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Abstract

Cancer cells rely on telomerase or the alternative lengthening of telomeres (ALT) pathway to overcome replicative mortality. ALT is mediated by
recombination and is prevalent in a subset of human cancers, yet whether it can be exploited therapeutically remains unknown. Loss of the
chromatin remodeling protein ATRX associates with ALT in cancers. Here, we show that ATRX loss compromises cell-cycle regulation of the
telomeric non-coding RNA TERRA and leads to persistent association of replication protein A (RPA) with telomeres after DNA replication,
creating a recombinogenic nucleoprotein structure. Inhibition of the protein kinase ATR, a critical regulator of recombination recruited by RPA,
disrupts ALT and triggers chromosome fragmentation and apoptosis in ALT cells. Importantly, the cell death induced by ATR inhibitors is highly

selective for cancer cells that rely on ALT, , suggesting that such inhibitors may be useful for treatment of ALT-positive cancers.

Cancer cells overcome replicative senescence by activating telomerase or the alternative lengthening of telomeres (ALT) pathway (1-3). ALT is
used in ~5-15% of all human cancers and is prevalent in specific cancer types, including osteosarcoma and glioblastoma (4). Currently, there are
no therapies specifically targeting ALT. ALT relies on recombination to elongate telomeres (3), but how the recombinogenic state of ALT
telomeres is established remains elusive. In contrast to cancer cells defective for homologous recombination (HR) and susceptible to Poly(ADP-
ribose) polymerase (PARP) inhibition (5, 6), ALT-positive cells are HR-proficient (7). Thus, the reliance of ALT on recombination raises an

important question as to whether recombination can be exploited in ALT-positive cancers as a means for targeted therapy.

Single-stranded DNA (ssDNA) coated by replication protein A (RPA) is a key intermediate in both DNA replication and HR (8). RPA transiently
associates with telomeres during DNA replication, but is released from telomeres after S phase (9, 10). The release of RPA may be an important
mechanism to suppress HR at telomeres. The association of RPA with telomeres in S phase is facilitated by TERRA, the telomere repeat-
containing RNA, which is also present at telomeres during this period (9, 11-13). To investigate how ALT is established, we determined whether
the association of TERRA with telomeres is altered in ALT cells. TERRA colocalized with the telomere-binding protein TRF2 in telomerase-
positive HeLa cervical cancer cells (fig. S1) (9). However, in both HeLa and telomerase-positive SISA1 osteosarcoma cells (fig. S24B), the
number of TERRA foci declined from S phase to G2 (Fig. 1A-B) (fig.S2) (9, 12). Although in ALT-positive U20S osteosarcoma cells TERRA
also colocalized with the telomere marker TRF2 (fig. S3A-B), neither the levels of TERRA, nor the colocalization of TERRA and TRF2,
declined from S to G2 (fig. S2, S3B-C, S4A-B). Furthermore, in ALT-positive U20S and HUO9Y osteosarcoma cells (Fig. 3D) (fig. S25A-B),
the number of TERRA foci increased significantly in S phase and remained high into G2 (Fig. 1A-B) (fig. S2). Thus, in contrast to telomerase-
positive cells, ALT cells are defective in the cell-cycle regulation of TERRA.

Fig. 1
Loss of ATRX compromises the cell-cycle regulation of TERRA
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We next explored why TERRA persistently associates with telomeres in ALT cells. Recent cancer genome studies have revealed a correlation of
ALT with mutations in the ATRX gene and loss of the chromatin remodeling protein ATRX in cancer (14—17). ATRX was detected in HeLa but
not U20S cells (Fig. S5A, see Fig. S25C) (14), prompting us to investigate whether the dysregulation of TERRA in ALT cells is a result of
ATRX loss. Indeed, knockdown of ATRX in HeLa cells resulted in persistent TERRA foci, and elevated TERRA levels in G2/M (Fig. 1C-D, S5,
S6). Furthermore, the levels of TERRA derived from individual telomeres (15q and Xp/Yp) declined from S phase to mitosis in control HeLa
cells but not in ATRX knockdown cells (Fig. 1E-F). These results suggest that TERRA is repressed by ATRX in G2/M.
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Considering that RPA is released from telomeres in G2/M when TERRA is repressed by ATRX (9), we examined whether ATRX is required for
the release of RPA. In HeLa cells, numerous small replication-associated RPA foci (type-A RPA foci) were detected in S phase (Fig. S7). As
cells progressed from S to G2, type-A RPA foci became largely undetectable (Fig. 2A). However, upon ATRX knockdown, bright damage-
associated RPA foci (type-B RPA foci) were detected at telomeres in a fraction of G2 cells (Fig. 2A, S7, S8). Knockdown of ATRX with two
independent siRNAs led to a significant increase of type-B RPA foci in G2 cells (Fig. 2B). To examine the release of RPA from telomeric ssDNA
biochemically, we followed this process in cell extracts using an in vitro assay that we previously established (9). A biotinylated ssDNA oligo of
telomeric repeats (ssTEL) was coated with recombinant RPA and incubated in extracts from S-phase or mitotic HeLa cells. Consistent with the
release of RPA from telomeres in G2/M, RPA was released from ssTEL more efficiently in mitotic extracts than in S-phase extracts (Fig. 2C) (9).
Knockdown of ATRX reduced the release of RPA from ssTEL in mitotic extracts (Fig. 2C), demonstrating that ATRX contributes to the RPA
release in G2/M. To test if the loss of ATRX in ALT cells affects RPA release, we analyzed IMR90 myofibroblast-derived Sw39TEL
(telomerase-positive) and SW26ALT (ALT-positive) cells (Fig. S9) (7). ATRX was detected in SW39TEL but not SW26ALT (Fig. 2D). Moreover,
the loss of ATRX in SW26™LT associated with a 4-fold increase of TERRA compared with SW39TEL (Fig. 2E-F). Importantly, RPA was
released from ssTEL more efficiently in SW39TEL cell extracts than in SW26ALT cell extracts (Fig. 2G), showing that ALT cells lacking ATRX
indeed have a reduced ability to release RPA from telomeric ssDNA.

