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Maintenance of R-loop structures by 
phosphorylated hTERT preserves  
genome integrity

Mitsuhiro Machitani    1,10, Akira Nomura    1,2,10, Taro Yamashita    3, 
Mami Yasukawa    1, Saori Ueki1, Ken-Ichi Fujita1, Toshihide Ueno    4, 
Akio Yamashita    5, Yoshikazu Tanzawa2, Masahiko Watanabe    2, 
Toshiyasu Taniguchi6, Noriko Saitoh    7, Shuichi Kaneko    3, Yukinari Kato    8,9, 
Hiroyuki Mano    4 & Kenkichi Masutomi    1 

As aberrant accumulation of RNA–DNA hybrids (R-loops) causes DNA damage 
and genome instability, cells express regulators of R-loop structures. Here 
we report that RNA-dependent RNA polymerase (RdRP) activity of human 
telomerase reverse transcriptase (hTERT) regulates R-loop formation. We 
found that the phosphorylated form of hTERT (p-hTERT) exhibits RdRP activity 
in nuclear speckles both in telomerase-positive cells and telomerase-negative 
cells with alternative lengthening of telomeres (ALT) activity. The p-hTERT 
did not associate with telomerase RNA component in nuclear speckles but, 
instead, with TERRA RNAs to resolve R-loops. Targeting of the TERT gene 
in ALT cells ablated RdRP activity and impaired tumour growth. Using a 
genome-scale CRISPR loss-of-function screen, we identified Fanconi anaemia/
BRCA genes as synthetic lethal partners of hTERT RdRP. Inactivation of RdRP 
and Fanconi anaemia/BRCA genes caused accumulation of R-loop structures 
and DNA damage. These findings indicate that RdRP activity of p-hTERT guards 
against genome instability by removing R-loop structures.

Cells counteract the induction of genome instability through DNA 
repair facilitated by DNA damage response (DDR), which recruits vari-
ous DDR effectors to DNA lesions for DNA repair (reviewed in ref. 1). 
Such genome instability also associates with abnormal genome struc-
tures. An R-loop is a three-stranded nucleic acid structure contain-
ing RNA–DNA hybrids, formed along with transcriptional elongation 
due to annealing of the nascent RNA strand with the template DNA 
strand. R-loops enrich in specific regions such as transcription initia-
tion and termination sites, DNA damage sites and telomere regions2. 

Accumulation of aberrant R-loops induces destabilization of genome 
structure and inhibition of transcript maturation, causing DNA dam-
age and cell death. To prevent such adverse effects by accumulation of 
R-loop structures, cells express regulators. For example, RNase H family 
proteins digest the RNA strand of R-loops3,4, and the helicase senataxin 
(SETX)5 and DEAH box helicase 9 (DHX9)6 unwind R-loop structures.

Telomere structures also maintain genome stability by protecting 
the ends of chromosomes (reviewed in ref. 7). Most cancers maintain 
telomeres relying on upregulation of telomerase, which consists of a 
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with an anti-hTERT mAb (clone 10E9-2) followed by immunoblot-
ting (IB). Consistent with the IIF images, we observed endogenous 
hTERT (Fig. 1g) and p-hTERT (Fig. 1h) in U2OS, VA-13 and Saos-2 cells 
synchronized in the mitotic phase. Another mAb specific for p-hTERT 
(clone TpMab-35) also detected p-hTERT signals in mitotic U2OS 
cells (Extended Data Fig. 1h,i). These observations suggest that syn-
chronization in the mitotic phase facilitated detection of p-hTERT 
in ALT cells. In addition, knockdown of hTERT eliminated the hTERT 
(Fig. 1i) and p-hTERT (Fig. 1j) signals, indicating that these signals 
are specific for hTERT and p-hTERT. Moreover, we confirmed that 
treatment with the CDK1 inhibitor RO-3306 ablated p-hTERT signals 
(Fig. 1k). These findings indicate that p-hTERT is present even in 
ALT cells lacking telomerase activity.

p-hTERT in ALT cells exhibits RdRP activity
In agreement with previous reports19,20, we confirmed lower but detect-
able levels of hTERC in addition to hTERT mRNA in ALT cells (Fig. 1e), 
which is essential for telomerase activity. To assess telomerase and 
RdRP activities of hTERT in ALT cells, we isolated hTERT immune com-
plex with hTERT-specific antibodies from ALT cells, and subsequently 
performed a direct telomerase assay and RdRP assay. We confirmed that 
IP with the hTERT-specific antibodies recovered endogenous hTERT 
proteins (Extended Data Fig. 2a). Although the hTERT immune complex 
isolated from telomerase-positive 293T cell lysate with the anti-hTERT 
antibodies (10E9-2 and abx120550; refs. 21,22) exhibited detectable 
level of telomerase activities, the p-hTERT immune complex isolated 
with the p-hTERT-specific antibody (clone TpMab-3) exhibited no tel-
omerase activity (Fig. 2a). In addition, we found that p-hTERT does not 
associate with hTERC (Fig. 2b), suggesting that p-hTERT does not form 
a complex with hTERC and thus lacks telomerase activity.

Consistent with several studies23–25, we ascertained that ALT cells 
exhibited no telomerase activity (Fig. 2a and Extended Data Fig. 2b). 
We found that hTERT in ALT cells does not associate with hTERC (Fig. 2c 
and Extended Data Fig. 2c), even if ALT cells express both hTERT and 
hTERC (Fig. 1e). These results suggest that hTERT does not form a com-
plex with hTERC in ALT cells, explaining the previously reported lack 
of telomerase activity in ALT cells. By contrast, we found that p-hTERT 
isolated from these ALT cells exhibited RdRP activity (Fig. 2d,e). In 
addition, knockdown of hTERT (Fig. 2f) and inhibition of hTERT phos-
phorylation with the CDK1 inhibitor RO-3306 (Fig. 2g) decreased the 
RdRP activity of hTERT in mitotic U2OS cells. We previously verified 
the RdRP activity with a recombinant hTERT (rhTERT) protein partially 
purified from E. coli14. Consistent with the previous finding, we con-
firmed that not only hTERT immunoprecipitated from cells but also 
rhTERT expressed by a baculovirus expression system exhibits RdRP 
activity (Extended Data Fig. 2d). Because the recombinant protein 
partially purified from a non-mammalian system does not associ-
ate with other mammalian factors, these observations suggest that 
hTERT itself, but not a protein that associates with hTERT, possesses 
RdRP activity. Together, these findings indicate that p-hTERT exhibits 
RdRP activity in a hTERC-independent manner instead of telomerase 
activity in ALT cells.

