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Abstract

Mutations in isocitrate dehydrogenase 1 (IDH1) have been found in the vast majority of low grade 

and progressive infiltrating gliomas and are characterized by the production of 2-hydroxyglutarate 

from α-ketoglutarate. Recent investigations of malignant gliomas have identified additional 

genetic and chromosomal abnormalities which cluster with IDH1 mutations into two distinct 

subgroups. The astrocytic subgroup was found to have frequent mutations in ATRX, TP53 and 

displays alternative lengthening of telomeres. The second subgroup with oligodendrocytic 

morphology has frequent mutations in CIC or FUBP1, and is linked to co-deletion of the 1p/19q 

arms. These mutations reflect the development of two distinct molecular pathways representing 

the majority of IDH1 mutant gliomas. Unfortunately, due to the scarcity of endogenously derived 

IDH1 mutant models, there is a lack of accurate models to study mechanism and develop new 

therapy. Here we report the generation of an endogenous IDH1 anaplastic astrocytoma in vivo 

model with concurrent mutations in TP53, CDKN2A and ATRX. The model has a similar 

phenotype and histopathology as the original patient tumor, expresses the IDH1 (R132H) mutant 

protein and exhibits an alternative lengthening of telomeres phenotype. The JHH-273 model is 

characteristic of anaplastic astrocytoma and represents a valuable tool for investigating the 

pathogenesis of this distinct molecular subset of gliomas and for preclinical testing of compounds 

targeting IDH1 mutations or alternative lengthening of telomeres.
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Introduction

Glioblastoma (GBM), a grade IV astrocytoma, is a highly aggressive tumor which can occur 

either de novo (primary GBM), or can progress from a WHO grade II or III glioma 

(secondary or progressive GBM). Since its identification as an oncogene in 2008, mutations 

in isocitrate dehydrogenase 1 have been found in the majority of grade II–III gliomas and 

secondary glioblastoma. Driver mutations in IDH1 are restricted to a single residue, R132, 

which normally encodes an arginine residue located in the substrate binding pocket. 

Mutations in this residue impart a novel enzymatic reaction: the conversion of α-

ketoglutarate (α-KG) to D-2-hydroxyglutarate (2-HG). Though normally present at very low 

levels in the cell, intracellular 2-HG concentrations can be increased up to 10–30 mM in 

IDH1 mutant tumors [1–3]. Owing to the close structural similarity between the metabolites, 

2-HG is believed to promote tumorigenesis by competitively inhibiting α-KG dependent 

dioxygenases including the Jumonji C-domain containing histone demethylases and the TET 

family of DNA methylcytosine dioxygenases, believed to function in DNA demethylation 

[4]. Ultimately, continued exposure to 2-HG results in widespread cellular changes, 

including characteristic hypermethylation of genomic DNA, suppression of cellular 

differentiation and metabolic deficits [5–8].

Recent sequencing efforts in grade II–III gliomas have identified additional genetic and 

chromosomal abnormalities, many of which cluster with IDH1 mutations in two distinct 

subgroups. One subgroup of IDH1 mutant tumors was found to have frequent mutations in 

ATRX, TP53 and displayed alternative lengthening of telomeres (ALT). The second 

subgroup of IDH1 mutant tumors was found to have frequent mutations in CIC or FUBP1 

and was linked to co-deletion of the 1p/19q arms where these genes reside. Low grade 

gliomas without IDH1 mutations were classified as a separate molecular subgroup [9–12]. 

Remarkably, these genetic signatures corresponded tightly with clinical outcome to a much 

greater degree than histopathological stratification and suggest that in addition to the IDH1 

mutation there are two separate molecular pathways that can be used to contribute to 

transformation [9]. The IDH1/TP53/ATRX and IDH1/CIC/FUBP1 mutated tumors are 

distinct molecular classes of glioma that are useful to consider separately, both for prognosis 

and molecular targeting.

Although our understanding of IDH1 mutated gliomas grows, the development of relevant 

models remains a challenge. Patient derived IDH1 mutant tumors have been difficult to 

culture and published xenografts are restricted to oligodendroglioma and oligoastrocytoma 

backgrounds [13–15]. The development and molecular characterization of additional 

endogenous IDH1 mutant astrocytoma models is important for preclinical testing of 

molecular based therapies which target progressive gliomas.

