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ABSTRACT 

 
Pediatric high-grade gliomas (pHGGs) are aggressive pediatric CNS tumors and an 

important subset are characterized by mutations in H3F3A, the gene that encodes Histone H3.3 

(H3.3). Substitution of Glycine at position 34 of H3.3 with either Arginine or Valine 

(H3.3G34R/V), was recently described and characterized in a large cohort of pHGG samples as 

occurring in 5-20% of pHGGs. Attempts to study the mechanism of H3.3G34R have proven 

difficult due to the lack of knowledge regarding the cell-of-origin and the requirement for co-

occurring mutations for model development. We sought to develop a biologically relevant 

animal model of pHGG to probe the downstream effects of the H3.3G34R mutation in the 

context of vital co-occurring mutations. We developed a genetically engineered mouse model 

(GEMM) that incorporates PDGF-A activation, TP53 loss and the H3.3G34R mutation both in 

the presence and loss of Alpha thalassemia/mental retardation syndrome X-linked (ATRX), 

which is commonly mutated in H3.3G34 mutant pHGGs. We demonstrated that ATRX loss 

significantly increases tumor latency in the absence of H3.3G34R and inhibits ependymal 

differentiation in the presence of H3.3G34R. Transcriptomic analysis revealed that ATRX loss in 

the context of H3.3G34R upregulates Hoxa cluster genes.  We also found that the H3.3G34R 

overexpression leads to enrichment of neuronal markers but only in the context of ATRX loss. 

This study proposes a mechanism in which ATRX loss is the major contributor to many key 

transcriptomic changes in H3.3G34R pHGGs. 

 

The Notch signaling pathway is a well-characterized and critical regulator of embryonic 

development as well as various adult processes. Notch signaling is also extremely active in 

glioma stem cells (GSCs), the precursor cells of glioma. Our next objective was to extract 
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information on the effects of H3.3G34R expression and/or ATRX loss on Notch signaling in 

pHGG and the associated underlying mechanisms. To achieve this goal, we extracted 

information on Notch ligands and associated genes from the RNA-Sequencing data we 

previously generated. In GEMMs of pHGG, we observed that ATRX and H3.3G34R expression 

promote Notch pathway activation independently of each other and that Notch pathway 

activation correlated with our previously reported changes in Dll3 regulation. We then utilized 

patient-derived orthotopic xenograft (PDOX) models of pHGG to confirm association of Notch 

pathway activation and both ATRX and H3.3G34R expression. Overall, we found that while 

ATRX loss and H3.3G34R expression both independently activate Notch, ATRX loss is the 

main contributor to NOTCH pathway activation in tumor samples. 

 

The protein growth arrest-specific protein 6 (GAS6) is a high-affinity ligand for AXL and 

serves as an activator of AXL signaling. Important downstream pathways of AXL/GAS6 

signaling include PI3K/AKT/mTOR, JAK/STAT, NFkB, and RAS/RAF/MEK/ERK, which 

influence tumor cell survival, apoptosis, therapeutic resistance and angiogenesis. Aberrant 

expression of AXL is associated with poorer overall survival and cancer progression. AXL and 

GAS6 are highly expressed in a large subset of adult glioblastoma where high expression of 

AXL and/or AXL/GAS6 was associated with significantly shorter tumor progression and overall 

survival. AVB-500 is a fusion protein which binds to GAS6, ablating the AXL/GAS6 signaling 

pathway. We assessed the therapeutic efficacy and acute downstream molecular mechanisms of 

AVB-500 in PDOX mouse models of pediatric glioblastoma. Overall, AVB-500 had did extend 

median survival times however the difference did not reach statistical significance. We also 

observed that 24 hours after treatment with AVB-500, markers of angiogenesis were 
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downregulated. AVB-500 represents a promising therapeutic target for pediatric glioblastoma 

though further optimization of dosage and timing are required.  
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1.1 Introduction 

1.1.1 G34R Pediatric High-Grade Glioma (pHGG) 

1.1.1.1 Epidemiology, Etiology and Classification 

Tumors of the central nervous system (CNS) are the most common type of solid tumor of 

childhood and the leading cause of pediatric cancer deaths1,2.  pHGGs are among the most 

aggressive pediatric CNS tumors, with a poor survival rate3. A large subset of pHGGs harbor 

recurrent mutations in histone variant H3.3, namely H3.3K27M and H3.3G34R/V4,5.  Histone 

H3.3 is encoded by H3F3A and H3F3B and are non-canonical as they are deposited onto 

chromatin independent of the cell cycle. Histone H3.3 is deposited onto both euchromatin and 

heterochromatin, including at telomeres and pericentric repeats by the Alpha-thalassemia/mental 

retardation, X-linked (ATRX)/Death domain-associated protein (DAXX) complex and H3.3G34 

mutant pHGGs almost always contain ATRX mutations6-8.  The recently published inaugural 

WHO classification of pediatric tumors contains a dedicated section for Pediatric-type diffuse 

high-grade gliomas defined by H3 status, including the first instance of H3.3G34-mutant 

pediatric tumors receiving their own official subclassification9.  

 

1.1.1.2 Genetic Aberrations, Treatment, and Prognosis 

Much of the work done to elucidate the effects of H3.3 driver mutations on pHGG 

tumorigenesis has focused on the H3.3K27M mutation9-12.  While H3.3K27M and H3.3G34R/V 

pHGGs have been reported to share many similarities, such as induction of Notch pathway 

genes, H3.3K27M and H3.3G34 mutations are mostly mutually exclusive.5,13,14 In further 

contrast to H3.3K27M, H3.3G34 mutations only occur in H3F3A and H3.3G34R pHGGs are 

restricted to the cerebral hemispheres, typically arising in adolescents and young adults14. 
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H3.3G34R-mutant pHGGs almost always co-occur with TP53 loss and commonly contain 

PDGFRA amplifications14. The mechanism through which the H3.3G34R onco-histone functions 

during pHGG initiation and progression has not been fully elucidated though it has been 

continually shown that H3.3G34 mutations impede H3K36 methylation in cis, likely through 

repression of SETD2 activity15.  Recent in vitro studies utilizing immortalized mesenchymal 

stem cells suggest that H3.3G34R and H3.3G34W, an H3.3G34 mutation found in most of the 

Giant Cell Tumor of the Bone (GCTB), impedes H3K36 methylation via SETD2 disruption16. 

H3.3G34R/V expression does not appear to have any effect on global H3K27me3 expression and 

very subtle cell-specific effects; it was separately shown that cells containing H3.3G34L/W 

mutations are indeed enriched for H3K27me3 at specific loci15,17. 

 

1.1.1.3 Murine Models of G34R pHGG 

While there is biochemical justification to believe that mechanisms of H3.3G34 driven 

tumorigenesis are similar across different organ systems, the exclusivity of particular H3.3G34 

mutations to their respective tumor types (H3.3G34W to GCTB and osteosarcoma and 

H3.3G34R/V to pHGG) necessitates study of these mutations in appropriate model systems16-18. 

Almost all successfully developed GEMMs of H3.3G34 mutant HGGs have incorporated ATRX 

loss, making it difficult to differentiate between the effects of ATRX status or H3.3G34 

mutations on tumorigenesis.   

 

 

 

 



 

 

25 

 

1.1.2 ATRX 

1.1.2.1 Canonical ATRX Function 

ATRX, a member of the SWI/SNF family of chromatin remodelers, is a 280 kDa protein 

encoded by the gene ATRX, which lies on the long arm of the X chromosome in humans19,20. 

Spontaneous mutations in ATRX at the transcript level can induce severe neurological 

deficiencies (ATRX syndrome), from which the gene and protein product get its name21,22. While 

in complex with the protein DAXX, ATRX facilitates deposition of H3.3 onto the chromatin6. 

ATRX also interacts with H3.3 to maintain telomere structure8.  

 

1.1.2.2 ATRX Dysregulation in Glioma 

ATRX mutations have been reported in both adult and pediatric glioma where the 

primary mutation result is inactivation or loss-of-function (LoF)23,24. In adults, ATRX mutation 

is associated with isocitrate dehydrogenase (IDH) mutations and associated favorable 

outcomes25. ATRX loss of function is associated with TP53 mutations, PDGFRA amplification, 

and the alternative lengthening of telomeres (ALT) phenotype23,24,26.  

 

1.1.3 Objective and Hypothesis 

Our objective was to develop a model of pHGG which recapitulates key features of 

H3.3G34 mutant gliomas and use it to elucidate the role of the H3.3G34R mutation in the 

context of ATRX status in pHGG initiation and progression. To achieve our objective, we 

utilized the RCAS/tv-a avian retroviral system to develop a genetically engineered mouse model 

(GEMM) which incorporates either H3.3WT or H3.3G34R mutant, PDGF-A activation and 

TP53 loss, in the context of both ATRX wild-type (WT) and ATRX knock-out (KO), thus 
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providing one of the first immunocompetent GEMMs of H3.3G34-mutant pHGG. We found that 

in our glioma model, overexpression of H3.3G34R does not significantly affect tumor latency or 

survival relative to overexpression of H3.3WT. We observed that in the absence of H3.3G34R, 

ATRX loss significantly increases tumor latency and survival but in the presence of H3.3G34R 

overexpression, ATRX did not significantly impact tumor latency suggesting that the two 

drivers, ATRX loss and H3.3G34R, cooperate in tumorigenesis. We also found that ATRX loss 

in the context of H3.3G34R inhibits ependymal differentiation, upregulates Hoxa cluster genes, 

and H3.3G34R overexpression leads to enrichment of neuronal markers but only in the context 

of ATRX loss.  
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1.2 Materials and Methods 

1.2.1 Cell Lines and Reagent 

1.2.1.1 Fibroblast Cell Lines 

DF1 cells were grown in complete Dulbecco’s Modified Eagle Medium (DMEM) media 

supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 100U Penicillin and, 

100ug streptomycin). All cell lines were cultured within a humidified 37ºC, 5% CO2 incubator 

and authenticated through short tandem repeat (STR) profiling at least once per year. 

 

1.2.1.2 Plasmid Constructs 

Replication Competent ALV LTR with a Splice Acceptor (RCAS) empty vector (Y) 

constructs were purchased from Addgene. RCAS-H3.3G34R-GFP, RCAS-H3.3WT-GFP, 

RCAS-PDGFA, RCAS-Cre, and RCAS-GFP plasmids were developed by and purchased from 

Eton Bioscience.  

 

1.2.1.3 Cell Transfections 

DF1 cells were seeded at a density of 200,000 cells/T-25 flask one day prior to 

transfection and allowed to grow overnight. For each transfection, 8 uL of X-tremeGENE 9 

(Roche) and 243 uL DMEM in a 1.5 mL Eppendorf tube then incubated at room temperature for 

5 minutes. 2.5 ug of plasmid was then added to the mixture and incubated at room temperature 

for 20 minutes. Previously cultured DF-1 cells in T-25 flasks had media (complete DMEM) 

changed and the transfection mixture was added dropwise into the flask while swirling. Each 

flask was allowed to grow overnight within a humidified 37ºC, 5% CO2 incubator and monitored 
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for GFP expression in the case of GFP expressing plasmids. Transfected cells were passaged at 

confluency a minimum of 3 times before use in GEMM experiments.  

 

1.2.1.4 Antibodies 

 The following antibodies were used at the indicated dilutions: anti-ATRX (abcam 

#ab188027, 1:100), anti-GFAP (Cell Signaling Technology #3670S, 1:50), anti-Ki67 (Cell 

Signaling Technology #12202, 1:400), anti-EMA (Roche Diagnostics, # 05878900001), anti-

Olig2 (Millipore #AB9610, 1:500), anti-PDGFRA (Cell Signaling Technology, #3174T, 1:1000), 

anti-pERK1/2 (ABclonal, #AP0472, 1:100), anti-Iba1/AIF-1 (Cell Signaling Technology, 

#17198T, 1:1500), and anti-H3.3G34R (abcam, #ab254402, 1:1000).  

 

1.2.2 Animal Studies 

1.2.2.1 Animal Experiment Study Approval 

All experiments with mice were completed in accordance with Northwestern University 

Center for Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use 

Committee approved protocols (IACUC, protocol I500005132). 

 

1.2.2.2 Mouse Strains 

C57BL/6 mice were purchased from Jackson Laboratories, then housed and bred in the 

animal facility of Northwestern University, Feinberg School of Medicine.  
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1.2.2.3 Genetically Engineered Mouse Lines 

Mice with conditional p53 deletion (p53fl/fl) and mice with conditional expression of the 

RCAS receptor tv-a bound to a Nestin specific promoter (Ntv-a) were purchased from Jackson 

Laboratory. Ntv-a and p53fl/fl mice were crossed until we yielded mice which homozygously 

expressed all alleles (Ntv-a;p53fl/fl). ATRX flox/flox mice (ATRXfl/fl) were generously provided 

by David Picketts. Ntv-a;Np53fl/fl mice were crossed with ATRXfl/fl until all alleles were 

homozygously expressed (Ntv-a;p53fl/fl;ATRXfl/fl). Homozygous expression was confirmed via 

genotyping (see 1.2.2.5).  

 

1.2.2.4 Tail Snip Digestion 

Tail snips were obtained from mice before 28 days of age. For Ntv-a and p53fl/fl 

genotyping, DNA was extracted from tail snips with the REDExtract-N-Amp Tissue PCR Kit 

Protocol (Millipore Sigma). For ATRXfl/fl genotyping, tail snips were submerged in 100uL lysis 

buffer (100mM Tris-HCl (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl) supplemented with 

0.5% Proteinase K and incubated at 55 ºC overnight. Reaction tubes were mixed, incubated at 

55ºC for an additional 2 hours then briefly centrifuged at 10,000 rotations per minute (rpm). 100 

uL of 2-proponal was added to each tube then tubes were centrifuged for 10 minutes at 10,000 

rpm. Supernatant was removed, DNA pellet was left to dry at 37ºC for 3 hours then DNA was 

resuspended in 100 uL of TE buffer. Concentration of resuspended DNA was measured with a 

NanoDrop spectrophotometer (ThermoScientific) then stored at 4 degrees until ready to be 

genotyped.  
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1.2.2.5 Genotyping 

For Ntv-a and p53fl/fl genotyping, PCR amplification was done with the REDExtract-N-

Amp PCR Reaction mix (Millipore Sigma) with appropriate primers (Table 1). For ATRX fl/fl 

genotyping, PCR amplification was done with the KAPA2G Fast PCR Kit (KAPA Biosystems). 

PCR products were run on a 1% agarose gel. Prescence of the Ntv-a, p53fl/fl, and ATRXfl/fl alleles 

were confirmed by presence of only one band at 800 base pairs (Ntv-a), only one band at 390 

base pairs (p53fl/fl), and a greater than 1500 base pair band for the wildtype reaction and 1500 

base pair band for the mutant reaction (ATRXfl/fl) (Table 1).    

 

Table 1. Genotyping primers. 

Allele Primer Sequence Direction 

Ntv-a CAGGACCCTCCTGGAGGCTGA Forward 

Ntv-a GCCCTGGGGAAGGTCCTGCCC Reverse 

p53fl/fl GGTTAAACCCAGCTTGACCA Forward  

p53fl/fl GGAGGCAGAGACAGTTGGAG Reverse 

ATRXfl/fl GGTTTTAGATGAAAATGAAGAG Forward for wildtype and mutant reactions 

ATRXfl/fl TGAACCTGGGGACTTCTTTG Reverse primer for wildtype reaction 

ATRXfl/fl CCACCATGATATTCGGCAAG Reverse primer for mutant reaction 

 

1.2.2.6 RCAS/tv-a Mouse Modeling 

We used the RCAS/tv-a system to overexpress Cre, PDGF-A, and either H3.3G34R-

GFP, H3.3WT-GFP or empty vector in two different strains of mice. DF-1 cells expressing 
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RCAS were spun down for 5 minutes at 5,000 rpm, resuspended in 30 uL of complete DMEM 

media then combined appropriately to develop each model (Table 2).  

 

Table 2. Summary of experimental design for RCAS models. 

