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Abstract

Mutations in the isocitrate dehydrogenase gene IDH1 are common in lower-grade glioma where
they result in the production of 2-hydroxyglutarate (2HG), disrupted patterns of histone
methylation and gliomagenesis. IDH1 mutations also co-segregate with mutations in the ATRX
gene and the TERT promoter, suggesting that IDH mutation may drive the creation or selection of
telomere-stabilizing events as part of immortalization/transformation process. To determine if and
how this may occur, we investigated the phenotype of pRb/p53-deficient human astrocytes
engineered with IDH1 wild-type (WT) or R132H mutant (IDH1mut) genes as they progressed
through their lifespan. IDH1mut expression promoted 2HG production and altered histone
methylation within 20 population doublings (PD), but had no effect on telomerase expression or
telomere length. Accordingly, cells expressing either IDH1 WT or IDH1mut entered a telomere-
induced crisis at PD 70. In contrast, only IDH1mut cells emerged from crisis, grew indefinitely in
culture and formed colonies in soft agar and tumors in vivo. Clonal populations of post-crisis
IDH1mut cells displayed shared genetic alterations, but no mutations in ATRX or the TERT
promoter were detected. Instead, these cells reactivated telomerase and stabilized their telomeres
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in association with increased histone lysine methylation (H3K4me3) and c-Myc/Max binding at
the TERT promoter. Overall, these results show that while IDH1mut does not create or select for
ATRX or TERT promoter mutations, it can indirectly reactivate TERT, and in doing so contribute
to astrocytic immortalization and transformation.
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Introduction

Gliomas make up 80% of all malignant brain tumors, and remain among the most fatal of
human tumors (1). Although gliomas have historically been divided into histologic sub-types
based purely on morphologic resemblance to non-neoplastic counterparts, recent molecular
classification schemes have defined five groups that may provide better diagnostic
reproducibility (2, 3). The genetic alterations noted in these groups contribute to tumor
development, although the exact mechanisms by which this occurs are not fully defined.

A particularly important mutation common to all lower grade (WHO grade 11 or 111) adult
gliomas and secondary glioblastomas is mutation in the /DHZ gene (4, 5). /DHI1 encodes
cytosolic isocitrate dehydrogenase 1 (IDH1WT), a metabolic enzyme critical for the
oxidative decarboxylation of isocitrate to a-ketoglutarate (a-KG)(6). IDH mutation, most
typically at arginine-132, results in the creation of a neomorphic IDH1 protein (IDH1™MUt)
with the unique capacity to generate 2HG (7). High levels of 2HG compete with a-KG and
limit the function of a-KG-dependent enzymes, including those that control histone
methylation (8-9). /OHI mutation and 2HG production therefore result in alterations in
patterns of histone methylation, DNA cytosine methylation, and gene expression. These
alterations were shown in an /n vitro model of gliomagenesis to be sufficient to transform
immortalized cells and drive glioma formation (10). On the basis of the improved
understanding of the role of /DHZI mutation in cancer, IDH1™Ut has become a critical target
for drug development (11).

Although IDH1MUt js an important driver of gliomagenesis, it is unclear if or how it
contributes to the earliest stages of the process in which cells escape growth arrest caused by
telomeric shortening. In tumors derived from stem or stem-like cells, endogenous telomerase
expression in the cell of origin may postpone or eliminate the growth limitation caused by
telomere shortening (12). In most gliomas, however, /DH mutation is associated with
mutually exclusive mutations in either ATRX or the TERT promoter (13). ATRX mutations
occur in /DHI mutant lower grade astrocytomas, and A7RX-mutant tumors appear to
resolve telomere shortening by a telomerase-independent, alternative lengthening of
telomere (ALT) mechanism that predominantly uses recombination to generate
heterogeneous telomeres up to 50 kb in length (14-16). In contrast, mutations in the 7TERT
promoter occur primarily, but not exclusively, in /DHZ mutant oligodendroglioma (13). In
these tumors, GABP binds and selectively reactivates the mutant 7£RT promoter, leading to
telomerase expression and telomere stabilization (17). In both cases, however, it appears that
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glioma driven by IDH1™Ut require resolution of telomere dysfunction somewhere along their
tumorigenic development.

