mutation then directly functions to promote differentiation along the 

oligodendrocyte lineage to an extent. The increase in astrocytic gene programs in the pontine 

cell line is consistent with part of the serum differentiation experiments. Additionally, the 

upregulation observed in the thalamic cell line indicates that the switch towards astrocyte cell 

identity may be a common feature across tumor locations and potentially distinct cells of origin. 

The dual enrichment of astrocyte and oligodendrocyte cell-identity raises a question of whether 

these gene programs co-exist in the same cells, potentially suggestive of an abnormal 

differentiated state, or are expressed by distinct cells.   
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Figure 16: K27M-KO cells express astrocyte and oligodendrocyte gene programs in xenograft 
models 

(A) Heatmap of normalized enrichment scores in xenograft comparisons. Scores which are not 

significant are set to 0. (B) Waterfall plot of log2FoldChange of leading edges driving non-

neuroectodermal signal in BT245 xenograft batch 2. Gene significant with p-value threshold by 

differential expression analysis are in dark red. NES: normalized enrichment score; OPC: 

oligodendrocyte precursor cells. 

To test whether cells acquire expression of astrocytic or oligodendrocyte gene programs, we 

investigated gene expression changes of individual cells by scRNA seq for the same cell lines. 

The data cohort is presented in Table 5. 

Table 5: scRNA seq cohort for H3.3 K27M orthotopic xenograft models 

Cell line Genotype Replicates 

DIPG13 K27M 2 

NES 

Non-neuroectoderm Astrocyte Ependymal Oligodendrocytes, 

OPC 

Proliferating 

progenitors 

A 

B BT245 KO vs K27M Non-neuroectoderm 
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KO 2 

BT245 
K27M 1 

KO 1 

HSJ019 
K27M 2 

KO 3 

 

Briefly, samples were aligned to genome builds hg19 and mm10, and hg19 counts extracted. 

Human cells were called through the 10X pipeline. Due to low numbers of human cells, cells 

which were labeled as multiplets through the 10X pipeline but contained greater than 75% of 

reads mapping to hg19 were included as human cells for downstream analysis. Cells were 

projected to nearest normal cell type through correlation analysis.  

To identify changes in cell type identity associated with removal of the mutation, nearest 

normal cell types were counted for each genotype. Across xenografts, cells with the K27M 

mutation predominantly mapped to a variety of early glial progenitors including RGCs and 

OPCs, but few mature glial cells (Fig 17A-C). Removal of the mutation caused a heterogenous 

shift along a differentiation trajectory, with a slight increase in the number of cells mapping to 

astrocytes and oligodendrocytes. The xenograft model which was enriched for extracellular 

matrix-related gene programs from bulk RNA sequencing displayed a near complete switch 

towards non-neuroectodermal cell identity. Therefore at the level of individual cells in vivo, 

xenograft cells may exist along a continuum of states. Removing the K27M mutation induces 

progression along a differentiation trajectory and is consistent with a progression along the glial 

lineage for some cells.  
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Figure 17:  Glial cell heterogeneity of K27M and K27M-KO cells in xenograft models 
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(A) Cell proportions in K27M and KO conditions for xenograft cells derived from pontine cell line 

DIPG13; (B) thalamic cell line BT245; (C) thalamic cell line HSJ019. 

In summary, our results are consistent with the idea that a direct effect of H3.3 K27M is to 

block differentiation along the glial lineage through both in vitro and in vivo models. We find 

that a major effect of in vitro serum-differentiation experiments is to upregulate collagen and 

extracellular matrix-related gene programs, suggesting cells are adapting to media using 

pathways normally associated with non-neuroectodermal cell types. Indeed, the same cells 

which map to non-neuroectodermal cell types also express astrocyte cell-identity related gene 

signatures. Therefore subjecting cells to differentiation media may serve to mask glial cell 

identity signals. Moving away from in vitro experiments to directly assess the effect of the 

K27M mutation on cell identity, we find upregulation of astrocyte and oligodendrocyte cell 

identity gene programs in xenografts in the KO condition through bulk RNA sequencing. At the 

level of single cells, however, a switch towards an exact cell identity is not clear. Altogether, 

these results support the idea of a direct differentiation blockade induced by H3.3 K27M along 

the glial lineage. 

3.3. Transcriptomic effects of germline G34 mutations in a murine model  

3.3.1. Early postnatal G34 mutants have minor transcriptomic changes in the brain 

While effects of somatic histone mutations have been studied in pediatric high grade gliomas 

and are thought to arise as defects in neurodevelopment, little is known about the impact of 

histone mutations in development. Somatic mutations at glycine 34 in H3.3 cause different 

tumors with surprising tissue specificity. G34R/V mutations drive tumorigenesis in 

approximately 30% of pHGGs occurring in the cerebral cortex and are thought to arise in an 

interneuron lineage during brain development9,32. In contrast, G34W mutations drive over 90% 

of GCTB and are thought to arise from an osteoblast-like progenitor17,28. To explore the 

remarkable tissue specificity of G34 mutations and their roles in development, germline 

heterozygous H3F3A H3.3 G34R/V/W mice were generated using an innovative CRISPR direct-

knock-in strategy (Fig 18A). Briefly, single-guide RNA (sgRNA) targeting exon 2 of H3f3a injected 

with a homology-directing repair (HDR) sequence containing the desired G34 nucleotide 

substitution sequences and silent blocking mutations at the PAM site. The sgRNA, HDR 



64 
 

sequence, and Cas9 protein were injected into embryos at the 2- or 4-cell stage. Embryos were 

transplanted into pseudo-pregnant hosts to generate mosaic founder mice. Founder mice were 

backcrossed with wild type (WT) mice to generate true germline heterozygous mice. To control 

for a potential dosage effect of H3f3a, germline hemizygous mice (INDEL) were generated with 

the same strategy.  

The G34 mutant mice displayed a phenotypic spectrum. All mice were born small but gained 

weight and overshot their WT peers. G34R/V mice had predominantly neural defects affecting 

motor functioning including hindlimb clasping, abnormal gait, and paresis noticeable by 

adulthood; G34W mice had predominantly mesenchymal defects with enlarged bladder and the 

most marked obesity by adulthood (Fig 18B). Strikingly, male G34W mice died of urinary tract 

problems at 3 months of age. To investigate genome-wide gene expression changes 

contributing to these phenotypes, mice were sent for RNA-sequencing at one week following 

birth (postnatal day 7, P7) and adulthood (10 weeks, 10W). single-cell RNA-sequencing was 

performed at the juvenile stage (postnatal day 21, P21).  
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Figure 18: Germline knock-in of H3.3 G34R/V/W mice result in tissue specific defects 

(A) CRISPR-Cas9 editing strategy to generate H3.3 G34R/V/W mice. Cells were injected with 

single-guide RNA (sgRNA) with ssODN repair template at the 2- to 4-cell stage. Mosaic founders 

were backcrossed with wild type mice to generate germline heterozygous H3.3 G34R/V/W 

mice. Figure generated by Sima Khazaei and Carol Chen. (B) G34R/V/W mice display distinct 

defects where phenotype was scored over at least 10 mice. Figure generated by Sima Khazaei 

and Carol Chen.  

One week post birth, the mice do not exhibit any phenotypic symptoms. To investigate 

potential dysregulation in gene expression preceding onset of symptoms, bulk RNA seq data 

was generated at P7 for G34R, G34V, G34W, Indel, and WT mice in 4 regions of the brain 

(cortex, cerebellum, midbrain, pons) and bladder tissue, with 2 replicates each (N = 50). We first 

used PCA to assess if genotype contributed to a large source of variation in global gene 

expression profiles. Comparing tissues separately, we found that genotype did not contribute 

A 

B 
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greatly to changes in global gene expression in all sampled tissues (Fig 19A-E). To find if any 

genes were significantly up- or down-regulated in the mutants, we performed differential gene 

expression analysis. Across all tissues and comparisons, we found very few differentially 

expressed genes, indicating that histone status is not driving many transcriptomic changes one 

week post-birth (Fig 20A-E).  