Model Transfected RCAS expressing cells Mouse strain 

H3.3G34R – 

ATRX KO 

RCAS-H3.3G34R, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

H3.3WT – 

ATRX KO 
RCAS-H3.3WT, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

Empty Vector – 

ATRX KO 
RCAS-Y, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

H3.3G34R – 

ATRX WT 

RCAS-H3.3G34R, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

H3.3WT – 

ATRX WT 
RCAS-H3.3WT, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

Empty Vector – 

ATRX WT 
RCAS-Y, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

 

Resuspended RCAS cell cocktails were injected at 1.2 uL into the cortex of individual mice from 

the appropriate strain between postnatal days 3-5. Injected mice were weighed every other day 

and monitored daily until tumor symptoms became apparent (20% weight loss, enlarged head, 

ataxia, seizing or paralysis). Asymptomatic mice were euthanized after 210 days. Once endpoints 

were reached, mice were euthanized with CO2, and brains were removed and either had tumors 

excised or were fixed with 10% formalin for at least 24 hours before embedding in paraffin for 

histological and immunohistochemical analysis. 
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1.2.2.7 Euthanasia 

Mice were euthanized in compliance with Northwestern University Center for 

Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use Committee 

approved protocols (IACUC, protocol I500005132). Mice were euthanized via CO2 asphyxiation 

followed by either cervical dislocation or decapitation.  

 

1.2.3 Histology 

1.2.3.1 Tissue Processing 

Formalin-fixed brains (see 1.2.2.6) were serially sectioned in the coronal plane and 

processed in paraffin by the Northwestern Mouse Histology and Phenotyping Laboratory. 

Sections cut on a microtome (Leica) at 5-µm were used for histologic and immunohistochemical 

staining. 

 

1.2.3.2 Hematoxylin and Eosin (H&E) Staining 

H&E staining was performed on 5-µm sections of formalin-fixed, paraffin embedded 

(FFPE) tissue. Slides were deparaffinized in xylene and rehydrated using decreasingly 

concentrated alcohol solutions followed by water. Slides were stained with Hematoxylin then 

washed with water and Clarifier to remove excess Hematoxylin. Finally, slides were stained with 

0.9% EosinY solution then dehydrated in increasingly concentrated alcohol solutions followed 

by xylene. Cytoseal (ThermoScientific) was immediately added to stained slides followed by a 

coverslip. Images were captured under the same light conditions on a BZ-X Series All-In-One 

Fluorescence Microscope (Keyence). 
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1.2.3.3 Immunohistochemistry (IHC) 

IHC was performed on 5-µm sections of FFPE tissue with an automated IHC system 

(Ventana Medical Systems) with the following antibodies: anti-ATRX (abcam #ab188027, 

1:100), anti-GFAP (Cell Signaling Technology #3670S, 1:50), anti-Ki67 (Cell Signaling 

Technology #12202, 1:400), anti-EMA (Roche Diagnostics, # 05878900001), and anti-Olig2 

(Millipore #AB9610, 1:500). IHC was performed using a Vectastain Elite kit (Vector 

Laboratories #AK-5001) as described previously with the following antibodies: anti-PDGFRA 

(Cell Signaling Technology, #3174T, 1:1000), anti-pERK1/2 (ABclonal, #AP0472, 1:100), anti-

Iba1/AIF-1 (Cell Signaling Technology, #17198T, 1:1500), and anti-H3.3G34R (abcam, 

#ab254402, 1:1000)27. Rabbit and mouse antibodies were diluted in 2% BSA solution. Images 

were captured under the same light conditions on a BZ-X Series All-In-One Fluorescence 

Microscope (Keyence). 

 

1.2.3.4 Tumor Grading 

Histologic sections from H3.3G34R and H3.3WT tumors from both ATRX WT and 

ATRX KO strains were evaluated for infiltration, astroglial or ependymal differentiation, grade, 

and necrosis. Tumor classification and grading was performed by a neuropathologist blinded to 

experimental conditions. 

 

1.2.4 RNA-sequencing analysis 

1.2.4.1 RNA Extraction and Library Preparation 

Total RNA was isolated from snap frozen H3.3WT and H3.3G34R expressing tumors 

from ATRX WT and ATRX KO mice (n=5 per group) using the RNeasy kit (Qiagen #74104). 
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Sequencing was performed by the Northwestern University Sequencing Core Facility. The 

Illumina TruSeq Total RNA Library Preparation Kit (Illumina # 20020596) was used to prepare 

sequencing libraries including rRNA depletion.  

 

1.2.4.2 Sequencing 

Sequencing was performed using an lllumina HiSeq 4000 Sequencer (Illumina) to 

produce single-end 50-bp reads. Trim Galore 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim adapters and 

remove poor quality reads. 

 

1.2.4.3 Differential gene expression 

FASTQ files were aligned to the mm10 genome using RNA-STAR, and aligned reads 

were counted using HTSeq-count with Ensembl mm10 gtf28,29. HTSeq-count files were imported 

into R (https://www.r-project.org/) and differential expression analysis was performed with the 

DESeq2 package using default settings. DESeq2 normalized reads were imported into Gene set 

enrichment analysis (GSEA) and standard GSEA was run with the following parameters: 

permutations = 1000, permutation type = gene set, enrichment statistic = weighted, gene ranking 

metric = signal2noise, max size = 500, min size = 15, normalization mode = meandiv30,31. Box 

plots and volcano plots were generated using the ggplot2 and EnhancedVolcano R packages, 

respectively. 
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1.2.5 Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)  

1.2.5.1 RNA Extraction and Reverse Transcription 

Total RNA was isolated using the RNeasy kit (Qiagen #74104). cDNA was synthesized 

from total mRNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher 

Scientific #4368814). RT-qPCR EasyOligos (Sigma-Aldrich) primers were used for murine 

Hoxa2, Hoxa3, Hoxa4, Hoxa5, Hoxa7, Nefm, Nelf and Stmn2 (Table 3). qPCR experiments were 

run using Power SYBR™ Green PCR Master Mix (ThermoFisher Scientific #4367659) on a 

QuantStudio 6 (ThermoFisher Scientific). Relative gene expression levels were generated using 

the ddCt method with murine Taf1c as the reference gene. 
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Table 3. Chapter 1 RT-qPCR primer sequences. 

Primer Name Primer Sequence (5’ -> 3’) 

mHoxa2-FWD CTCGGCCACAAAGAATCCCTG 

mHoxa2-REV TGTCTCTCGGTCAAATCCAGC 

mHoxa3-FWD CCGCGGTCTGAAGGCTAC 

mHoxa3-REV CCAGTGTCCAGGCACTCTTA 

mHoxa4-FWD TGCGATCTTCCAACACTGCC 

mHoxa4-REV AATGGGTGTGGAAGCACCAG 

mHoxa5-FWD AGCCACAAATCAAGCACACA 

mHoxa5-REV CGCTCACGGAACTATGATCTC 

mHoxa6-FWD ACCGACCGGAAGTACACAAG  

mHoxa6-REV GTCTGGTAGCGCGTGTAGGT  

mHoxa7-FWD GAAGCCAGTTTCCGCATCTA  

mHoxa7-REV CGTCAGGTAGCGGTTGAAAT  

mNefm-FWD GGTGTCCTGAAAGGTACAGGG 

mNefm-REV CTCCGTGTGTGTTGTGCCTA 

mNefl-FWD ATGACCTATGCAGGCTTTGCT 

mNefl-REV GGGCGCAATCAACTCTTTGT 

mStmn2-FWD GAAGCAGGGGACATTCCTGT 

mStmn2-REV AGTCATGTGGCGGAGTGTTT 

mTaf1c-FWD CGTCAGACGTCAACTTCAGC 

mTaf1c-REV GGTAAACCTTAGGCGTGGGC 

 

1.2.6 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Survival curves were analyzed 

using Log-rank (Mantel-Cox) test. Tumor incidence, grade, necrosis, infiltration, and ependymal 

differentiation were analyzed using Fisher’s exact test. IHC data was analyzed using two-tailed 

unpaired student t-tests. P values of less than 0.05 were considered significant for all analyses 

except DESeq2, in which adjusted p values (padj) < 0.05 were considered significant.   
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1.2.7 Human pHGG Gene Expression 

The raw gene expression count matrix for human cells obtained from a patient harboring 

pHGG and stably transfected with wild type H3.3 (n=4) or H3.3 G34R mutant (n=3) were 

downloaded from NCBI GEO (GSE182068)32. The raw count matrix was imported into DESeq2 

for normalization. Genes that satisfied the following criteria were selected for boxplots: (1) 

significant differential expression in our study and GSE182068 and (2) concordant fold change 

for G34R vs. H3.3 wild type. Additional human pHGG gene expression data were obtained from 

the PedcBioPortal (https://pedcbioportal.kidsfirstdrc.org/)14 for 114 patients with available 

mRNA expression data and somatic mutation data. H3.3 mutation status was obtained for each 

patient: H3.3 G34R (n=10), H3.3 G34V (n=1), H3.3 K27M (n=38), and wild type H3.3 (n=65). 

Genes that satisfied the following criteria were selected for boxplots: (1) significant differential 

expression in our study and (2) concordant fold change for G34R vs. all. Boxplots were 

generated using the normalized log2 expression value (GSE182068) or the z-score 

(PedcBioPortal). 
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1.3 Results 

1.3.1 H3.3G34R overexpression along with PDGF-A and p53 loss induces tumor formation 

independent of ATRX status 

We infected the frontal cortex of ATRX WT (Ntv-a; p53fl/fl) or ATRX KO (Ntv-a; p53fl/fl; 

Atrxfl/fl) mice with PDGF-A, Cre, and H3.3G34R or H3.3WT and monitored for signs and 

symptoms of tumor formation (Fig. 1A). H3.3G34R expression and reduced ATRX expression 

were confirmed via IHC (Fig. 1B-1C, Fig. 2A). IHC indicated increased expression of pERK1/2 

and PDGFRA in tumor bearing mice, a hallmark of PDGFRA overactivation in H3.3G34R 

tumors (Fig. 1D)33. H&E and Ki67 stained brain tissue sections revealed clusters of proliferating 

cells or lesions in the brain consistent with tumor formation (Fig. 1E). H3.3G34 mutant pHGGs 

comprise a pathologically heterogenous subset of tumors; our model recapitulated several of 

these pathological features14,34. Most samples were high-grade with diffusely infiltrative and 

necrotic components and expression of Ki67 and GFAP was present in all groups (Table 4, Fig. 

1E). It is important to note that Olig2 is highly expressed in most samples in our model despite 

not being expressed in H3.3G34R patient samples (Fig. 2B).  

 

Table 4. Summary of histopathological analysis of representative tumor samples from all groups.  

Categories 

ATRX KO - 

H3.3G34R  (n=14) 

ATRX KO - 

H3.3WT  (n=15) 

ATRX WT - 

H3.3G34R (n=21) 

ATRX WT - 

H3.3WT (n=21) 

High/Intermediate 

Grade 86% 93% 100% 90% 

Ependymal 

Differentiation 14% 33% 62% 67% 

Diffuse 

Infiltration 64% 47% 33% 33% 

Necrosis 29% 53% 48% 52% 
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Figure 1. H3.3G34R overexpression along with PDGF-A and p53 loss induces tumor 
formation independent of ATRX. (A) Development of H3.3G34R and H3.3WT expressing 

tumors in both ATRX WT and ATRX KO mice using the RCAS/tv-a system workflow. (B) 
Representative H3.3G34R staining for H3.3G34R and H3.3WT expressing groups. (C) 

Representative staining for ATRX. (D) Confirmation of PDGFRA overexpression in injected 
RCAS/Ntv-a mice. (E) Representative H&E and Ki67 staining for H3.3G34R-GFP 
expressing groups. (D) Confirmation of PDGFRA activation with pERK1/2 as downstream 

kinases in infected RCAS/Ntv-a mice. 
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1.3.2 H3.3G34R overexpression does not significantly impact tumor latency or tumor 

incidence independent of ATRX status 

H&E analysis of ATRX WT H3.3 WT, ATRX WT H3.3G34R, ATRX KO H3.3WT, and 

ATRX KO H3.3G34R brains revealed tumor incidence of 88%, 81%, 78% and 65%, 

respectively and there was no significant difference in tumor incidence between any groups (Fig. 

  
ATRX WT – H3.3WT 

ATRX KO – H3.3G34R ATRX KO – H3.3WT 

ATRX WT – H3.3G34R 

Olig2 

ATRX KO H3.3G34R            ATRX WT H3.3G34R 

  GFP 

Figure 2. Representative staining of tumors with (A) GFP (5X) and (B) Olig2 (20X). 
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3A). All groups displayed a trend of high-grade tumors; low grade tumors were only observed in 

H3.3WT injection groups however there was no significant difference in tumor grade between 

any groups (Fig. 4A, 3B). We observed no significant difference in overall survival between 

H3.3WT and H3.3G34R groups independent of ATRX status (Fig. 4B).  
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Figure 3. (A) Tumor incidence and (B) tumor grade for indicated injection groups. 
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Figure 4. ATRX loss significantly increases tumor latency in the absence of H3.3G34R 

overexpression. (A) Tumor grades for all injection groups. (B) Kaplan-Meier survival curves 
for indicated injection groups. (C) Representative GFAP and H&E staining of ependymal 

differentiation in H3.3G34R-GFP overexpressing samples. (D) Ependymal differentiation 
incidence for H3.3G34R ATRX WT vs H3.3G34R ATRX KO (*P < 0.05, Fisher’s exact test). 
(E) Representative EMA staining of H3.3G34R-GFP overexpressing samples. (F) 

Representative Iba1 staining of ATRX WT samples. 
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1.3.3 ATRX loss significantly increases tumor latency in the absence of H3.3G34R 

overexpression 

ATRX loss significantly increased tumor latency only in the absence of H3.3G34R.  (Fig. 

4B). In H3.3G34R expressing mice, ATRX loss increased tumor latency from 90 days to 120 

days (p = 0.1, Log-rank test) and in H3.3WT mice, ATRX loss increased tumor latency from 91 

to 118 days (p < 0.01, Log-rank test) (Fig. 4B). When comparing H3.3G34R and H3.3WT 

expressing groups, we observed no difference in survival based on sex for with ATRX KO or 

ATRX WT animals. However, when comparing ATRX KO to ATRX WT animal survival, we 

found that females had significantly better survival than males for both H3.3WT expressing (HR 

= 0.32 [95% CI, 0.15 – 0.69], Cox regression analysis) and H3.3G34R (HR = 0.46 [95% CI, 0.23 

– 0.92], Cox regression analysis) mice (Table 5). Several samples across all 4 groups contained 

ependymal differentiation as characterized by the presence of perivascular pseudo-rosettes 

(Table 4). Like H3.3G34-mutant pHGGs, ependymomas are largely GFAP positive and Olig2 

negative and so in the absence of molecular profiles, histologic misinterpretation may occur 

(Figure 4C). Histopathological analysis revealed that ATRX KO H3.3G34R tumors had 

significantly lower incidence of ependymal differentiation in comparison to ATRX WT 

H3.3G34R tumors (p< 0.05, Fisher’s exact test), indicating a potential role for ATRX in 

H3.3G34R tumors on perivascular pseudo-rosette formation (Fig. 4C-D). Dot-like 

immunoreactivity was also observed upon EMA staining (Fig. 4E). We did not observe any 

differences in Iba1 positive myeloid cells between any biological groups (Fig. 4F). 
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Biological Group Males Females 

ATRX WT – H3.3WT 17 15 

ATRX WT – H3.3G34R 26 21 

ATRX KO – H3.3WT 12 20 

ATRX KO – H3.3G34R 18 25 

 

 

1.3.4 ATRX loss in the context of H3.3G34R expression induces upregulation of Hoxa cluster 

genes 

To elucidate potential mechanisms underlying ATRX mediated differences in overall 

survival, we extracted tissue from tumors of all 4 groups and performed RNA sequencing (RNA-

Seq) analysis. Analysis of tumors from ATRX KO vs. ATRX WT mice in H3.3G34R and 

H3.3WT injection groups indicated significant differential expression of 113 genes and 74 genes, 

respectively (Table 6). Analysis of H3.3G34R vs H3.3WT expressing tumors in ATRX KO and 

ATRX WT mice indicated significant differential expression of only 34 genes and 12 genes, 

respectively (Table 6). Overall, ATRX status has a greater effect on the tumor transcriptome than 

the presence of H3.3G34R (Fig. 5A, 6B, 7). We next performed GSEA analysis to compare the 

transcriptomes of H3.3WT and H3.3G34R tumors in our ATRX WT and ATRX KO models. 