Frequent mutation of ATRX or the TERT promoter in /DH mutant glioma suggest that
resolution of telomere dysfunction is important in these tumors, but whether IDH1™Ut jtself
plays a role in the process remains unknown. In multi-step models of tumorigenesis,
resolution of telomere dysfunction represents a distinct step, separable from the genetic
alterations that drive the transformation process (18). As an example, in both /n vitroand in
vivo systems, mutant G12V H-Ras does not contribute to the genesis or selection of events
that resolve telomeric dysfunction, but can drive the final stages of astrocytic transformation
in cells immortalized by expression of exogenous hTERT (19, 20). The same may be true for
IDH1™Ut which in similar systems transforms p53-/pRb-deficient, hTERT-immortalized
astrocytes (10). The requirement for exogenous hTERT in IDH1Mt -mediated cellular
transformation, however, has not been formally examined. Furthermore, the tight linkage
between /DH mutations and mutations of genes and promoters involved in telomere
regulation suggests that /DA mutation, in addition to driving cellular transformation, may
also contribute to the genesis or selection of events that resolve telomeric dysfunction, and in
so doing may contribute to both immortalization and transformation.

To address this possibility, we used a well-described /n vitro gliomagenesis model (19, 21,
22) in which IDH1™MUt 3lters histone methylation and gene expression (8, 9), and drives the
transformation of hTERT-expressing immortalized astrocytes (10). Using this system, we
asked if IDH1™MU, unlike other oncogenes, was capable of transforming non-hTERT-
expressing precursor cells, and if this process involved A7RX and/or TERT promoter
mutations associated with telomere stabilization in lower-grade glioma.

Materials and Methods

Cell culture and creation of cell lines

The generation and culturing of normal human astrocytes (NHAS) expressing E6E7,
E6E7hTERT, E6E7 plus mutant G12V H-Ras (HRasV12), EGE7hTERT plus HRasV12 and
EGE7hTERT plus IDH1MUt has been described (10, 19). To generate p53-/pRb-deficient
astrocytes expressing IDH1 WT or IDH1™Ut, NHAs expressing E6E7 were infected with
lentivirus encoding GFP only or GFP with either IDH1 WT or IDH1™Ut, GFP-positive cells
were isolated by fluorescent-activated cell sorting (FACS) and verified by Western blot for
expression of the given target protein (10, 23). Following sorting, cells (except for NHA)
were expanded and separated into 10 plates which were independently passaged 1:4, with
each passage considered as two PDs. /n vitro transformation was determined by a soft agar
assay (19).

Protein extraction and immunoblot analyses

Cells were lysed in RIPA lysis buffer (Life Technologies) supplemented with 1x PhosStop
and protease inhibitor cocktail (Roche). Protein (30 pg) was used for Western blot analysis
using primary antibodies against IDH1 (Dianova), IDH1R132H (Dianova), H-Ras (F235,

Santa Cruz Biotechnology), p53 (Cell Signaling), HPV16E7 (Santa Cruz Biotechnology),
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ATRX (Cell Signaling), p-actin (Cell Signaling), H3K4me3, H3K9me2, H3K9me3,
H3K27me3 (all Active Moatif), or Histone H3 (Abcam) and the appropriate horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotech). Antibody binding was
detected using ECL reagents (Amersham).

Analysis of 2-HG production

2HG levels were determined by magnetic resonance spectroscopic imaging (MRSI)(23).

Fluorescence in situ hybridization (FISH)

Chromosomal copy number was determined by single-color FISH analysis of fixed EGE7
IDH1MUt pre- or post-crisis polyclonal cells using centromere enumerating probes (CEP)
specific for chromosomes 3, 10, and 11 (SpectrumGreen- or SpectrumOrange-labelled
CEP3, 10, and 11, Abbott)(24). Telomere-specific FISH was performed using a Telomere
FISH Kit/Cy3 (DAKO)(25). ALT-positive cases were defined by large, ultra-bright telomere
repeat DNA aggregates in =1% of the cells assayed.

Exome alignment, mutation identification, and construction of phylogenetic trees

DNA was isolated from clonal populations of E6E7 IDH1MUt post-crisis populations, and
paired-end sequencing data from exome capture libraries (Nimblegen SeqCap EZ Exome
v3) were aligned to the reference human genome (build hg19) with the Burrows-Wheeler
Aligner. Single nucleotide variants were called as previously described (26). Phylogenetic
trees were constructed inferring ancestral relationships by clonal ordering (27-29).

Methylation analysis

DNA methylation analysis was performed using an Infinium MethylationEPIC BeadChip
(850K) with methylation beta values for each probe and sample calculated and normalized
using the ‘noob’ function in the minfi data package in R computing language. A sample was
considered G-CIMP positive based on the criteria defined in (30). G-CIMP was also
assessed by unsupervised hierarchical clustering using data (IDAT files,10/29/2015
download) for 647 low grade glioma and GBM cases with 450K array, copy number array
and somatic mutation information. TCGA samples with >0.5% of probes with p-value >0.05
were excluded. Probes present on both the 450K and EPIC array were retained (277,562).
The most variable 0.5% of probes (30) using only TCGA samples (1,332 total) were
included with the cohort of samples to perform two-way unsupervised hierarchical
clustering using Euclidean distance and Ward linkage.