Since various hTERT alternative splicing (AS) variants (such as α, β, 
γ, Δ2 and Δ4-13 variants) have been identified even in ALT cells26–28, we 

catalytic component hTERT8–10 and a template RNA of human telomer-
ase RNA component (hTERC)11. Although telomerase plays an essential 
role in maintaining telomeres, previous studies have reported that 
hTERT has non-canonical functions beyond telomere maintenance12,13. 
We reported previously that hTERT has RdRP activity, which functions 
to transcribe an antisense RNA from a template RNA14,15. Phosphoryla-
tion of hTERT at threonine 249 by the serine/threonine kinase CDK1 is 
a key mechanism to regulate RdRP activity16. The synthesis of antisense 
RNAs by the RdRP activity of hTERT negatively regulates various target 
RNA levels such as transcripts of tumour suppressor genes, eventually 
leading to tumour formation14–16. In addition, we detected high levels of 
p-hTERT expression in aggressive cancers with poor prognosis includ-
ing lung, pancreatic and liver cancers17.

Here we found a functional role of the RdRP reaction by hTERT 
in R-loop regulation and maintenance of genome stability. We found 
that p-hTERT localizes in nuclear speckles (NSs) but not telomeres. It 
associates with telomeric repeat-containing (TERRA) noncoding RNAs 
transcribed from subtelomeric regions and dissolves R-loop structures, 
indicating that RdRP activity of hTERT functions to guard against 
genome instability through removal of R-loop structures.

Results
ALT cells express a phosphorylated form of hTERT
To examine p-hTERT expression, we performed indirect immuno-
fluorescence (IIF) staining using previously described anti-p-hTERT 
mAbs (TpMab-1 and TpMab-3)16,17 and observed the specific signal 
of p-hTERT in the nuclei of several immortal cell lines (Fig. 1a,b). We 
included a subset of cancer cells that retain telomere length by a 
telomerase-independent mechanism based on homologous recombi-
nation, called ALT. We found that p-hTERT was also detected in ALT cells 
(U2OS, VA-13 and Saos-2 cells), although these cells lack telomerase 
activity, in agreement with previous reports (Fig. 1a,b). When we sup-
pressed hTERT expression using siRNAs specific for hTERT (siTERT#1 
and #2), the p-hTERT signals were diminished (Fig. 1c). To confirm the 
phosphorylation specificity of these signals, we treated HeLa and U2OS 
cells with an inhibitor of CDK1 that catalyses phosphorylation of hTERT 
at threonine 249 (ref. 16). Treatment with CDK1 inhibitor RO-3306 
diminished the specific signal of p-hTERT in these cells (Fig. 1d). In addi-
tion, we generated another mAb specific for p-hTERT (clone TpMab-35) 
and observed identical signals of p-hTERT in all cell lines (Extended 
Data Fig. 1a–c). To further confirm the expression of hTERT in ALT cells 
by semi-quantitative and quantitative RT-PCR (qRT-PCR) analyses, we 
optimized conditions to identify hTERT expression (Extended Data 
Fig. 1d–g) using primers specific for exons 15 and 16, and detected 
hTERT mRNA in U2OS, VA-13 and Saos-2 cells (approximately one-third 
versus that in HeLa cells; Fig. 1e).

Next, we examined p-hTERT expression in mitotic ALT cells, 
because hTERT is enriched during mitosis in telomerase-positive 
cells15,18. When we synchronized ALT cells in mitotic phase, we found 
that mitotic U2OS cells expressed high levels of p-hTERT spread-
ing throughout the whole cell (Fig. 1f). We further investigated the 
expression of p-hTERT in ALT cells using lysates of mitotic cells syn-
chronized by treatment with nocodazole. Because it is difficult to 
detect endogenous hTERT, we performed immunoprecipitation (IP) 

Fig. 1 | Expression of phosphorylated hTERT proteins in ALT cells. a,b, IIF 
imaging of p-hTERT. Telomerase-positive cell lines (293T, HeLa and Huh-7 cells) 
and ALT cell lines (U2OS, VA-13 and Saos-2 cells) were immunostained with  
anti-p-hTERT mouse mAbs (TpMab-3 (a) and TpMab-1 (b)). Scale bars, 10 μm.  
c,d, IIF imaging of p-hTERT (TpMab-3) in HeLa and U2OS cells treated with  
hTERT siRNAs (c) or a CDK1 inhibitor (RO-3306; d). Scale bars, 10 μm.  
e, hTERT mRNA and hTERC expression levels in telomerase-positive HeLa and 
ALT (U2OS, VA-13 and Saos-2) cells, assessed by quantitative RT-PCR analysis 
using hTERT_ex15-16 primer pairs (n = 3 independent experiments per group). 