ATRX KO H3.3G34R tumors were more enriched for genes associated with ‘signal metabolic 

shifts’, decreased enrichment of genes associated with ‘interaction with the extracellular matrix’ 

and ‘invasiveness’ compared to ATRX WT H3.3G34R tumors and ATRX KO H3.3WT tumors 

displayed increased enrichment of genes associated with ‘immune/inflammatory signaling’ and 

‘Notch signaling’ as well as decreased enrichment of genes associated with ‘cell proliferation’ 

Table 5. Number of males and females per biological group. 
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and ‘neuronal markers’ compared to ATRX WT H3.3WT tumors (Fig. 8). Differential 

expression analysis also revealed upregulation of several Hoxa cluster genes (Hoxa5, Hoxa3, 

Hoxa7, Hoxa4, and Hoxa2) and the long-noncoding RNA Hoxaas2 at high levels in ATRX KO 

H3.3G34R tumors compared to ATRX WT H3.3G34R tumors (Fig. 5A-B). The HOXA gene 

cluster is a critical regulator of both CNS and osteoblast development35-37. RT-qPCR confirmed 

significant upregulation of Hoxa2, Hoxa3, Hoxa5 and Hoxa7 in ATRX KO H3.3G34R tumors 

relative to ATRX WT H3.3G34R tumors (Fig. 5C). Interestingly, significant differential 

expression of Hoxa cluster genes was not found in analysis of ATRX KO H3.3WT tumors 

relative to ATRX WT H3.3WT tumors or in analysis of ATRX KO H3.3G34R  tumors relative to 

ATRX KO H3.3WT tumors (Fig. 6B, 7).   

 

 

Comparison 

All significantly 

differentially 

expressed genes 

Upregulated 

genes 

Downregulated 

genes 

ATRX WT – H3.3G34R vs H3.3WT 12 7 
5 

ATRX KO – H3.3G34R vs H3.3WT 34 29 
5 

H3.3WT – ATRX KO vs ATRX WT 74 35 
39 

H3.3G34R – ATRX KO vs ATRX WT 113 78 
35 

 

Table 6. Number of differentially expressed genes for each group (n=5 per group). 
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Figure 5. ATRX loss in the context of H3.3G34R induces expression of Hoxa genes. (A) 
Unsupervised hierarchical clustering of differentially regulated genes (padj < 0.05) in 

H3.3G34R ATRX WT vs H3.3G34R ATRX KO tumors (n = 5 per group). (B) Differential 
expression of Hoxa genes (padj < 0.05) H3.3G34R ATRX WT vs H3.3G34R ATRX KO 

tumors (n = 5 per group). (C) RT-qPCR validation of Hoxa2, Hoxa3, Hoxa5, and Hoxa7 
upregulation in H3.3G34R ATRX KO vs H3.3G34R ATRX WT tumors (n = 3 per group) (*P 

< 0.05, **P < 0.01, two-tailed unpaired t-test). 
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Figure 6. H3.3G34R expression in the context of ATRX loss promotes neuronal 
lineage. (A) GSEA plot (FDR < 0.001) of neuron marker activation in H3.3G34R 

ATRX KO vs H3.3WT ATRX KO tumors (n = 5 per group). (B) Unsupervised 
hierarchical clustering of differentially regulated genes (padj < 0.05) in H3.3G34R 
ATRX KO vs H3.3WT ATRX KO tumors (n = 5 per group). (C) RT-qPCR validation 

of Nefl, Nefm and Stmn2 upregulation in H3.3G34R ATRX KO vs ATRX KO 
H3.3WT tumors (n = 3 per group)(*P < 0.05, ****P < 0.0001, two-tailed unpaired t-

test). (D) Volcano plot highlighting Stmn2, Nefl, and Nefm upregulation (padj < 

0.05) in H3.3G34R ATRX KO vs H3.3WT ATRX KO tumors (n = 5 per group). 
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Figure. 7. Unsupervised hierarchical clustering of differentially regulated genes 
(padj < 0.05) in (A)  H3.3G34R ATRX WT vs H3.3G34R ATRX WT tumors and 

(B) H3.3WT ATRX WT vs H3.3WT ATRX WT tumors(n = 5 per group).  

H3.3WT ATRX WT vs H3.3WT ATRX KO  

z-score

H3.3G34R ATRX WT vs H3.3G34R ATRX KO    
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1.3.5 H3.3G34R expression promotes neuronal lineage in the context of ATRX loss 

GSEA analysis indicated that ATRX KO H3.3G34R tumors have increased expression of 

genes associated with ‘cell proliferation’ and ‘metabolism’ and decreased expression of genes 

associated with ‘interaction with the extracellular matrix’ compared to ATRX KO H3.3WT 

tumors (Fig. 8). Despite H3.3G34R expression having relatively little effect on the transcriptome 

of ATRX KO samples, GSEA analysis revealed enrichment of neuronal markers in ATRX KO 

H3.3G34R vs ATRX KO H3.3WT tumors (Fig. 6A). Differential expression data and RT-qPCR 

confirmed that the neuronal differentiation marker Stmn2 was significantly upregulated in ATRX 

KO H3.3G34R vs ATRX KO H3.3WT tumors (Fig. 6B-C). Transcriptomic data indicates that 

Stmn2 may be upregulated in ATRX KO H3.3G34R samples vs ATRX WT H3.3G34R samples 

however this difference does not quite reach statistical significance (Fig. 6D). Stmn2 was not 

upregulated in any other comparison, indicating that H3.3G34R promotes expression of the 

neural differentiation marker Stmn2 in the context of ATRX loss (Fig. 6B-D). Transcriptomic 

data indicated that the neurofilament polypeptides, Nefm and Nefl were significantly upregulated 

in ATRX KO H3.3G34R samples vs ATRX KO H3.3WT samples and this was confirmed with 

RT-qPCR (Fig. 6B-D). Nefm and Nefl were not significantly differentially expressed in any other 

comparison.  

 

1.3.6 Differential expression data from a murine model of H3.3G34R glioma demonstrates 

relevance to the human disease 

To confirm biological relevance of our novel murine model of H3.3G34R pHGG, we 

explored whether the 34 genes that were significant differentially expressed between H3.3G34R; 

ATRX KO and H3.3WT; ATRX KO and the 113 genes that were significantly differentially 
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expressed between H3.3G34R ATRX KO vs. ATRX WT were also upregulated in human 

samples with H3.3G34R.  We used one published dataset using an in vitro model using a human 

cell line, SJ-GBM2, derived from a tumor that developed in a child with a high-grade glioma 

arising in the cerebral cortex, harboring TP53- and ATRX-inactivating mutations, and stably 

transfected with H3.3WT or H3.3G34R, and a second dataset of pediatric high-grade glioma 

samples from the PedcBioPortal that were annotated for H3 status (K27M vs. G34R/V vs. 

WT)14,32. Out of 34 genes that were significant differentially expressed between H3.3G34R; 

ATRX KO and H3.3WT; ATRX KO murine tumors in our study, we observed two genes that 

were significantly differentially expressed with concordant fold change in the ST-GBM2-

H3.3G34R model relative to ST-GBM2-H3.3WT control:COL12A1, and NEFL (Fig. 6B, 9A, 

10)32.  Out of the 113 genes that were significantly differentially expressed between H3.3G34R 

ATRX KO vs. ATRX WT, 13 genes were significantly differentially expressed with concordant 

fold change in the ST-GBM2-H3.3G34R model relative to ST-GBM2-H3,3WT control: ANPEP, 

COL6A2, DCT, DPYD, EMC9, HOXA5, HOXA7, LMX1B, MMP3, NCS1, TMEM151A, 

TMEM130, and VSTM2L (Fig. 6B, 9B, 10)32.  With regards to the second dataset in 

PedcBioPortal, none of the 34 genes that were significantly differentially expressed between 

H3.3G34R; ATRX KO and H3.3WT; ATRX KO murine tumors in our study were concordantly 

overexpressed in the human G34R mutant tumors relative to the control tumors. Out of the 113 

genes that were significantly differentially expressed H3.3G34R ATRX KO vs. H3.3G34R 

ATRX WT, five genes namely, COL5A1, COL6A2, KHDC8A, PDGFD, and PGM5 were 

concordantly overexpressed in G34R mutant human tumors relative to controls. (Fig. 5A, 9C)14.   

This comparative analysis identified genes for further functional validation in the context of 
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G34R mutant glioma and supports our observations in the murine model, namely that ATRX loss 

contributes to the transcriptomal effects of H3.3G34R. 
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Figure 9. Differential expression data from a murine model of H3.3G34R glioma has 

similarities to human disease. (A). Box plots for genes which were significantly differentially 
expressed in the G34R; ATRX KO vs. H3.3WT; ATRX KO murine tumors with concordant 
fold change in the ST-GBM2-H3.3G34R model relative to ST-GBM2-H3.3WT control (padj 

< 0.1). (B) Box plots for genes which were significantly differentially expressed in the ATRX 
KO; G34R vs. ATRX WT; G34R murine tumors with concordant fold change in the ST-

GBM2-H3.3G34R model relative to ST-GBM2-H3.3WT control (padj < 0.1) or (C) human 
G34R mutant tumors relative to K27M mutant tumors and H3WT tumors using the 

cBioPortal database. (padj < 0.1).  
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Figure 10. Remaining genes which had a significant concordant fold change in murine 

tumors and in the ST-GBM2-H3.3G34R model relative to ST-GBM2-H3.3WT control.  
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1.4 Discussion 

Attempts to understand the effects of the H3.3G34R mutation on tumor initiation and 

progression have increased in the last several years33,38,39. Following the identification of 

recurrent H3.3G34 missense mutations in one of the two genes that encode Histone H3.3 

(H3F3A), it was postulated that the presence of H3.3G34 mutants decreases SETD2 mediated 

H3K36 di- and tri- methylation in cis however the full mechanism of H3.3G34 mutations on 

pHGG initiation and progression has not been elucidated15,16,18,40.  In contrast to the more well-

studied H3.3K27M mutation, H3.3G34 pHGGs are a heterogenous mixture of tumors, making it 

difficult to develop a robust model. In general, there have been few published H3.3G34R models 

16,33,38,39,41. The first published H3.3G34R mutant glioma model was a patient derived xenograft 

model (PDX)13.  Several model systems have been proposed in the last several years and it is 

only recently that two GEMMs of H3.3G34 gliomas has been developed 32,33. In one GEMM 

model, introduction of H3G34R and TP53 loss via in utero electroporation (IUE) into neural 

progenitor cells (NPCs) of mouse forebrains did not produce any tumors11. In a subsequent study 

with the same IUE method however, they included PDGFRA overexpression, ATRX 

knockdown, and TP53 knockout and the resultant mice developed cortical tumors33. The same 

study reported that the majority of human H3.3G34R tumors carry activating PDGFRA 

mutations and that these mutations have high selection pressure during recurrence33. Recent 

work has suggested the H3.3G34R mutation may have a role in tumor initiation but is 

dispensable for tumor maintenance, further highlighting the need for GEMMs 16,33,38.  In the 

second GEMM model using Sleeping Beauty Transposase system, H3.3G34R is overexpressed 

with shRNAs against ATRX and p53 together with a mutant NRAS.  The authors apply the 
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model to demonstrate that H3.3G34R impair DNA repair and promote cGAS/STING mediated 

immune response32. 

We combined H3.3G34R or H3.3WT overexpression and PDGF-A overexpression with 

TP53 and ATRX loss (ATRX KO) in immunocompetent mice to develop a novel GEMM of 

H3.3G34R pHGG. While the cell-of-origin for H3.3G34-mutant pHGGs has not been 

definitively determined, it was previously shown that human fetal NSC cultures recapitulate 

transcriptional signatures of pHGGs indicating a nestin-positive neural stem cell is a candidate 

cell of origin for H3.3G34R pHGGs33. Accordingly, we utilized the RCAS/tv-a system to 

express the H3.3G34R mutation in nestin- expressing progenitor cells of the neonatal murine 

frontal cortex to model H3.3G34R pHGG in vivo and probe potential oncogenic mechanisms of 

H3.3G34R. In our ATRX KO model, we observed no significant differences in survival between 

mice overexpressing H3.3G34R vs mice overexpressing H3.3WT; this finding is consistent with 

earlier work. H3.3G34 mutant gliomas exhibit a trend of increased tumor latency compared to 

H3.3WT tumors however this trend typically does not reach statistical significance42. The 

majority of H3.3G34 murine models have also reported no significant difference in survival as a 

result of H3.3G34 expression13,16,33,38,39,41. Given the developmental nature of H3.3G34 mutant 

pHGG, it was suggested that postnatal expression of H3.3G34 mutations in various model 

systems did not produce meaningful results; however a model in which the G34R/V mutants 

were introduced into mice embryos mid-gestation via IUE also reported no significant 

differences in tumor latency or overall survival between groups expressing H3.3G34R/V vs 

those expressing H3.3WT11.  

We next chose to focus on the role of ATRX loss in H3.3G34 mutant pHGGs. While 

TP53 mutations occur in the majority of H3K27M and H3.3G34R/V pHGGs, ATRX mutations 
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are much more prevalent in H3.3G34 mutant tumors. This result was not entirely surprising as 

ATRX loss has been associated with better prognosis in other brain tumors43. More surprising 

was the effect the H3.3G34R mutation appeared to have alongside ATRX loss; in the absence of 

the H3.3G34R mutation, ATRX loss leads to a significant increase in survival and tumor latency, 

however this effect was not significant when H3.3G34R mutation was expressed. To further 

elucidate the effect of ATRX loss on H3.3G34R pHGGs, we probed for transcriptomic changes. 

Overall, we observed that ATRX status had a greater effect on the transcriptome than H3.3G34R 

presence. Several Hoxa genes were upregulated in ATRX KO H3.3G34R mice relative to ATRX 

WT H3.3G34R mice and not in any other group. RT-qPCR confirmed significant upregulation of 

murine Hoxa2, Hoxa3, Hoxa7, and Hoxa5 in ATRX KO H3.3G34R tumors relative to ATRX 

WT H3.3G34R tumors. Differential gene expression analysis revealed an upregulation of Hoxa2, 

Hoxa4, and Hoxa5 in ATRX KO H3.3G34R relative to ATRX KO H3.3WT tumors though the 

difference did not quite reach statistical significance. The HOX regulatory genes encode 

transcription factors and are critical regulators of embryonic development of several organs and 

cell types includes the CNS and osteoblasts35,36. In most vertebrates, the 39 HOX genes are split 

into 4 groups or “clusters” including HOXA, HOXB, HOXC and HOXD. In cancer, aberrant 

expression has been reported for more than half the HOX genes. In the brain, the HOXA cluster 

has been particularly relevant and is upregulated across various tumor types35. The HOXA 

cluster is located on chromosome 7, which is commonly amplified in glioblastoma (GBM) 

though HOXA upregulation has been reported in copy neutral tumors37,44-46. H3.3G34R pHGGs 

are not described as having chromosome 7 copy number amplifications47. We put forth that the 

enrichment of several Hoxa genes is the result of a concerted effort of both ATRX loss and the 

H3.3G34R mutation. A plausible mechanistic explanation for the synergy is that ATRX is the 
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histone chaperone for H3.3 incorporation onto heterochromatin (with DAXX), or repetitive 

elements of the genome, such as telomeres while HIRA is the histone chaperone for H3.3 onto 

euchromatin. It may be that in mice, which harbor longer telomeres, the transcriptomal effects of 

H3.3G34R are more pronounced when ATRX is deleted, as ATRX deletion, by default, may 

result in more H3.3G34R becoming incorporated onto euchromatin via HIRA6,7,48. Additional 

studies are required to determine if this potential mechanism is the true reason for the synergy.   

