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Abstract

A subset of tumors use a recombination-based alternative lengthening of telomere (ALT) pathway
to resolve telomeric dysfunction in the absence of TERT. Loss-of-function mutations in the
chromatin remodeling factor ATRX are associated with ALT but are insufficient to drive the
process. Because many ALT tumors express the mutant isocitrate dehydrogenase IDH1 R132H,
including all lower grade astrocytomas and secondary glioblastoma, we examined a hypothesized
role for IDH1 R132H in driving the ALT phenotype during gliomagenesis. In p53/pRb—deficient
human astrocytes, combined deletion of ATRX and expression of mutant IDH1 were sufficient
to create tumorigenic cells with ALT characteristics. The telomere capping complex component
RAP1 and the nonhomologous DNA end joining repair factor XRCC1 were each downregulated
consistently in these tumorigenic cells, where their coordinate reexpression was sufficient to
suppress the ALT phenotype. RAP1 or XRCC1 downregulation cooperated with ATRX loss in
driving the ALT phenotype. RAP1 silencing caused telomere dysfunction in ATRX-deficient
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cells, whereas XRCC1 silencing suppressed lethal fusion of dysfunctional telomeres by allowing
IDH1-mutant ATRX-deficient cells to use homologous recombination and ALT to resolve
telomeric dysfunction and escape cell death. Overall, our studies show how expression of mutant
IDH1 initiates telomeric dysfunction and alters DNA repair pathway preferences at telomeres,
cooperating with ATRX loss to defeat a key barrier to gliomagenesis.

Significance: Studies show how expression of mutant IDH1 initiates telomeric dysfunction and
alters DNA repair pathway preferences at telomeres, cooperating with ATRX loss to defeat a key
barrier to gliomagenesis and suggesting new therapeutic options to treat low-grade gliomas.

Introduction

A rate-limiting step in the development of most cancers is the resolution of telomeric
dysfunction. Telomeres are DNA-protein complexes that protect chromosomes ends from
being erroneously recognized as damaged DNA. Telomeric DNA is elongated by TERT-
mediated reverse transcription of a TERC RNA template (1). TERT expression is silenced
during development, and human somatic cells forced to divide in the absence of TERT fail
to fully replicate the ends of chromosomes, losing 50 to 200 bp of telomeric DNA per cell
division (2). When the telomeric DNA becomes critically short, the six-protein component
of the telomere, known as the shelterin cap, dissociates (3). The resulting exposed telomeric
end activates DNA double-strand break (DSB) repair pathways that cause cell-cycle arrest
and senescence in normal cells, or the fusion of telomeres and chromosomal instability

that leads to the death of most cells that cannot undergo cell-cycle arrest (4). Telomeric
dysfunction therefore limits the continued growth of TERT-deficient cells, making resolution
of telomere shortening critical for oncogenesis.

Most tumors solve the problem of shortening telomeres by either never silencing TERT
expression, or by acquiring mutations that reactivate the silenced TERT promoter (5).
Approximately 10% to 15% of tumors, in contrast, do not reactivate TERT expression.
Rather these tumors, which include small percentages of various solid tumors, 50% of
chondrogenic tumors, and virtually all lowergrade astrocytoma (LGA) and secondary
glioblastoma (6) use an alternative, homologous recombination (HR)-based mechanism to
elongate telomeres, reestablish telomere capping, and escape cell death in the absence of
TERT (7). This so-called alternative lengthening of telomere (ALT) mechanism remains

a relatively poorly understood process by which telomeric DNA on one chromosomal

arm is used as a template for DNA polymerase-mediated, TERT-independent extension

of shortened telomeres on a different arm (8). The recombination and interchromosomal
copying leads to three phenotypic hallmarks of ALT: telomere—associated protein aggregates
known as ALT-associated promyelocytic leukemia bodies (APB) where recombination
occurs; intermediates of recombination, including extrachromosomal circles of single-
stranded telomeric DNA (C-circles); and telomeric sister chromatid exchange (T-SCE)
generated by the transfer of telomeric sequence from one chromatid to another (9). These
characteristics, along with the heterogeneously long telomeres that result from the ALT
process (9), have helped define the ALT phenotype both /n vitro and in tumors /n vivo.
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Although the characteristics of the ALT phenotype are well defined, the factors driving

the process are less so. ALT is uniformly associated with loss-of-function mutations in the
histone chaperone ATRX, and ATRX alterations are a common surrogate marker of the ALT
phenotype (10, 11). ATRX associates with sites of histone H3K9 trimethylation, facilitates
telomeric H3.3 deposition, and suppresses telomeric HR (12, 13). Consistent with these
functions, introduction of ATRX into ATRX-mutant ALT fibroblasts reduces levels of APBs,
C-circles, and T-SCEs (14). The deletion of A7RXin nonglial cells, however, is insufficient
to induce the ALT phenotype or to lead to cellular transformation (14), suggesting that other
factors likely contribute to the generation of ALT.