Data are presented as mean ± s.d. f, Detection of p-hTERT (TpMab-3) signals in 
HeLa and U2OS cells synchronized in mitosis with nocodazole. Scale bars,  
10 μm. g,h, Detection of endogenous hTERT (2E4-2; g) and p-hTERT (TpMab-3;  
h) by IP and the subsequent IB from the cells with nocodazole treatment.  
i–k, IP-IB of endogenous hTERT and p-hTERT proteins in U2OS cells with hTERT 
knockdown or CDK1 inhibitor (RO-3306) treatment. The cells were treated with 
nocodazole. Experiments were repeated three times (a,b,d,f–k) or twice (c) with 
similar results. Numerical source data and unprocessed blots are available as 
source data.
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examined whether the AS variants of hTERT exhibit RdRP activity using 
recombinant hTERT AS variant proteins. Although we detected α, β, γ 
and Δ4-13 variants as well as the full-length hTERT mRNA in U2OS cells 

(Extended Data Fig. 3a,b), recombinant AS variant proteins exhibited 
no RdRP activity (Extended Data Fig. 3c,d). These results indicate that 
the full-length hTERT is essential for the RdRP activity.
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Fig. 2 | Enzymatic activity of hTERT in ALT cells. a, Telomerase activity of hTERT 
and p-hTERT immunoprecipitated with anti-hTERT (abx120550 and 10E9-2) and 
anti-p-hTERT (TpMab-3) antibodies from the indicated cells. The 293T cells are 
positive controls. b,c, Association of hTERC with hTERT and p-hTERT isolated 
with the 10E9-2 and the TpMab-3 antibodies from HeLa, 293T (b) and ALT cells 
(U2OS, VA-13, and Saos-2 cells; c). d, IP-RdRP assay using hTERT protein prepared 

identically to those in a from cells treated with nocodazole. Mouse IgG is an 
isotype control for the immunoprecipitation. e, IP-RdRP assay using hTERT  
and p-hTERT proteins from cells treated with nocodazole. f,g, RdRP activity of 
mitotic U2OS cells with hTERT knockdown (f) or CDK1 inhibition (RO-3306;  
g). Experiments were repeated three times with similar results. Source 
unprocessed blots are available as source data.
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Fig. 3 | p-hTERT localizes in NSs in ALT cells. a, Super-resolution imaging of 
p-hTERT and SRRM2 in Huh-7, U2OS, VA-13 and Saos-2 cells. Scale bars, 10 μm.  
b, Strategy for biochemical purification of NS-enriched fraction. c, Detection of NS 
marker proteins such as phospho-SR proteins (clone 1H4), SF3B1 and U2AF1 in the 
NS-enriched fraction. H2A is a marker for chromatin proteins. d, Determination of 
hTERC levels in NSs by quantitative RT-PCR analysis. MALAT1 long noncoding RNA 

and precursor mRNAs (pre-GAPDH and pre-ACTB) are marker RNAs localized in NSs. 
Data are presented as mean ± s.d. (n = 3 independent experiments per group).  
e, Detection of hTERT proteins immunoprecipitated from the indicated biochemical 
fractions. f, IP-RdRP assay using hTERT proteins prepared identically to those in e. 
Experiments were repeated four times (e), three times (c,f), and twice (a) with similar 
results. Numerical source data and unprocessed blots are available as source data.
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p-hTERT localizes in nuclear speckles in ALT cells
To study a functional role of p-hTERT in ALT cells, we initially exam-
ined localization of p-hTERT in ALT cells. The hTERT signal, which 
includes both unphosphorylated and phosphorylated hTERT, exists 
throughout the nucleus, whereas p-hTERT localizes in the nuclear 
structures (Extended Data Fig. 4a). The formation of ALT-associated 
promyelocytic leukaemia (PML) bodies (APBs) around telomeres is 
essential for the maintenance of telomeres in ALT cells29. However, the 
signal of p-hTERT did not colocalize with that of APB markers PML and 
TRF2 in U2OS cells (Extended Data Fig. 4b,c), indicating that p-hTERT 
exists outside telomeres. We focused on the shape of p-hTERT sig-
nals in immunofluorescence imaging. Emerging evidence has shown 
that RNA and intrinsically disordered proteins undergo liquid–liquid 
phase separation (LLPS) to form liquid droplets inside the cells30,31. 
Since p-hTERT forms foci like liquid droplets (Fig. 1a and Extended 
Data Fig. 4a), we hypothesized that p-hTERT undergoes LLPS and sub-
sequently localizes in subnuclear structures. Proteins, potentially 
inducing LLPS, harbour intrinsically disordered regions (IDRs) on their 
protein domains32. Putative analyses of IDRs by several web interfaces 
predicted the existence of an IDR on hTERT protein (Extended Data 
Fig. 4d–g). To confirm the involvement of LLPS, we treated HeLa and 
U2OS cells with 1,6-hexanediol (1,6-HD) which disrupts hydrophobic 
interactions and inhibits LLPS. Treatment with 1,6-HD rapidly disas-
sembled the dot structure of p-hTERT (Extended Data Fig. 4h), suggest-
ing that p-hTERT localizes in subnuclear structures formed by LLPS. 
The 1,6-HD treatment also allowed us to efficiently detect endogenous 
hTERT (Extended Data Fig. 4i) and its RdRP activity (Extended Data 
Fig. 4j). In addition, we lysed cells in high salt to inhibit weak electro-
static interactions, since the electrostatic interactions are essential for 
LLPS. Each treatment with 1 M NaCl and 1,6-HD increased the hTERT 
protein amounts isolated from U2OS and HeLa cells (Extended Data 
Fig. 4k). Combination of treatments with 1 M NaCl and 1,6-HD further 
enriched the yield of hTERT proteins recovery (Extended Data Fig. 4k). 
These observations suggest that p-hTERT does not co-localize with 
telomeres but is present in another subnuclear structure through 
LLPS in both telomerase-positive and ALT cells.

Next, we assessed where p-hTERT is localized. We focused on NSs 
that contain RNA regulators such as precursor mRNA (pre-mRNA) splic-
ing factors, transcription factors and 3′-end RNA processing factors33,34, 
because p-hTERT regulates the expression of specific genes by synthe-
sizing antisense RNAs15,16. Multicolour immunofluorescence imaging 
using a super-resolution microscopy demonstrated that the signal of 
p-hTERT completely merged with an NS marker SRRM2 in ALT cells 
(Fig. 3a). We then confirmed that the p-hTERT antibody (TpMab-3) 
does not cross-react to phospho-Ser-Arg-rich (SR) proteins contained 
abundantly in NSs. While the treatment with hTERT siRNAs eliminated 
the p-hTERT signal, it did not affect the signal of phospho-SR proteins 
(Extended Data Fig. 5a). Furthermore, we treated cells with a CLK1 
inhibitor KH-CB19 to inhibit phosphorylation of SR proteins, because 
CLK1 is a specific kinase for SR proteins35. The treatment with the CLK1 
inhibitor inhibited the phosphorylation of SR proteins, but not that of 
hTERT (Extended Data Fig. 5b).