Analysis of TERT mRNA expression and telomerase activity

Total RNA was extracted (RNeasy MiniKit, Qiagen), treated with DNase I, reverse
transcribed (SuperScript 11 Kit, Invitrogen) and amplified (initial denaturation of 95° C for
10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 20 s,
RotorGene, Qiagen) in triplicate using forward (5'-
ACTGGCTGATGAGTGTGTACGTCGT-3") and reverse (5-
ACCCTCTTCAAGTGCTGTCTGATTCC-3") primers. TERT mRNA was quantified by
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real-time PCR and normalized to the amount of B-actin mRNA. Telomerase activity was
measured using TRAPeze® Kit (Millipore).

Terminal restriction fragment analysis

Genomic DNA was digested (Hinfl, Alul, Haelll, Rsal, Hhal, Mspl, NEB) and resolved on a
0.7% agarose gel. The denatured and dried gel was hybridized with 32P-labeled
oligonucleotide C-rich telomeric probe (31), then exposed to a Phosphorlmager screen.

Mutational screening of the TERT promoter and TERT promoter assays

Genomic DNA was isolated from glioblastoma and anaplastic astrocytoma samples
exhibiting nt 228 or nt 250 TERT promoter mutations, respectively (3), or from each of 9-10
cell lines derived by expansion of single cells from polyclonal populations of E6GE7 IDH1MUt
pre- or post-crisis cells. The 7ERT promoter region was assessed for mutations by Sanger
sequencing, which has a limit of detection of roughly 15-20% (32). TERT promoter activity
was determined by cloning the 7ERT core promoter into the promoterless pGL4.10 luc2
Firefly luciferase vector. 72 hrs after co-transfection with a control Renilla expression
construct, Firefly luciferase activity was measured and normalized to Renilla activity as
described (17).

Tumorigenicity assays
Immunodeficient mice (nu/nu; Charles River) were injected intracranially with 5x10° of

E6E7/empty, EGE7 IDH1 WT, or EGE7 IDH1MUt cells (N = 10). Animals were monitored
until they developed signs of neurological deficit, at which time they were sacrificed.

Chromatin immunoprecipitation (ChIP analysis)

E6E7 IDH1MU pre-or post-crisis cells were lysed and the chromatin was digested to
mononucleosomes with micrococcal nuclease. Immunoprecipitation was performed using an
1gG negative control or monoclonal antibodies (Cell Signaling) specific for H3K4me3 or the
c-Myc binding partner Max. Enrichment at the 7ERT promoter was determined by qPCR
using primers specific for the TERT+47 region. TERT-3 or ZNF333 probes were used as
negative controls for non-promoter or promoter-like regions of known closed chromatin,
respectively (17). Three replicate PCR reactions were carried out for each sample.

Statistical Analyses

Data are reported as mean + standard error of at least three experiments. When two groups
were compared, the unpaired Student’s t test was applied (P-value). When multiple groups
were evaluated, the one-way ANOVA test with post hoc Turkey-Kramer multiple
comparisons test was used. P<0.05 was considered statistically significant.
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Results

IDH1™MUt expression alone drives the immortalization and transformation of p53/pRb-
deficient astrocytes

To begin to understand the role /DH1 mutation plays in immortalization and gliomagenesis,
NHA rendered p53- and pRb-deficient by expression of HPV16 E6 and E7 were infected
with a lentiviral construct encoding only GFP, or constructs encoding GFP and either
hTERT, IDHIWT, IDH1™Ut or oncogenic HRasV12. Western blot analysis of FACS-sorted,
GFP-positive cells showed that cells infected with constructs encoding E6 and E7 expressed
E7 and were deficient in p53 relative to blank vector control NHA (Fig. 1A). Exogenous
expression of mutant H-Ras or various forms of IDH in appropriate cells was also apparent
(lanes 3, 4 and lanes 6-8, respectively). Only cells infected with constructs encoding
IDH1MUt exhibited expression of IDH1MU using an IDH1MUt -specific antibody (lanes 7, 8).
Furthermore, only the EGE7 IDH1™MUt cells contained 2HG, and at levels that were
comparable (17.9 fmol/cell) to those noted in IDH1MUt -expressing human tumors (33).