While H3K27M pHGGs correlate with mid- to late gestation embryonic expression 

patterns, transcriptional signatures of H3.3G34R pHGGs typically correlate with early 

embryonic development40. We observed the same trend in our system. We found that H3.3G34R 

expression upregulates the early neuronal developmental markers Stmn2, Nefm, and Nefl, but 

only in the presence of ATRX loss. Nefm and Nefl are found in the cytoplasm of neurons and are 

critical components for the development of the neuronal cytoskeleton. Co-expression of Nefm 

and Nefl is typically associated with neuron committed progenitors while expression of Nefm, 

Nefl, and Nefh (the neurofilament triplet) is associated with later stages of neuronal 

development49. Nefm and Nefl are also commonly used as markers for axonal damage49. Given 

the multiple functions of neurofilament proteins, further work is needed to determine the exact 

causes of Nefm and Nefl aberrant expression in ATRX KO H3.3G34R tumor samples as well as 

resulting phenotypes.  

G34R tumors can sometimes present histologically as primitive neuroectodermal tumors 

(PNET), which are normally comprised of cells observed during early neural development50. 

Single-cell classification of a cohort of adult and pediatric human GBM samples revealed 

upregulation of Stmn2 in a molecularly defined cell cluster of what is referred to as NPC-like 

cells51. While Stmn2 plays an important role in neuronal growth, it is also important during early 
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osteogenesis and was recently reported to be differentially regulated in GCTB patient derived 

H3.3G34W stromal cells52,53. This data point provides a potential mechanistic link between 

H3.3G34R/V pHGG and H3.3G34W/L GCTB/osteosarcoma. Further study is needed to clarify 

the role of Stmn2 in both these malignancies. 

Comparison of the 34 significantly differentially expressed genes that were significantly 

upregulated by H3.3G34R relative to H3.3WT in the ATRX KO model to an isogenic human 

pediatric HGG cell-line that stably expressed H3.3G34R or H3.3WT unraveled 2 genes with 

concordant overexpression: COL12A1, and NEFL.32 COL12A1 has not been studied extensively 

in gliomas but has been implicated in metastasis in breast cancer54. 

Two potential limitations of our study are (1) loss of TP53 and/or ATRX as well as 

expression of H3.3G34R and PDGF-A was induced in mice 3-5 days postnatally and it is unclear 

when during neural development the H3.3G34 mutation is acquired and (2) Olig2 expression is 

commonly present in our samples however human pHGG tumor samples are overwhelmingly 

Olig2 negative. It was recently proposed that H3.3G34 mutant pHGGs originate in a subset of 

interneuron progenitors and that the mutated onco-histone somehow keeps its cell of origin in an 

undifferentiated state.33 Oligodendrocyte precursor cells (OPCs) give rise to mature 

oligodendrocytes (OLs) and DNA methylation data has indicated a lack of activity in genes 

required for OPC differentiation into OLs in G34 mutant tumors33. Potential mechanisms in 

which H3.3G34 mutations influence preferential differentiations into OLs versus mature 

interneurons (known as the neuron-glial switch) have not been explored. An interneuron 

progenitor population persists in the subventricular zone (SVZ) into adulthood therefore, if 

H3.3G34 mutant pHGGs truly originate in interneuron progenitors, this does not preclude 

postnatal development of these tumors. Additionally, we were unable to assess the effect of 
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ATRX loss on ALT in our ATRX KO samples. While it is known that ATRX loss is not 

sufficient to induce ALT, the ALT status of this model warrants further study. Our model did in 

fact recapitulate several histopathological and molecular features of H3.3G34R mutant gliomas 

despite induction in P3-P5 mouse pups. In summary, our work provides biologically relevant, 

immunocompetent GEMMs of H3.3G34R pHGG both with and without ATRX loss and 

highlights the cooperation between H3.3G34R mutations and ATRX loss on Hoxa gene 

activation and neuronal lineage.  
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1.5 Future Directions 

Several open questions remain in regards to the transcriptomic and genomic effects of 

H3.3G34R expression and/or ATRX LoF in pHGG. Our RNA sequencing analysis provides a 

substantial list of potential genes involved in G34R pathogenesis but validation followed by 

focused, functional studies are required to identify true genetic drivers. Furthermore, while our 

bulk RNA sequencing gives an important snapshot of changes in the global transcriptome, 

single-cell genomic assays such as single cell RNA sequencing or single-cell assay for 

transposase-accessible chromatin sequencing (ATAC-seq) could provide vital information on 

specific transcriptomic and genomic changes in H3.3G34R expressing and/or ATRX loss-of-

function cells55. It is also unclear how ATRX LoF is effecting H3.3 deposition in either 

H3.3G34R or H3.3WT glioma cells. Genomic assays such as chromatin immunoprecipitation 

sequencing (ChIP-Seq) or cleavage under targets and release using nuclease (CUT&RUN) would 

be ideal methods to elucidate the effects of ATRX LoF on histone deposition56.  

As previously stated, due to technical limitations we were unable to assess whether our 

samples presented with an ALT phenotype. A recent paper showed that the computational tool 

TelomereHunter can accurately estimate telomere content from sequencing data, representing an 

alternative to the more technically challenging C-Circle assay57-59. Telomere fluorescence in situ 

hybridization (Telo-FISH) is another wet-lab option to visualize ALT in tumor tissue in cases 

where sequencing data is not available60. Additional characterization of the effects of H3.3G34R 

and ATRX loss of function on hallmarks of carcinogenesis such as cell proliferation, apoptosis, 

metabolism, metastasis, and angiogenesis are also required in our novel GEMMs61.  
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1.6 Conclusion 

Biologically relevant animal model systems are critical for the discovery of molecular 

mechanisms of carcinogenesis. The RCAS/tv-a system provides a fast, high-throughput method 

to probe region-specific genetic perturbations in an immunocompetent mouse model. Utilizing 

the RCAS/tv-a system, we have developed several models of pHGGs which incorporate the 

H3.3G34R mutation either in the presence or absence of ATRX. Our model recapitulates several 

important molecular and histopathological features of human H3.3G34R pHGGs such as 

promotion of neuronal lineage and diffusely infiltrating components with perivascular pseudo-

rosettes. Our work reveals the critical role ATRX status plays in H3.3G34R mediated 

gliomagenesis.  
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CHAPTER 2: H3.3G34R cooperates with ATRX loss in upregulation of the Notch pathway in 

murine models of pediatric glioma 
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2.1 Introduction 

2.1.1 The Notch Signaling Pathway  

The Notch signaling pathway is a well-characterized and critical regulator of embryonic 

development as well as various adult processes62. Aberrations in Notch signaling have been 

associated with errors in tissue homeostasis, adult stem cell maintenance and several hereditary 

diseases62,63. Notch signaling is vital across different cell types and processes; mutations in 

Notch receptors or ligands have been implicated in cancer pathogenesis of the skin, head and 

neck, lungs and brain64. 

 

2.1.1.1 Mammalian Notch Signaling 

Canonically, Notch signaling mediates close range cell-cell interactions through a 

mechanism of ligand-dependent receptor proteolysis65. In mammals, there are 4 Notch receptors 

(NOTCH1, NOTCH2, NOTCH3, NOTCH4) and several classes of canonical Notch ligands 

including Delta/Serrate/LAG-2 (DSL)/ Delta and OSM-11-like proteins (DOS) (Dll1, Jagged1 

and Jagged 2), DSL only (Dll3 and Dll4) and DOS only (DLK-1, DLK-2/EGFL9)66. During 

canonical mammalian Notch signaling, a Notch ligand will bind the membrane-bound Notch 

receptor, inducing Notch pathway activation via stepwise receptor proteolysis as determined by 

the gamma-secretase enzyme complex66. In addition to cell-cell interactions (trans activation), 

Notch activation can also occur in cis67. Canonical Notch signaling has been extensively studied 

however more recently, non-canonical roles for Notch have been reported in oncogenesis, 

immunity, and differentiation68.  
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2.1.1.2 Notch Signaling in Oncogenesis 

Roles for the Notch pathway have been identified in various malignancies, the first of 

which was T-cell acute lymphoblastic leukemia67,69. Broadly, Notch signaling is a well-

documented regulator of cell processes that are also hallmarks of carcinogenesis including cell 

proliferation, apoptosis and stemness64. Notch is also required for programs that support cancer 

progression such as metabolism and transcription. The Notch pathway has been repeatedly 

shown to be aberrantly activated in glioma10. Downstream effects of aberrant Notch signaling in 

glioma include reduction of apoptosis, increased cell proliferation, and support for poorly 

differentiated tumors70. Notch signaling also represents a potential therapeutic target; it was 

reported that inhibition of Notch in glioblastoma cell lines with gamma-secretase inhibitors 

reduced cell proliferation and induced apoptosis70,71.  

 

2.1.1.3 Effects of Notch on Cancer Cell Stemness 

 As Notch signaling has a well-documented and critical role in central nervous system 

(CNS) development via regulation of neural stem cells (NSC), it is not surprising that Notch 

signaling is also extremely active in glioma stem cells (GSCs), the precursor cells of glioma72-74. 

When Notch signaling is low, NSCs proliferate and undergo differentiation; similarly, blocking 

interactions between HIF-1α and NICD and resultant inhibition of Notch signaling abrogates 

GSC maintenance in glioblastoma cell lines75. Furthermore, Notch2 expression levels have been 

associated with the glioma stemness markers nestin and SOX270. Taken together, there is 

sufficient rationale for a mechanism of Notch supported stemness in glioma.  
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2.1.1.4 DLL3 

The Notch ligand DLL3 is particularly important for somitogenesis. DLL3 is highly 

expressed during fetal brain development and promotes neurogenesis. Very recently, it was 

reported that DLL3 expression was upregulated in a cohort of adult isocitrate dehydrogenase 

(IDH) wildtype (WT) gliomas and significantly associated with favorable outcomes. In the 

previous chapter, we conducted RNA-Sequencing which reported significant upregulation of 

Dll3 in ATRX knockout (KO) and H3.3G34R  samples compared to ATRX WT and H3.3WT 

samples, in genetically engineered mouse models (GEMMs) of pediatric high-grade glioma 

(pHGG). We also reported an upregulation of genes associated with neurogenesis in ATRX KO 

– H3.3G34R samples compared to ATRX KO – H3.3WT samples, in GEMMs of pHGG. 

 

2.1.2 Objective and Hypothesis 

In the previous chapter, we developed and probed four novel GEMMs of pHGG (H3.3WT – 

ATRX WT, H3.3G34R – ATRX WT, H3.3WT – ATRX WT, and  H3.3G34R – ATRX KO) for 

transcriptomic changes. Our goal in this chapter was to extract information on the effects of 

H3.3G34R expression and/or ATRX loss-of-function (LoF) on Notch signaling in pHGG and the 

associated underlying mechanisms. To achieve this goal, we extracted information on Notch 

ligands and associated genes from the RNA-Sequencing data we previously generated. In 

GEMMs of pHGG, we observed that ATRX and H3.3G34R expression promote Notch pathway 

activation independently of each other and that Notch pathway activation correlated with our 

previously reported changes in Dll3 regulation. We then utilized patient-derived orthotopic 

xenograft (PDOX) models of pHGG to confirm association of Notch pathway activation and 

both ATRX and H3.3G34R expression. 
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2.2 Materials and Methods 

2.2.1 Tumor Models, Cell Lines and Reagents 

2.2.1.1 Fibroblast Cell Lines 

DF1 cells were grown in complete Dulbecco’s Modified Eagle Medium (DMEM) media 

supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 100U Penicillin and, 

100ug streptomycin). All cell lines were cultured within a humidified 37ºC, 5% CO2 incubator 

and authenticated through short tandem repeat (STR) profiling at least once per year. 

 

2.2.1.2 Primary Brain Tumor Tissue Samples 

Primary brain tumor tissue samples were collected following the approved institutional 

review board (IRB) protocols of Baylor College of Medicine and Northwestern University. 

Tissue arrived in complete DMEM media and was immediately processed. Tissue was 

mechanically dissociated, resuspended in complete DMEM media then filtered through 100 um 

and 40 μm cell strainers. Cells were counted with a hemacytometer then cryopreserved in 

Freezing Media (DMEM supplemented with 30% FBS, 2mM L-glutamine, 100U Penicillin and, 

100 μg streptomycin) at a density not exceeding 3 million cells/1 mL Freezing Media and put 

into liquid nitrogen for long-term storage. 

 

2.2.1.3 Plasmid Constructs 

Replication Competent ALV LTR with a Splice Acceptor (RCAS) empty vector (Y) 

constructs were purchased from Addgene. RCAS-H3.3G34R-GFP, RCAS-H3.3WT-GFP, 

RCAS-PDGFA, RCAS-Cre, and RCAS-GFP plasmids were developed by and purchased from 

Eton Bioscience.  
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2.2.1.4 Cell Transfections 

DF1 cells were seeded at a density of 200,000 cells/T-25 flask one day prior to 

transfection and allowed to grow overnight. For each transfection, 8 μL of X-tremeGENE 9 

(Roche) and 243 μL DMEM in a 1.5 mL Eppendorf tube then incubated at room temperature for 

5 minutes. 2.5 μg of plasmid was then added to the mixture and incubated at room temperature 

for 20 minutes. Previously cultured DF-1 cells in T-25 flasks had media (complete DMEM) 

changed and the transfection mixture was added dropwise into the flask while swirling. Each 

flask was allowed to grow overnight within a humidified 37ºC, 5% CO2 incubator and monitored 

for GFP expression in the case of GFP expressing plasmids. Transfected cells were passaged at 

confluency a minimum of 3 times before use in GEMM experiments.  

 

2.2.1.5 Digestion of Murine Cerebrum Progenitors 

Normal brainstem was isolated from Ntv-a;p53fl/fl and Ntv-a;p53fl/fl;ATRXfl/fl postnatal 

day 3 (P3) pups and enzymatically digested in Earl’s Balanced salt solution containing 4.7mg 

papain (Worthington) and 60 µg/mL DNAse (Sigma Aldrich). Digestion was inactivated with 

ovomucoid (0.7mg/mL) (Worthington) containing 14 µg/mL DNAse. Cells were consecutively 

washed, triturated, and strained to obtain a single cell suspension. Cells were cultured in 

complete DMEM media at 37°C and 5% CO2, and passaged a maximum of 3 times for 

experiments.  
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2.2.1.6 In Vitro Infection of Murine Cerebrum Progenitors with RCAS Viruses 

To concentrate RCAS viruses, DF1 cells transfected with RCAS plasmids were passaged 

a minimum of 6 times from transfection, and then passaged 1:12. After 3 days, virus-containing 

media was harvested, centrifuged to remove cell debris, filtered through 0.45 μm pores, and 

concentrated 100-fold using Retro-X Concentrator (Clontech) per the manufacturer’s 

instructions. Cerebrum progenitors were plated and infected with RCAS viruses at 1:100. Assays 

were conducted 3–5 days post-infection, or were split when confluent and subsequently plated 

for assays. All experiments were done a minimum of three times on at least three independent 

preparations of progenitor cells.  

 

Table 7. Ex vivo murine cerebrum progenitor infection 

Model Transfected RCAS expressing cells Brain harvested from 

(Strain) 

H3.3G34R – 
ATRX KO 

RCAS-H3.3G34R, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

H3.3WT – 
ATRX KO 

RCAS-H3.3WT, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

Empty Vector – 
ATRX KO 

RCAS-Y, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl;ATRXfl/fl 

H3.3G34R – 

ATRX WT 

RCAS-H3.3G34R, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

H3.3WT – 

ATRX WT 

RCAS-H3.3WT, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

Empty Vector – 

ATRX WT 

RCAS-Y, RCAS-Cre, RCAS-PDGFA Ntv-a;p53fl/fl 

 

2.2.1.7 Antibodies 

The following antibodies were used at the indicated dilutions: anti-DLL3 (Cell Signaling 

Technology, #71804S, 1:100), cleaved Notch1 (1:100) (Cell Signaling Technology), Notch1 
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(1:100) (Cell Signaling Technology #3609S), and Hes1 (1:5000) (Cell Signaling Technology 

#11988S). 