To further confirm the localization of p-hTERT in NSs, we bio-
chemically isolated an NS-enriched fraction (Fig. 3b and Methods). 
We confirmed that the NS-enriched fraction contained a series of 

phospho-SR proteins, SF3B1, and U2AF1 that are maker proteins local-
ized in NSs (Fig. 3c). We also observed the enrichment of pre-mRNAs 
and MALAT1 long noncoding RNA in the NS-enriched fraction, which 
were localized in NSs36. By contrast, we found that hTERC is less abun-
dant in the NS-enriched fraction than in nuclear fraction (Fig. 3d). 
IP-IB assay using an anti-p-hTERT antibody demonstrated that this 
purification process concentrated p-hTERT into the NS-enriched 
fraction (Fig. 3e). In addition, hTERT immunoprecipitated from the 
NS-enriched fraction exhibited RdRP activity (Fig. 3f). These results 
indicate that p-hTERT localizes outside telomeres but in NSs in both 
telomerase-positive and ALT cells.

RdRP regulates R-loop structure on TERRA sequences
To investigate the function of p-hTERT in NSs, we isolated hTERT com-
plex by IP from NSs purified biochemically and conducted RIP-seq 
analysis for RNAs associated with hTERT in NSs (Extended Data Fig. 6a). 
Interestingly, the RIP-seq suggested that hTERT interacts with TERRA 
RNAs37 transcribed from subtelomeric regions (Extended Data Fig. 6b). 
We also verified the association of hTERT and p-hTERT with TERRA 
RNAs by RNA dot blot analysis (Fig. 4a) and qRT-PCR analysis (Fig. 4b). 
hTERT knockdown cells had higher levels of TERRA RNA expression 
(Extended Data Fig. 6c). Since we studied the NS fraction in these analy-
ses, these results suggest that TERRA RNAs exist in NSs. In concordance 
with these findings, previous reports revealed that not all TERRA RNAs 
localize at telomeres and some TERRA RNAs exist outside telomeres, 
although TERRA RNAs are enriched at telomeres38,39. To further inves-
tigate the localization of TERRA RNAs into NSs, we performed FISH 
(fluorescence in situ hybridization) analyses for TERRA RNAs and veri-
fied that TERRA RNAs localized in NSs (Fig. 4c).

To examine whether p-hTERT exhibits RdRP activity with TERRA 
RNAs, we used TERRA RNAs as a template for IP-RdRP assay and con-
firmed that hTERT (Extended Data Fig. 6d) and p-hTERT (Fig. 4d) syn-
thesized RdRP products using TERRA RNAs as a template. To determine 
whether TERRA RNAs are preferentially used for RdRP activity, we 
performed a titration assay using a mixture of template TERRA RNAs 
and artificial RNAs without TERRA sequences and found that TERRA 
RNAs exhibited robust RdRP activity (Extended Data Fig. 6e). Moreover, 
hTERT and p-hTERT purified from NSs interact with double-stranded 
RNAs (dsRNAs) detected with a dsRNA-specific antibody (Fig. 4e). 
These observations revealed that hTERT RdRP synthesizes antisense 
RNAs of TERRA RNAs and produces dsRNAs. Since TERRA RNAs have 
been shown to associate with telomeric repeat sequences in genomic 
DNA and form RNA–DNA hybrid (R-loop) structures38,40, we speculated 
that hTERT might also regulate R-loop formation especially on TERRA 
sequences. An analysis of hTERT and p-hTERT immunoprecipitated 
from NSs identified R-loop signals associated with hTERT and p-hTERT 
(Fig. 4f). To clarify a function of p-hTERT in R-loop regulation, we incu-
bated telomeric repeat RNA–DNA hybrids with hTERT (Extended Data 
Fig. 6f,g) and p-hTERT (Fig. 4g) immune complex and observed degra-
dation of telomeric repeat RNA–DNA hybrids, suggesting that p-hTERT 
dissolves R-loop structures. We obtained these data using hTERT and 
p-hTERT purified from NSs fractions, indicating that the R-loop regula-
tion by RdRP occurs in NSs. Given these results, we propose a model for 
regulation of R-loop formation via RdRP reaction (Fig. 4h). Following 
RNA transcription, nascent RNA transcript and DNA template hybridize 

Fig. 4 | Involvement of RdRP in R-loop resolution on TERRA sequences. 
a,b, Detection of TERRA and ARRET RNAs associated with p-hTERT 
immunoprecipitated from NS-enriched fraction, analysed by RNA dot blot 
(a) and quantitative RT-PCR analyses (b; n = 3 independent experiments per 
group). Data are presented as mean ± s.d. c, FISH for TERRA RNAs in U2OS cells. 
An NS marker SRRM2 is co-stained. Treatment with RNase A was included as a 
control. Scale bars, 10 μm. d, RdRP activity of p-hTERT purified from NSs against 
a synthetic TERRA RNA template. e,f, Dot blot analyses of dsRNAs ( J2; e) and 
R-loop structures (S9.6; f) using RNAs and gDNAs associated with p-hTERT in NSs. 

Treatment with dsRNA-specific RNase III and RNA–DNA hybrid-specific RNase 
H was included as controls. g, In vitro R-loop degradation assay using p-hTERT 
complex immunoprecipitated from the NS-enriched fraction and 5′-32P-labelled 
TERRA RNA–DNA hybrids. The reaction products were treated with RNase III 
to remove dsRNAs generated by RdRP activity of p-hTERT. RNase H is a positive 
control to digest RNA–DNA hybrids. h, Model of resolution of R-loop structures 
by p-hTERT. Experiments were repeated three times (a,e,f) and twice (c,d,g) with 
similar results. Numerical source data and unprocessed blots are available as 
source data.
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and form R-loop structures, where p-hTERT binds to TERRA sequences 
of the nascent RNA transcripts and synthesizes antisense RNAs through 
RdRP activity. The RdRP reaction converts RNA–DNA hybrids of R-loops 
to dsRNAs, preventing R-loop formation. Since an accumulation of 
R-loop formation has anti-proliferative effects, by resolving R-loops 
hTERT may allow the proliferation of ALT cells.