The human tumors in which ALT is most common are also those most likely to contain
mutations in IDH1 (6, 15). R132H /DHI mutations occur early in the development of
glioma and encode a mutant IDH1 protein that dimerizes with wild-type (WT) IDH1 (16).
The IDH1-mutant/WT dimer displays a neomorphic activity that converts a-ketoglutarate
(aKG) to 2-hydroxyglutarate (2-HG; ref. 17). 2-HG in turn accumulates and competes with
aKG for binding to a wide variety of a KG-dependent dioxygenases (18). The end result is
the inhibition of multiple enzymes involved in the control of DNA cytosine methylation and
histone methylation (19, 20) and widespread changes in gene expression (21). Furthermore,
we and others have shown that expression of mutant IDH1 is sufficient to transform p53/
pRb-deficient immortalized human astrocytes, further supporting the causative role mutant
IDH1 plays in gliomagenesis (21-25). Of note, in LGA, the overlap between IDH1 mutation,
loss-of-function A7TRX mutation, and ALT is essentially 100% (7), suggesting that IDH1
mutation may in some way collaborate with A7RX loss to efficiently resolve telomeric
dysfunction in otherwise TERT-deficient cells, and set the stage for gliomagenesis.

To address this possibility, we employed an in vitro gliomagenesis model developed in our
laboratory and most recently used to help define the role of mutant IDH1 in gliomagenesis
(21, 23-26). In this system mortal, TERT-negative human astrocytes are rendered p53- and
pRb-deficient by introduction of the viral proteins E6 and E7, after which other genetic
alterations can be introduced and monitored for effects on cellular processes, including
immortalization and transformation. Using this system, as well as xenograft cells from
IDH1-mutant human glioma, we here define a pathway by which mutant IDH1 induces
telomeric dysfunction, alters the processing of dysfunctional telomeres, and cooperates with
ATRX mutations to drive the ALT phenotype and gliomagenesis.

Materials and Methods

Cell culture

SF10602 cells were provided by the UCSF Brain Tumor Center Tissue Core, BT142 cells
were purchased from ATCC, GM847 were purchased from The Coriell Institute (Camden,
NJ), and MGG119 human glioma cells were a gift from Daniel Cahill (Massachusetts
General, Boston, MA). All cells were cultured as described previously (27, 28), and
identities were confirmed by short tandem repeat analysis (Promega Geneprint Kit),
confirmed Mycoplasma negative (MycoSensor Mycoplasma Detection PCR Assay Kit;
Agilent Technologies), and used within 3 passages of thawing.
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Modulation of ATRX, IDH1, RAP1, and XRCC1 expression

CRISPR-based ATRX knockout—CRISPR-mediated ATRX knockout cells

were generated from EGE7-expressing human astrocytes (25) using two

guide RNAs (exon 7: 5'-ATTGTGAGCTCCACTGCTTGTGG-3'; exon 9: 5'-
CAAAACATGTAAAAAAGTACAGG-3") in a modified pX330A vector as described
previously (29). Briefly, cells were transfected with 2 pg of vector, incubated at 37° C

for 3 days, and then seeded in puromycin-containing DMEM media. Individual colonies
that arose were then selected and expanded, and DNA was extracted and subjected to
PCR-based genotyping using PCR primers that flanked the targeted deletion region between
exons 7 and 9 in ATRX (forward, F: 5" AATAATAGCCACTCCTTCTCCTAG-3; reverse,
R: 5'-GTATGCAAAAATAAATAAAAAATTC-3") and generated a single 7,500-bp band in
control cells and a single 700-bp band in successful recombinants. All clones were analyzed
for off-target CRISPR-based recombination as described previously (30).

Modulation of IDH1 mut, IDH1 WT, RAP1, and XRCC1—For overexpression studies,
ATRX WT or ATRX-KO, E6E7-expressing human astrocytes were infected with blank
lentiviral constructs or constructs encoding EGFP-tagged IDH1 mut (R132H) or IDH1 WT,
subjected to FACS-based sorting after 120 hours, and then verified for target expression by
Western blot analysis. The IDH1-expressing cells, or MGG119 cells, were further infected
with blank lentiviral constructs or constructs encoding GFP-tagged RAP1 or RFP-tagged
XRCC1, harvested after 72 hours, and verified for target expression by Western blot
analysis. For transient expression studies, infection efficiency was estimated to be >90%.