Following creation and characterization, the growth of each cell group in culture was
followed up to one year. The ability of the cells to grow in soft agar was also monitored as a
measure of /n vitro cellular transformation. Control NHA, or NHA infected with a construct
encoding only IDH1MUt assumed a senescent-like appearance within 10 population
doublings of their initial modification (Fig. 1B). Three independent cultures of each cell
group also failed to grow in soft agar (Table 1), showing that IDH1M" alone cannot
immortalize or transform NHAs. Cells expressing E6 and E7, in contrast, escaped replicative
senescence and exhibited an extended lifespan (Fig. 1B). Additional exogenous expression
of hTERT in the EGE7 cells allowed continuous growth in culture (pink line Fig. 1B), but
not in soft agar (Table 1), also consistent with previous data suggesting that expression of
E6, E7, and hTERT immortalizes, but does not transform, NHA (19, 20). EGE7hTERT cells
additionally expressing mutant H-Ras or IDH1MUt grew in a continuous manner in culture
(light blue crosses and blue dashes, respectively, Fig 1B), but also formed colonies in soft
agar (Table 1), consistent with the ability of both mutant H-Ras and IDH1™M! to transform
telomerase-positive, p53-/pRb-deficient cells (10, 19). In the absence of hTERT, however,
EG6ET cells containing a blank construct, or one encoding oncogenic mutant H-Ras or
IDH1™MUt entered a crisis phase at roughly 70 PD. During crisis the cell number remained
relatively constant although cell death was apparent. Of ten independent E6E7, E6E7
IDHIWT or E6E7 mutant H-Ras cell cultures carried into crisis, none emerged over the
ensuing 250 days, and none formed colonies in soft agar. Ten EGE7 IDH1MUt cultures also
entered crisis approximately 100 days after creation (green crosses, Fig 1B). Surprisingly,
however, all ten escaped from crisis roughly 80 days later, grew continuously in culture, and
formed colonies in soft agar (Table 1). Furthermore, when the post-crisis EGE7 IDH1Mut
cells were injected intracranially into mice, tumors formed within six weeks in 4 of 10
animals whereas no tumors were noted in animals injected with EGE7 IDH1WT or parental
E6E7 cells. Immunohistochemical analysis showed that these tumors consisted of IDH1™Mut
cells with a low nuclear to cytoplasmic ratio consistent with a lower-grade glioma (Fig. 1C).
These results show that unlike other oncogenic insults, IDH1™Ut can drive both the
immortalization and transformation processes in p53-/pRb-deficient astrocytes.
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IDH1™MUt driven alterations in histone and DNA methylation appear insufficient to drive
cellular immortalization

While introduction of IDH1WT had no significant effect on the levels of histone H3
modifications measured (Fig. 2A), the expression of IDH1MUt caused significant increases in
H3K9 dimethylation and K4, K9, and K27 trimethylation. Although these changes were
detectable in the EGE7 IDH1MUt cells within 40 days of IDH1™Ut introduction, the cells
nonetheless entered into crisis as a population some 60 days later. Furthermore, when the
cells emerged from crisis, the levels of H3K9 dimethylation and K4, K9, and K27
trimethylation remained elevated, but not significantly different from those in pre-crisis
cells. These results suggest that while IDH1™Ut expression induces changes in histone
modifications, these changes alone do not allow the culture as a whole to avoid crisis or
become immortalized.

Because tumors driven by IDH1™MUt expression also frequently exhibit a hypermethylated, G-
CIMP phenotype, we also determined if the G-CIMP phenotype was associated with
IDH1MUt _driven transformation. Although methylation array analysis showed that
polyclonal and clonal populations of post-crisis EBE7 IDH1MU cells exhibited more CpG
methylation than the EGE7 and E6E7 IDH1WT pre-crisis populations (right lanes under blue
box at left of Figure 2B), hierarchical clustering analysis showed that all the cell lines used
in this study clustered with themselves on the side of the heatmap along with G-CIMP
negative/IDHWT tumors, and not with G-CIMP positive/IDH1™Ut glioma. Similarly, none of
the post-crisis E6E7 IDH1™Ut cell groups met the criteria that define the G-CIMP phenotype
(30). These results suggest that the cellular transformation driven by IDH1MUt expression
occurs independently of the G-CIMP phenotype.

p53/pRb deficient astrocytes immortalized and transformed by IDH1™MUt exhibit genetic
alterations and divergent evolution