TERT gene editing impairs the proliferation of ALT cells
To further assess the biological significances of p-hTERT in ALT cells, 
we used the CRISPR-Cas9 system targeting the TERT gene. We failed to 
develop hTERT knockout clones with homozygous mutations, probably 
because the loss of TERT gene is lethal. However, we established two 
clones with heterozygous mutations in the TERT gene. We found by 
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Fig. 5 | CRISPR-Cas9 editing of TERT gene locus in U2OS cells. a, Expression of 
hTERT protein (2E4-2) in hTERT-CRISPR clones with nocodazole treatment. b, IP-
RdRP assay using hTERT-CRISPR clones treated as in a. c, Evaluation of telomere 
lengths in hTERT-CRISPR clones by Southern blotting analysis for telomere 
restriction fragments. PD, population doublings. d, Determination of TERRA RNA 
levels by quantitative RT-PCR analysis of DRIP products. CALM3 and ERG1 were 
analysed as positive and negative controls, respectively, for DRIP analysis. n.d., 
not detected. Data are presented as mean ± s.d. (n = 3 independent experiments 

per group). e, Cell proliferation assay using hTERT-CRISPR clones. Data are 
presented as mean ± s.d. (n = 3 independent experiments per group). f, Tumours 
generated from hTERT-CRISPR clones in NOD/SCID mice (top panel). The volume 
of each tumour is shown as mean ± s.e.m. (n = 8 mice per group; bottom panel). 
One-way ANOVA with Dunnett correction for multiple comparisons between 
control and other groups (e,f). Experiments were repeated three times (a,b) or 
twice (c) with similar results. Numerical source data and unprocessed blots are 
available as source data.
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Sanger sequencing analysis that hTERT-CRISPR clone #1 has an allele 
with 16 bp deletion (853–868 nt in exon 2) in the TERT locus in addition 
to wild-type allele (Extended Data Fig. 7a), and that hTERT-CRISPR clone 
#2 has two mutant alleles with 16 bp deletion (848–863 nt or 853–868 nt 
in exon 2) in the TERT locus (Extended Data Fig. 7b). These 16 bp deletion 
mutations result in frameshifting and causes a premature termination 
codon (PTC; 1,033 nt from the transcription start site). The PTC in the 
coding region of hTERT mRNA would be recognized and degraded by 
nonsense-mediated mRNA decay41. Indeed, hTERT expression both 
in hTERT-CRISPR clones #1 and #2 was lower than that in wild-type 
U2OS cells at protein (Fig. 5a) and mRNA (Extended Data Fig. 7c) lev-
els. Furthermore, we observed that CRISPR-Cas9 editing of the TERT 
locus ablated the RdRP activity dependent on hTERT (Fig. 5b). Genome 
edition of the TERT gene did not affect telomere lengths in U2OS cells, 
confirming that hTERT is not involved in telomere maintenance in 
ALT cells (Fig. 5c). To investigate R-loop structures in hTERT-CRISPR 
clones, we performed DRIP (DNA–RNA immunoprecipitation) assay 
with an RNA–DNA hybrid-specific S9.6 antibody and determined TERRA 
RNA levels contained in R-loop structures. This analysis demonstrated 
that TERRA RNAs are more abundant in DRIP samples of hTERT-CRISPR 
clones than those of wild-type U2OS cells, suggesting that R-loops 
with TERRA RNAs accumulate in hTERT-CRISPR clones (Fig. 5d). We 
next performed RNA-seq and clustering of expression profiles on the 
subset of genes expressed differentially in hTERT-CRISPR clones. The 
subsequent gene ontology (GO) analysis showed enrichment of genes 
involved in cell cycle process and DNA replication within genes down-
regulated in hTERT-CRISPR clones (Extended Data Fig. 7d). We then 
monitored the proliferation of these cells. The TERT gene mutation 
in hTERT-CRISPR clones #1 and #2 negatively affected cell prolifera-
tion (Fig. 5e). To further evaluate the influence of TERT gene editing in 
ALT cells in vivo, we implanted wild-type U2OS cell and hTERT-CRISPR 
clones (clone#1 and #2) subcutaneously into non-obese diabetic/severe 
combined immunodeficiency (NOD/SCID) mice. Consistent with the 
results of the cell proliferation assay, the volume of tumours generated 
using hTERT-CRISPR clones (clone #1 and #2) was significantly smaller 
than that of wild-type U2OS control (Fig. 5f).

Synthetic lethality between inhibition of RdRP and FANC/
BRCA
Next, we performed genome-wide CRISPR screening using cell 
lines that harbour the mutant hTERT-CRISPR allele. We infected the 
hTERT-CRISPR clone with the Brunello human CRISPR/Cas9 lentiviral 
library42, which contains 76,441 single-guide RNAs (sgRNAs) target-
ing 19,114 genes. After puromycin selection, we collected a portion 
of the cells as a sample for day 0, and we then collected the rest of 
cells after 21 days of culture (Fig. 6a). We conducted next-generation 
sequencing to determine sgRNAs contained in each cell population 
and plotted the gene essentiality score calculated with the MAGeCK 
algorithm43 (Fig. 6b). We focused on gene groups with lower essential-
ity scores (< –0.5) for the hTERT-CRISPR clone but not for wild-type 
U2OS cells, implying that these genes are specifically essential for the 
hTERT-CRISPR clone (Fig. 6b). The subsequent GO analysis and pathway 