For suppression studies, ATRX KO, IDH1 WT astrocytes were transiently transfected
(Fugene 6) with nontargeted siRNA (scramble, Scr), or a pool of 5 different sSiRNAs
targeting RAP1 or XRCCL1 as described preciously (27). After 48 hours, suppression of
target expression (>90%) was verified by Western blot analysis.

Analysis of protein and mRNA expression and telomerase activity

Western blot analysis was performed as described previously (27) using antibodies specific
for ATRX (1:200), XRCC1 (1:250), Lig3 (1:250) (Santa Cruz Biotechnology), RAP1
(1:1,000, Sigmay), pan IDH1, mutant IDH1R132H (Dianova), and p-actin (1: 20,000; Cell
Signaling Technology). mRNA expression analysis was performed by quantitative PCR as
described previously (Supplementary Table S1; ref. 31). Telomerase activity was measured
using a TRAPeze Kit (Millipore).

Characterization of the ALT phenotype

APBs—-Cells on 4-well chambered slides were fixed in paraformaldehyde, rinsed, blocked
(3% normal goat serum and 0.2% Triton X-100 in PBS), and then incubated with
promyelocytic leukemia body (PML) or TRF2 (1:200) primary antibodies in 1% goat serum
and 0.2% Triton X-100 in PBS (18-20 hours, 4°C). After washing, slides were incubated
with fluorescent-tagged secondary antibodies (647 or 488, respectively, 1:200, 2 hours,
Invitrogen) appropriate for the host species of the primary antibody. Following washing,
sections were incubated with DAPI, washed, and mounted. Negative controls for antibody
labeling were performed by omitting primary or secondary antibodies, in which case, nuclei
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examined exhibited no fluorescence. Fluorescence microscopy was performed on >200 cells
per group, with APBs defined as yellow foci resulting from overlap of PML and TRF2
signal.

T-SCE (CO-FISH)—CO-FISH was performed as described previously (32). Briefly, cells
were incubated for 16 hours with bromodeoxyuridine, followed by colcemid for the last

2 hours. Following fixation, metaphase spreads were prepared on glass slides, incubated
with RNase, stained with Hoechst 33258, and ultraviolet-treated before Exonuclease 11l
digestion. Spreads were then formaldehyde fixed, treated with pepsin, fixated again followed
by 70%, 90%, and 100% ethanol dehydration, and then incubated with the leading strand
probe (TelC-Cy3-red, PNA Bio, 1.5 hours, 80°C). Slides were consecutively washed with
formamide-based solution and PBS, dehydrated, and incubated with the lagging strand
probe (TelG-FITC-green, PNA Bio) for another 1.5 hours. After similar washes, the slides
were then dehydrated, DAPI-stained, and mounted for microscopy. Negative controls were
performed by omitting the PNA probes, in which case nuclei examined exhibited no
fluorescence. Yellow foci where the signal from the leading and lagging strand probes
overlapped in an otherwise normal metaphase spread were considered to be representative
of T-SCE events. The percentage of chromosomes exhibiting T-SCE in the equivalent of 50
cells per group was then quantitated.

C-circles—Levels of C-circles were determined as described previously (33). Briefly,
various amounts of Hinfl and Rsal-digested DNA from each cell group was subjected

to amplification by phi29 polymerase, after which levels of amplified C-circle DNA

were determined by immobilization on a membrane and hybridization to an end-labeled
[AACCCT]4 telomeric oligonucleotide probe, or by quantitative PCR—-based analysis using
C-circle-specific primers (34). In each case, signal intensity derived from three independent
DNA preparations for each cell group was normalized to levels in positive control GM847
fibroblasts.

Multiple telomeric signal and telomeric fusion—FISH was performed on metaphase
spreads using a Cy3-labeled (CCCTAA)3 PNA oligonucleotide (Dako) as described
previously (31), followed by DAPI counterstaining. FluoreSpheres fluorescent beads
(Molecular Probes) used to monitor signal intensity loss during microscope use and negative
controls were performed by omitting the PNA probes, in which case nuclei examined
exhibited no fluorescence. Metaphase spreads from 50 cells were then counted in each

cell group, and the number of chromosome arms with >1 telomeric signal per metaphase
were determined. For telomeric fusion analysis, the percentage of metaphase spreads with
>1 fused chromosomes (chromosomes with adjacent but not over-lapping signal) was
determined.

Cell growth and colony formation assays

Cell number and colony formation efficiency were determined by trypan blue exclusion
counting and colony formation assay as described previously (35, 36).
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Telomere dysfunction—induced foci analysis

Telomere dysfunction—induced foci (TIF) analysis was carried out as for APBs with the

use of yH2AX- and TRF2 (1:200)-specific primary antibodies, and the fluorescent-tagged
secondary antibodies. Fluorescence microscopy was performed on >200 cells per group, and
the percentage of cells with TIFs (yellow foci resulting from overlap of gamma H2AX and
TRF2 signal) was determined.