 

A B 

C D 

E 

Cortex Cerebellum 

Midbrain Pons 

Bladder 
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Figure 19: G34R/V/W mutation does not drive major source of variation in gene expression 
one week post birth 

(A) PCA using top 10000 most variable genes in the cortex; (B) cerebellum; (C) midbrain; (D) 

pons; (E) bladder 

To identify pathways associated with differentially expressed genes, pathway analysis was run. 

For all genotypes in the cortex, upregulated genes in the G34 mutants were associated with 

signaling pathways (Fig 21A-C). For cerebellar, midbrain, pons, and bladder tissues, few terms 

were found enriched. Altogether, concluded that histone mutation status was not significantly 

driving many changes in gene expression one week post-birth. These results were somewhat 

surprising given that H3.3 G34 mutants function to disrupt H3K36 methylation, and that loss of 

H3K36 methylation writer proteins NSD1, NSD2, and SETD2 result in embryonic lethality or 

severe developmental delay30,126,127,141. However, given that H3.3 G34 mutants locally affect 

H3K36 methylation in H3.3-G34 mutant bearing nucleosomes and that H3.3 G34 mutant mice 

are phenotypically indistinguishable from wild type counterparts at this age, it is not entirely 

unsurprising that we failed to detect large changes in gene expression due to histone mutation 

status at this age. 
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Figure 20: G34R/V/W mutation induces few transcriptomic changes at one week post birth 

(A) Upset plot of differentially expressed genes per G34R/V/W mutants compared to wild type 

controls at a threshold of mean normalized expression > 100 counts, absolute log2FoldChange 

> 1, and adjusted p-value < 0.05 for cortex; (B) cerebellum; (C) midbrain; (D) pons; (E) bladder. 

Y-axis shows number of differentially expressed genes while x-axis shows overlaps of 

differentially expressed genes across genotypes.  

 

Figure 21: G34R/V/W mutations display changes related to signaling in the cortex at one 
week post birth 

(A) Pathway analysis using differentially upregulated genes at a threshold of mean normalized 

expression > 100 counts, log2FoldChange > 0.58, and adjusted p-value < 0.05 in the cortex 

comparing G34R to wildtype; (B) G34V to wild type; (C) G34W to wildtype 
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C 

G34R vs WT G34V vs WT 

G34W vs WT 



70 
 

3.3.2. Juvenile G34R have transcriptionally normal astrocytes  

Although G34 mutant mice are phenotypically indistinguishable and do not display major 

differences in gene expression from wild type counterparts one week post-birth, the onset of 

neurological symptoms (hindlimb clasping) and an increase in astrocytes in the brain of G34R 

mice is observed by three weeks post-birth. Astrocytes are remarkably plastic and under 

disease conditions undergo morphological and molecular changes to become ‘reactive 

astrocytes’164. To investigate whether astrocytes in the G34R brain were transcriptionally 

distinct from wild-type astrocytes and potentially reactive in response to a neurological disease-

like condition, we generated single cell RNA sequencing data at postnatal day 27 (P27) for one 

G34R and one wild type (WT) male mouse in the cortex and cerebellum (N = 4). Tissues were 

dissected using sagittal cross-sections. Thus, while referred as cortical, cortex samples 

comprised of several anatomical regions; primarily the cerebral cortex tissue, and to a lesser 

extent hippocampal, thalamic, and hypothalamic tissue. Similarly, cerebellar samples comprised 

of primarily cerebellar tissue, but included to a lesser extent pontine and medullar tissue.  

Post alignment and quality control, 6434, 3973, 7726 and 4857 cells were obtained for the 

G34R cortex, G34R cerebellum, WT cortex, and WT cerebellum, respectively. To identify cell 

types, cells were assigned nearest-normal cell identity through two complementary approaches 

using references cell types derived from single cell RNA sequencing. The cortical reference used 

was a developmental murine forebrain atlas described in section 3.2. Although the timepoints 

are not matched, we reasoned that cell identities in the reference should be similar to cell 

identities three weeks post birth. The cerebellar reference used was a developmental murine 

cerebellar atlas where cell types were characterized using a similar method to the forebrain 

atlas33. Briefly, cell types were identified on a cluster-level through expression of established 

lineage marker genes and genes specifically expressed in each cluster were extracted to 

generate cell identity gene signatures. To assign cell identities, the first approach used a neural 

network (ACTINN) to automatically assigned cells to cell identities based on mean expression 

profiles of reference cell types161. The second approach used a variation of gene set enrichment 

analysis (single sample gene set enrichment analysis, ssGSEA) to assign an enrichment score per 

cell type based on a ranking of cell identity gene signatures in the expression profiles of cells162. 
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The highest enrichment score was extracted and assigned as the cell type. Cell type 

assignments between methods were consistent.  

Predominant cell populations in the G34R and WT cortex and cerebellum were astrocytes, 

immune cells, and non-neuroectodermal cells. Very few neuronal cells were identified from 

either genotype. Cell type proportions were similar in the G34R vs WT, indicating that the loss 

of neuronal cells may be due to tissue sectioning or library preparation. Expression of canonical 

markers was used to validate cell projections. To evaluate transcriptomic differences between 

cell populations by genotype, G34R and WT samples were joined by tissue (cortex and 

cerebellum, respectively) without using any integration method or further correction of the 

data (Fig 22A-D). Cells were visualized in UMAP space. In both the cortex and cerebellum, cells 

did not separate by histone status, but clustered by cell type. This indicates that any effects of 

the G34R mutation at the level of cell populations was secondary to cell-identity signals.  

 

 

Figure 22: G34R and wild type cortex and cerebellum samples have similar composition of cell 
types 
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(A) Cell types in the G34R and wild type cortex; (B) cerebellum.  

To assess for potential transcriptomic differences among astrocytic populations in the G34R or 

wild type brain, cells labeled as astrocytes through both projection methods were extracted 

and re-clustered without using any further transformation of the data. In the cortex, clusters of 

astrocytes were comprised of both G34R and wild type cells (Fig 23A). This indicates that G34R 

and wild type astrocytes did not have large differences in gene expression caused by the G34 

mutation. Similarly, UMAP projections showed overlap between populations of G34R and wild 

type astrocytes indicating similarity in expression profiles (Fig 23B).  

While the G34R mutation did not dramatically change astrocyte cell identity, the presence of 

discrete populations of astrocytes in UMAP space and defined clusters pointed to 

transcriptomic differences in populations of astrocytes. To further characterize differences in 

astrocyte populations, expression of marker genes from a single cell atlas which resolved 

spatially distinct astrocyte populations was plotted (Fig 23C)165. Telencephalon astrocyte 

markers Mfge8 and Lhx2, characterizing astrocyte populations from the olfactory bulb, cerebral 

cortex, striatum, amygdala, and hippocampus were specifically expressed in one population 

observed in the UMAP space. The second population expressed non-telencephalic astrocytes 

markers Agt and Slca9, found in astrocyte populations from the hypothalamus and thalamus. 

Therefore the two broad populations of astrocytes observed in UMAP space corresponded to 

spatially distinct populations. To additionally validate these results, we found the same marker 

genes in cluster markers, indicating that the difference in expression between populations is 

significant. We then asked if there were differences in G34R and wild type astrocytes within 

spatially distinct populations of astrocytes. However, we found very few differentially 

expressed genes between G34R and wild type astrocytes in both non-telencephalic and 

telencephalic populations. Therefore, we concluded that the G34R mutation did not affect the 

transcriptomic profile of cortical astrocytes at three weeks of age.  
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Figure 23: G34R and wildtype astrocytes are transcriptionally similar and arise from spatially 
distinct populations 

(A) G34R (red) and wild type (blue) cells per cluster. Number of cells indicated on chart. (B) 

UMAP visualization of G34R and wild type astrocytes in joint space. (C) Gene expression of 

telencephalic astrocyte markers Mfe8 and Lhx2, non-telencephalic astrocyte markers Agt and 

Slca9. 