We also considered the possibility that the post-crisis cells emerged from a small pre-
existent population of telomerase-positive cells in the pre-crisis population. If this were the
case, the post-crisis E6GE7 IDH1MUt cells would be expected to avoid the genomic changes
associated with crisis. FISH analysis using chromosome-specific centrosome probes,
however, showed that unlike the diploid EGE7 IDH1™Ut pre-crisis cells, polyclonal
populations of the post-crisis cells exhibited polysomies of multiple chromosomes (Fig. 2C).
Furthermore, loss of heterozygosity of chromosmes13p and 13q, 18q, Xp and Xq, and of
various areas of chromosome14 was apparent in each of three post-crisis clonal populations
examined, but not in the pre-crisis population (Fig. 2D). In addition, whole exome
sequencing showed that while each post-crisis clonal population contained unique genetic
alterations, all clones shared 8 genetic mutations not seen in the parental cells (Table 2).
These results suggest that the E6GE7 IDH1™Ut cells arose from telomerase-deficient cells that
underwent genomic alteration and divergent evolution during crisis (Fig. 2E).

p53/pRb-deficient astrocytes immortalized and transformed by IDH1™MYt do not display
ATRX mutations or the ALT phenotype

Gliomas containing /DH mutations frequently exhibit mutations in A7TRX; loss of ATRX
expression, and the ALT phenotype. Both the pre- and post-crisis EBE7 IDH1™MUt cells,
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however, retained ATRX expression (Fig. 3A), and no ATRX mutations were apparent in
clonal post-crisis populations via whole-exome sequencing. Furthermore, while telomeric
foci were readily apparent by FISH in positive control ALT+ GM847 human fibroblasts,
they were not apparent in either the pre- or post-crisis EGE7 IDH1™! cells (Fig. 3B).
Similarly, Southern blot analysis showed that the average telomere length in the E6E7
IDH1™MUt post-crisis cells was less than that in ALT+GM847, EBE7ThTERT, and EGE7
IDH1™MUt pre-crisis cells, and only marginally greater than that in EGE7 IDH1™U cells in
crisis (Fig. 3C). These results show that p53-/pRb deficient astrocytes are immortalized and
transformed by IDH1MUt independently of A7RX mutation and ALT.

p53/pRb-deficient astrocytes immortalized and transformed by IDH1MU! reactivate
telomerase in the absence of TERT promoter mutations

IDH1MUt glioma also frequently exhibit 7ERT promoter mutations, which, in turn, are
associated with increased TERT expression and telomerase activity (17, 34). None of nine
clonal populations of E6GE7 IDH1MUt pre- crisis cells, or ten clonal populations of E6GE7
IDH1MUt post-crisis cells, however, exhibited 7£RT promoter mutations at nt228 or nt250,
although these mutations were readily apparent in positive control glioma samples (Fig. 4A).
E6E7 IDH1™MU post-crisis cells did, however, have levels of TERT RNA expression that,
while roughly 1% of that noted in cells containing an SV40 promoter-driven hTERT
expression construct (EGE7hTERT), were still 40 times higher than the minimal TERT RNA
levels noted in E6E7 and EGE7 IDH1™MU pre-crisis cells (Fig. 4B). Consistent with these
observations, telomerase activity was apparent in the post-crisis EGE7 IDH1™Ut cells (Fig
4C, lane 9), and in the positive control EGE7 and the EGE7 IDH1™Ut cells expressing
exogenous TERT (lanes 3 and 10), but not in the E6E7 parental cells (lane 6), or in E6E7
IDH1MUt cells prior to entry into crisis (lane 8). These results show that expression of
IDH1™MUt allows a subset of p53-/pRb-deficient astrocytes to reactivate endogenous
telomerase activity and to become transformed in the absence of A7TRX and/or TERT
promoter mutations.

Endogenous TERT reactivation in IDH1™Ut -expressing post-crisis cells is associated with
changes in the chromatin structure and transcription factor binding at the TERT promoter