Fig. 2

Loss of ATRX compromises RPA release from telomeres

Given that RPA-ssDNA is a key HR intermediate, we asked if ATRX loss induces ALT. Knockdown of ATRX in HeLa cells did not inactivate
telomerase, nor did it induce telomere lengthening (Fig. SI0A-B). These results are consistent with a previous study (14) and suggest that loss of
ATRX is insufficient to establish ALT. Nevertheless, ATRX knockdown in HeLa cells promoted some features of ALT, such as the persistent
association of TERRA and RPA with telomeres. Interestingly, a recent study showed that loss of the histone chaperone ASF1 led to the
acquisition of several ALT phenotypes, including accumulation of RPA at telomeres (18). We postulate that ALT is established via a multistep
process in which loss of ATRX poises telomeres for ALT, but additional genetic/epigenetic changes are needed to fully activate the ALT pathway
(see Fig. S29).

RPA-ssDNA is not only an HR intermediate, but also the nucleoprotein structure that recruits ATR, a protein kinase that is a key regulator of HR
(19, 20). The defective RPA release from telomeres in ATRX knockdown cells and ALT cells suggests that ATR may be recruited to telomeres
during the establishment of ALT. Consistent with our hypothesis, ATR colocalizes with promyelocytic leukemia protein (PML) in U20S cells
but not in HeLa cells (21), suggesting its presence in ALT-associated PML bodies (APBs) (22). Furthermore, ATRIP, the regulatory partner of
ATR, associates with telomeres in ALT-positive WI38-VA13 cells but not in HeLa cells (23). These findings prompted us to test if ATR is
functionally required for ALT. The ATR inhibitor VE-821 (24) and ATR siRNA significantly reduced APBs in U20S and SW262LT cells

Fig. 3A-B, S11A-B, S12A). VE-821 also disrupted APBs in U20S cells synchronized in G2 (Fig. S12B) (25), ruling out cell-cycle changes as
the cause of APB dispersal. In marked contrast, the ATM inhibitor KU-55933 and ATM siRNA did not affect APBs in U20S cells (Fig. 3A-B,
S12B-C), highlighting the role for ATR, but not ATM, in the maintenance of APBs in ALT cells.

To determine whether VE-821 affects the recombinogenic state of ALT telomeres, we analyzed telomere sister-chromatid exchange (T-SCE) and
extrachromosomal telomeric C-rich DNA (C-circles) in ALT cells. VE-821 not only decreased T-SCE in U20S cells (Fig. 3C, S13A), but also
reduced C-circle levels in U20S and HUO9 cells (Fig. 3D-E), showing that ALT is indeed inhibited. Furthermore, VE-821 elevated the
frequency of telomere loss in U20S cells (Fig. 3F, S13B), suggesting that the stability of ALT telomeres is compromised. Consistent with the
idea that TERRA acts upstream of ATR to promote RPA retention at ALT telomeres, VE-821 did not affect TERRA levels and telomere
association in U20S cells (Fig. SI14A-B).