In the cerebellum, reprocessing G34R and wild type astrocytes revealed two distinct 

populations in the UMAP space. Of these, one population was distinct in UMAP space 
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segregating by genotype, indicating that genotype contributed to differences in gene 

expression (Fig 24A). This population corresponded to two clusters; cluster 1 was composed of 

mainly wild type cells (361 WT; 27 G34R), while cluster 2 was composed of mainly G34R cells 

(227 G34R; 9 WT). Thus, both UMAP and clustering analysis indicated transcriptomic 

differences in a subset of G34R and WT astrocytes (Fig 24B) 

 

Figure 24: G34R and wild type astrocytes form distinct clusters 

(A) G34R (red) and wild type (blue) cells per cluster. Number of cells indicated on chart. (B) 

UMAP visualization of G34R and wild type astrocytes in joint space. 

To assess differences in gene expression between distinct G34R and WT astrocytes, differential 

gene expression analysis was run comparing wild type astrocytes in cluster 1 and G34R 

astrocytes in cluster 2. Of the few upregulated genes found in the G34R astrocytes, most were 

ribosomal and mitochondrial genes. While mitochondrial dysfunction is associated with reactive 

astrocytes in response to disease or injury, other pathways such as increased immune signaling 

also characterize reactive astrcotyes166,167. Therefore, it is unlikely that the transcriptionally 

distinct subset of astrocytes in the G34R cerebellum are truly reactive astrocytes. In summary, 

while G34R mutants gain astrocytes in the brain three weeks post birth, the astrocytes are 

transcriptionally similar to wild type astrocytes and not in a clear reactive state. 

A B 
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3.3.3. Adult G34 mutants have disease-associated immune response in the brain 

By adult hood (10 weeks) G34R/V mutants display neurological symptoms including abnormal 

motor functions, with progressive microcephaly, hindlimb clasping, and paresis (Fig 18). To 

investigate changes in gene expression related to neurological symptoms, we generated bulk 

RNA seq data at 10 weeks for G34R, G34V, G34W and WT mice in the cortex and cerebellum, 

with 2 – 3 replicates each (N = 30). We used PCA to assess the effect of genotype on global gene 

expression profiles. In the cortex and cerebellum, G34 mutants were separate from wild type 

counter parts along the first or second principal components (Fig 25A-B). This indicates that 

G34 mutant status is responsible for major sources of variation in gene expression profiles by 

adult hood. To identify significant changes in gene expression in the G34 mutant brain, 

differential expression analysis was performed comparing each mutant to wild type 

counterparts (Fig 25C). Fitting with the phenotypic penetrance, we found larger numbers of 

significantly up- and down-regulated genes in G34R/V mutants (476, 297) than G34W mutants 

(144 genes) in the cortex. This dichotomy was not observed in the cerebellar samples (209 

genes G34R, 408 genes G34V, and 151 genes G34W). Therefore G34R/V mutants may 

preferentially dysregulate processes in the cortex, as opposed to the cerebellum.  Expression of 

complement cascade and other immune related genes were upregulated in the G34R cortex 

and cerebellum, and to a lesser extent in G34V/W (Fig 25C). Among top differentially expressed 

genes in the G34R cortex were complement cascade genes (C3, C4a, C4b, C1qb, C1qc), immune 

related genes (Clec7a, Ccl6, Cd52, Cd84, Mpeg1 Itgax), canonical microglial markers (Cd68, 

Ly86), and a canonical astrocytic marker (Gfap). To determine whether the increase in 

expression of microglial and astrocyte gene markers was due to an accumulation of cells or 

overexpression, we performed immunohistochemistry staining for an microglial marker (Iba1) 

and astrocytes (Gfap) (Fig 25D). We found an abnormal accumulation of microglia and 

astrocytes in the G34R cortex, which was not significant for G34V/W. Therefore the phenotype 

progressively appeared by age and was specific to G34R.  
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Figure 25: G34 mutant status drives major changes in immune and astrocyte gene expression 
in the cortex and cerebellum at 10 weeks 

(A) PCA using top 10000 most variable genes in the G34 mutant and wildtype cortex; (B) 

cerebellum. (C) Volcano plot highlighting top 50 differentially expressed genes using thresholds 

mean normalized read count > 100, absolute log2FoldChange > 1 and adjusted p-value < 0.05. 

A B 

C 

D 

L1 

L6 

N
e

u
N

/G
FA

P
 

    WT           G34R         G34V         G34W     WT           G34R           G34V         G34W 

L1 

L6 

Ib
a1

 
Cortex Cerebellum 



77 
 

(D) Representative immunohistochemistry of cortical layers of 10 weeks old G34 mutant mice. 

Figure generated by Sima Khazaei, Carol Chen, and Pariya Azarafshar.  

To identify functional pathways associated with G34 mutants in an unbiased manner, pathway 

analysis on differentially expressed genes was run. In the G34R cortex and cerebellum, terms 

associated with immune responses (immune response, innate immune response, immune 

effector response) were found (Fig 26A, B). In the G34V cortex, terms related to immune 

response was found. In the G34W cortex, very few terms were found. In the G34W cerebellum, 

the majority of terms were related to transcription factor binding motifs. Taken together, this 

indicates that while all G34 mutants show dysregulated immune related genes through DEG 

analysis, pathway analysis corroborates dysregulated immune processes for the G34R.  

 

Figure 26: Upregulation of immune signaling in G34 mutant cortex and cerebellum 

(A) Pathway analysis comparing G34R vs wild type samples in the cortex; (B) cerebellum. The 

first two numbers in the label indicates the number of differentially expressed genes found in 

the gene list over the size of the gene list. 

To evaluate if the observed upregulation of immune genes was associated with a disease state, 

GSEA was run using a disease-associated microglia and homeostatic microglia signature 

obtained from an Alzheimer mouse model associated with neurodegenerative disease155 (Fig 

27A,B). In the G34R/V mutant cortex, significant enrichment was found for disease associated, 
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but not homeostatic, microglial signatures. Fitting with the non-neuronal phenotype observed, 

G34W mutants were not specifically enriched for disease-associated microglia. This indicates 

that while all G34 mutants are progressively expressing increased microglial genes in the cortex, 

the G34R mutant is specifically associated with an accumulation of disease-associated microglia 

in the cortex. 

To evaluate if the observed increase of astrocytes in the G34R was associated with a disease 

state, GSEA was run using reactive astrocyte signatures using signatures profiled from single cell 

RNA sequencing data of a autoimmune encephalomyelitis mouse model167. In the G34R, 

significant enrichment for the reactive astrocyte signature was observed in the cortex and 

cerebellum, indicating the potential presence of reactive astrocytes. However, since the 

reactive astrocyte signature significantly overlapped with immune signatures and bulk RNA seq 

provides an average expression profile (Fig 27C), the presence of reactive astrocytes cannot be 

confirmed by this analysis.  

Therefore G34R mutants display progressively worsening neurological phenotypes which is 

characterized by abnormal accumulation of disease-associated microglia and astrocytes. Fitting 

with the phenotypic penetrance, G34W mutants share the increased immune response at the 

molecular level but are not specific for disease associated microglial infiltration.  
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Figure 27: G34R display disease associated microglial signature in the cortex at 10 weeks 

(A) Enrichment plots using disease associated and homeostatic microglial signatures. (B) 

Normalized enrichment scores for disease associated (DAM) and homeostatic (HM) microglia. 

Scores not significant (adjusted p-value < 0.05) are set to 0. NES: normalized enrichment score. 