2.2.2 Animal Studies 

2.2.2.1 Animal Experiment Study Approval 

All experiments with mice were completed in accordance with Northwestern University 

Center for Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use 

Committee approved protocols (IACUC, protocol I500005132 and I500009591). 

 

2.2.2.2 Mouse Strains 

C57BL/6 and NOD.129S7(B6) -Rag1tm1Mom/J (SCID) mice were purchased from 

Jackson Laboratories, then bred in house. SCID mice 5–8 weeks of both male and female were 

housed and bred in the animal facility of Northwestern University, Feinberg School of Medicine.  

 

2.2.2.3 Genetically Engineered Mouse Lines 

C57BL/6 mice with conditional p53 deletion (p53fl/fl) and mice with conditional 

expression of the RCAS receptor tv-a bound to a Nestin specific promoter (Ntv-a) were 

purchased from Jackson Laboratory. Ntv-a and p53fl/fl mice were crossed until we yielded mice 

which homozygously expressed all alleles (Ntv-a;p53fl/fl). ATRX flox/flox mice (ATRXfl/fl) were 

generously provided by David Picketts. Ntv-a;Np53fl/fl mice were crossed with ATRXfl/fl until all 

alleles were homozygously expressed (Ntv-a;p53fl/fl;ATRXfl/fl). Homozygous expression was 

confirmed via genotyping.  

 

2.2.2.4 Tail Snip Digestion 
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Tail snips were obtained from mice before 28 days of age. For Ntv-a and p53fl/fl 

genotyping, DNA was extracted from tail snips with the REDExtract-N-Amp Tissue PCR Kit 

Protocol (Millipore Sigma). For ATRXfl/fl genotyping, tail snips were submerged in 100uL lysis 

buffer (100mM Tris-HCl (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl) and supplemented 

with 0.5% Proteinase K and incubated at 55 ºC overnight. Reaction tubes were mixed, incubated 

at 55ºC for an additional 2 hours then briefly centrifuged at 10,000 rotations per minute (rpm). 

100 uL of 2-proponal was added to each tube then tubes were centrifuged for 10 minutes at 

10,000 rpm. Supernatant was removed, DNA pellet was left to dry at 37ºC for 3 hours then DNA 

was resuspended in 100 uL of TE buffer. Concentration of resuspended DNA was measured with 

a NanoDrop spectrophotometer (ThermoScientific) then stored at 4 degrees until reading to be 

genotyped.  

 

2.2.2.5 Genotyping 

For Ntv-a and p53fl/fl genotyping, PCR amplification was done with the REDExtract-N-

Amp PCR Reaction mix (Millipore Sigma) with appropriate primers. For ATRX fl/fl genotyping, 

PCR amplification was done with the KAPA2G Fast PCR Kit (KAPA Biosystems). PCR 

products were run on a 1% agarose gel. Prescence of the Ntv-a, p53fl/fl, and ATRXfl/fl alleles 

were confirmed by presence of only one band at 800 base pairs (Ntv-a), only one band at 390 

base pairs (p53fl/fl), and a greater than 1500 base pair band for the wildtype reaction and 1500 

base pair band for the mutant reaction (ATRXfl/fl) (Table 1 – see page 28).     

 

2.2.2.6 Patient Derived Orthotopic Xenograft (PDOX) Mouse Modeling 
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Cryopreserved patient tumor cells for three models were thawed and resuspended in 

complete DMEM media for orthotopic implantation. Resuspended cells were implanted into the 

right cerebrum of anesthetized SCID mice at a density of 100,000 cells/2uL complete DMEM 

media. Mice were monitored for post-operative complications for three days following 

implantation with no adverse events observed. Tumors were allowed to grow for 2-3 weeks 

before treatment was begun. Following implantation, mice were monitored daily until reaching a 

functional endpoint (15% weight loss or severe neurological deficits) and were then euthanized. 

 

2.2.2.7 Euthanasia 

Mice were euthanized in compliance with Northwestern University Center for 

Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use Committee 

approved protocols (IACUC, protocols I500005132 and I500009591). Mice were euthanized via 

either (1) CO2 asphyxiation followed by cervical dislocation or (2) intraperitoneal injection of a 

lethal dose of Euthasol, followed by decapitation.  

 

2.2.3 Histology 

2.2.3.1 Tissue Processing 

Formalin-fixed brains (10% formalin for 24 hours) were serially sectioned in the coronal 

plane and processed in paraffin by the Northwestern Mouse Histology and Phenotyping 

Laboratory. Sections cut on a microtome (Leica) at 5-µm were used for histologic and 

immunohistochemical staining. 

 

2.2.3.2 Hematoxylin and Eosin (H&E) Staining 
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H&E staining was performed on 5-µm sections of formalin-fixed, paraffin embedded 

(FFPE) tissue. Slides were deparaffinized in Xylene and rehydrated using decreasingly 

concentrated alcohol solutions followed by water. Slides were stained with Hematoxylin then 

washed with water and Clarifier to remove excess Hematoxylin. Finally, slides were stained with 

0.9% EosinY solution then dehydrated in increasingly concentrated alcohol solutions followed 

by Xylene. Cytoseal was immediately added to stained slides followed by a coverslip. Images 

were captured under the same light conditions on a BZ-X Series All-In-One Fluorescence 

Microscope (Keyence). 

 

2.2.3.3 Immunohistochemistry (IHC) 

IHC was performed using a Vectastain Elite kit (Vector Laboratories #AK-5001) as 

described previously with the following antibodies: anti-DLL3 (Cell Signaling Technology, 

#71804S, 1:100)27. Images were captured under the same light conditions on a BZ-X Series All-

In-One Fluorescence Microscope (Keyence). 

 

2.2.3.4 Immunofluorescence (IF) 

IF was performed on 5-µm sections of FFPE tissue. Slides were deparaffinized by 

soaking into warm 1.3% Palmolive Ultra Original Concentrated, submerged into antigen 

retrieval buffer (10mM Sodium Citrate, 0.05% Tween-20, pH 6.0) and heated in a Cuisinart 

pressure cooker for 1 hour. The following antibodies were used: cleaved Notch1 (1:100) (Cell 

Signaling Technology) and Hes1 (1:5000) (Cell Signaling Technology #11988S). Images were 

captured on the same day using the same exposure settings on a BZ-X Series All-In-One 

Fluorescence Microscope (Keyence). 



 

 

74 

 

 

 

 

2.2.4 RNA-Sequencing  

2.2.4.1 RNA Extraction and Library Preparation 

Total RNA was isolated from snap frozen H3.3WT and H3.3G34R expressing tumors 

from ATRX WT and ATRX KO mice (n=5 per group) using the RNeasy kit (Qiagen #74104). 

Sequencing was performed by the Northwestern University Sequencing Core Facility. The 

Illumina TruSeq Total RNA Library Preparation Kit (Illumina # 20020596) was used to prepare 

sequencing libraries including rRNA depletion.  

 

2.2.4.2 Sequencing 

Sequencing was performed using an lllumina HiSeq 4000 Sequencer (Illumina) to 

produce single-end 50-bp reads. Trim Galore 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim adapters and 

remove poor quality reads. 

 

2.2.4.3 Differential Gene Expression 

FASTQ files were aligned to the mm10 genome using RNA-STAR, and aligned reads 

were counted using HTSeq-count with Ensembl mm10 gtf28,29. HTSeq-count files were imported 

into R (https://www.r-project.org/) and differential expression analysis was performed with the 

DESeq2 package using default settings. DESeq2 normalized reads were imported into Gene set 

enrichment analysis (GSEA) and standard GSEA was run with the following parameters: 
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permutations = 1000, permutation type = gene set, enrichment statistic = weighted, gene ranking 

metric = signal2noise, max size = 500, min size = 15, normalization mode = meandiv30,31. Box 

plots and volcano plots were generated using the ggplot2 and EnhancedVolcano R packages, 

respectively. 

2.2.5 Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 

2.2.5.1 RNA Extraction and Reverse Transcription 

Total RNA was isolated using the RNeasy kit (Qiagen #74104). cDNA was synthesized 

from total mRNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher 

Scientific #4368814). RT-qPCR EasyOligos (Sigma-Aldrich) primers were used for either 

human or murine Dll3. qPCR experiments were run using Power SYBR™ Green PCR Master 

Mix (ThermoFisher Scientific #4367659) on a QuantStudio 6 (ThermoFisher Scientific). 

Relative gene expression levels were generated using the ddCt method with human Gapdh as the 

reference gene for PDOX samples and murine Taf1c as the reference gene for RCAS/tv-a 

samples. 

 

Table 8. Chapter 2 RT-qPCR primers.  

Primer Name Primer Sequence (5’ -> 3’) 

mDLL3-FWD TATAGACCGGGACGCTCGTG 

mDLL3-REV AACCTTGTGGCCCTCTCTGT 

hDLL3 CACTCAACAACCTAAGGACGCAG 

hDLL3 GAGCGTAGATGGAAGGAGCAGA 
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2.2.6 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Survival curves were analyzed 

using Log-rank (Mantel-Cox) test. Tumor incidence, grade, necrosis, infiltration, and ependymal 

differentiation were analyzed using Fisher’s exact test. P values of less than 0.05 were 

considered significant for all analyses except DESeq2, in which adjusted p values (padj) < 0.05 

were considered significant.   
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2.3 Results 

2.3.1 ATRX loss and H3.3G34R expression promote upregulation of genes associated with 

Notch pathway activation independently of each other in GEMMs of pHGG 

GSEA analysis indicates that ATRX WT H3.3G34R tumors displayed increased 

expression of genes associated with interactions with the extracellular matrix, upregulated Notch 

signaling, decreased neuronal markers and decreased expression of genes associated with 

H3K27me3 markers compared to ATRX WT H3.3WT tumors (Fig. 8 – see page 47). GSEA 

analysis indicates upregulation of genes associated with Notch pathway activation in ATRX WT 

H3.3G34R tumors compared to ATRX WT H3.3WT tumors and in ATRX KO H3.3WT tumors 

compared to ATRX WT H3.3WT tumors (Fig. 8 – see page 47)13. Differential expression and 

RT-qPCR analysis indicates that upregulation of the Notch ligand Dll3 coincided with Notch 

signaling enrichment though the trend did not reach significance in the case of ATRX WT 

H3.3G34R vs ATRX WT H3.3WT (Fig. 11). GSEA analysis indicates that ATRX KO 

H3.3G34R tumors display increased markers of cell proliferation and metabolism and increased 

Notch signaling (Fig. 8 – see page 47). Upregulation of Notch signaling and Dll3 expression in 

ATRX KO H3.3G34R tumors compared to ATRX WT H3.3WT tumors was more pronounced 

than in other comparisons (Fig. 11). 
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Figure 11. (A) GSEA plot (FDR < 0.1) of hallmark notch in ATRX WT H3.3G34R vs ATRX WT  
H3.3WT tumors and in ATRX KO H3.3WT vs ATRX WT H3.3WT tumors (n = 5 per group). (B) 

RT-qPCR validation of Dll3 upregulation in ATRX WT H3.3G34R vs ATRX WT H3.3WT, ATRX 
KO H3.3WT vs ATRX WT H3.3WT, and (C) in ATRX KO H3.3G34Rvs H3.3WT ATRX WT 
tumors (n = 3 per group)(ns P > 0.05, ***P < 0.001, two-tailed unpaired t-test). 
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2.3.2 ATRX loss and H3.3G34R expression are independently and synergistically associated 

with Notch pathway activation in GEMM and PDOX models of pHGG  

In order to confirm activation of the Notch pathway in GEMM tumors with ATRX loss 

and H3.3G34R expression,  we performed immunostaining of GEMM brain tumor sections with 

indicators of active Notch signaling, cNotch1 and Hes1. For both markers, increased expression 

was observed in ATRX KO and H3.3G34R samples, compared to ATRX WT and H3.3WT 

samples (Figure 12). The same general trend was observed in PDOX models of pHGG. 

Compared to normal human cerebrum and a PDOX model of an ATRX WT H3.3WT HGG, 

three PDOX models of HGG with ATRX LoF and/or H3.3G34R or both had higher expression 

of cNotch1 (Figure 13). We did observe one PDOX model of an ATRX WT H3.3WT HGG 

which displayed relatively high expression of cNotch1 which we were unable to account for with 

our model – we would presume this particular model contains a separate Notch activating 

aberration however further study is necessary (Figure 13). Within the three PDOX models of 

HGG with ATRX LoF and/or H3.3G34R or both, we observed that increased expression of 

cNotch1 was more associated with ATRX LoF than H3.3G34 expression but a larger sample size 

is required to make a definitive statement on associations between the strength of association of 

H3.3G34R expression versus ATRX LoF and Notch pathway activation. (Figure 13). 
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Figure 12. Representative staining of RCAS tumors with (A) cleaved Notch1 and (B) Hes1. 



 

 

81 

 

 

 

2.3.3 Differential Dll3 expression levels found in GEMMs of pHGG are not recapitulated in 

mouse neural progenitors or PDOX models pHGG  

Upon confirmation of increased Notch signaling in PDOX models of Notch activation in 

samples with H3.3G34R expression and/or ATRX LoF, we sought to confirm the DLL3 

expression trends we observed in our novel GEMMs in additional model systems. To this end, 

we utilized a RCAS virus treated ex vivo neurosphere model in addition to our previously 

established PDOX models of pHGG. In our ex vivo model, we observed a general trend of DLL3 

upregulation in models with ATRX KO or H3.3G34R expression though none of these 

comparisons reach significance (ns P > 0.05, two-tailed unpaired t-test) (Figure 14). Compared 
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Figure 13. Representative cNotch1 staining of cerebrum from five models of PDOX tumor 
bearing mice and one un-injected (normal) mouse. 



 

 

82 

 

to DLL3 expression patterns in our GEMM model, we did not observe any correlative DLL3 

expression trends in human derived samples however, due to limited availability of human 

H3.3G34R tumor samples, statistics were conducted on 1 biological replicate (6 technical 

replicates) for both the ATRX LoF – H3.3G34R and ATRX WT – H3.3G34R PDOX models 

(Figure 14). We further probed DLL3 expression in our PDOX levels at the protein level and still 

did not observe any trends that correlated with either our GEMM or ex vivo models (Figure 14). 
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Figure 14. RT-qPCR assessment of Dll3 expression in (B) an ex vivo RCAS progenitor model (C) 
PDOX models (n = 6 per group)(ns P > 0.05, two-tailed unpaired t-test). (C) Representative DLL3 

staining of three PDOX model. 
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2.4 Discussion 

The Notch pathway is a critical mediator in preserving the stem-cell like properties of radial 

glia, allowing a larger population to persist and later give rise to Oligodendrocyte Precursor Cells 

(OPCs)76. Notch signaling has also been identified as a potential oncogenic driver of H3.3G34 

mutant pHGGs; inhibition of the Notch pathway led to decreased cell viability in both 

H3.3G34R and H3.3K27M expressing glioma cells13. One possible explanation for this is that 

Notch inhibition in H3.3G34 mutant cells disrupts its crosstalk with radial glia and subsequently 

results in a more “mature” cell state which retains less oncogenic properties. A recent study 

separately reported that, in the context of IDH-mutant gliomas, ATRX inactivation was 

associated with upregulation of the Notch pathway ligand, JAG177. While we observed 

upregulation of genes encoding NOTCH ligands in ATRX KO H3.3G34R tumor samples vs 

ATRX KO H3.3WT tumor samples, significant upregulation of these genes was more closely 

associated with ATRX status. It appears ATRX loss is the main contributor to NOTCH pathway 

activation in tumor samples. 