Here we report the generation of an endogenous patient derived IDH1 anaplastic 

astrocytoma in vivo model with driver mutations in TP53, CDKN2A and ATRX. Although 

this IDH1 mutant line does not proliferate in vitro, the model faithfully resembles the patient 

tumor and robustly expresses the IDH1 (R132H) mutant protein when grown in both the 

flank and orthotopically. Additionally, the model exhibits a phenotype characteristic of an 
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anaplastic astrocytoma characteristic including robust production of 2-HG, genome 

hypermethylation and alternative lengthening of telomeres (ALT).

Material and Methods

Xenograft establishment

Flank and orthotopic xenografts were established as previously described [16]. Briefly, 

tissue was obtained during the resection of an anaplastic astrocytoma (WHO grade III) from 

an adult male patient. The tissue was mechanically disassociated, mixed with an equal 

volume of growth factor–reduced Matrigel (BD Biosciences, CA), and injected 

subcutaneously into the flanks of athymic nude mice (0.2cc/flank). All animal protocols and 

procedures were performed in accordance with the Johns Hopkins Animal Care and Use 

Committee guidelines. Animals were monitored frequently for signs of tumor growth. 

Xenografts were passaged in a similar fashion. Cross-sectional samples were obtained at 

each passage and either snap frozen or fixed in formalin. The samples were then embedded 

in paraffin and stained by H&E or used for immunohistochemistry. The IDH1 (R132H) 

mutation was validated by direct sequencing at every passage.

For orthotopic xenografts, flank xenografts were resected and enzymatically disassociated 

using a 2:1 ratio of collagenase (10mg/mL, Invitrogen, NY) and hyaluronidase (1000 

units/mL, Sigma, MO). Cell number and viability was assessed using Trypan blue exclusion. 

For intracranial implantations, 500,000 cells were stereotactically implanted into the right 

frontal cortex of 4–6 week old female athymic nude mice (NCI-Frederick) as previously 

described [17]. Mice were sacrificed upon showing symptoms of distress and the brains 

removed and formalin fixed for subsequent gross pathological examination of tumor 

formation and immunohistochemistry.

Sequencing of IDH1

Genomic DNA was isolated from patient tissue and flank xenografts using the DNeasy 

Blood and Tissue Kit (Qiagen, CA) according to manufacturer’s instructions. PCR and 

sequencing was conducted as previously described [18]. Briefly, 60 ng of genomic DNA 

was added to a standard PCR reaction to amplify a portion of exon 4 of IDH1 (forward 5′-

GTAAAACGACGGCCAGTTGAGCTCTATATGCCATCACTGC 3′, reverse 5′-

CAATTTCATACCTTGCTTAATGGG-3′). The PCR product was purified using the 

QIAquick Gel Extraction Kit (Qiagen, CA) and submitted for sequencing (Genewiz, NJ) 

using targeted primers (forward 5′-CGGTCTTCAGAGAAGCCATT-3′, and reverse 5′-

GCAAAATCACATTATTGCCAAC-3′).

Histology and Immunohistochemistry

All histopathological and immunohistochemical analyses were performed using tissue fixed 

in 10% formalin and embedded in paraffin. Tissue was obtained from patient samples after 

appropriate approval from the Johns Hopkins University Institutional Review Board. 

Paraffin-embedded sections were cut at 5 microns, deparaffinized, and stained with either 

hematoxylin and eosin (H&E) or immunohistochemical stains as specified. Heat-induced 

epiotope retrieval was performed for 36 minutes at 98°C in EDTA buffer (pH 9.0). 
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Immunohistochemical staining was performed using antibodies specific for IDH1 (R132H) 

(dilution 1:50, Dianova, clone H09) and visualized using the ultraView DAB detection 

system (Ventana Medical Systems).

Whole Exome Sequencing

Genomic DNA was isolated from normal human whole blood and flank xenograft tissue as 

described above. gDNA fragmentation was performed with the Bioruptor (Diagenode, NJ), 

and size selection at 200 bp – 300 bp was carried out. The exomes of gDNA were captured 

using the SureSelect All Exon 50Mb Target Enrichment kit (Agilent, CA) according to the 

manufacturer’s instructions. DNA captured was run on the HiSeq2000 platform (Illumina, 

CA) according to the manufacturer’s instructions, to generate 100-base paired-end reads.