(C) Log fold change of G34R compared to wild type for reactive astrocyte gene signature, genes 

meeting significance (adjusted p-value < 0.05) are highlighted in dark red. 
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3.3.4. Adult G34R have cortical neuronal loss  

Due to the increase of astrocytes and microglia in the G34R cortex, we were curious if there 

were changes to other cell types in the G34 mutant brain. To assess for potential up- and down-

regulation of cell types, we used gene set enrichment analysis selecting postnatal cortical cell-

identity gene signatures from a developmental murine cortical reference31(Fig 28A). While not 

matched with age, this reference was chosen since signatures were derived from many distinct 

cell populations characterized through single cell RNA seq data. Thus, an enrichment in gene set 

is proxy for enrichment in cell type. Consistently, all G34 mutants had enrichment across 

microglial and macrophage signatures. We additionally found and a depletion across 

oligodendrocyte and OPC signatures for all G34 mutants. Specific to G34R mutants, we found 

enrichment for astrocytic and radial glial cell signatures and depletion for all neuronal 

signatures. To further assess neuronal depletion in specific populations, GSEA was run on using 

cell type signatures from adult mouse cortical and hippocampus single cell RNA sequencing 

reference from the Allen Brain Atlas154 (Fig 28B). We found depletion of multiple neuronal 

populations in the G34R cortex, with layer V / VI glutamatergic (excitatory) neurons showing 

the strongest depletion. We validated our results through immunohistochemistry staining for 

Oct6, a marker of cortical layer V neruons168 (Fig 28C) 
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Figure 28: G34R mutants display neuronal loss 

(A) Heatmap of normalized enrichment scores of postnatal cortical cell identity signatures from 

murine forebrain atlas; (B) normalized enrichment scores of cortical neuronal cell identity 

signatures from adult murine atlas. Scores which do not meet significance (adjusted p-value < 

0.05) are set to 0. NES: normalized enrichment score; OL: oligodendrocyte; OPC: 

oligodendrocyte precursor cell; RGC: radial glial cell. (C) Representative immunohistochemistry 

staining of Oct6 in 10 week G34 mutant cortex. Figure generated by Sima Khazaei, Carol Chen, 

and Pariya Azarafshar. 

Thus in the cortex, G34R mutants specifically display progressive abnormal accumulation of 

astrocytes and disease-associated microglia which is coupled to neuronal loss most pronounced 

in deep cortical layers. Loss of layer V-VI neurons is documented in neurodegenerative diseases 
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such as Huntington’s disease and Alzheimer’s, however, the mechanism linking G34R mutations 

to progressive neuronal loss specifically in layers V/VI is unclear through gene expression 

profiling alone169,170.  

We next assessed if G34R mutants displayed similar profiles in the cerebellum through GSEA 

analysis of cell-identity gene signatures from a murine cerebellar reference previously 

described in section 5.2. Similar to the cortex, we found an increase of astrocyte and microglial 

gene expression across all mutants, and depletion of oligodendrocyte expression specific to 

G34R/V mutants (Fig 29A). However, we did not find a complete depletion of neuronal 

signatures as in the cortex (Fig 29B) 

 

Figure 29: G34 mutants do not display pan-neuronal loss in cerebellum at 10 weeks 
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(A) Heatmap of normalized enrichment scores for cell type identity signatures in the G34 

mutant cerebellum at 10 weeks. Scores not meeting significance (adjusted p-value < 0.05) are 

set to 0. NES: normalized enrichment score. (B) Enrichment plots for GABA interneurons in 

G34R and G34V cerebellum at 10 weeks 

In sum, we observe a progressive neurodegenerative phenotype in G34R/V mutants which is 

most pronounced in G34R cortex. At the molecular level, G34R mutants specifically display 

accumulation of disease-associated microglia coupled to pan-neuronal loss most pronounced in 

layer V/VI neurons in the cortex. In the cerebellum, G34 mutants display increased microglial 

and astrocyte gene expression, but no pan-neuronal loss is observed.  

3.3.5. Adult G34R mice share transcriptional overlap with Rett syndrome patients 

To explore a mechanistic cause for the neurodegenerative phenotype observed in the G34R 

cortex, we performed BioID experiments which assess for protein-protein interactions in U2OS 

cells injected with the G34 mutant construct. We found decreased protein-protein contacts 

with several proteins bearing PWWP domains across all G34 mutants. Specifically to the G34R 

mutant, we found decreased interactions of DNA methylase Dnmt3a. In the cell, Dnmt3a is a 

writer complex which deposits methylation on cytosines at non-CpG islands (mCH) in post-natal 

neurons80,171. MeCP2 is a reader complex for mCH methylation, mutations in which drive Rett 

syndrome; a neurodevelopmental disorder characterized by a period of normal development 

followed by developmental regression, impairment of motor functions, and impairment of 

cognitive abilities140,172,173. Recent murine models demonstrated that loss of Dnmt3a or Mecp2 

in inhibitory neurons converge to a similar neurological phenotype, and that MeCP2 is partially 

dependent on mCH methylation to perform its normal function174,175. At the phenotypic level, 

G34R mutants share some overlap with Rett syndrome patients; seemingly normal phenotype 

post birth but progressively develop symptoms including impairment of motor functioning. 

Since we observed loss of DNtm3a interactions in G34R, we were interested if G34R mice 

shared similarities in gene expression with Rett Syndrome patients at a molecular level.  

Thus far, three studies of RNA sequencing data of Rett patient autopsy samples have been 

published176–178. Where available, raw data was reprocessed to ensure consistency across data 
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sets (Lin and Aldinger) or supplemental data was used as reported (Gogliotti) comparing 

autopsy samples of Rett Syndrome patients in the cortex and cerebellum to donors.  

To assess for enrichment of G34 mutant signatures in the Lin data set, we performed gene set 

enrichment analysis using top upregulated genes in the G34 mutant as compared to WT (Fig 

30A). We found a depletion of G34R and G34V derived signatures in Rett patients as compared 

to donors, and specifically found complement genes were causing this downregulation. The 

depletion of complement proteins is consistent with previous findings for this data set. From 

this analysis alone, H3.3 G34 germline mutant mice do not share similarities in gene expression 

with Rett syndrome patients when compared to controls. However, the controls used in this 

data set, while age and sex-matched, were from patients with cause of death due to multiple 

injuries including head injuries. Thus, it may be that absolute levels of complement and immune 

processes are highly expressed in controls due to trauma.  

To assess for enrichment of G34 mutant signatures in the Aldinger data set, the same 

procedure was used as for the Lin data set. In contrast to the previous depletion, however, we 

found an enrichment of uniquely the G34R cortex signature in the cortex of Rett syndrome 

patients (Fig 30B). The genes driving this signal were complement (C1QA, C1QB, C1QC, C4A, 

C4B), immune (LYZ, CD68, MYO1F) and astrocytic genes (GFAP). This indicates that G34R, but 

not G34V or G34W, mice share similarities at the transcriptomic level with Rett Syndrome 

patients in this data set.  

For the Gogliotti data set, raw data was not available and so we used top differentially 

expressed genes from the cortex and cerebellum of Rett syndrome patients to assess for 

enrichment in the G34 mutant brain. In the G34 mutant cortex, genes upregulated in Rett 

syndrome patients were enriched in the G34R, but not G34V/W (Fig 30C). These results are 

consistent with the Aldinger data set where we find enrichment of upregulated genes in Rett 

syndrome patients specifically in the G34R, but not G34V/W cortex.  
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Figure 30: Enrichment of G34R signatures in cortex of Rett syndrome patients 

(A) Heatmap of normalized enrichment scores for Lin dataset (Lin et al, 2016) using gene set 

enrichment analysis with top 100 differentially expressed genes in G34R compared to wild type 

cortex thresholding by average mean expression > 100 reads, log2FoldChange > 1, and adjusted 

p-value < 0.05. Scores which do not meet significance are set to 0. (B) Heatmap of the same for 

Aldinger dataset (Aldinger et al, 2020). (C) Heatmap of enrichment scores of signatures from 

Gogliotti et al in the G34R 10 week cortex. NES: normalized enrichment score; CTX: cortex; 

CCTX: cingulate cortex; TCTX temporal cortex; crb: cerebellum samples from Rett syndrome 

patients of Gogliotti data set; crx: cortex samples from Rett syndrome patients of Gogliotti 

dataset. 
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In summary, we find overlap in two out of three published data sets. To some extent, H3.3 

G34R mutations cause symptoms and molecular changes partly consistent with a known 

neurodevelopmental disorder, Rett syndrome. The changes induced by germline H3.3 G34R 

mutations are not only critical for normal neurodevelopment, but also may bear some 

relevance to human disease. The lack of concordance in one data set may be due to the 

potentially non-homeostatic state of the controls. While the G34R point mutations partly 

phenocopy and have overlap in gene expression similarities with Rett syndrome patients, it is 

perhaps unsurprising there is not a complete overlap since one effect of many caused by G34R 

is altered Dnmt3a recruitment.  