The effects of VE-821 on ALT telomeres prompted us to investigate whether VE-821 selectively kills ALT cells. SW26°LT was indeed more
sensitive to VE-821 than SW39TEL (Fig. S15). Importantly, SW26ALT and SW39TEL were similarly sensitive to a panel of DNA-damaging
agents (Fig. S16), demonstrating that the effects of VE-821 are unique to ATR inhibition but not a result of general genotoxicity. Moreover, VE-
821 induced accumulation of the phosphorylated form of histone H2AX (YH2AX) more efficiently in SW26ALT than in SW39TEL cells (Fig.
S17), suggesting that it inflicts more DNA damage in ALT cells. At a concentration that kills? U20S cells, VE-821 only modestly reduced the
proliferation of untransformed RPE-1 retinal pigment epithelial cells (Fig. S18). Using H2B-mRFP and live-cell imaging, we followed the
chromosome segregation in U20S, HeLa, and RPE-1 cells after VE-821 treatment. Furthermore, we used 53BP1-GFP to visualize DNA double-
stranded breaks (DSBs) in U20S cells. VE-821 induced dramatic errors in anaphase chromosome segregation in U20S but not HeLa or RPE-1
cells (Fig. 4A-B, S19; Movie S1). In the following interphase, U20S cells displayed increased micronucleation compared to HeLa or RPE-1
cells (Fig. S20A; Movie S1). Moreover, U20S cells exhibited numerous 53BP1 foci (Fig. 4A, 4C; Movie S1). A fraction of the 53BP1 foci in
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U20S cells colocalized with telomeres (Fig. 4C, S20B), although only a minority of telomeres associated with 53BP1. The colocalization of
53BP1 with telomeres but not centromeres was significantly induced by VE-821 (Fig. S21A-B), suggesting that ALT telomeres are particularly
fragile upon ATR inhibition. Interestingly, knockdown of ATRX in HeLa cells and BJ fibroblasts did not increase the induction of yYH2AX by
VE-821 or VE-821 sensitivity (Fig. S22A—C), suggesting that while ATRX loss may prime cells for ALT, it is not directly responsible for the
vulnerability of ALT cells to ATR inhibition.

Figure 4
Selective killing of ALT cells by ATR inhibitor

Given the prevalence of ALT in osteosarcoma (26), we tested the effects of VE-821 on a panel of osteosarcoma cell lines. These cell lines clearly
clustered into two groups (Fig. 4D). The mean IC50 of VE-821 for one group (U20S, SAOS2, CAL72, NOS1, and HUO9) was ~0.8 pM,
whereas the mean IC50 for the other group (MG63 and SJSA1) was ~9 uM (Fig. 4D, S23A). Among these lines, U20S and SAOS2 are known
ALT lines without detectable ATRX protein (Fig. S24A) (14). CAL72, NOS1, and HUO9 lacked detectable telomerase activity, ATRX protein,
and displayed APBs (Fig. S24A-C, S25A-C), suggesting that they are also ALT-positive. In contrast, MG63 and SISA1 were positive for
telomerase activity, ATRX protein, and negative for APBs (Fig. S24A—C). In this panel of cell lines, VE-821 induced substantially higher levels
of apoptosis in the ALT lines than in the telomerase-positive lines (Fig. 4E). The hypersensitivity of ALT cells to ATR inhibition was confirmed
with a second ATR inhibitor, AZ20 (Fig. S23B). In contrast to ATR inhibitors, neither the ATM inhibitor KU-55933 nor the DNA replication
inhibitor gemcitabine showed significant selectivity toward ALT cells (Fig. 4D, S23C-D). Notably, several ATRX-expressing ALT lines were
also hypersensitive to VE-821 (Fig. S25A-D, S26A-B) (14), again suggesting that the state of ALT telomeres but not ATRX loss per se renders
cells hypersensitive to ATR inhibitors.

ALT is prevalent not only in osteosarcoma but also in pediatric glioblastoma (27). MGG119, a newly developed glioma stem cell (GSC) line
(28), lacked detectable telomerase activity and ATRX protein, but expressed high levels of TERRA and displayed APBs (Fig. S27A-D),
suggesting that it is ALT-positive. In contrast, the GSC line MGG4 was positive for telomerase activity and ATRX protein, but expressed low
levels of TERRA and lacked APBs (Fig. S27A-D) (29). Importantly, although MGG1194LT and MGG4TEL were similarly sensitive to a panel
of DNA-damaging agents (Fig. S28A—C), MGGl 19ALT wag significantly more sensitive to VE-821 than MGG4TEL (Fig. 4F), suggesting that
VE-821 is uniquely effective in killing ALT GSCs.

The HR defects of specific cancers have offered an opportunity for targeted therapy using PARP inhibitors (5, 6). However, in contrast to HR-
defective cancers, ALT-positive cancers actively use recombination to sustain immortality. We show that ATR inhibitors disrupt ALT (Fig. S29)
and selectively kill ALT cells in vitro, suggesting a rational strategy for the treatment of ALT-positive cancers. Several ATR inhibitors are
entering clinical trials for cancer treatment (24, 30-33). Our findings suggest that cancers reliant on recombination, which include but are not

limited to ALT-positive cancers, are hypersensitive to ATR inhibitors, offering an unexplored direction for future preclinical and clinical studies.
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