The Notch ligand DLL3, typically described as an inhibitory ligand of the pathway, is 

expressed at low levels in normal, healthy tissue78. In small cell lung cancer (SCLC), DLL3 

overexpression has been well-established as a Notch pathway inhibitor and contributor to 

carcinogenesis78,79. DLL3 has also been identified as a therapeutic target in adult IDH mutant 

glioma, where it is commonly upregulated80. The mechanism of DLL3 as a Notch inhibitor is 

antithetical to our own data in which DLL3 overexpression is correlated with Notch pathway 

activation in our GEMMs. We propose two possible explanations for this phenomenon. First, as 

we did not observe any trends in DLL3 expression in our PDOX models, it is possible that DLL3 
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expression is being co-opted in our murine models through an alternate mechanism for the 

ultimate purpose of Notch pathway upregulation.  

Secondly, it is possible that DLL3 is indeed upregulating the Notch pathway through an 

alternate mechanism however a small sample size for our PDOX model did not fully resolve this 

event81. The aforementioned assessment of DLL3’s effects on Notch regulation were conducted 

in IDH-mutant gliomas, a largely adult genotype80. A separate spatial transcriptomics study in 

IDH-wildtype brain tumors (which is more typical in pediatric glioma) indicated that DLL3 

overexpression was associated with upregulated Notch pathway 82. In either of our proposed 

scenario, further study is required to resolve the interplay between DLL3 overexpression and 

Notch pathway regulation in H3.3G34R pHGG.  
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2.5 Future Directions 

Much work is required to fully elucidate the role of H3.3G34R pHGG on the Notch 

pathway in the context either competent ATRX or ATRX LoF. While this chapter presents a 

model in which ATRX LoF and H3.3G34R are separately contributing to Notch pathway 

upregulation, it is still unclear how these two aberrations are cooperating (if at all) to Notch 

dysregulation. In chapter 1, we present data that would indicate that while H3.3G34R expression 

and ATRX are both independently upregulating gene sets associated with the Notch pathway, in 

our H3.3G34R – ATRX KO GEMM, we see downregulating of similar gene sets. We have been 

unable to provide a meaningful explanation for this phenomenon and so it warrants further study. 

As mentioned in chapter 1, an important aspect of the relationship between H3.3G34R and 

ATRX LoF is how ATRX/DAXX-mediated deposition of H3.3 onto the heterochromatin 

modulates the effects of the G34R mutation (see 1.5). The experiments proposed in that section 

may also illuminate the relationship of H3.3G34R with ATRX LoF on Notch pathway 

regulation.  

While we did not observe any clear trends in DLL3 expression in our PDOX models, we 

cannot rule out potential bias as a result of low sample numbers. Similarly, while we did observe 

a clear relationship between H3.3G34R expression and ATRX LoF with Notch pathway 

upregulation, that trend was also observed at a very low sample size. The experiments conducted 

in this chapter should be replicated in larger cohorts of patient or patient-derived samples before 

we can definitively conclude the effects of H3.3G34R expression and ATRX LoF on the Notch 

pathway.  

 Presuming that H3.3G34R expression and ATRX LoF can be correlated to Notch 

pathway regulation, further characterization of the of the effects of Notch inhibition on initiation, 
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progression and overall survival of relevant pHGG is needed. Several Notch inhibitors exist 

which can be used to treat H3.3G34R pHGG cells in vitro or in vivo models of H3.3G34R 

pHGG. Downstream analysis of in vitro studies with Notch inhibitors should describe its effects 

on cell proliferation, cell growth and apoptosis. Use of Notch inhibitors in vivo could provide 

useful information on overall survival, tumor incidence, angiogenesis and tumor growth.    
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CHAPTER 3: Effects of an AXL/GAS6 inhibitor on pediatric Glioblastoma 
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3.1 Introduction 

In the previous chapters, we have described attempts to elucidate mechanisms of 

initiation and progression of pediatric glioma. In this chapter, we discuss potential therapeutic 

targets and experimentally assess the therapeutic efficacy of an AXL/GAS6 inhibitor for 

pediatric gliomas.   

 

3.1.1 The AXL/GAS6 Signaling Pathway 

The protein AXL, transcribed by the AXL gene located on the q arm of chromosome 19, is a 

member of the TAM (Tyro3, Axl, MerTK) family of receptor tyrosine kinases (RTKs)83,84. RTKs 

mediate cell-cell communication and are critical for an extensive range of biological processes 

including cell proliferation, cell differentiation and metabolism85. RTKs also have a well-

established role in various hallmarks of cancer onset and progression including stemness, 

angiogenesis and metastasis in a variety of organ systems and cancer types85,86. In the last 25 

years, RTKs have become an attractive subject for targeted molecular therapy, spurred in part by 

FDA approval of Herceptin (trastuzumab) in 199887,88. 

 

3.1.1.1 Canonical AXL/GAS6 signaling  

The protein growth arrest-specific protein 6 (GAS6) is a high-affinity ligand for AXL and 

serves as an activator of AXL signaling89. GAS6 binding of AXL induces homodimerization and 

trans-autophosphorylation in the intracellular kinase domain which promotes recruitment of 

effector proteins and adaptor molecules and subsequent activation of additional downstream 

signaling pathways89,90. Important downstream pathways of AXL/GAS6 signaling include 
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PI3K/AKT/mTOR, JAK/STAT, NFkB, and RAS/RAF/MEK/ERK, which influence tumor cell 

survival, apoptosis, therapeutic resistance and angiogenesis89,91-93.  

 

3.1.1.2 AXL/GAS6 signaling in the tumor microenvironment 

While AXL is typically expressed at low levels in adults, upregulation of AXL/GAS6 has 

been demonstrated in a myriad of cancers including leukemia and cancers of the prostate, breast, 

esophagus, and brain94,95. Aberrant expression of AXL is associated with poorer overall survival 

and cancer progression96. AXL promotes anti-apoptotic effects of NF-κB and loss of AXL 

expression in a mouse model of osteosarcoma resulted in lower expression of the tumor marker 

Ki6797,98. The role of AXL and GAS6 in angiogenesis regulation has not been fully elucidated in 

either normal conditions or during carcinogenesis however aberrant AXL expression has been 

implicated in VEGF mediated promotion of angiogenesis in the tumor microenvironment99-101. 

Overall, AXL expression has the potential to support a pro-tumorigenic environment through 

promotion of cell proliferation, anti-apoptosis, angiogenesis, migration, invasion and the 

epithelial-mesenchymal transition (EMT)86,102. 

 

3.1.1.3 AXL/GAS6 signaling in glioma 

AXL/GAS6 signaling has been implicated in pathogenesis of various tumors, including those 

of the central nervous system such as schwannomas and gliomas96. Several studies have shown 

AXL and GAS6 are highly expressed in a large subset of adult glioblastoma where high 

expression of AXL and/or AXL/GAS6 was associated with significantly shorter tumor 

progression and overall survival103,104. One such study also found that addition of antibodies 

against AXL increased the inhibition of tumor proliferation induced by neural progenitor cell 
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(NPC) therapies104. Blockage of AXL/GAS6 signaling is also sufficient to reduce glioma growth 

in mouse models105. Overall, AXL/GAS6 expression has been associated with poor survival, 

progression and proliferation of glioma and represents a promising potential therapeutic target.  

 

3.1.2 Objective and hypothesis 

Our hypothesis is that AVB-500 will extend median survival of tumor bearing mice and that 

treatment will result in lower expression of angiogenesis markers. For this chapter, we assessed 

the therapeutic efficacy of an AXL/GAS6 inhibitor (AVB-500) in a set of PDOX mouse models 

of pediatric glioblastoma. We also assessed the effects of combining AVB-500 with radiation 

therapy, per standard of care, on animal survival times. Finally, we analyzed mechanisms of 

therapy resistance in recurrent/remnant tumors of the treated patient derived orthotopic xenograft 

(PDOX) models. Our aim was to provide robust preclinical evidence for the use of AXL/GAS6 

inhibitors in pediatric glioblastoma.  
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3.2 Materials and Methods 

3.2.1 Tumor Models and Reagents 

3.2.1.1 Primary Brain Tumor Tissue Samples 

Primary brain tumor tissue samples were collected following the approved institutional 

review board (IRB) protocols of Baylor College of Medicine and Lurie Children’s Hospital of 

Chicago at Northwestern University27,106. Tissue arrived in complete DMEM media and was 

immediately processed. Tissue was mechanically dissociated , resuspended in complete DMEM 

media then filtered through 100 µm and 40 µm cell strainers. Cells were counted with a 

hemacytometer then cryopreserved in Freezing Media (DMEM supplemented with 30% fetal 

bovine serum (FBS), 2mM L-glutamine, 100U Penicillin and, 100µg streptomycin) at a density 

not exceeding 3 million cells/1 mL Freezing Media and put into liquid nitrogen for long-term 

storage.  

 

3.2.1.2 AXL/GAS6 inhibitor 

AVB-500 is a recombinant fusion protein which binds to GAS6 at a 200-fold higher 

affinity than endogenous AXL, thereby drastically reducing AXL/GAS6 signaling and associated 

downstream functions107. Preclinical and early clinical studies have indicated AVB-500 is 

efficacious in reducing GAS6 blood serum levels and is well-tolerated both in animals and 

humans107-109. Mice were dosed with AVB-500 at 25 mg/kg via intraperitoneal (i.p.) injection at 

time points indicated below (See 3.2.2.4).  
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3.2.1.3 Antibodies 

The following antibodies were used at the indicated dilutions: anti-Ki67 (Abcam, #ab833, 

1:75), anti-cCaspase3 (Cell Signaling Technology, 9579T, 1:400), anti-VEGF-A (Cell Signaling 

Technology, 50661S, 1:200), and anti-CD31 (Cell Signaling Technology, 77699S, 1:200). 

 

3.2.2 Animal Studies 

3.2.2.1 Animal Experiment Study Approval 

All experiments with mice were completed in accordance with Northwestern University 

Center for Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use 

Committee approved protocols (IACUC, protocol I500009226 and I500009591). 

 

3.2.2.2 Mouse Strains 

NOD.129S7(B6) -Rag1tm1Mom/J (SCID) mice were purchased from Jackson 

Laboratories, then bred in house. SCID mice 5–8 weeks of both male and female were housed 

and bred in the animal facility of Northwestern University, Feinberg School of Medicine.  

 

3.2.2.3 Patient Derived Orthotopic Xenotransplantation (PDOX) Model Development 

Cryopreserved patient tumor cells for three models were thawed and resuspended in 

complete DMEM media for orthotopic implantation. Resuspended cells were implanted into the 

right cerebrum of anesthetized (isoflurane, oxygen) SCID mice at a density of 100,000 cells/2uL 

complete DMEM media. Mice were monitored for post-operative complications for three days 

following implantation with no adverse events observed. Tumors were allowed to grow for 2-4 

weeks to form small, solid orthotopic xenografts before treatment was begun.  
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3.2.2.4 In Vivo Treatment of PDOX Models 

For survival study analysis, 10 mice (5 female and 5 male) from each PDOX model were 

assigned to one of four groups: Control, AVB-500 only, AVB-500 + fractionated radiation 

(XRT) or XRT only. For control group, 25 mg/mL saline was given at 25 mg/kg, via i.p., three 

times a week (Monday, Wednesday, Friday) for 3 weeks. For AVB-500 only group, AVB-500 

was given at 25 mg/kg, i.p., three times a week (Monday, Wednesday, Friday) for 3 weeks. For 

AVB-500 + XRT group, XRT delivered via a small animao irradiator RS-2000 locally at 2 

Gy/day for 5 days and AVB-500 was given at 25 mg/kg, i.p., three times a week (Monday, 

Wednesday, Friday) for 3 weeks. For XRT only group, XRT was delivered locally at 2 Gy/day 

for 5 days. Following completion of the survival study drug treatment, mice were monitored 

daily until functional endpoints (15% weight loss or severe neurological deficits) then 

euthanized. For the “biology group” (samples which would be used for downstream histological 

and molecular analysis), drug treatment was delayed until week 5 to allow for the formation of 

medium (5 mm) to large (7-8mm) sized xenografts to support detailed biological analysis. 5 mice 

from each PDOX model were assigned to one of four groups: Control, AVB-500 only, AVB-500 

+ XRT or XRT only. For control group, 25 mg/mL saline was given at 25 mg/kg, i.p., three 

times a week (Monday, Wednesday, Friday) for 1 week.  For AVB-500 only group, AVB-500 

was given at 25 mg/kg, i.p., three times a week (Monday, Wednesday, Friday) for 1 week. For 

AVB-500 + XRT group, XRT delivered locally at 2 Gy/day for 5 days and AVB-500 was given 

at 25 mg/kg, i.p., three times a week (Monday, Wednesday, Friday) for 1 week. For XRT only 

group, XRT was delivered locally at 2 Gy/day for 5 days. Following completion of the biology 

groups drug treatment, mice were euthanized according to the following schedule for all PDOX 
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models: 30 minutes after last treatment (1 mouse/group), 24 hours after last treatment (2 

mice/group), 48 hours after last treatment (2 mice/group). 

 

3.2.2.5 Survival Analysis of In Vivo Drug Treatment 

Survival time was measured as the time between orthotopic implantation of tumor cells 

and functional endpoint.  Differences in event-free survival (EFS) between the treatment groups 

were analyzed using the Peto and Peto modification of the Gehan-Wilcoxon test using GraphPad 

Prism. P values were Bonferroni corrected for multiple testing, based on 4 treatment groups, 

except where ad hoc pairwise comparisons between treatment groups are denoted Pnominal. 

 

3.2.2.6 Euthanasia  

Mice were euthanized in compliance with Northwestern University Center for 

Comparative Medicine (CCM) guidelines and Institutional Animal Care and Use Committee 

approved protocols (IACUC, protocols I500005132 and I500009591). Mice were euthanized via 

intraperitoneal injection of a lethal dose of Euthasol, followed by decapitation.  

 

3.2.3 Histology 

3.2.3.1 Tissue Processing 

Formalin-fixed whole mouse brains (10% formalin for 24 hours) were processed in 

paraffin on a HistoStar (ThermoFisher Scientific). Sections cut on an automated microtome 

(ThermoFisher Scientific) at 5-µm were used for histologic and immunohistochemical staining. 
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3.2.3.2 Hematoxylin and Eosin (H&E) Staining 

H&E staining was performed on 5-µm sections of formalin-fixed, paraffin embedded 

(FFPE) tissue. Slides were deparaffinized in Xylene and rehydrated using decreasingly 

concentrated alcohol solutions followed by water. Slides were stained with Hematoxylin then 

washed with water and Clarifier to remove excess Hematoxylin. Finally, slides were stained with 

0.9% EosinY solution then dehydrated in increasingly concentrated alcohol solutions followed 

by Xylene. Cytoseal was immediately added to stained slides followed by a coverslip. Images 

were captured under the same light conditions on a BZ-X Series All-In-One Fluorescence 

Microscope (Keyence). 

 

3.2.3.3 Immunohistochemistry (IHC) 

IHC was performed using a Vectastain Elite kit (AK-5001, Vector Laboratories, 

Burlingame, CA) as described previously. Primary antibodies included the human-specific anti-

Ki67 (Abcam, #ab833, 1:75), anti-cCaspase3 (Cell Signaling Technology, 9579T, 1:400), anti-

VEGFA (Cell Signaling Technology, 50661S, 1:200), and anti-CD31 (Cell Signaling 

Technology, 77699S, 1:200). Images were captured under the same light conditions on a BZ-X 

Series All-In-One Fluorescence Microscope (Keyence). 

 

3.2.4 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Survival curves were analyzed 

using Log-rank (Mantel-Cox) test. Tumor incidence, grade, necrosis, infiltration, and ependymal 

differentiation were analyzed using Fisher’s exact test. IHC data was analyzed using two-tailed 
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unpaired student t-tests. P values of less than 0.05 were considered significant for all analyses 

except DESeq2, in which adjusted p values (padj) < 0.05 were considered significant.   
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3.3 Results 

3.3.1 AXL is expressed at various levels in pediatric glioblastoma  

As our survival and molecular analysis was to be conducted in PDOX models of brain 

cancer, we first sought to extract information on the AXL pathway in pediatric brain tumors. 