3.3.6. G34W have an unhealthy obesity phenotype at 10W 

While G34R/V mutant mice display progressively worsening neurological symptoms, all G34W 

predominantly display an obesity phenotype. Of note, by this age all G34 mutants are obese, 

but the onset of obesity for G34W occurs at an earlier age. Since G34W mutations affect 

mesenchymal lineages, we were interested in gene expression changes relating to obesity in 

mesenchymal tissue. To this end, we generated RNA sequencing data of epidermal white 

adipose tissue (WAT) at 8-10 weeks for G34 mutant mice with INDEL and wild type mice as 

controls. We used PCA to find main sources of gene expression in the data were due to 

genotype; consistent with phenotypic observations the G34W were the most distinct in global 

gene expression profiles form other samples (Fig 31A). G34W mutants additionally displayed 

the largest amount of differentially expressed genes when compared against controls (3352 

genes), as opposed to G34R/V mutants (1651, 828 genes). Upregulated genes in all G34 

mutants in white adipose tissue corresponded to immune signalling (inflammatory response, 

cytokine production, defense response), while G34V additionally upregulated extracellular 

matrix degradation processes (collagen degradation, reduced muscle collagen VI) (Fig 31B-D). 

The combination of extracellular matrix degradation and immune infiltration is indicative of a 

disease state in aortic tissue of mice fed a high fat diet179. 
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Figure 31: G34 mutants display increased immune signaling in white adipose tissue by 10 
weeks 

(A) PCA using top 1000 most variable genes in adipose tissue at 10 weeks for G34 mutants and 

wild type counterparts. (B) pathway analysis for G34W versus wild type; (C) G34R versus wild 

type; (D) G34V versus wild type. The first two numbers in the label indicates the number of 

differentially expressed genes found in the gene list over the size of the gene list. 

White adipose tissue is a highly metabolically adaptive tissue in response to normal changes in 

the body and in disease states such as obesity180. To further asses changes in gene expression 

profiles of G34 mutants relating to metabolic or other biological pathways, we used gene set 

enrichment analysis using a manually curated data set of ‘hallmark pathways’ from Molecular 

Signature Database. Upregulated pathways common to all G34 mutants were Hallmark 

epithelial to mesenchymal transition, inflammatory response, interferon gamma response, 
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complement and myogenesis, while downregulated pathways included Hallmark oxidative 

phosphorylation, fatty acid metabolism, and adipogenesis (Fig 32A).  

The molecular changes identified are consistent with an unhealthy fat phenotype in all G34 

mutants. As seen by the strength of association in the heatmaps, G34W mutants most 

prominently display the unhealthy fat phenotype. To identify specific changes in G34W, we 

assessed the significance of genes driving the enrichment scores. Unique to G34W, we found 

downregulation of PPARG, a master regulator of adipocyte differentiation181,182 (Fig 32B). This 

indicates that in G34W, the decreased adipocytes may be due to impaired development of 

adipocyte progenitors. 

 

A B 
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Figure 32: G34 mutants display transcriptomic changes consistent with an unhealthy fat 
phenotype 

(A) Bubble plot of normalized enrichment scores from hallmark pathways. Size of bubble 

corresponds to absolute value of normalized enrichment score, color of bubble corresponds to 

enrichment (red) or depletion (blue), and transparency corresponds to the negative log10 value 

of the adjusted p-value. (B) Bubble plot of leading edge genes from Hallmark Adipogenesis 

pathway in G34W. Size of bubble corresponds to absolute value of log2FoldChange comparing 

G34 mutant to wild type. NES: normalized enrichment score. 

In summary, G34 mutant mice have progressive transcriptomic dysregulation in a tissue-specific 

manner. Mice are transcriptionally normal at one week post birth before onset of symptoms, 

with an increase of astrocytes in the brain of G34 mutants also appearing transcriptionally 

similar to WT by the juvenile stage. However, by adulthood G34 mutants display tissue-specific 

alterations in gene expression. G34R mutants display a unique neuronal loss coupled to 

increased disease-associated immune activation in the brain, while G34W mutants display an 

unhealthy obesity phenotype marked by downregulation of master transcription factor PPARG 

regulating fat differentiation.  
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Chapter 4: Discussion 
 

Histone H3 proteins have critical roles in regulating normal development, cellular 

differentiation, and cell identity. Dysregulation of chromatin marks on histone H3 proteins 

through mutations in histones proteins or through mutations in downstream effector proteins 

result in a variety of cancers and neurodevelopmental disorders. In the cancer setting, histone 

mutations are necessary to drive tumorigenesis but require obligate co-occurring partner 

mutations to form pediatric high-grade gliomas. While histone mutations are not 

therapeutically targetable due to their essential roles in the cell, co-partner mutations in 

proteins such as kinases are therapeutically actionable. Here, I presented my work on the 

analysis of transcriptomic data to better understand the impact these mutations have on the 

cellular context in pediatric high grade gliomas and development using a variety of model 

systems. I first described the impact of a partner mutation in a kinase, ACVR1, on cell identity is 

different depending on the driving histone H3 K27M mutation (H3.1 vs H3.3). Next, I reported 

results on the effect of K27M in H3.3 pHGGs on cell identity and find that an effect of removing 

H3.3 K27M is to promote differentiation towards astrocyte and oligodendrocyte cell-identity 

using in vivo patient-derived orthotopic xenografts, but signals pertaining to cell identity 

become dominated by mesenchymal gene programs induced by differentiation media using in 

vitro differentiation experiments. Finally, I analyzed the effects of germline heterozygous H3.3 

G34R/V/W mutations in a murine model and identify progressive neuronal loss in G34R 

mutants and unhealthy obesity most marked in G34W mutants. Together, these results shed 

light onto cell identity programs impacted by histone and co-partner mutations in a cell-specific 

context.  

4.1. The role of ACVR1 on cell state is dependent on histone context 
Although H3.3 K27M mutations cause a subset of pHGGs, the K27M mutation alone is 

insufficient to induce high grade-glioma like lesions23–25. It is only in a restricted developmental 

window and cellular context that K27M mutations, in conjunction with partner mutations, 

induce neoplastic transformation. Common partner mutations include gain-of-function 

mutations in kinases PDGFRA, EGFR, FGFR3, and ACVR1. The pattern of kinase mutations in 
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pHGGs also segregates with histone mutation and anatomical location in pHGGs, suggesting 

specific functions of these mutations in promoting oncogenesis35.  

Mutations in ACVR1, encoding the kinase ALK2, are commonly found in H3K27M mutated 

tumors along the midline, occurring in both canonical H3 (H3.1) and variant H3 (H3.3) K27M 

mutated pHGGs8,13,16,97. The gain of a mutation in ACVR1 is an early clonal event for the tumor, 

underscoring its importance to tumor progression35. Mutations in both the glycine-serine 

domain or kinase domain of ACVR1 structurally shift the kinase conformation from an inactive 

to a constitutively active state98. However, the function of these mutations in the two histone 

contexts remains poorly understood. Here, we use isogenic system through CRISPR-Cas9 

mediated knock out to assess the transcriptomic effect of ACVR1 mutations in the context of H3 

K27M mutations. We use cell lines bearing ACVR1-R206H mutations in the context of H3.3 

K27M tumors, and ACVR1-G328E/V mutations in the context of H3.1 tumors since this pattern 

of co-occurrence is preferentially found in patient tumors. We find the effect of ACVR1 

mutations on the transcriptome and cell state is dependent on canonical (H3.1) vs non-

canonical (H3.3) histone H3 K27M status. ACVR1 mutations co-segregating with H3.1 K27M do 

not greatly alter the transcriptomic landscape but rather promote proliferation and affect 

mesenchymal pathways such as extracellular matrix genes, consistent with previous reports117. 