Statistical analysis

Results

Data are reported as mean + SE of at least three experiments. When two groups were
compared, the unpaired Student t test was applied (P value). When multiple groups were
evaluated, the one-way ANOVA test with post hoc Tukey—Kramer multiple comparisons test
was used. P< 0.05 was considered statistically significant.

Mutant IDH1 expression stimulates ALT-mediated resolution of telomeric dysfunction

To begin to assess the potential linkage between IDH1 mutation and ALT, we introduced
mutant IDH1 and/or used CRISPR-based editing to genetically eliminate ATRX in TERT-
negative human astrocytes rendered p53- and pRb-deficient by introduction of the viral
proteins E6 and E7. The defective p53 and pRb signaling in these astrocytes mimics that
noted in LGA (37), and in these cells (Fig. 1, Cont) neither the CRISPR-based, targeted
homozygous deletion of ATRX (Fig. 1A and B, 2 independent clones ATRX KO-1 and
KO-2 and Supplementary Fig. S1A) nor stable introduction of mutant IDH1 (+IDH1 mut,
Fig. 1A and B) alone resulted in detectable levels of TERT mRNA (not shown) or TERT
activity via TRAP analysis relative to positive control parental E6GE7 cells exogenously
expressing hTERT (Fig. 1C). Similarly, no control, ATRX-KO, or mutant IDH1-expressing
cultures exhibited any signs of the ALT phenotype (APBs; Fig. 1D; Supplementary Fig.
S1B), T-SCEs (Fig. 1E; Supplementary Fig. S1C), or C-circles (Fig. 1F; Supplementary Fig.
S1D), relative to positive control GM847 fibroblasts known to display the ALT phenotype
(38). Prolonged growth of the +IDH1 mut or ATRX KO cultures eventually led to cell crisis
consistent with the lack of TERT activity in these cells. Although no ATRX-deficient cells
survived, +IDH1mut clones emerged after 6 months in crisis, in each case associated not
with ALT, but with reactivation of the WT TERT promaoter (27). Thus, although expression
of mutant IDH1 in the p53/pRb—deficient setting can over time facilitate reactivation of the
WT TERT promoter, neither the loss of A7RX; nor mutant IDH1 expression alone drives
ALT.

In contrast, combining genetic elimination of A7RX with exogenous expression of mutant
IDH1 (Fig. 1A and B) resulted in TERT-negative cells (Fig. 1C) that exhibited ABPs,
T-SCE, C-circles, and growth in soft agar (a hallmark of /in vitro gliomagenesis; Fig.
1D-G; Supplementary Fig. S1B-S1E), without any detectable off-target CRISPR effects
(Supplementary Fig. S1F). These data therefore represent the first indication that mutant
IDH1 can contribute to gliomagenesis in part by stimulating ALT-mediated resolution of
telomeric dysfunction.
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IDH1mut-mediated downregulation of RAP1 and XRCCL1 is associated with ALT

Although the initial data showed that mutant IDH1 can help drive ALT, they did not provide
any specific clues as to how this was accomplished. Because mutant IDH1 expression causes
2HG-mediated changes in gene expression, we used quantitative PCR to determine whether
any of 40 genes encoding proteins involved in telomere biology was differentially expressed
in IDH1mut, ATRX KO cells relative to matched cells with neither, or only one of these
alterations. Two genes, RAPI and XRCCI, were consistently downregulated in the mutant
IDH1-expressing cells regardless of cellular ATRX status (Fig. 2A, 8 representative genes;
Supplementary Fig. S2A), perhaps consistent with the mutant IDH1-driven wide-scale CpG
island methylation and gene silencing noted in these cells (27). The RAP1 and XRCC1
proteins were also downregulated in the mutant IDH1-expressing cells relative to control
cells, as was DNA ligase 3 (Lig3), a protein stabilized by interaction with XRCC1 (Fig.

2B; ref. 39). RAP1, XRCC1, and Lig3 were similarly downregulated in IDH1-mutant,
ATRX-mutant human glioma xenografts (BT142, SF10602, and MGG119), which display
the ALT phenotype (Fig. 2B; Supplementary Fig. S2B-S2E; ref. 28). Furthermore, an
analysis of The Cancer Genome Atlas database showed that mRNA expression levels of
XRCC1 and RAP1 were both significantly reduced in histologically lower grade, mutant
IDH1-expressing LGA and mixed oligoastrocytomas (relative to normal brain controls or
GBM, Fig. 2C). These results suggest that expression of mutant IDH1, independently of
ATRX status, downregulates the expression of proteins that play a role in telomere biology
in glioma cells.