Reads in fastq format were initially processed with GATK to remove Illumina adaptor 

sequences and Phred-scaled base qualities of ≤ 10 (-QT 10). After GATK trimming step, 

reads were mapped using the Burrows-Wheeler Aligner (version 0.6.1) with a –q 20 setting 

for read trimming, which removes the 3′ portion of reads from an alignment if it is below the 

quality threshold specified. The alignments were used to generate Sequence Alignment/Map 

(SAM) paired-end read files. All SAM files were converted to BAM files then sorted BAM 

files with Samtools (version 0.1.18). PCR and optical duplicates and multiple reads likely to 

have been read from a single cluster on the flow-cell image were marked with Picard tools. 

Regions that needed to be realigned were identified using the GATK Realigner Target 

Creator. The reads covering localized indels were realigned, and quality values were 

recalibrated using GATK. The GATK was also used to locate, filter and annotate variants. 

gDNA derived from the whole blood of two unrelated individuals as well as dbSNP135 to 

remove common SNPs. All predicted deleterious mutations not existing in dbSNP were 

counted.

Mean exonic coverage was calculated for all exonic baits in xenograft and control samples 

by GATK. The mean exonic coverage was subsequently normalized by average whole 

exome coverage of the sample. Individual case vs. control log2 ratios were then calculated 

for all the exons in the data set and plotted. The presence of copy-number alterations was 

detected using a combined approach involving a set of statistical Wilcoxon signed-rank tests 

performed on a 500,000 bp sliding windows along the genome. Amplifications were defined 

as greater than 4 copies of the gene (case vs. control log2 ratio greater than 8).

Telomere-specific FISH and microscopy

Telomere-specific FISH was conducted as previously described [19–20] Briefly, 

deparaffinized slides were hydrated, steamed for 20 minutes in citrate buffer (Vector 

Laboratories, GA), dehydrated, and hybridized with a Cy3-labeled peptide nucleic acid 

(PNA) probe complementary to the mammalian telomere repeat sequence ([N-terminus to 

C-terminus] CCCTAACCCTAACCCTAA). As a positive control for hybridization 

efficiency, a FITC-labeled PNA probe having specificity for human centromeric DNA 

repeats (ATTCGTTGGAAACGGGA; CENP-B binding sequence) was also included in the 

hybridization solution [21]. Slides were imaged with a Nikon 50i epifluorescence 

microscope equipped with X-Cite series 120 illuminator (EXFO Photonics Solutions Inc., 
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Ontario, CA) and appropriate fluorescence excitation/emission filters. Grayscale images 

were captured for using Nikon NIS-Elements software and an attached 

PhotometricsCoolsnapEZ digital camera, pseudo-colored and merged. The telomerase-

independent alternative lengthening of telomeres (ALT) phenotype was confirmed by the 

presence of abnormally large and intense intra-nuclear telomere FISH signals; a hallmark of 

cells utilizing the ALT pathway. Such foci are not observed in normal cells, nor are they 

observed in ALT-negative cancer cells, and thus serve as specific biomarkers of ALT.

Results and Discussion

The flank xenograft was established from an adult male patient with a recurrent WHO grade 

III anaplastic astrocytoma bearing a heterozygous IDH1 mutation. The patient originally 

presented with a WHO grade II glioma and underwent a full resection. The tumor recurred 

as a WHO grade III two years later and was found to have areas of hypercellularity, and 

anaplasia but lacked necrosis or vascular proliferation. IDH1 (R132H) staining revealed 

robust expression of the mutant protein (Fig. 1A). The patient underwent an additional 

surgical resection upon which time tissue was harvested. Prior to this point the patient had 

not received any radiation or chemotherapy. The fresh tissue was implanted subcutaneously 

into the flanks of athymic nude mice and neurosphere culture was attempted. A first 

generation tumor grew approximately one month after implantation as a large, localized 

mass. The resulting IDH1 mutant tumor was designated as JHH-273 and maintained by 

serial passage in athymic nude mice. Sequencing of original patient tumor revealed a 

heterozygous IDH1 (G395A) mutation. The first generation xenograft maintained the IDH1 

mutation but with a loss of the wild type copy (Figure 1B). Attempts to expand freshly 

disassociated tumor in vitro have been unsuccessful, despite relatively high viability 

following disassociation.

Since in vitro culture was not successful, orthotopic implantation required enzymatic 

disassociation of flank tumor, in the absence of serum or growth factors. Mice bearing 

intracranial JHH-273 tumors begin to lose weight and show neurological deficits 

approximately 7 weeks following implantation and median survival time for mice bearing 

intracranial tumors is 63 days following implantation (Fig. 1C). The model is uniformly 

lethal and the time to death has remained consistent between passages.