ACVR1 mutations co-segregating with H3.3 K27M alter cell state by switching cells from an OPC-

like state towards the astrocyte lineage. Of note, the function of H3.3 K27M is also thought to 

block cells from further differentiating in the astrocytic lineage, thus it is possible ACVR1 and 

K27M mutations work cooperatively to block differentiation31. Interestingly, germline ACVR1 

mutations alone are not sufficient to induce tumorigenesis, but induce a congenital disorder 

(fibrodysplasia ossificans progressiva) in which patients present with ectopic bone formation, 

but no predisposition for malignancies114,118. Therefore our findings support the idea that 

ACVR1 mutations cooperate with H3K27M mutations in a specific cellular context to promote 

oncogenesis. 

Here we find that ACVR1 mutations in pHGGs promote oncogenesis through distinct functions 

dependent on specific histone mutant (H3.1 versus H3.3 K27M) profiles. Since H3.1 and H3.3 

K27M tumors are spatially and temporally distinct, we think the distinct effects of ACVR1 are 
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intimately tied to different molecular profiles of the different cell-of-origins (Jessa et al, 2021, in 

revision). ACVR1 is a member of the BMP family, which regulates cell fate over the course of 

neurodevelopment99,183. BMP signaling forms a spatial- and temporal gradient of morphogens 

in conjunction with SSH signaling during neural development to specify distinct cell identities of 

progenitor cells in a dose-dependent manner. In H3.3 K27M tumors, increased BMP signaling 

due to constitutive activating mutations in ACVR1 may serve to sensitize progenitors and alter 

cell fate decisions in the cell-of-origin. However, in H3.1 K27M tumors, ACVR1 mutations may 

serve to promote mesenchymal lineages in progenitors potentially less sensitive to dosage of 

BMP morphogens.  

While our work provides insight onto distinct cellular functions mediated by ACVR1 dependent 

on the specific histone mutation in pHGGs, there are several limitations of this study. Firstly, we 

used few replicates per histone context and strengthened our conclusions using 

immunofluorescence staining in vitro. Using in vitro cell lines does not accurately recapitulate 

environmental factors in the tumor micro-environment, such as signalling molecules. While 

ACVR1 mutations are ligand-independent gain-of-function mutations, it is possible that cross-

talk among signaling pathways influence the cellular impact of ACVR1 mutations in tumors. 

Furthermore, BMP signaling and ACVR1 mutations have dual roles in either promoting 

oncogenesis or acting as tumor suppressors dependent on the cancer type, specific cellular 

context, and extracellular environment184. This suggests the presence of several distinct 

mechanisms in promoting oncogenic adaptations. Using additional model systems which 

incorporate elements of the tumor micro-environment, such as patient-derived orthotopic 

xenograft models, will help assess whether the in vitro functions of ACVR1 are recapitulated in 

vivo, or if there are potentially distinct responses in vivo.  

In sum, ACVR1 mutations have distinct cellular functions in promoting oncogenesis in DIPG 

dependent on the histone (H3.1 or H3.3 K27M) context. We report that ACVR1 mutations in 

H3.3 K27M DIPGs stall cells from acquiring astrocyte-like properties, while ACVR1 mutations in 

H3.1 K27M DIPGs may be implicated in upregulation of mesenchymal gene programs. This is of 

interest since distinct downstream cellular responses induced by ACVR1 can be targeted 

through different therapeutic approaches. 
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4.2. Effect H3.3 K27M mutations in in vitro and in vivo model systems 
H3.3 K27M mutations drive a subset of pHGGs occurring along the midline which arise in a 

restricted neurodevelopmental window in cells resembling OPCs34,163,185. The effect of the 

mutation on the cell of origin is thought to block differentiation towards an astrocytic lineage31. 

However, since these tumors arise over a broad anatomical region and bear distinct epigenetic 

profiles, it is possible there are multiple distinct cells of origin which block differentiation 

towards potentially distinct terminal cell states31,116. Here, we leverage both in vitro serum-

differentiation experiments and in vivo orthotopic xenograft models to assess the direct effect 

of H3.3 K27M on cell identity. We find that the dominant effect of H3.3 K27M on gene 

expression is greatly impacted by choice of experimental model system. We report that 

removal of H3.3 K27M in vitro and subjecting cells to differentiation media cause an 

upregulation of mesenchymal-related gene programs in serum-differentiation experiments, 

which may partly mask astrocyte gene programs. In contrast, we report that removal of H3.3 

K27M induces a predominant upregulation of both oligodendrocyte and astrocyte gene 

programs in orthotopic xenograft models.  

Our work supports the idea that H3.3 K27M mutations alter the epigenome reversibly, and that 

removal of the mutation induces epigenomic changes permissive to changes in cell identities185. 

Indeed, at the transcriptomic level we find tumor cells progress in differentiation towards 

mature glial cells upon removal of H3.3 K27M in orthotopic xenograft models. However, the 

exact glial cell identity is heterogeneous and a distinct terminal cell identity does not cleanly 

correspond to one original tumor location. We find that H3.3 K27M-KO cells express either 

primarily oligodendrocyte or a mixture of both oligodendrocyte and astrocyte cell identities in 

different xenograft models. These findings are consistent with the idea that H3.3 K27M directly 

causes a differentiation blockade and that the effects are transcriptionally reversible31. The 

changes observed in gene expression resulting in progression towards both astrocytes and 

oligodendrocytes in different tumors indicates that there may be potentially distinct cells of 

origin which are stalled different locations along a differentiation trajectory.  

Our results demonstrate the importance leveraging multiple model systems to reach robust 

conclusions. In vitro models are an attractive choice due to the ability to manipulate a single 
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variable in isolation to study its effects. However, we find that culture conditions induce 

overwhelming upregulation of mesenchymal-related gene programs, and as such the choice of 

media must be carefully optimized. In serum-differentiation experiments, the overwhelming 

majority of upregulated gene programs are related to a mesenchymal-related signal caused by 

differentiation media, which is not fully recaptured by orthotopic xenograft models. This is 

suggestive that the mesenchymal-related gene programs may help cells acquire capabilities to 

survive in cell culture. We find these mesenchymal-related gene programs are co-expressed 

with astrocyte gene programs, suggestive of a potential masking effect of differentiation media 

on cell identity. Together, our results support a model where differentiation media induces a 

baseline level of differentiation towards an astrocyte state. However, due to the potential 

artifactual signal obtained in serum-differentiation experiments, we cannot conclusively 

identify whether removal of the H3.3 K27M mutation has a synergistic effect in promoting 

differentiation towards the astrocyte lineage. Moving to in vivo model systems to decouple the 

effect of differentiation media from H3.3 K27M mutations provides key insights onto the direct 

effect of H3.3 K27M on differentiation potential. Our results suggest a direct effect of H3.3 

K27M in stalling cells from mature astrocyte and oligodendrocyte cell states, which is consistent 

with a progression observed for a minority of cells in serum-differentiation experiments. The 

expression of astrocyte and oligodendrocyte cell signatures warrants further investigation of 

whether cells co-express these identities, which may potentially suggest increased epigenetic 

plasticity of cells upon removal of the mutation. We additionally find upregulation of non-

neuroectodermal cell types driven by mesenchymal gene programs in one xenograft model, 

which is consistent with serum-differentiation experiments. This raises the possibility that an 

effect of removing the mutation may induce mesenchymal properties, but it is unclear whether 

this is a tumor-specific effect.  