TERT promoter reactivation in IDH1MUt -expressing post-crisis cells could result from
increased expression or activity of factors that favor 7ERT expression, or from chromatin
alterations at the 7ERT promoter that allow the binding of existing activators. To distinguish
these possibilities, EGE7 IDHWT cells, and polyclonal pre- and post-crisis EGE7 IDH1Mut
cells were transiently co-transfected with a Renilla-encoding expression construct and a
reporter construct in which Firefly luciferase expression was unpromoted (ho promoter) or
driven by the WT TERT promoter or a positive control SV40 promoter. Firefly luciferase
activity was then measured and normalized to Renilla activity 72 hrs after transfection.
Although levels of Firefly luciferase expression driven by the extrachromosomal WT TERT
promoter were above background levels (TERT promoter vs no promoter, Fig. 5A), they
were comparable in all cell groups examined. These results suggest that the increased
endogenous telomerase expression in the post-crisis cells was related to increases in the
accessibility of the endogenous 7ERT promoter rather than to increases in the activity of
factors that favor 7TERT expression. To address this possibility, we used chromatin
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immunoprecipitation to assess levels of H3K4me3 (which recruits chromatin remodeling
factors and is associated with transcriptionally active or poised genes)(35-37) and the
binding of Max, whose association with c-Myc and binding to E-boxes allows expression of
c-Myc target genes (including in some instances 7ERT)(38-42) in the TERT promoter
region (probe TERT+47, Fig. 5B), and in two regions (ZNF333 and TERT-3) that lack E-
boxes and are in a conformationally closed chromatin state (17). The levels of H3K4me3
and Max binding in the promoter-like and non-promoter regions covered by the ZNF333 and
TERT-3 probes, respectively, were uniformly low in both the EGE7 IDH1™U pre- and post-
crisis cells (Fig. 5C). Levels of both H3K4me3 and Max binding, however, were 4- to 7-fold
elevated in the TERT promoter (TERT+47 probe) in post-crisis cells compared to pre-crisis
cells, which in turn had levels that were not significantly different from controls. These
results suggest that the passage of E6GE7 IDH1MUt cells through crisis allowed the emergence
of cells with the endogenous 7ERT promoter in an H3K4me3-marked state that allowed
Max binding, 7ERT promoter activation, telomerase expression, telomere stabilization, and
ultimately cellular transformation.

Discussion

IDH mutation is an early event in the development of glial tumors (26). Because it is often
accompanied by mutations that influence telomere function, the present study was initiated
to determine whether IDH1MUt expression generates or selects for events that stabilize
telomeres. Our results show that while IDH1MUt expression does not generate or select for
ATRX or TERT promoter mutations, it contributes to the reactivation of the endogenous
TERT promoter, the upregulation of telomerase activity, and the immortalization events that
precede transformation.

IDH1MUt 35 a driver of cellular immortalization and transformation

A variety of factors are important in the immortalization and transformation of NHA. Loss
of p53 and pRb function allows NHA to bypass replicative senescence but does not drive the
telomerase reactivation critical for immortalization and subsequent transformation (18-20).
Expression of various drivers of gliomagenesis such as EGFRvIII and mutant H-Ras
similarly fails to reactivate telomerase but, at least in the case of mutant H-Ras, can
transform p53-/pRb-deficient cells already immortalized by hTERT expression (19).
Consistent with these studies, there was no indication in the present studies that IDH1™Mut
expression induced telomerase activity even 40 days following introduction. Accordingly,
cells expressing IDH1M! entered into crisis like other telomerase-negative cultures. In
contrast to other oncogenic insults, however, expression of IDH1M!t resulted in the
emergence of clonally-related, telomerase-positive tumorigenic populations with
chromosomal abnormalities consistent with passage through crisis. As such, mutant IDH is
unique among oncogenic drivers studied in that it drives both 7ERT reactivation and the
subsequent events required for transformation of p53/pRb-deficient NHA.

IDH1MUt _driven mechanisms of telomerase reactivation

If IDH1MUt expression allows for an indirect activation of telomerase and resolution of
telomere-induced crisis, how does this occur? In lower grade astrocytomas, mutations in
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IDHand TP53are early events and are strongly associated with A7RX mutations and the
ALT phenotype. Genomic instability initiated by p53 loss (43) could conceivably lead to the
generation and selection of cells with mutations in /DH and/or ATRX. In the present study,
however, loss of p53 function did not select for cells with IDH mutations. Similarly,
although loss of p53 function in combination with the introduction of IDH1M!t |ed to the
generation and selection of clonal populations with common genetic alterations, these
alterations did not include A7RX mutations. The present system relies on E6-mediated
elimination of p53 and as such may not accurately mimic the effects (and possible gain of
function effects) of mutant p53 found in most lower-grade astrocytoma (44, 45). It may also
be possible that loss of ATRX is a prerequisite for the development of the ALT phenotype,
and that in the absence of ATRX mutations, alternative means of resolving telomeric crisis
are favored. Similarly, while IDH mutation is closely associated with 7ERT promoter
mutation and 7ERT reactivation in oligodendroglioma, the introduction of IDH1™!in the
present system did not lead to the generation or selection of 7ERT promoter mutations, but
rather to a relatively rare and delayed reactivation of the endogenous WT TERT promoter.
TERT promoter reactivation was temporally unrelated to the global changes in the histone
modifications, but was associated with an increase in H3K4me3 and transcription factor
binding in the TERT promoter similar to that recently noted in the transcriptionally
reactivated mutant 7ERT promoter in GBM cells (17). These results suggest that IDH1MUt -
driven changes in 7ERT promoter chromatin structure, rather than in the expression of
factors that drive TERT expression, occur in a small percentage of cells that subsequently
emerge from crisis. As such the process differs significantly from that noted in NHA
induced to become pluripotent by the expression of a mixture of transcription factors, and
which reactivate telomerase in a population-wide manner over a shorter (3 week) period of
time (46). Although IDH1M!t -associated increases in 2HG could alter the activities of the
aKG-dependent enzymes that regulate H3K4me3 levels and ultimately transcription factor
accessibility in the 7ERT promoter, the explanation for IDH1™MUt -driven telomerase
reactivation is likely more complex as telomerase reactivation appears to be a rare event.
IDH1MU%induced hypermethylation of CCCTC-binding factor-binding sites near the TERT
promoter may also contribute to loss of insulation and aberrant 7ERT promoter activation
(47, 48), although post-crisis cells do not exhibit G-CIMP, and the role methylation in
control of TERT promoter activation is controversial (49, 50). The mutations which arose
during crisis and are shared by all post-crisis clonal populations may also provide clues to
pathways that retain appropriate control of telomerase expression.