Orthotopically implanted tumors exhibit robust IDH1 (R132H) protein expression and a 

diffuse growth pattern, characteristic of anaplastic astrocytomas (Fig. 2). The tumor cells 

showed infiltrative growth throughout the cortex and deep grey matter structures. In some 

xenografts tumor cells infiltrated through the corpus collosum to the contralateral 

hemisphere, a characteristic finding of infiltrating gliomas (Fig. 2). In addition, some 

xenografts showed growth within the leptomeninges and ventricles. As in the primary 

tumors, the growth demonstrated increased cellularity with scattered mitotic figures and 

scattered tumor giant cells, consistent with a diagnosis of anaplastic astrocytoma (Fig. 2C, 

inset). While some gemistocytic features were noted within the intracranial xenograft, these 

were less prominent in the primary tumor.
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To identify additional molecular abnormalities in our IDH1 mutant model, we performed 

whole exome capture and next-generation sequencing on gDNA obtained from flank 

xenograft tissue. We achieved a mean coverage of 124× across the exome, with 94% 

covered by at least 10×. Copy number variation analysis revealed deletion of genetic content 

at multiple points throughout the genome, resulting in a complete loss of 39 known genes 

and including a 1.3 Mb deletion in the p arm of chromosome 9 containing CDKN2A. No 

significant genetic amplifications were observed. Although matched control DNA was not 

available for analysis, we utilized gDNA derived from the whole blood of two unrelated 

individuals as well as dbSNP135 to remove common SNPs. After removal of common 

SNPs, our analysis revealed 231 candidate somatic mutations in 170 genes. These mutations 

consisted of missense (83.1%), frameshift (7.4%), splice site (3.0%), nonsense (0.9%), and 

insertions/deletions (5.6%).

Promising candidate mutations were selected based on a comprehensive list of known driver 

gene mutations [22]. Of the 125 published Mut-driver genes, five were present in the 

JHH-273 model. Exome sequencing confirmed the known IDH1 mutation, and additionally 

revealed missense mutations in TP53 and a frameshift mutation in ATRX (Table 1). The 

frameshift mutation in ATRX is predicted to produce an early stop codon, resulting in the 

loss of 81% of the protein. Concurrent mutations in TP53, IDH1, CDKN2A and ATRX have 

been well reported in multiple anaplastic astrocytoma samples and have been used as genetic 

signatures in the classification of glioma. Whole exome sequencing demonstrates that the 

JHH-273 model bears a mutant profile consistent with IDH1 mutant anaplastic astrocytoma.

Due to the association of ATRX mutations with the alternative lengthening of telomeres 

phenotype, telomere length was assessed by telomere specific fluorescent in situ 

hybridization (FISH) in primary tumor, flank and orthotopic xenografts. An ALT positive 

phenotype was identified by the presence of large ultra-bright telomeric FISH foci in a 

subset of tumor cells [23]. The primary patient tumor exhibited ALT-associated foci (Fig. 

3A), which was robustly maintained in the flank and orthotopic xenografts (Fig. 3B and C, 

respectively). Interestingly, although the original patient sample showed ALT-associated 

foci only in a subset of the tumor cells, the flank and orthotopic xenograft had a more 

homogenous pattern, with nearly every cell being positive for ALT-associated foci. In 

contrast, the ALT phenotype was not present in an IDH1 wild type glioma patient sample 

(Fig. 3D).

Although the original patient tumor displayed heterogeneity with regards to IDH1 (R132H) 

tissue distribution and ALT staining, the JHH-273 tumor has been remarkably homogenous, 

with nearly every cell expressing mutant protein and the ALT phenotype. Additionally, the 

morphology and growth kinetics of the xenograft have remained consistent across passage, 

suggesting that the JHH-273 model represents a relatively homogenous population of IDH1 

mutant anaplastic astrocytoma.

Conclusions

In this work, we characterize JHH-273, an in vivo model of a patient derived IDH1 mutant 

anaplastic astrocytoma which was originally reported in a recent preclinical drug study [16]. 
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Prior work from our laboratory showed that the JHH-273 model maintains the IDH1 

mutation across passage, produces 2-HG in vivo, and bears a hypermethylated phenotype 

characteristic of IDH1 mutant gliomas [16]. Further genetic sequencing revealed that the 

JHH-273 model bears mutations in TP53, CDKN2A and ATRX, and exhibits the ALT 

telomere maintenance phenotype. Additionally we report in this study that JHH-273 

maintains infiltrative intracranial growth with a reasonable time to death, making it the only 

practically usable animal model for IDH1 mutant anaplastic astrocytoma. This model 

represents the only documented IDH1 mutant anaplastic astrocytoma model with ALT and 

only the third documented glioma model with ALT, making this model useful for preclinical 

studies targeting the ALT pathway [24, 25]. Collectively this data suggests that the patient 

derived JHH-273 model is characteristic of an IDH1 mutant anaplastic astrocytoma and 

represents a valuable tool for preclinical testing of compounds targeting IDH1 mutations or 

ALT and for investigating this distinct molecular subset of gliomas.