Altogether, we find that in vitro differentiation results in a baseline level of differentiation 

towards an astrocyte-like state but is primarily masked by mesenchymal gene programs which 

may help cells adapt to culture conditions. We demonstrate a direct effect of H3.3 K27M is to 

stall cells from differentiating towards the astrocyte lineage is recaptured in vivo. We 

additionally find a potential progression towards the oligodendrocyte lineage. Both of these 
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findings support the idea that the effect of H3.3 K27M stalling cells into a progenitor-like state 

is reversible. Therefore, targeting processes which promote differentiation may induce tumor 

cells to change cellular state into ultimately less aggressive states. 

4.3. Lineage specificity of germline H3f3a G34R/V/W mutations 
Somatic histone mutations occurring in a restricted developmental window and cellular context 

are thought to give rise to cancer. However, little is known about the functions of histone 

mutations in development, and further understanding could yield insight onto the cellular 

context-specificities which are observed in cancer. Intriguingly, somatic mutations in H3F3A 

encoding H3.3 at glycine 34 to arginine or valine (H3.3 G34R/V) drive approximately 30% in 

pediatric high grade gliomas, while somatic mutations at the same residue mutated to 

tryptophan (G34W) drive over 90% of adult giant cell of bone tumors9,17. G34 mutations are 

thought to promote oncogenesis through local alternations to K36 and K27 methylation 

landscapes in the mutant H3.3 nucleosomes by impeding interactions with specific chromatin 

modifiers30. However, whether different amino acid substitutions have a specific effect in 

different tissues is unclear.  

 

Here we report that germline H3f3a G34R/V/W mutations in a murine model preferentially 

affect different tissues. Although arginine, valine, and tryptophan have different biochemical 

properties, we find that G34R/V mutations affect neural lineages while G34W mutations affect 

mesenchymal lineages with surprising specificity at the level of gene expression. All germline 

G34 mutant mice are phenotypically indistinguishable from wild type counterparts and have 

similar transcriptional profiles in brain and bladder issue at postnatal day 7 prior to onset of 

symptoms. By the juvenile stage at one month, at the cellular level G34R mice display an 

accumulation of astrocytes throughout the brain in comparison to wild type counterparts. 

However, the gene expression profiles of astrocytes from the G34R cortex and cerebellum are 

not robustly distinct from astrocytes of wild type mice. Therefore while we observe an 

astrocytic increase, astrocytes are not in a transcriptionally ‘reactive’ state in response to 

disease at one month of age. Progressively by adulthood at ten weeks, G34 mutants have 

distinct phenotypic profiles; G34R/V mutants display predominantly neurological symptoms 
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(paresis, altered gait) and G34W most markedly have an obesity phenotype. We find that at the 

cellular level, G34R mutants uniquely display abnormal accumulation of microglia in the brain, 

and that gene expression profiles match a ‘disease-associated’ microglial gene signature. 

Furthermore, G34R mutants strikingly display pan-neuronal loss in the cortex which is most 

pronounced in cortical layers V and VI. In white adipose tissue, all G34 mutants display 

transcriptomic changes related to unhealthy obesity marked by decreased adipogenesis, fatty 

acid metabolism, and increased immune signaling. Unique to G34W, we find downregulation of 

a master transcription factor of adipocyte differentiation, PPARG.  

 

To assess for potential molecular underpinnings of our neuronal phenotype, we next turned our 

attention to epigenetic changes occurring in the G34 mutant brain. We found G34R uniquely 

causes depletion of H3K36me2/3 in H3.3 G34R nucleosomes which alters recruitment of several 

PWWP-domain bearing proteins that recognize H3K36me2, including Dntm3a186,187 (Khazaei et 

al, submitted). Dntm3a is a DNA methylase that acts to methylate cytosine at non-CpG islands 

(mCH) in postnatal neurons80,85. In the postnatal brain, high levels of mCH are found in layer 

V/VI neurons, therefore this may explain the susceptibility to loss of these neurons found by 

RNA sequencing83. The sole reader for non-CpG methylation is MeCP2, mutations in which 

cause Rett syndrome140,172. Mutations in Dnmt3a or MeCP2 in inhibitory neurons result in 

phenotypic and molecular changes similar those observed in Rett Syndrome175. Given the 

dysregulation of Dntm3a and depletion of neurons in G34R mutants, we asked whether G34 

mutants shared molecular overlap with Rett syndrome patients. We found a match between 

specifically our G34R, but not G34V/W, signatures with autopsy samples of Rett syndrome 

patients in two out of three published cohorts177,178,188. Our G34R mutant signature contains 

primarily immune related gene programs such as complement genes and astrocyte-identity 

related genes. Therefore, assessment for certain immune processes may be relevant in other 

neurodevelopmental syndromes. The partial molecular overlap found may be due to other 

alterations in the G34R mutant brain which are include, but are not limited to, dysregulation of 

Dnmt3a and potential downstream dysregulation of MeCP2. Assessing potential dysregulation 

of MeCP2 in the G34R mutant cortex will provide insights towards shared mechanisms between 
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Rett Syndrome patients and G34R mutants. Notably, mutations in Dnmt3 are also associated 

with neurodevelopmental syndromes including Tatton-Brown Syndrome, and Heyn-Sproul-

Jackson Syndrome136,189. Whether G34R mutants share similarities with other 

neurodevelopmental syndromes is of interest since we observe an abnormal immune 

infiltration in the brain which has therapeutic implications. Dissecting the roles of other 

affected PWWP domain bearing proteins which function to modify chromatin in the G34R 

cortex may also provide insight towards changes in the G34R transcriptome and potential 

overlap with neurodevelopmental syndromes. 

 

Recently, 37 de novo germline mutations in H3f3a and H3f3b were reported in 46 patients 

presenting with a previously unidentified neurodegenerative disorder, but no predisposition for 

malignancies143. In the reported cohort, there were no patients with H3f3a G34R/V mutations, 

but one patient with a H3f3b G34V mutation. The effects of other H3f3a and H3f3b mutations 

are consistent with the worsening neurological phenotype observed in the G34R/V mutant 

cortex. Assessment of molecular overlap between the G34R murine model and patients with 

mutations in H3f3a or H3f3b may provide insight towards more general mechanisms causing 

neuronal loss. However, a complete loss of either H3f3a or H3f3b have different developmental 

defects in murine models, and only somatic mutations in H3f3a, but not H3f3b, have been 

reported in cancer9,17,190. Therefore there are potentially distinct cellular functions of H3f3a and 

H3f3b which may contribute uniquely to neurodevelopmental syndromes. 

 

Germline G34 mutants display a phenotypic spectrum. While H3.3 G34W mutants display the 

most marked obesity phenotype, all G34 mutants are obese and display associated 

inflammatory responses characteristic of unhealthy obesity191. At the transcriptome level, we 

find downregulation of PPARG, a master transcription factor of adipocyte differentiation 

uniquely downregulated in white adipose tissue in G34W, further investigation at an earlier 

time point may yield insight onto further G34W-specific changes. Whether the obesity stems 

from a neurodevelopmental cause, as opposed to a peripheral cause, remains an open 

question. Assessing similarities of the H3.3 G34W transcriptome in white adipose tissue with 
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recently published single-cell atlases of mice fed a high-fat diet will determine if the 

transcriptome of G34W mutants reflect a transcriptome consistent with peripheral causes of 

obesity192. Obesity can also stem from epigenetic causes193. H3K36M mutations, which alter 

H3K36 methylation, promote decreased adipogenesis and PPARG gene expression194 . H3.3 

G34W impairs SETD2-, but not NSD2-mediated deposition of H3K36me3 in vitro which in turn 

promotes increased H3K27me2/3 and abnormal PRC2 activity30. Whether this mechanism is 

recapitulated in germline H3.3 G34W white adipose tissue or whether PRC2 targets cause 

decreased expression of adipogenesis programs will provide insight toward potential epigenetic 

dysregulation. Of relevance to human disease, Prader-Willi syndrome is a neurodevelopmental 

syndrome characterized by morbid obesity due to alterations in genomic imprinting195. Defects 

in genomic imprinting are also known to cause Beckwith–Wiedemann syndrome, an 

overgrowth syndrome with predisposition for malignancies196. Assessing whether G34W 

mutants display similar defects in DNA methylation may additionally provide clues onto 

mechanisms causing obesity.  