Relevance of the findings to gliomagenesis and therapy

Data from the present studies show that while the resolution of telomeric crisis is a
prolonged and rate-limiting step in the IDH1™Ut -driven process of /i vitro gliomagenesis, it
can occur independently of ATRXand TERT promoter mutations. Lineage tracing of /DH
mutant glioma suggests that IDH mutations precede 7ERT promoter and A7R.X mutations,
although the temporal distance between these events cannot be determined (26). It is
tempting to speculate that the genesis of IDH1M!t glioma may therefore also include a
prolonged period of time related to resolution of telomeric dysfunction. If this is true, the
unraveling of the relevant telomere maintenance mechanism may provide new therapeutic
options to delay or eliminate the progression of lower-grade glioma. Furthermore, although
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the resolution of telomeric issues in most IDH1™Ut glioma involves the genesis and selection
of cells with ATRX or TERT promoter mutations, a small subset of IDH1™Ut glioma
(roughly 5-10% of IDH1Mt astrocytomas and mixed oligoastrocytomas)(13) lack both
ATRXand TERT promoter mutations. These tumors may reactivate the endogenous WT
TERT promoter in a manner similar to that described in the present study and as such the
pathways described here may be of particular importance in understanding the genesis and
improving the therapy of these and other IDH1™Ut glioma.
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(A, B) Western blot validation and growth of cell populations over time: NHA (lane 1, blue
diamond), NHA E6E7 hTERT (lane 2, pink square), NHA E6E7 H-Ras V12 (lane 3, yellow
triangle), NHA E6E7 H-Ras V12 hTERT (lane 4, light blue x), NHA E6E7 empty vector
(lane 5, purple *), NHA E6E7 IDHIWT (lane 6, brown dot), NHA E6E7 IDH1mut (lane 7,
green cross), NHA E6E7 IDH1mut hTERT (lane 8, blue dash), NHA IDH1mut (light blue
dash, panel B only). (C) H&E (left) and IDH1mut staining of a representative intracranial
tumor formed by E6E7 IDH1mut post-crisis cells.
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Figure2.

(A) Western blot analysis of histone H3K 4,9, and 27 methylation in EGE7 empty vector
(lane 1), E6E7 IDHIWT (lane 2), E6E7 IDH1mut pre-crisis (lane 3), and E6E7 IDH1mut
post-crisis (lane 4) cells. Values were derived from 3 independent experiments, *, p<.05. (B)
Hierarchical clustering of the methylation array data from the cell lines used in this study
(far left lanes) with that of G-CIMP negative/IDH WT (blue lanes) and G-CIMP positive/
IDH1mut (red lanes) TCGA tumors. (C) Fluorescence in situ hybridization of E6E7
IDH1mut pre- (top) or post (bottom) -crisis cells using probes specific for centrosomal
regions on chromosome 3, 10, or 11. (D) LOH plot of NHA, E6E7, E6E7 IDH1mut pre-
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crisis, and three independent E6E7 IDH1mut post-crisis clonal cultures. (E) A phylogenetic
tree depicts the patterns of clonal evolution of E6E7 IDH1mut post-crisis clonal populations
inferred from the pattern of somatic mutations.
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Figure 3.
(A) Western blot analysis of ATRX and B-actin levels in EGE7 (empty vector), EGE7