Mutant IDH1-mediated downregulation of RAP1 and XRCC1 drives the ALT phenotype

To examine whether mutant IDH1-driven downregulation of RAP1 and/or XRCC1 causes,
rather than is merely associated with, the ALT phenotype, we transiently (72 hours)
overexpressed RAP1, XRCC1, or RAP1 + XRCCL1 in either of two independently derived
IDH1mut, ATRX-KO astrocyte cultures that exhibited the ALT phenotype. Overexpression
of either RAP1 or XRCC1 alone (Fig. 3A; Supplementary Fig. S3A) significantly

reduced levels of APBs, T-SCE, C-circles (Fig. 3B-D; Supplementary Fig. S3B-S3D),

and clonogenicity (Fig. 3E; Supplementary Fig. S3E), whereas expression of both RAP1
and XRCC1 led to further additive decreases comparable with those noted following
reintroduction of ATRX (Fig. 3A-D; Supplementary Fig. S3A-S3D).

To address the potential linkage between mutant IDH1-driven downregulation of RAP1
and/or XRCC1 and ALT in human mutant IDH1-driven glioma xenograft cells, similar
experiments were performed in MGG119 ATRX-mutant, IDH1-mutant human glioma

cells that express both WT and mutant IDH1 and exhibit the ALT phenotype. As in the
genetically modified astrocyte model, overexpression of either RAP1 or XRCC1 alone (Fig.
4A) significantly reduced levels of APBs, T-SCE, C-circles (Fig. 4B-D), cell viability (Fig.
4E), and clonogenicity (Fig. 4F) relative to the parental MGG119 cells, whereas expression
of both RAP1 and XRCC1 caused additive decreases comparable with those noted following
reintroduction of ATRX (Fig. 4A-F).

In converse experiments, two independently derived IDH1 WT, ATRX-deficient, non-ALT
astrocyte cultures were transfected with a nontargeted siRNA (Scr) or siRNA pools targeting
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XRCCL1 or RAPL, after which the ability of these alterations to substitute for mutant

IDH1 in driving ALT in the ATRX-deficient background were monitored. siRNA-mediated
downregulation of either RAP1 or XRCC1 alone (Fig. 5A; Supplementary Fig. S4A,

lanes 2 and 3 vs. lane 1 siScr controls) caused significant increases in levels of APBs,
T-SCE, C-circles (Fig. 5B-D; Supplementary Fig. S4B-S4D), and clonogenicity (Fig. 5E;
Supplementary Fig. S4E), whereas downregulation of both RAP1 and XRCC1 led to further
additive increases comparable with those noted following reintroduction of mutant IDH1
itself (Fig. 5A-E; Supplementary Fig. S4A-S4E). These studies therefore confirm that
mutant IDH1 uses suppression of RAP1 and XRCC1 to drive ALT and gliomagenesis.

Mutant IDH1-mediated downregulation of RAP1 initiates telomere dysfunction

Because RAP1 is part of the shelterin complex that protects chromosome ends from being
recognized as DNA damage (40), we considered the possibility that RAP1 downregulation,
in combination with loss of ATRX, caused telomeric dysfunction that initiated ALT. To
address this possibility, we first monitored the appearance of yH2AX foci that colocalized
with a telomere-specific probe (TIFs), as a sign of response to telomeric damage. Control
p53/pRb—deficient astrocytes exhibited yH2AX foci indicative of generalized low-level
DNA DSBs, but few cells exhibited yH2AX foci at telomeres (TIFs, Fig. 6A). The same
was true for p53/pRb—deficient astrocytes either expressing mutant IDH1 or having lost
ATRX. IDH1mut, ATRX-KO ALT astrocytes, however, exhibited TIFs, a sign of response
to persistent telomeric dysfunction (Fig. 6A). Furthermore, another sign of telomere damage
[the number of chromosome arms with >1 telomeric signal (red) per metaphase spread; ref.
41] was also significantly increased in the IDH1mut, ATRX-KO ALT astrocytes relative

to p53/pRb—deficient astrocytes either expressing mutant IDH1 or having lost ATRX
(Supplementary Fig. S5A). Although exogenous expression of XRCC1 had a minimal
effect on the percentage of ATRX KO-1/IDH1 mut cells exhibiting TIFs, overexpression
of RAP1 in these cells significantly suppressed TIF formation (Fig. 6B). Conversely, the
downregulation of RAP1, but not of XRCC1, in IDH WT, ATRX-KO astrocytes also
resulted in the appearance of TIFs (Fig. 6C), suggesting that in the A7TRX KO background,
suppression of RAP1 was sufficient to induce telomeric dysfunction and in part drive the
ALT phenotype.