analysis of these genes showed the enrichment of genes involved in DNA 
repair and Fanconi anaemia (FANC) pathway (Fig. 6c,d). These genes 
included BRCA1, BRCA2 and FANC genes (Fig. 6e), which function in 
DNA repair processes in concert with BRCA1 and BRCA244,45. Deletion 
of the FANC/BRCA genes only exhibited an effect in the absence of 
hTERT expression (Fig. 6e). To assess synthetic lethality by inhibition of 
hTERT and the FANC/BRCA pathway, we induced knockdown of genes 
involved in the FANC/BRCA pathway in hTERT-CRISPR clones (Extended 
Data Fig. 8a). Suppression of FANC/BRCA gene expression with these 
siRNAs significantly decreased the viability of hTERT-CRISPR clones 
more greatly than that of U2OS cells (Fig. 6f and Extended Data Fig. 8b). 
The CRISPR screening did not define PARP1 as an essential gene for the 
hTERT-CRISPR clone (Extended Data Fig. 8c), although PARP1 also plays 
an important role in DNA repair46. Indeed, PARP knockdown did not 
have an effect on the viability of hTERT-CRISPR clones (Extended Data 
Fig. 8d,e). We then overexpressed wild-type or T249A-mutant hTERT in 
hTERT-CRISPR clones to validate the significance of RdRP activity in the 
synthetic lethality (Extended Data Fig. 8f). T249A-mutant, in which the 
threonine 249 of hTERT is replaced with alanine, is not phosphorylated 
and thus lacks the RdRP activity16. Although overexpression of wild-type 
hTERT rescued the synthetic lethal phenotype of hTERT-CRISPR clones 
with FANC/BRCA knockdown, overexpression of the T249A-mutant had 
no effect on the viability of hTERT-CRISPR clones (Fig. 6g and Extended 
Data Fig. 8g). These results suggest that the RdRP activity, but not other 
functions, is involved in the synthetic lethal pathway.

Next, we induced hTERT knockdown in telomerase-positive 
Capan-1 cells (Extended Data Fig. 9a,b), which carry a BRCA2 muta-
tion, and Capan-1 clones reverted from BRCA2 mutation, in which 
BRCA2 gene expression is restored47. The Capan-1 clones with reversion 
of BRCA2 gene mutation exhibited a significantly higher survival rate 
after treatment with siTERT#1 and #2 than that in control Capan-1 cells 
(Fig. 6h and Extended Data Fig. 9c). We also utilized FANCF-deficient 
TOV-21G cells and TOV-21G cells corrected for FANCF (designated 
TOV-21G FANCF)48. TOV-21G FANCF cells were more resistant to hTERT 
knockdown (Fig. 6i and Extended Data Fig. 9d) and to a CDK1 inhibitor 
RO-3306, which blocks the RdRP activity, as well as to a PARP inhibi-
tor, olaparib, used as a positive control (Fig. 6j,k and Extended Data 
Fig. 9e,f). By contrast, when we treated these cells with a telomerase 
inhibitor, 6-thio-dG49, both TOV-21G and TOV-21G FANCF cells were not 
resistant to the telomerase inhibitor (Fig. 6l and Extended Data Fig. 9g), 
implying that inhibition of telomerase activity did not induce the syn-
thetic lethality. Collectively, these observations reveal that inhibition 
of RdRP and the FANC/BRCA pathway is synthetic lethal.

Inhibition of RdRP and FANC/BRCA accumulates R-loops
Biochemical experiments demonstrated that p-hTERT regulates a for-
mation of R-loop structures (Fig. 4). Notably, previous reports have also 
shown that FANC/BRCA genes, including BRCA1, BRCA2 and FANCD2, 
dissolve R-loop structures and prevent excessive R-loop accumula-
tion50–52. To investigate cooperative control in R-loop formation by 
hTERT and FANC/BRCA pathway, we induced double-knockdown of 
hTERT and FANC/BRCA gene and analysed R-loop levels in the cells. 

Fig. 6 | Synthetic lethality between inhibition of RdRP and Fanconi anaemia/
BRCA. a, Scheme of genome-wide CRISPR screening using an RdRP-mutant 
hTERT-CRISPR clone. U2OS cells and hTERT-CRISPR clone #2 were transduced 
with lentivirus gRNA library and selected with puromycin for 48 h, and a portion 
of the cells was collected as a baseline (day 0). The remainder was harvested 
after 21 days of culture. b, The MLE beta scores for each gene generated using the 
MAGeCK algorithm, which shows gene essentiality in the cells. The red square 
indicates RdRP synthetic lethal genes. c,d, GO analysis (c) and KEGG pathway 
analysis (d) for RdRP synthetic lethal genes. The P values were calculated using 
the clusterProfiler package. e, The MLE beta essentiality scores for FANC/
BRCA genes. f, Colony formation assay using hTERT-CRISPR clones transfected 
with siRNAs specific for FANC/BRCA genes (n = 3 independent experiments 

per group). g, Survival of hTERT-CRISPR clones with FANC/BRCA knockdown 
when overexpressing a wild-type hTERT or an RdRP-deficient T249A mutant 
(n = 3 independent experiments per group). h,i, Survival rates following hTERT 
knockdown in Capan-1 (h) and TOV-21G (i) cell clones corrected for BRCA2 and 
FANCF deficiencies, respectively (n = 3 independent experiments per group). 
j–l, Sensitivity of TOV-21G FANCF cells to a CDK1 inhibitor (RO-3306; j), a PARP 
inhibitor (olaparib; k) and a telomerase inhibitor (6-thio-dG; l) (n = 3 independent 
experiments per group). Data are presented as mean ± s.d. (f–l). Two-tailed 
unpaired t-test (i–k) and one-way ANOVA method with Dunnett correction for 
multiple comparisons between control and other groups (f,h). Numerical source 
data are available as source data.
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R-loop signals accumulated after single-knockdown of hTERT (Fig. 7a, 
leftmost lane). In addition, slight accumulation of R-loop signals was 
observed in single-knockdown of FANC/BRCA genes (Fig. 7a, right 
four lanes, first line). Strikingly, they were particularly enriched in the 
cells with double-knockdown of hTERT and FANC/BRCA genes (Fig. 7a, 
right four lanes, second and third lines). In addition, we immunopre-
cipitated R-loop structures from the cells by DRIP53 and determined 