In sum, we report that germline G34 mutants preferentially affect neuroectodermal and 

mesenchymal lineages, providing insight onto progressive defect caused by histone mutations. 

We find that G34R mutants display pan-neuronal loss coupled to a gain in disease-associate 

microglial activity, while G34W mutants display a striking obesity phenotype characterized by 

downregulation of PPARG. Targeting abnormal immune processes may be of therapeutic 

interest in associated neurodevelopmental disorders. 
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Chapter 5: Conclusion and Future Directions 
 

5.1. Conclusion 
The epigenome serves as a blueprint for the cell to regulate gene expression through post-

translational chemical modifications on histone proteins. Mutations in histones or downstream 

effector proteins result in epigenetic dysregulation driving a subset of cancers and 

neurodevelopmental syndromes. In pediatric high-grade gliomas, histone mutations rarely 

occur in isolation but require co-occurring mutations to promote oncogenesis. However, the 

changes to the cellular context induced by these mutations in cancer and neurodevelopment 

are not well characterized which present an impediment to the development of effective 

therapeutics. This thesis sheds light onto how histone and co-partner mutations affect cellular 

identity in cancer and development through analyzing transcriptomic data from model systems. 

We first describe how the effect on cell identity of a partner kinase mutation, ACVR1, varies 

depending on the exact histone H3 K27M context. In canonical H3.1 K27M pHGGs ACVR1 

functions in promoting proliferation; while in canonical H3.3 K27M pHGGs ACVR1 functions to 

block cellular maturity toward the astrocytic lineage. This implicates distinct targets for 

therapeutics since while histone mutations are not directly targetable due to their fundamental 

role in the cell, partner mutations in kinases are amenable drug targets. As we find ACVR1 

mutations directly impact cellular identity in H3.3 K27M mutations, we next focus on the direct 

effects of H3.3 K27M using different model systems. We find our choice of model system 

greatly impacts the transcriptome and that a dominating effect of differentiation media is the 

upregulation of mesenchymal gene programs. In vivo patient-derived orthotopic xenograft 

models reinforce the role of H3.3 K27M mutations blocking differentiation towards astrocytes 

and potentially oligodendrocytes while in vitro differentiation experiments confer a more 

mesenchymal phenotype which masks glial cell identity signals. 

 Outside of cancer, we explore the effects on cell identity of germline heterozygous H3.3 

G34R/V/W mutations using a murine model. We find germline H3.3 G34 mutants display 

phenotypes with surprising tissue specificity in affected lineages similar to somatic H3.3 G34 

mutations in cancers. G34R mutants preferentially affect neuroectodermal lineages and display 
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a progressive neurodegenerative phenotype marked by disease associated immune signaling; 

while H3.3 G34W mutants preferentially affect mesenchymal lineages and markedly display an 

unhealthy obesity phenotype characterized by downregulation of a master transcription factor 

of adipocyte differentiation, PPARG. Altogether, our findings shed light onto functions of 

histone and co-partner mutations in tumorigenesis and neurodevelopment in specific cellular 

contexts providing a step towards the development of therapeutics.   

5.2. Future Directions 
The specific molecular and cellular context in which histone mutation arise cause a subset of 

cancers and neurodevelopmental syndromes. Histone mutations drive a subset of pediatric 

high-grade gliomas which display remarkable specificity in the combination of histone and 

partner mutation, tumor location, and age of incidence. Here we show that mutations in a 

kinase, ACVR1, act to promote oncogenesis through distinct cellular functions dependent on 

the specific histone H3 mutation (canonical H3.1 or variant H3.3 K27M). However, mutations in 

ACVR1 arise in distinct domains (glycine-serine or kinase) which display preferential segregation 

with H3.1 or H3.3 K27M mutations in pediatric high-grade gliomas. Although mutations in both 

glycine-serine and kinase domains shift the kinase to a structurally active state, the preferential 

segregation of domain mutations in ACVR1 with histone status may point towards an 

underlying biological significance. While we studied mutations in the kinase domain of ACVR1 in 

H3.1 K27M cell lines and mutations in the glycine-serine domain of ACVR1 in H3.3 K27M cell 

lines, analyzing the opposite combination of mutations in ACVR1 through RNA sequencing will 

determine whether the specific functions of ACVR1 in the two histone contexts is robust across 

mutations in both domains. We find an effect of ACVR1 is to stall cellular differentiation of 

progenitor cells towards astrocytes in H3.3 K27M pediatric high-grade gliomas, which is the 

same effect of H3.3 K27M mutations on differentiation potential. Therefore knocking out H3.3 

K27M in ACVR1 mutant cells may assess the potential synergistic effects of ACVR1 and H3.3 

K27M on cellular differentiation.  

In pediatric high-grade gliomas, histone mutations are necessary but not sufficient for full 

oncogenesis. We find an effect of H3.3 K27M mutations in stalling differentiation of glial 

progenitor cells towards astrocytes in vivo using orthotopic xenograft models. While in vivo 
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models more closely recapture the tumor microenvironment, single cells display transcriptomic 

heterogeneity in cell identity in both the K27M and K27M-KO conditions. To assess whether 

these changes arise from altered epigenetic landscapes which do not resemble normal cells, 

analyzing open or closed chromatin states through chromosome conformation capture (Hi-C) 

experiments may provide insight towards the degree of reversibility of H3.3 K27M mutations.  

Outside of cancer, dysregulation of chromatin marks stemming from mutations in histone 

proteins or proteins which deposit chromatin marks drive a subset of neurodevelopmental 

syndromes. We report that germline heterozygous mutations at glycine 34 of H3f3a, encoding 

H3.3, preferentially affect distinct developmental lineages. In the brain, H3f3a G34R mutants 

display a pan-neuronal loss most strikingly in deep cortical layers V and VI. Assessment of 

chromatin landscapes through chromatin immunoprecipitation assays (ChIP-seq) for marks 

known to be disrupted by G34 mutations in single cells followed by integration of genomic 

analysis (scRNA seq, WGBS) may provide a mechanistic basis for the cell-type specific 

dependencies and re-distribution of chromatin marks specific to each mutation. While H3f3a 

G34R mutants preferentially impact the brain, all G34 mutants display an obesity phenotype 

with variable penetrance. By adulthood, H3f3a G34W mutants display a marked obesity 

phenotype with complete penetrance. RNA sequencing analysis of white adipose tissue at an 

earlier age before the onset of obesity may provide insight onto G34W-specific changes. 

Assessing for enrichment of certain cell populations using published single cell atlases of white 

adipose tissue may provide a mechanism at the cellular level. Since histone mutations affect 

the epigenome, investigating potential epigenetic causes at the level of DNA methylation 

through whole genome bisulfite sequencing or chromatin landscapes through Chip-seq of 

H3K36, H3K27 methylation marks, H3.3 G34-interacting proteins, or BioID for protein-protein 

interactions in adipose and related mesenchymal tissue may provide insight onto specific 

chromatin modifications causing obesity.  

 

While germline H3.3 G34R/V/W mutations in murine models do not form tumors, the parallel 

between corresponding somatic mutations in cancer is still of interest. In particular, since H3.3 

G34R/V mutations arise in interneuron cells of origin in pHGGs, investigating changes to 
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protein-protein interactions of H3.3 G34 mutant nucleosomes in interneuron progenitors 

through BioID or DNA methylation through whole genome bisulfite sequencing may provide 

mechanisms for dependencies specific to cell-of-origin. Assessing immune infiltration in primary 

tumor samples may also provide therapeutic avenues.  
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