IDH1mut-mediated downregulation of XRCC1 facilitates ALT by altering telomeric damage

repair

Although XRCC1 contributes to repair of DNA single-strand breaks (40), it is also a

critical component of the alternative nonhomologous end joining (aNHEJ) pathway in which
it stabilizes DNA ligase 3 and allows the direct religation of DNA DSBs (42). aNHEJ

acts on some (but not all) forms of dysfunctional telomeres to yield fatal, end-to-end
chromosomal fusions (43). Mutant IDH1-driven downregulation of XRCC1 may therefore
limit the fusion of dysfunctional telomeres and allow alternative pathways, and perhaps HR
to resolve telomere dysfunction. Consistent with this idea, the overexpression of XRCC1
that suppressed the hallmarks of ALT in IDH1mut, ATRX-deficient astrocytes (Fig. 3) at

the same time also increased the levels of NHEJ-mediated telomeric fusion, which in turn
was also associated with decreased cell viability (Fig. 6D; Supplementary Fig. S5B). Similar
results were noted in MGG119 ALT cells following XRCC1 overexpression (Fig. 6E). These
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results suggest that mutant IDH1, by suppressing levels of XRCC1, lessens the degree to
which NHEJ can be used to fuse dysfunctional telomeres and eliminate ATRX-deficient
cells from the population. The suppression of XRCC1-mediated NHEJ in turn appears to
indirectly or directly free cells to use HR to act upon mutant IDH1-induced dysfunctional
telomeres and generate the ALT phenotype (Fig. 6F).

Discussion

The ALT mechanism is an important process used by a select group of human cancers

to resolve telomeric dysfunction and maintain unlimited growth potential. The process is
poorly understood and to date has only been linked to the loss of TERT and ATRX function,
neither or which alone or in combination induces the ALT phenotype. The current study
shows that expression of mutant IDH1, which is among the earliest and most common
alterations in ALT-associated glioma, cooperates with A7TRX loss to facilitate telomeric
dysfunction, alter the processing of dysfunctional telomeres, and drive the ALT phenotype.

Mutant IDH1 appears to contribute to the generation of the ALT in glioma cells in at least
two critical ways. First, the mutant IDH1-mediated downregulation of RAP1 contributes

to the generation of dysfunctional telomeres. In this study, RAP1 was the only member of
the telomere-protective shelterin complex whose expression was significantly downregulated
by mutant IDH1 expression. Downregulation of RAP1 causes telomeric dysfunction and

the appearance of TIFs in some systems (40), but not in others (44). In our study, RAP1
downregulation led to the appearance of TIFs in the context of ATRX loss, suggesting that
the two cooperate under normal conditions to maintain telomere capping. Consistent with
this finding, telomere dysfunction induced by downregulation of other shelterin components,
such as TPP1, also induces ALT in the ATRX-deficient setting (45). The dysfunctional
telomeres induced by mutant IDH1-driven RAP1 downregulation do not bind 53BP1 (not
shown) and as such do not appear to exist in a "fully uncapped" state (46). They are,
however, sufficiently altered to initiate a DNA damage response (although not cell-cycle
arrest in these checkpoint-deficient cells) and to be susceptible to NHEJ and chromosomal
fusion upon reexpression of XRCC1. Mutant IDH1 expression in the ATRX-deficient setting
therefore appears to provide cells with a unique opportunity to modify telomere architecture.

Mutant IDH1 also appears to contribute to ALT by downregulating XRCC1 and altering
the balance between pathways that process dysfunction telomeres. XRCCL1 is a critical
component of the aNHEJ pathway that fuses DNA ends with minimal sequence homology
(42). Furthermore, aNHEJ lethally fuses some forms of dysfunctional telomeres (43),
although this has not been examined in the ATRX-deficient setting. Mutant IDH1-mediated
downregulation of XRCC1 and the aNHEJ pathway may therefore limit the removal of
cells with dysfunctional telomeres and make cells more reliant on pathways such as HR
that could favor survival by resolving telomeric dysfunction in less lethal ways. Mutant
IDH1-driven downregulation of RAP1, a proven suppressor of HR (47), may further this
process. Although cells expressing mutant IDH1 have been suggested to be relatively
deficient in both NHEJ and HR (48), cells transformed by mutant IDH1 expression retain
enough HR to repair temozolomide-induced DNA DSB (24) and perform ALT, suggesting
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that sub-maximal levels of HR may be sufficient to drive recombination in the appropriate
circumstances.