TERRA RNA levels associated with R-loops by a strand-specific reverse 
transcription and the subsequent qPCR (Extended Data Fig. 9h,i). Con-
sistent with the dot blot analysis, this DRIP analysis found that TERRA 
RNAs associated with R-loop structures accumulated in the cells with 
double-knockdown of hTERT and FANC/BRCA genes (Fig. 7b). These 
observations demonstrated that inhibition of hTERT and the FANC/
BRCA pathway leads to accumulation of R-loop structures. We were 
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Fig. 7 | Genome instability triggered by suppression of hTERT. a,b, Analyses 
of R-loop structures in U2OS cells co-transfected with siRNAs specific for hTERT 
and FANC/BRCA genes. R-loop structures were detected by dot blot analysis (a). 
TERRA RNA levels in R-loops were determined by strand-specific quantitative 
RT-PCR analysis of DRIP products (b; n = 3 independent experiments per group). 
RNase H, a control to digest RNA–DNA hybrids; dsDNA, a loading control.  
c,d, IIF imaging of γH2AX in U2OS cells with double-knockdown of hTERT and 
FANC/BRCA genes (n = 4 independent experiments per group). Scale bars, 50 μm. 

e–g, Cell viability assays using hTERT-CRISPR clones treated with IR (e) and CPT 
(f,g; n = 3 independent experiments per group). Cell viability was determined by 
colony formation assay (e,g) and MTT assay (f). h, Model of synthetic lethality 
between inhibition of RdRP activity and the FANC/BRCA pathway. Data are 
presented as mean ± s.d. (b,d–g). One-way ANOVA with Dunnett correction for 
multiple comparisons between control and other groups (d–g). Experiments 
were repeated three times (a) or twice (c) with similar results. Numerical source 
data and unprocessed blots are available as source data.
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unable to detect interaction of RdRP with BRCA2, suggesting that RdRP 
and the FANC/BRCA pathway function redundantly (Extended Data 
Fig. 10a,b). Excessive R-loop structures cause DNA damage and subse-
quent genome instability2. Consistently, double-knockdown of hTERT 
and FANC/BRCA genes efficiently induced γH2AX, which is a marker 
associated with DNA lesions (Fig. 7c,d). Therefore, we finally exam-
ined the effect of hTERT on vulnerability to DNA damage. In results, 
hTERT-CRISPR clones were more sensitive to DNA damage induced 
by ionizing radiation (IR) and camptothecin (CPT; Fig. 7e–g). Taken 
together, hTERT RdRP dissolves R-loop structures on TERRA sequences 
and guarantees genomic stability, like the FANC/BRCA proteins (Fig. 7h 
and Extended Data Fig. 10b).

Discussion
Expression and activity of p-hTERT in ALT cells
The discovery of ALT activity in immortalized cell lines without tel-
omerase activity was first reported in 1995. The authors revealed that 
these ALT cells completely lack telomerase activity23 and that the ALT 
mechanism occurs in human tumours24. The subsequent studies have 
shown that most cancer cells with ALT activity lack telomerase activity 
and maintain the telomere without any contribution of hTERT23,24,54–56. 
This series of studies resulted in emphasizing the mutually exclusive 
properties of telomerase and ALT activities, and hence, the expression 
of hTERT in ALT cells has scarcely been investigated. However, several 
reports verified that hTERT is functional in ALT cells54–56. For example, 
ectopic expression of a mutant hTERT in ALT cells showed that hTERT 
contributes to tumourigenesis by a telomerase-independent manner 
in ALT cells25. In this study, we have focused on the role of hTERT in 
ALT cells lacking telomerase activity (Figs. 1 and 3) and provided evi-
dence showing that p-hTERT exhibits RdRP activity but not telomerase 
activity (Fig. 2). Genome editing of the TERT gene in ALT cells had inhibi-
tory effects on proliferation of ALT cells (Fig. 5). These observations 
reveal that p-hTERT in ALT cells exhibits RdRP activity and contributes 
to cancer progression in a telomerase-independent manner. We pre-
viously conducted genome editing of TERT in telomerase-positive 
293T cells and demonstrated that the genome editing of TERT in 
293T cells also inhibited tumour formation16. Taken together, these 
results suggest that the RdRP activity of hTERT contributes to cancer 
progression in various cells including telomerase-positive and ALT cells.

One question is why ALT cells do not show telomerase activity. 
We confirmed expression of both minimum essential components for 
telomerase activity, hTERT and hTERC, in ALT cells (Fig. 1). Despite the 
expression of hTERT and hTERC, ALT cells did not exhibit telomerase 
activity (Fig. 2a). We noticed that the signal of p-hTERT completely 
merged to NS markers, indicating that p-hTERT mostly, if not com-
pletely, localizes in NSs of ALT cells (Fig. 3a). Furthermore, we observed 
rare hTERC signal in NSs (Fig. 3d), probably because hTERC localizes 
partly in another subnuclear structure, Cajal body, with hTERT, which 
is essential for the maturation of telomerase enzyme complex57. These 
results imply that p-hTERT and hTERC exist in separate compartments. 
We previously reported that phosphorylation of hTERT promotes 
RdRP activity but dispensable for telomerase activity16. In addition, 
we confirmed that p-hTERT does not exhibit telomerase activity even 
in telomerase-positive 293T cells (Fig. 2a), and that p-hTERT does not 
associate with hTERC, even if hTERC is present (Fig. 2b). We also found 
that hTERT does not form a complex with hTERC in ALT cells (Fig. 2c). 
Alternatively, hTERT binds to TERRA RNAs in ALT cells (Fig. 4a,b). Previ-
ous reports demonstrated that ALT cells express high levels of TERRA 
RNAs38,58 and that TERRA RNAs associate with hTERC and inhibit telom-
erase activity39. These data suggest that TERRA RNAs might inhibit the 
formation of telomerase complex in ALT cells.