IDH1mut pre-or post-crisis cells, ATRX knockout (ATRX KO) astrocytes, and U20S cells.
(B) FISH analysis of telomere aggregation using a telomere-specific probe in control ALT+
cells (GM847) and E6E7 IDH1mut pre-or post-crisis cells. (C) Southern blot analysis of
average telomere length in ALT-negative, TERT+ urinary bladder cancer cells (UM-UC3,
lane 2) and ALT+ (GM847, lane 3) human fibroblasts, EGE7ThTERT (lane 4), EGE7 empty
vector (PD38, lane 5), EGE7 IDHIWT (PD37, lane 6), pre-crisis (PD33), in crisis (PD59),
and post-crisis (PD157) E6E7 IDH1mut populations (7-9, respectively), and in EGE7ThTERT
IDH1mut (lane 10) and U251 glioma cells (lane 11). Lanes 1 and 12, molecular weight
marker.
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(A) Sequence analysis of the TERT promoter in positive control DNA from nt228 or nt250
TERT promoter-mutant glioma (left) and in DNA from E6E7 IDH1mut pre- or post-crisis
cells (right). (B) qPCR analysis of TERT mRNA expression in positive control EGE7ThTERT
cells and E6GE7 IDH1mut pre- or post-crisis cells. (C) TRAP analysis of telomerase activity
in untreated (—HT) and heat-inactivated (+HT) lysates from EGE7hTERT (lane 3), EGE7mut
H-RasV12 (lane 4), EGE7 H-Ras hTERT (lane 5), E6GE7 (lane 6), EGE7 IDH1WT (lane 7),
EGE7 IDH1mut pre-crisis (lane 8), E6GE7 IDH1mut post crisis (lane 9), and EGE7 IDH1mut
hTERT (lane 10) cells. Lane 1, positive control lysate, lane 2, molecular weight marker.
Values were derived from 3 independent experiments, *, p<.05.
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Figure5.
(A) Firefly luciferase gene activity (relative to control Renilla expression) in EGE7 IDHIWT

cells, and E6E7 IDH1mut pre-or post-crisis cells 72 hrs following co-transfection with
constructs encoding constitutively expressed Renilla, and Firefly luciferase expression not
driven (no promoter), or driven by a positive control SV40 promoter or the TERT promoter.
(B) Region analyzed by chromatin immunoprecipitation analysis using antibodies specific
for H3K4me3 or the c-Myc-binding partner Max. Analysis also used negative control probes
(ZNF333 and TERT-3) or a probe (TERT+47, green) that spans the region of the TERT
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promoter containing the transcription start site (arrow), c-Myc-binding E-boxes (red), and
ETS transcription factor binding sites (orange) critical for transcriptional activation. (C)
H3K4me3 levels and extent of Max binding in EGE7 IDH1mut pre- or post-crisis cells as
determined by chromatin immunoprecipitation analysis. *, p<.05. Values derived from 3
independent experiments.
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Table 1

Percentage of cultures escaping from crisis and number of colonies formed in soft agar (per 106 cells plated)
of populations in Figure 1.

% of cultures escaped from crisis  coloniesin soft asar

NHA 0(0/3) 0
NHA IDH1™mut 0(0/3) 0
NHA EGE7 hTERT no crisis 0
NHA E6E7 HRasV12 0 (0/10) 0
NHA E6E7 HRasV12hTERT no crisis 1247+101
NHA E6E7 empty 0 (0/10) 0
NHA E6E7 IDHIWT 0 (0/10) 0
NHA E6E7 IDH1M 100 (10/10) 276x25
NHAE6E7 IDH1™t hTERT no crisis 355+47

Cancer Res. Author manuscript; available in PMC 2017 November 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ohbaetal.

Table 2

Mutations found in clonal populations transformed by expression of mutant IDH 1

Page 22

Mutations unique to:

post-crisis Clone 1:

CHDS5, KDR, LAMAL, SNX20, HIST1IH1C, ATP6V1H, TRIM37, HIPK3, RCBTB2, DNAH11,
PPARGCI1A, NMB, FAM55D

post-crisis clone 5:

DGKK, TCF19, SLC9A6, C140rf159, LAMBTL4, OVCH1, GREB1, BAMBI

post-crisis clone 6:

PLD2, SLC22A7, PPP2R2A, DSCR6, ZNF782, NBEAL1, SH3RF1, COL1A2, CPOX, RARRES],
EMLG, EIF2AK4, MUC16, PLA2G4C MUC17,TRIO

Mutations shared by two clones: | GPR19 (5 and 6)

NFAFC (1 and 6)

Mutations shared by all clones ATRN, YSK4, ATF71P, SEMAGA, SDC1, TRIM29, PTPRN, UBQLNL, FGF10, ADD2
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