Data on AXL expression in pediatric brain tumors was extracted from cBioPortal from previous 

RNAseq analysis of PPTC xenograft tumors110. We found that there was significant variation in 

AXL expression within tumor type, particularly in glioblastomas (Figure 15). 

 

 

 

 

Figure 15. Expression of AXL mRNA in a panel of xenograft mouse models of pediatric 

brain cancers. Data were extracted from RNAseq analysis of PPTC xenograft tumors and 

presented as FPKM (Fragments Per Kilobase of transcript per Million mapped reads). 
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3.3.2 Targeting AXL expression with AVB-500 alone and in combination with radiation 

therapy 

We utilized 3 models of pediatric glioblastoma for our analysis survival analysis and 1 

model for our analysis of downstream molecular effects of AVB-500. (Table 8). AVB-500 alone 

and in combination with fractioned radiation was well tolerated by mice from all 3 models used 

for survival analysis and no toxicity related deaths were recorded. In the model IC-1406GBM-

rIV, treatment with AVB-500 alone extended median survival time to 47.5 days compared to 40 

days in the control group (p=0.11, Log-rank test) (Fig. 16A). Treatment with AVB-500 in 

combination with fractioned radiation extended median survival time to 45 days (p=0.17, Log-

rank test) and treatment with fractionated radiation alone significantly extended median survival 

time to 72 days (p=0.015, Log-rank test) (Fig. 16A). 

 

Table 9. Clinical, histological, and molecular features of PDOX models. 
 

Model ID Age/ 

Gender 

Diagnosis Recurrent Molecular Subtype 

(Patient Tumor) 

Therapy 

Resistant? 

1406GBM 5 y/female Glioblastoma No GBM_pedRTK1a No 

2305GBM 9y/ male Glioblastoma N/A HGG_GBM_G34 No 

104488GBM 11 y/ male Glioblastoma Yes GBM_pedRTK1b Yes 

3938GBM 6.4 y/male Glioblastoma N/A GBM_H3K27M Unknown 
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In the model IC-2305GBM-rV, treatment with AVB-500 alone extended median survival 

time to 113.5 days compared to 99 days in the control group (p=0.49, Log-rank test) (Fig. 16B). 

Treatment with AVB-500 in combination with fractioned radiation significantly extended 

median survival time to 166 days (p=0.019, Log-rank test) and treatment with fractionated 

radiation alone significantly extended median survival time to 152 days (p=0.0048, Log-rank 

test) (Fig. 16B). 
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Figure 16. In vivo therapeutic efficacy of AVB-500 in PDOX models of childhood brain 
tumors. SCID mice were implanted with xenograft cells from the three models, (A) IC-
1406GBM, (B) IC-2305GBM, and (C) IC-104488GBM. Tumors were allowed to grow for 2 - 

4 weeks days to form solid intra-cerebral (IC) xenograft tumors before being treated with 
AVB-500 alone and in combination or radiation as highlighted in the figures. Kaplan-Meier 

estimate of median time-to event and EFS p values were calculated and compared between 
the treatment groups. 
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In the model IC-104488GBM-rVI, the group treated with AVB-500 alone had a reduced 

median survival time 56 days compared to  days in the control group (p=0.11, Log-rank test) 

(Fig. 16C). Treatment with AVB-500 in combination with fractioned radiation and treatment 

with fractionated radiation alone both extended median survival time to 70 days though this 

increase was only significant for the fractioned radiation only group (p=0.008, Log-rank test) and 

not significant for the AVB-500 and XRT combination group (p=0.09, Log-rank test) (Fig. 16C). 

No significant change in survival between AVB-500 with fractionated radiation versus 

fractionated radiation alone for any model.  

 

3.3.3 AVB-500 induced changes to histology and markers of angiogenesis 

H&E staining and IHC for Ki67 and cCaspase3 was conducted routinely on harvested 

brains from survival analysis mice (Figure 17). Though AVB-500 in combination with 

fractionated radiation significantly extended median survival time in 2/3 models, AVB-500 alone 

did not appear to induce significant change on routine histology (Figure 17). 

Assessment of potential AVB-500 induced changes in angiogenesis was completed in 

one model, per the biology treatment protocol described above (see 3.2.2.4). Tumor formation 

was confirmed in IC-3938GBM-rIII via H&E and Ki67 staining (Fig. 18A). IHC for two markers 

of angiogenesis, VEGF-A and CD31, was conducted on control and AVB-500 treated samples 

for IC-3938GBM-rIII (Fig. 18B). Compared to control, AVB-500 treated samples sacrificed 24 

hours after biology group treatment had reduced expression of both VEGF-A and CD31, 

indicating AVB-500 induced reduction in markers of angiogenesis which persisted one full day 

after treatment was concluded (Fig. 18B). 
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Figure 17. Representative imaging indicating no significant changes to gross morphology in 
(A) IC-1406 GBM, (B) IC-2305GBM, or (C) IC-104488GBM. 
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Figure 18. IC-3938GBM representative imaging (A) confirming tumor formation and for 
(B) markers of angiogenesis.  
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3.4 Discussion 

AVB-500 is a novel fusion protein which ablates GAS6/AXL expression through GAS6 

binding. AXL expression is expressed at varying levels in pediatric brain tumors and AXL 

expression has been associated with shorter overall survival in adult glioblastoma patients103,104. 

Our goal was to assess the potential therapeutic efficacy of AVB-500 in PDOX models of 

pediatric glioblastoma. We designed a regiment to assess AVB-500 either alone or in 

combination with radiation in three PDOX models of pediatric glioblastoma. We also assessed 

the acute biological effects of AVB-500 in one PDOX model of pediatric glioblastoma.  

While survival analyses in each model yielded slightly different results, in general we 

observed a trend of longest survival in mice treated with radiation therapy alone, followed by 

AVB-500 and radiation in combination, AVB-500 alone, and finally untreated control. We did 

not observe any anomalies following implantation, the PDOX models chosen for survival 

analysis have been well-established in our laboratory and within each model, treatment with 

radiation alone significantly increased median survival. Combined, we are confident in the 

integrity of our survival analysis.  

While no toxicity related deaths were reported, radiation therapy is tolerated much more 

poorly than AVB-500 alone. Following radiation therapy, mice exhibited symptoms such as poor 

skin turgor, sluggish movements, temporary weight loss, and excessive grooming. In humans, 

radiation therapy is also still associated with severe side effects. Despite significant increases in 

median survival when treated with radiation alone, the prevalence of adverse side-effects 

warrants additional assessment of AVB-500’s therapeutic potential111.  
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Targeting angiogenesis factors as a potential brain cancer therapeutic has been extensively 

explored. Several anti-angiogenic therapies have been developed and several more are currently 

undergoing clinical trials112. In PDOX tumors, we observed acute downregulation of two 

angiogenesis factors, VEGF-A and CD31 in response to treatment with AVB-500 alone. VEGF-

A, one of six VEGF isoforms, is one of the main mediator of hypoxia-induced tumor growth. 

Early attempts to treat tumor progression with VEGF inhibitors have shown promising results 

but still require additional development113 114. Both VEGF-A and CD31, a marker of endothelial 

cells, can also serve as prognostic biomarkers of early stage carcinogenesis115. Further work is 

needed to elucidate the mechanism of CD31 and VEGF-A downregulation via AVB-500 

treatment as well as the long term effects on angiogenesis factors after AVB-500 treatment.  
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3.6 Future Directions 

Survival analysis of AVB-500 efficacy in 5 additional PDOX models is ongoing within 

our laboratory. Direct assessment of GAS6 or AXL expression before and after drug treatment in 

our models via IHC is also pending. We have collected blood serum from the majority of 

survival analysis animals which would prove to be a straightforward way to measure GAS6 or 

AXL expression in treated versus untreated mice. Throughout survival analysis, viable tumor 

cells were collected for each experimental group within each model. These cells will be vital for 

RNA-sequencing analysis, and potentially single-cell RNA-Sequencing analysis, allowing us to 

probe broad transcriptomic changes induced by AVB-500 alone or in combination with radiation 

therapy as well as the identification of therapy resistant cell subpopulations. The effects of AVB-

500 on angiogenesis must also be elucidated more thoroughly. This can be done quicky and 

efficiently by counting the number of blood vessels (with <8 red blood cells) in AVB-500 treated 

versus untreated brain tissue. While we did not observe any general changes in gross histological 

structures between AVB-500 treated brains and untreated controls, it could be beneficial to 

assess the effects of AVB-500 on tumor invasion and metastasis. It is also important to note that 

AVB-500 has not yet been assessed for optimal dosage as Phase II trials are still underway. We 

report that AVB-500 is well tolerated in mice and potential increases in dosage may increase 

effectiveness of the treatment.  
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APPENDIX I: Workflow for Management of Gonadal Neoplasm in Two Patients with 

Differences of Sex Development Enrolled in an Experimental Gonadal Tissue Cryopreservation 

Protocol 
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Abstract 

Objective: To outline our experimental gonadal tissue cryopreservation (GTC) protocol that does 

not disrupt standard of care in medically-indicated gonadectomy for patients with differences of 

sex development (DSD), including highlighting the multidisciplinary collaborative protocol for 

when neoplasm is discovered in these cases. 

Methods: Two patients with complete gonadal dysgenesis (CGD) who were undergoing 

medically-indicated prophylactic bilateral gonadectomy elected to pursue GTC. Both were found 

to have gonadoblastoma on initial pathologic analysis, requiring recall of the gonadal tissue, 

which had been cryopreserved.  

Results: Cryopreserved gonadal tissue was successfully thawed and transferred to pathology for 

complete analysis. Neither patient was found to have malignancy, so further treatment beyond 

gonadectomy was not indicated. Pathologic information was communicated to each family, 

including that long-term GTC was no longer possible.  

Conclusion: Organizational planning and coordination between the clinical care teams, GTC 

laboratory and pathology were key to handling these cases with neoplasia. Processes that 

anticipated the possibility of discovering neoplasia within tissue sent to pathology and the 

potential need to recall GTC tissue to complete staging included: (1) documenting the orientation 

and anatomical position of tissue processed for GTC, (2) defining parameters in which tissue will 

be recalled, (3) efficiently thawing and transferring GTC tissue to pathology, and (4) 

coordinating release of pathology results with verbal communication from the clinician to 

provide context. GTC is desired by many families and at the time of gonadectomy and is: (1) 

feasible for patients with DSD and (2) did not inhibit patient care in two patients with 

gonadoblastoma.  
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Introduction 

Differences of sex development (DSD, also referred to as intersex) are a diverse set of 

congenital conditions characterized by genitalia that is atypical or incongruent with 

chromosomal sex, sex chromosome aneuploidy, or disruption of sex hormone production or 

response116,117. One such DSD, complete gonadal dysgenesis (CGD, also referred to as Swyer 

syndrome) is characterized by aberrant gonadal development and the presence of streak gonads 

118. Streak gonads are typically defined as having variability in stromal cellularity, a lack of germ 

cells and no primordial follicles118. Streak gonads in CGD carry up to a 30% risk of 

gonadoblastoma and an estimated 50% risk of malignant transformation119,120. Gonadoblastoma 

can occur as early as infancy or early childhood, but most often is identified in adolescence and 

young adulthood121. Therefore, prophylactic bilateral gonadectomy is the typically recommended 

treatment following diagnosis of CGD122-126.  Our team has previously described the complex 

process of gonadal management decision making in a multidisciplinary setting117,127. Individuals 

with DSD, including CGD, commonly experience infertility related to impaired gonadal 

development or long-term function, an issue that is of particular concern to patients and their 

families128,129. 

We previously described a novel institutional protocol for experimental gonadal tissue 

cryopreservation (GTC) for individuals with DSD undergoing medically indicated prophylactic 

gonadectomy117,127. When this protocol was developed, preparations were made  to: (1) avoid the 

potential disruption of care incurred by the additional step of GTC; and (2) avoid the potential 

loss of tissue orientation in relation to the tissue screened in pathology if a neoplasm was 

identified, which (3) would trigger a tissue recall from the cryopreservation lab. These concerns 

were addressed through the early implementation of a comprehensive GTC protocol in case of 
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neoplasm diagnosis and clear, agreed-upon communication structures between all relevant 

departments. Through a detailed description of two cases, this report describes the GTC protocol 

workflow with emphasis on communication and handling of pathologic specimens for when a 

neoplasm is identified at the time of gonadectomy.  
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Case Presentations 

Two patients who presented to the Ann & Robert H. Lurie Children’s Hospital (‘Lurie 

Children’s’) Gender and Sex Development Program (GSDP) with karyotype-phenotype 

discordance were found to have a diagnosis of 46, XY CGD. Patient 1 presented at 2 months of 

age and Patient 2 presented at 2.7 years of age. Table 10 lists clinical details for patients. In both 

cases, prenatal cell-free DNA screening indicated presence of Y chromosome material, but 

female-typical external genitalia were observed at birth. Postnatal peripheral blood chromosomal 

analysis confirmed 46, XY karyotype without evidence of mosaicism for both patients.  

Patient 1 had positive fluorescence in situ hybridization (FISH) results for SRY, a gene 

located on the Y chromosome that encodes sex-determining region Y protein. At 3 weeks of age, 

serum studies revealed normal luteinizing hormone (2 μIU/mL), undetectable estradiol (<1 

pg/mL), as well as elevated follicle-stimulating hormone (27 μIU/ mL) and undetectable anti-

Müllerian hormone (<0.015 ng/mL), consistent with gonadal insufficiency. Pelvic ultrasound 

identified a pre-pubertal uterus and possible gonadal structures (right more prominent -Figure 

19). The presence of uterus and normal adrenal function clarified  the diagnosis of 46,XY CGD. 

This finding is not thought to be related to Patient 1’s 46,XY CGD. Exome sequencing was 

offered but the family declined; thus the specific etiology of Patient 1’s 46, XY CGD remains 

unknown.  
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Table 10. Patient Information 

  Patient 1 Patient 2 

Age at Gonadectomy (years) 1.5 3.6 

Karyotype 46,XY 
Cells Counted: 15 

Cells Analyzed: 5 
Karyograms Prepared: 2 

46,XY 
Cells Counted: 20 

Cells Analyzed: 5 
Karyograms Prepared: 3 

Additional Genetic Testing FISH SRY – positive 
DSD Gene Panel – non-

diagnostic, a heterozygous variant 
of uncertain significance was 

identified in BBS1 (c.1378C>T, 
p.R460C). 

  

ALTERNATIVE: 
BBS1 c.1378C>T (R460C), 

heterozygous variant of uncertain 
significance, unknown 
inheritance 

Periodic Fever Gene Panel – 
non-diagnostic, no reportable 

variants identified 
Exome Sequencing – non-

diagnostic, a paternally 
inherited heterozygous variant 
of uncertain significance was 

identified in AMH 
(c.1213G>C, p.A405P). 

  
ALTERNATIVE: 
AMH c.1213G>C (A405P), 

heterozygous variant of 
uncertain significance, 

paternally inherited 

Genetic Diagnosis Unknown Unknown 

Right Gonad Morphology typical appearance of streak 
gonad 

Streak Gonad. Longer than left 
and extended more medially, 
right gonad measured 20x3mm. 

Left Gonad Morphology sits closer to body of uterus and 
has a similar shape but more full 

and slightly brownish color in 
half of gonad further from uterine 

body 

Streak Gonad. Small irregular 
area on the medial edge - sent 

as part of the pathology portion, 
left gonad measured 18xmm. 

Histology of Right Gonad Dysgenetic gonad with small 

focus of gonadoblastoma 

Gonadoblastoma. Streak 

Gonad. Fallopian tube tissue. 

Histology of Left Gonad Dysgenetic gonad with small 
focus of gonadoblastoma 

Streak Gonad. Fallopian tube 
tissue. 