Although the abovementioned findings provide the first link between mutant IDH1
expression and ALT, this linkage is clearly context dependent. Many IDH1 WT, SV40-
transformed fibroblast cell lines exhibit the ALT phenotype (9). Conversely virtually all
lower grade oligodendrogliomas exhibit IDH1 mutations, yet few, if any, display ATRX
mutations or ALT (10). Mutant IDH1 expression can also, in the absence of ATRX
mutations, facilitate reactivation of the endogenous WT TERT promoter (26). It may
therefore be that ALT requires an exact series of events that includes a generalized induction
of telomere dysfunction coupled with alterations in DNA repair pathways that favor HR.
Although this can be brought about experimentally by deletion of shelterin components,
such as TRF2 and/or POTL1, in a NHEJ (ligase 4)-deficient background (49), LGAs appear
to reach this same endpoint simply by combining mutant IDH1-driven downregulation of
RAP1 and XRCC1 with loss-of-function ATRX mutations. Conversely, in the absence of
ATRX mutations, mutant IDH1 expression may favor other forms of telomeric extension,
including TERT promoter reactivation (26). Other underlying predis-positions, however,
may also exist, as may differences in cells of origin that favor certain forms of resolution of
telomeric dysfunction over others.

The abovementioned findings not only have implications for our understating of the ALT
phenotype, but also for the therapy of ALT tumors. The data suggest that mutant IDH1-
driven ALT tumors exist in a state of persistent telomere dysfunction resolved only by
suppression of XRCC1 and a shift from aNHEJ to HR. Although targeting of mutant IDH1
maybe a rational therapeutic approach, IDH1 mutant—driven changes in gene expression

do not appear to be reversible outside a narrow window of time (24). Furthermore, the

ALT phenotype induced by mutant IDH1 expression in the current study was not reversed
by mutant IDH1 inhibitors (not shown), suggesting that other approaches may be needed.
Inhibitors of HR may also be reasonable, although these agents are not at the stage of
clinical testing. Alternatively, agents that directly or indirectly facilitate NHEJ, and perhaps
cNHEJ, could prove useful in the mutant IDH1-driven ALT setting. The suggestion that the
action of PARP inhibitors involves stimulation of cNHEJ (50) may in this regard be worth
investigating.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mutant IDH1 cooperates with ATRX loss to stimulate ALT. A, PCR-based analysis of

DNA from EGE7-expressing human astrocytes (Cont) exogenously expressing mutant IDH1
(+mutlDH1), subjected to CRISPR-based homozygous deletion of ATRX (ATRX KO-1

and ATRX KO-2), or both yields a 700-bp product in cells having undergone successful
homozygous deletion of A7TRX exons 7-9. B, Western blot verification of ATRX, mutant
IDH1, and B-actin expression in cells in A. C, TRAP analysis of telomerase activity in cells
in A and in control E6E7 astrocytes exogenously expressing hTERT (leftmost lane, closed
circle). D, Quantitation of the percentage of cells containing <1 (open box) or 2—4 (closed
box) APBs per cell (bottom) based on IHC colocalization (yellow foci) of PML (red) with
TRF2 (green) signal (top) in DAPI-stained (blue) positive-control GM847 ALT cells and the
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ATRX-KO1-based cells in A. A= 200 cells per group. E, Quantitation of the percentage of
chromosomes with T-SCE (bottom) based on fluorescence colocalization of leading (red)-
and lagging (green)-strand telomeric probes (top) in >50 cells per ATRX-KO1-based cells in
A. F, Quantitation of C-circle DNA following amplification of varying amounts of genomic
DNA from GM847 and ATRX KO-1-based cells in A in reactions with (+) or without

() phi29 polymerase that were spotted (dotted areas) and hybridized to a telomeric G
strand-specific probe. G, Number of colonies (>100 cells) that arose 28 days following
plating of the ATRX KO-1-based cells in A in soft agar. Except where noted, all values were
derived from three independent experiments. *, £< 0.05.
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Figure2.
Mutant IDH1 expression is associated with downregulation of RAP1 and XRCC1. A,

Triplicate quantitative PCR analysis of the levels of select transcripts encoding proteins
involved in telomere regulation in control cells (EGE7 astrocytes) expressing mutant IDH1,
subjected to CRISPR-based deletion of A7RX; or both. B, Western blot analysis of