The JHH-273 xenograft was established after many attempts, underscoring the obstacles that 

many other groups have faced in developing glioma models bearing endogenous IDH1 

mutations. Attempts to expand freshly disassociated xenograft in vitro have been 

unsuccessful, despite relatively high viability following disassociation. Efforts to expand the 

population included culture in several types of adherent and neurosphere medium, as well as 

serum-free medium containing FGF, EGF and PDGF. Since growth was observed in vivo 

but not in vitro, it was assumed that there may exist a synergy between host environment 

and tumor cell culture. For this reason, co-culture was attempted using lethally irradiated 

mouse embryonic feeder cell in serum-free medium however this was also unsuccessful.

It has been well documented that the generation and maintenance of endogenous IDH1 

mutant tumors has proven challenging [26]. We speculate that the levels of 2-HG produced 

by heterozygous mutants inhibits many cellular processes necessary for propagation in a 

laboratory setting. In some cases, disruption of the wild type allele appears to decreases 

intracellular 2-HG to levels which are amenable to laboratory domestication such as in our 

JHH-273 model and the anaplastic oligoastrocytoma model BT142 mut/− line (ATCC 

ACS-1018).

This model was developed in order to enhance translational studies with more accurate in 

vivo models. In addition to JHH-273, there also exist several IDH1 mutant xenograft models 

including a panel of patient-derived IDH1 mutant xenografts, two of which are able stable in 

culture [13, 14, 27, 28] and the BT142 mut/− line (ATCC ACS-1018) which retains the 

ability to grow both in vitro and in vivo and is currently available from the ATCC. In 

addition to the tumor type from which the model was derived, the BT142 mut/− line differs 

from the JHH-273 model by the presence of a codeletion of the 1p/19q arms, a lack of 

mutation in TP53 and slower growth rate in vivo. Since IDH1 mutant tumors likely develop 

by distinct molecular pathways, each model represents a valuable tool for investigating the 

pathogenesis of these tumors and for preclinical testing of molecular based therapies which 

target progressive gliomas.
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IDH1 isocitrate dehydrogenase 1

α-KG α-ketoglutarate

2-HG 2-hydroxyglutarate

GBM glioblastoma

CIC capicua transcriptional repressor

FUBP1 far-upstream binding protein 1

ATRX alpha thalassemia/mental retardation syndrome X-linked

TP53 tumor protein p53

CDKN2A cyclin-dependent kinase inhibitor 2A

ALT alternative lengthening of telomeres
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Fig. 1. IDH1 mutation, mutant protein expression and in vivo growth JHH-273
(A) H&E staining of resected patient tumor tissue showed areas of hypercellularity and 

mitotic figures (left) as well as strong IDH1 (R132H) protein expression (right) leading to a 

diagnosis of IDH1 mutant anaplastic astrocytoma (WHO grade III) (B) Sequencing of exon 

4 of IDH1 shows the original heterozygous G395A (R132H) mutation (left) in the original 

patient tumor, with loss of the wild type copy in the first passage xenograft (right) (C) 

Orthotopically implanted xenografts have a median survival time of 63 days and are 

uniformly lethal (n=15).
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Fig. 2. Infiltrative growth of orthotopically implanted JHH-273
Sections of orthotopically implanted tumor stained with H&E (left) or by 

immunohistochemistry using an IDH1 (R132H) specific antibody (right) to show an 

infiltrative growth pattern at the site of implantation (A,E) through the corpus callosum 

(B,F) and diffusion to the contralateral hemisphere (C, G). Additionally, high magnification 

images show typical astrocytic morphology with gemistocytic cells and mitotic figures (D, 

H).
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Fig. 3. ALT characterization in JHH-273
(A) Telomere-specific FISH analysis in the original patient tumor, (B) the flank xenograft 

tumor (C) and the orthotopically implanted tumor show a strongly ALT positive phenotype, 

as indicated by large, ultrabright telomere FISH signals. D. IDH1 wild type GBM is ALT 

negative.
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