Germ Cells Present? No No 
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Patient 1 had positive fluorescence in situ hybridization (FISH) results for SRY, a gene 

located on the Y chromosome that encodes sex-determining region Y protein. At 3 weeks of age, 

serum studies revealed normal luteinizing hormone (2 μIU/mL), undetectable estradiol (<1 

pg/mL), as well as elevated follicle-stimulating hormone (27 μIU/ mL) and undetectable anti-

Müllerian hormone (<0.015 ng/mL), consistent with gonadal insufficiency. Pelvic ultrasound 

identified a pre-pubertal uterus and possible gonadal structures (right more prominent -Figure 

19). The presence of uterus and normal adrenal function clarified the diagnosis of 46,XY CGD. 

This finding is not thought to be related to Patient 1’s 46,XY CGD. Exome sequencing was 

offered but the family declined; thus the specific etiology of Patient 1’s 46, XY CGD remains 

unknown.  

Figure 19. Pelvic ultrasound of right gonad of Patient 1. 
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Patient 2’s parents initially chose not to investigate Y chromosome material revealed 

through prenatal cell free DNA. However; at 1.7 years of age, Patient 2 was confirmed to have a 

46, XY karyotype during genetic testing for periodic fever syndrome. At 3 years old, Patient 2 

had normal luteinizing hormone (3.36 μIU/mL), undetectable estradiol (<2 pg/mL), elevated 

follicle-stimulating hormone (31 μIU/ mL), and very low anti-Müllerian hormone (0.04 ng/mL). 

Pelvic ultrasound identified a prepubertal uterus but no visible gonads. Based on hormonal 

findings indicating gonadal insufficiency, a physical exam with no evidence of androgen 

exposure, and lack of symptoms of adrenal insufficiency, 46,XY CGD was suspected. The 

family consented to exome sequencing, results of which identified a paternally inherited VUS in 

AMH (c.1213G>C, p.A405P). Chromosomal microarray analysis was offered to the family and 

declined; thus the specific etiology of Patient 2’s 46,XY CGD remains unknown.  

At the initial appointment for both patients, the multidisciplinary GSDP team reviewed 

the expected gonadal tumor risk for CGD, and the low likelihood of function for hormonal 

production and fertility. Prophylactic gonadectomy was discussed as a non-urgent procedure to 

be revisited. Attempted GTC was discussed as an option for patients who elected prophylactic 

gonadectomy, setting realistic expectations of the low likelihood that germ cells would be 

present in gonadal tissue of patients with a CGD diagnosis130. Following iterative 

multidisciplinary discussions over the course of several months, both sets of parents gave 

informed consent for laparoscopic bilateral gonadectomy.  
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GTC Protocol 

Preoperative Counseling 

Parents of both patients met with the multidisciplinary GSDP team, which included 

urology, endocrinology, psychology, and genetic counseling. Parents were counseled by the 

GSDP team regarding all management options, balancing risk of malignancy and feasibility of 

ultrasound surveillance with the risk tolerance of the parents. Parents were advised by the GSDP 

team that individuals with CGD commonly have nonfunctional streak gonads with increased 

tumor risk, hence the recommendation for consideration of pre-pubertal gonadectomy. The 

GSDP team also discussed the option of retaining gonads with serial imaging surveillance, 

explaining there are no established protocols for imaging type and frequency, and no currently 

available serum tumor markers that can reliably screen for gonadal tumors in CGD or other 

DSDs. The team also discussed the potential for experimental GTC should parents elect for 

gonadectomy. Following these discussions, both sets of parents elected to proceed with GTC 

during laparoscopic bilateral gonadectomy for their child. 

 

Tissue Procurement 

Laparoscopic bilateral gonadectomy under general anesthesia (tissue procurement), tissue 

processing for pathology, and tissue processing for cryopreservation all occurred on the same 

day. Patients 1 and 2 underwent surgery at 1.5 years old and 3.6 years old, respectively. Patient 

1’s laparoscopic findings were consistent with bilateral streak gonads. Patient 2 also had 

laparoscopic findings consistent with bilateral streak gonads, but there was an irregular, lobular 

area at the medial aspect of the left gonad (Figure 20).  The gonads that appeared like typical 

streak gonads were bisected longitudinally with one half allocated for pathological analysis, and 
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the other half processed for GTC, as specified in our GTC research protocol. For Patient 2, the 

portion of the left gonad with an atypical appearance was preferentially sent for pathological 

analysis per the surgeon’s discretion. Both patients recovered well from surgery without 

intraoperative or postoperative complications, and both were discharged the same day.  

 

Gonadal Tissue Cryopreservation (GTC)  

Set-Up 

All preservation procedures were performed within a laminar flow hood using sterile 

technique and wearing appropriate personal protective equipment. Relevant cryovials, tubes and 

dishes were labeled with patient information and all materials and instruments were prepared 

before beginning the cryopreservation protocol. Photos were taken of tissue prior to and during 

tissue processing (Figure 21). 
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Left Gonad                                Right Gonad 

Figure 20. Surgical images. For Patient 2, the dashed blue line indicates where gonad 

was bisected. For the right gonad, the more bulbous, lateral half was sent to pathology 
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Tissue Processing for GTC 

Gonadal tissue was placed in Oncofertility Consortium (OFC) Holding Media (Cooper 

Surgical ART-8040) and gross morphology and weight were recorded. Tissue for 

cryopreservation was processed sagittally or parallel to the cut side into 1.5 – 2.0 mm thick slices 

and transferred to a new dish of Holding Media. The slices were then processed into 3 – 5 mm 

wide strips. The weight of the strips was recorded. The orientation of the tissue pieces in how 

they related to their original anatomical location was tracked through the entire protocol. The 

smallest piece of tissue was designated on the tube for use in quality control (“QC”) assessments 

to be performed post-thaw at the laboratory’s discretion.  

 

Figure 21. Cryopreservation and thawing protocol. 
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Cryopreservation 

Processed tissue strips were transferred into dishes containing OFC Freezing Media of 

MOPS buffer, 1.5M ethylene glycol and 0.1M sucrose (Cooper Surgical ART-8050). Tissue 

strips were incubated in OFC Freezing Media on an orbital shaker for 10 minutes then 

transferred into pre-prepared cryovials containing OFC Freezing Media. This process is 

conducted within the sterile hood on a chilled ice pack maintained at 2 – 4°C. Tissue was then 

transferred to cryovials (Nunc 377267) containing approximately 1 ml of chilled OFC Freezing 

Media. 

 

Control Rate Freezing 

Tissue stored in cryovials was cryopreserved using a common “slow freeze” or control-

rate freezing technique that has been used for successful live birth following thaw and 

autotransplantation of ovarian tissue131-135. Briefly, cryovials with tissue are stored at 4 - 6 °C for 

30 minutes prior to putting them in the control rate freezer (Biogenics #CL8800i). The vials are 

cooled to –7 °C and seeded, then slowly cooled to -40°C before submerging the vials in liquid 

nitrogen. The cryovials are stored in a liquid nitrogen freezer on site at Lurie Children’s.  

 

Pathological Analysis 

Within one week of surgery, pathological assessment indicated the presence of 

gonadoblastoma in both gonads for Patient 1 and in the right gonad for Patient 2. There was no 

gonadoblastoma in the left gonad that had a noted irregular, lobular appearance for Patient 2  

(Figure 22). No germ cells were identified in the gonadal tissue of either patient. Of note, Patient 

2 was diagnosed with gonadoblastoma after the 21st Century Cures Act was implemented in 
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April 2022, which imposes automatic release of pathology reports to patients upon posting. The 

surgical team briefly paused automated release of records, to allow for initial verbal 

communication of the pathology results to the parents with clinical context, with the aim of 

minimizing parental distress. The patient’s parents were contacted within 24 hours of pathology 

reports being available to clinicians and informed of the results. Families of both patients 

appeared to have an appropriate understanding of the pathology results, including the need to 

recall the cryopreserved tissue in liquid nitrogen storage for complete analysis by pathology and 

thus no gonadal tissue would be preserved for potential future use.  
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250 microns 

Figure 22. H&E stained gonadal tissue indicating gonadoblastoma in the initial half of 
the gonad designated for pathology in both gonads of Patient 1 (top row) and in the 

right gonad of Patient 2 (bottom row). 
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Tissue Thawing and Preparation for Follow-up Pathological Analysis 

Set-Up 

All procedures were performed within a laminar flow hood using sterile technique and 

wearing appropriate personal protective equipment. Relevant cryovials, tubes and dishes were 

labeled with patient information and all materials and instruments were prepared before 

beginning the thawing protocol. Thawing media was made by diluting the OFC Freezing Media 

with OFC Holding Media in 2:1, and 1:2 volumes.  

 

Tissue Thawing 

Cryovials containing the patient tissue were removed from the liquid nitrogen storage 

tank and maintained in liquid nitrogen until they were individually placed in the ThawSTAR 

(Biolife Solutions CFT2). The order and number noted on the vials referenced the anatomical 

location of each tissue piece, and therefore, this numbering scheme was maintained through the 

thaw process. Photos were taken of tissue after thaw (Figure 21).The tissue was put through the 

prepared thaw media at room temperature for 10 minutes each before a final wash in OFC 

Holding Media. Lastly, the thawed tissue was transferred into new vials containing Phosphate 

Buffered Saline, again labeled with the number assigned to its location in relation to the entire 

specimen.   

 

Pathological Analysis of Recalled Tissue 

The thawed tissue was brought to pathology with an image that acted  as a key for 

orientation of each piece of tissue to match the anatomical location in relation to the first half of 

the gonad originally reviewed by pathology. Pathology fixed the tissue in 10% neutral-buffered 
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formalin, processed and embedded the tissue in paraffin. The paraffin sections were stained with 

hematoxylin and eosin (H&E) and reviewed for an updated diagnosis. Recalled tissue from 

Patient 1 were identified as containing features of gonadoblastoma but no malignancy in either 

gonad (Figure 23). Analysis of recalled tissue from Patient 2 revealed no features of neither 

gonadoblastoma nor malignancy (Figure 23).    
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Figure 23. H&E stained recalled gonadal tissue indicating gonadoblastoma in both 
gonads of Patient 1 (top row) but in neither of Patient 2’s gonads (bottom row). 
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Post-Operative Counseling and Tissue Disposition 

During clinical follow-up, the multidisciplinary team reviewed pathology, future care and 

support including eventual disclosure of medical history to the patient, pubertal endocrinological 

needs, and future fertility and family building potential. The team discussed the importance of 

early disclosure related diagnosis, surgical history, and implications in a developmentally-

appropriate way to ensure patients felt adequately supported throughout this process. The 

patients’ parents once again appeared to have an appropriate understanding of the entire surgical, 

pathological and cryopreservation process, and final tissue disposition as demonstrated by 

parents’ ability to summarize their understanding and ask relevant, thoughtful questions. Follow 

up was tentatively scheduled for 2 – 3 years.  
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Discussion 

Fertility potential is a concern for many individuals with DSD and their families128,129,136. 

Recent work has demonstrated that germ cells are present in some individuals with DSD130. GTC 

for individuals with DSD who have an elevated risk of gonadal neoplasia involves additional 

steps beyond the standard testicular or ovarian cryopreservation workflow, which was part of the 

motivation for our team to create a separate IRB protocol and standard operating procedures 

from ovarian or testicular tissue cryopreservation for patients with cancer or non-oncologic 

conditions treated with stem cell transplant. For patients with DSD, the primary concern is that 

the cryopreserved tissue may need to be evaluated to make final staging and clinical decisions. 

We address these concerns by following a pre-established workflow with provisions for cases in 

which gonadoblastoma or other neoplasia are identified (Figure 24). Implementation of such a 

protocol enables providers to present GTC as a safe option to individuals with DSD despite 

tumor risk. 

 

 

 

 

Figure 24. GTC Workflow highlighting steps for tissue handling protocol for when neoplasia is 

present. 
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We previously presented the first institutional GTC protocols and soon after, presented a 

cohort of patients with various DSD diagnoses who chose to pursue GTC117,127. Four major 

strengths of this protocol are: (1) the multidisciplinary approach; (2) coordination across 

departments; (3) pre-establishment of a detailed protocol that anticipated the potential recall of 

cryopreserved tissue for evaluation in the case of neoplasm, and (4) opportunity for families to 

make the final decision on whether to proceed with cryopreservation, discard or donate 

cryopreserved tissue following the final pathology report, if germ cells were not found. In cases 

where germ cells are not initially identified by pathology in gonadal tissue following medically-

indicated gonadectomy, GTC is still presented as an option in that hopes that either (1) germ 

cells exist in portions of the tissue not examined by the pathologists and (2) biological fertility 

can still be facilitated through future advances in assisted reproductive technology.  

While the presence of germ cells is suggestive of fertility potential, further work is needed to 

identify the optimal age for GTC, as the quantity of cells may decrease with age, and to assess 

the functionality and quality of these gametes130. A major concern for any fertility preservation 

(FP) protocol is the presence of neoplasia in cryopreserved tissue. The presence of neoplasia in 

the tissue would contraindicate use of this tissue for autotransplantation to restore fertility. 

Furthermore, because the tissue may not have natural fertility potential, the cryopreserved 

gonadal tissue for patients with DSD would likely be used to grow and mature gametes in vitro 

using future and existing assisted reproductive technologies. The patients and families are 

thoroughly counseled on the realities of the potential utility of this tissue as well as potential 

discordance between the patient’s gender identity and gonadal sex. However, there are families 

that value this option and choose to pursue GTC with medically indicated gonadectomy117.  
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In the present case series, we build on our prior work by providing a detailed report of our 

GTC workflow by discussing two cases in which neoplasia was identified. We report a clear and 

thorough system in which a multidisciplinary team collaborated to provide preoperative 

counseling to patient families, procure tissue, cryopreserve half of the tissue, assess the other half 

for presence of neoplasia, recall cryopreserved tissue, conduct further pathologic analysis on 

recalled tissue, and provide postoperative counseling to parents without delaying or inhibiting 

patient care.  

 A core feature of our approach is the communication and coordination between different 

departments, which serves to streamline the GTC protocol workflow. Collaboration between the 

tissue processing team and the surgical team allowed for the procurement of gonadal tissue and 

ensured that tissue was handled in a way that maintained the sterility of the half that was 

cryopreserved for potential future use. Communication between pathologists and the surgical 

team ensured that the patients’ parents were contacted by the appropriate physician and briefed 

on pathology results in a timely manner. Coordination between the cryopreservation lab and 

pathology ensured that the thaw and transfer of tissue was performed efficiently while 

maintaining the anatomical orientation of the cryopreserved and thawed gonadal tissue to be 

reviewed.  

 The existence of a detailed GTC research protocol, developed through multidisciplinary 

collaboration and clinical ethics involvement, enabled the implementation of this protocol and 

efficient delivery of care127.  While it is impossible to foresee all issues, substantial efforts were 

made to account for potential problems. This is particularly relevant in the case of time sensitive 

procedures. Risk of neoplasia was identified and discussed with the patients’ family before the 

GTC protocol was offered to patients, which minimized confusion and miscommunication upon 
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diagnosis of gonadoblastoma in these cases. All gonadal tissue strips were labeled and frozen for 

easy identification upon thawing, expediting the process of returning temporarily stored tissue to 

pathology for further analysis. Additionally, the tissue for cryopreservation was handled using 

sterile techniques and arrived directly from the operating room instead of from the non-sterile 

pathology space. While neither patient in this report presented with malignant germ cell tumor 

on recalled tissue, it is important to expedite any additional pathological analysis if malignant 

transformation is identified.  

Diagnosis of gonadal neoplasm can be stressful for patients and their families136. During 

pre-operative counseling, the patients’ parents were counseled on the likelihood of gonadal 

neoplasia as well as how our GTC protocol accounts for potential diagnosis of neoplasia. In our 

follow-up conversations, both sets of parents expressed understanding of the GTC protocol, 

implications of gonadoblastoma for GTC, their choices regarding final tissue disposition, and 

potential complications that may arise in the future use of the tissue, such as discordance 

between the patients gametes and gender identity and the need for assisted reproductive 

technologies in the use of gametes.  

 

Conclusion 

GTC at the time of gonadectomy is feasible for patients with CGD. Implementation of a 

multidisciplinary GTC protocol did not interfere with the care of two CGD patients with a 

diagnosis of gonadoblastoma.  

 

 

 
 