RAP1, XRCC1, DNA ligase 3 (Lig3), and p-actin protein levels in the cells in A and in
BT142, SF10602, and MGG119 IDH1-mutant ALT glioma cells. C, The Cancer Genome
Atlas—based analysis of XRCC1 and RAP1 mRNA levels in LGA, lower-grade mixed
oligoastroglioma (LOA), and GBM relative to normal brain controls (1.0 on the y~axis). *, P
< 0.05.
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Figure 3.
Forced overexpression of RAP1 and/or XRCC1 suppresses mutant IDH1-mediated ALT

phenotype in genetically modified human astrocytes. A, Western blot verification of ATRX,
mutant IDH1, RAP1, XRCC1, and B-actin protein levels in A7TRX KO-1 astrocytes, and
ATRX KO-1 astrocytes exogenously expressing mutant IDH1 plus ATRX, RAP1, XRCC1,
or both RAP1 and XRCCL1. B, Quantitation of the percentage of cells from A containing <1
(open box) or 2—4 (closed box) APBs per cell. V=200 cells per group. ATRX (=), CRISPR-
based deletion of ATRX, ATRX (+), exogenous re-introduction of ATRX. C, Percentage

of chromosomes with T-SCE in cells from A. D, PCR-based quantification of C-circle
signal (relative to that in positive control GM847 ALT fibroblasts) following phi29-mediated
amplification of genomic DNA (30 ng) from cells in A. E, Number of colonies (>100 cells)

Cancer Res. Author manuscript; available in PMC 2023 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mukherjee et al.

Page 18

that arose 28 days following plating of the cells in A. Except where noted, all values were
derived from three independent experiments. *, £< 0.05.
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Figure 4.
Forced overexpression of RAP1 and/or XRCC1 suppresses mutant IDH1-mediated ALT

phenotype in ATRX-deficient, mutant IDH1, ALT MGG119 xenograft cells. A, Western blot
verification of ATRX, RAP1, XRCC1, and p-actin protein levels in MGG119 cells, and the
same cells exogenously expressing ATRX, RAP1, XRCC1, or both RAP1 and XRCCL1. B,
Quantitation of the percentage of cells containing <1 (open box) or 2-4 (closed box) APBs
per cell in >200 cells per each group described in A. +/- symbols denote the exogenous
introduction of ATRX, RAP1, or XRCCL1 (+), or of blank vector (). C, Percentage of
chromosomes with T-SCE in cells in A. D, PCR-based quantification of C-circle signal
(relative to that in positive control GM847 ALT fibroblasts) following phi29-mediated
amplification of genomic DNA (30 ng) from cells in A. E, Viability of cells in A measured
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by trypan blue exclusion. F, Number of colonies (>100 cells) that arose 28 days following
plating of the cells in A. Except where noted, all values were derived from three independent
experiments. *, P< 0.05.
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Figureb.

siRNA-mediated suppression of RAP1 and/or XRCC1 substitutes for mutant IDH1 in
driving the ALT phenotype. A, Western blot verification of IDH1, RAP1, XRCC1, and
B-actin protein levels in ATRX KO-1 astrocytes transfected with scrambled siRNA or
pooled siRNAs targeting RAP1, XRCC1, or both. B, Quantitation of the percentage of
cells containing <1 (open box) or 2—4 (closed box) APBs per cell in >200 cells per each
group described in A. C, Percentage of chromosomes with T-SCE from ATRX KO cells in
A and also expressing blank (=) or mutant IDH1-encoding construct (+). D, Quantitation
of C-circle DNA in cells from A. E, Number of colonies (>100 cells) that arose 28 days
following plating of the cells in D. Except where noted, all values were derived from three
independent experiments.*, P< 0.05.
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Figure 6.
Mutant IDH1-mediated downregulation of RAP1 and XRCCL initiates telomere dysfunction

and alters telomeric damage repair. A, Quantitation (bottom) of the percentage of control
E6E7-expressing human astrocytes expressing mutant IDH1 (IDH1 mut+), subjected to
CRISPR-based ATRX knockout, (ATRX KO-1) (ATRX-), or both and containing >2 TIFs
per cell (TIF positive, yellow foci, top) based on IHC colocalization of yH2AX (red)

with TRF2 (green) signal in >50 cells per group. B, Quantitation of the percentage of
TIF-positive mutant IDH1/ATRX KO-1 cells following introduction of blank constructs
or constructs encoding RAP1, XRCC1, or both. C, Quantitation of the percentage of
TIF-positive IDH1 WT/ATRX KO-1 cells following introduction of scrambled siRNA

(=) or siRNA targeting RAP1 and/or XRCC1 (+). D and E, Quantitation of the viability
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(right, dark bars) and the percentage of mutant IDH1/ATRX KO-1 (D) or MGG119 (E)
cells containing =1 fused chromosome (right, light bars) following introduction of blank
constructs or constructs encoding XRCCL1, based on fluorescence microscopy analysis of
>50 cells per each group (left). F, Schematic of the basis for mutant IDH1-mediated control
of ALT. Except where noted, all values were derived from three independent experiments. *
P<0.05.
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