Detection of endogenous hTERT proteins
While we detected hTERT proteins in mitotic cells, hTERT was difficult 
to detect in cells without nocodazole treatment (Fig. 1g,h). Consistent 

with our data, several groups have reported that it is difficult to detect 
endogenous hTERT in interphase59,60 and that hTERT is enriched in 
mitotic phase61. In the present study, we revealed that endogenous 
hTERT localizes in NSs in interphase (Fig. 3a), and found that treatment 
to disassemble the NS structure with 1,6-HD promotes to solubilize 
hTERT proteins even in interphase (Extended Data Fig. 4i). We consider 
that the manipulation of cells in mitosis, where nuclear membrane 
disappears and nuclear structures disassemble, is equivalent to the 
treatment with 1,6-HD (Fig. 1f). These results suggest that the disas-
sembly of NS structures would enable us to solubilize and efficiently 
detect hTERT proteins.

Regulation of R-loop formation by p-hTERT
In terms of the physiological significance of hTERT, we demonstrate 
that hTERT regulates R-loop structure through RdRP (Fig. 4). To pre-
vent the deleterious effects of accumulation of R-loop structures, 
cells express regulators of R-loop structures, including RNase H 
family protein3,4 and helicases such as SETX5 and DHX96. A previous 
ChIP-seq analysis revealed the predominant association of RNase H1 
with R-loops in gene promoter regions62. Since it is not clear in this 
previous study whether RNase H1 regulates TERRA RNAs, we analysed 
their ChIP-seq data and found no binding signal of RNase H1 in subtelo-
meric regions. In the present study, we report that hTERT associates 
with and dissolves R-loop structures on TERRA sequences (Fig. 4), 
suggesting that hTERT regulates R-loop structures by different mode 
of action from RNase H1.

We propose a model for regulation of R-loop formation via RdRP 
reaction (Fig. 4h). In this model, the RdRP reaction targeting TERRA 
sequences strips RNA transcripts from the RNA–DNA hybrids to dis-
solve R-loop structures. Consistent with our model, a previous report 
indicated that R-loop formation in transcription termination regions 
facilitates synthesis of antisense RNAs that hybridize with the sense 
RNAs, subsequently generating dsRNAs63. Although this previous 
report did not provide any data on what kind of polymerases catalyse 
the synthesis of antisense RNAs, we here discovered that p-hTERT is a 
synthesizer of antisense RNAs in genomic regions with R-loops. Our 
data support and strengthen the model that generation of dsRNAs 
through synthesizing antisense RNAs regulates R-loop formation.

Gene dependency of ALT cells
A previous report analysed the gene dependency of ALT cells, indicat-
ing that ALT cells depend on genes involved in DNA replication and 
replication stress response64. In particular, this analysis demonstrated 
that FANCM is the most essential gene in ALT cells, probably because 
FANCM suppresses telomeric replication stress in ALT cells65. Consistent 
with this previous finding, the CRISPR screening in this study identi-
fied FANCM as a gene with high dependency in wild-type U2OS cells, 
and revealed that FANCM was also essential for hTERT-CRISPR clones. 
These observations imply that FANCM is an essential gene in ALT cells, 
regardless of hTERT status.

Inhibition of RdRP activity and FANC/BRCA pathway
Several laboratories have reported that the FANC/BRCA family mem-
bers remove R-loop structures, thereby preventing genome instabil-
ity50–52. In particular, association of BRCA1 with TERRA RNAs prevented 
the formation of R-loops mediated by TERRA RNAs52. In the current 
study, we performed a genome-wide CRISPR/Cas9 loss of function 
screen and revealed that concurrent inhibition of hTERT and the FANC/
BRCA genes significantly decreased cell viability (Fig. 6). hTERT did not 
associate with BRCA2, suggesting that RdRP and FANC/BRCA pathway 
function redundantly (Extended Data Fig. 10). The FANC/BRCA genes 
maintain genomic DNA homeostasis, suppressing cancer progression, 
and cells lacking the FANC/BRCA pathway are more cancer prone66. 
Therefore, inhibition of the RdRP activity of hTERT may be an effective 
therapeutic strategy for such tumours lacking the FANC/BRCA pathway.
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In summary, our results indicate that p-hTERT is universally 
expressed in not only telomerase-positive cells but also ALT cells. We 
further found the localization of p-hTERT into NSs and affirmed that 
p-hTERT regulates R-loop formation through RdRP activity, which 
contributes to cancer cell proliferation. These observations implicate 
that p-hTERT maintains genome stability throughout the genome from 
telomere to telomere by taking advantage of the two distinct enzymatic 
activities (Extended Data Fig. 10c). These results provide important 
insights for a deeper understanding of the mechanisms underlying the 
telomerase-independent contribution of hTERT to tumours.
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Methods
Our research complies with the relevant ethical regulations. All experi-
ments using mice and recombinant DNA were performed in accordance 
with the study protocols approved by the Ethics Committee and the 
Recombinant DNA Experiment Committee of National Cancer Center 
(2015-187, B60M7-20 and B60M8-22) and the Animal Care and Use 
Committee of Kanazawa University (2017-050) and Tohoku University 
(2019NiA-001).

Cell culture and reagents
The human osteosarcoma cell line U2OS (300364, CLS) was cultured 
in DMEM/F-12 with 5% heat-inactivated fetal bovine serum (IFS). The 
SV40 transformed human fibroblast cell line VA-13 (RCB0251, RIKEN 
BRC), the human osteosarcoma cell line Saos-2 (RCB0428, RIKEN BRC), 
the human cervical carcinoma cell line HeLa (CVCL_0030, ATCC), the 
human hepatocellular carcinoma cell line Huh-7 ( JCRB0403, JCRB Cell 
Bank), the human ovarian cancer cell line TOV-21G (CVCL_3613, ATCC), 
the FANCF transduced human ovarian cancer cell line TOV-21G FANCF48, 
the BRCA2-mutated human pancreatic cancer cell line Capan-1 (HTB-
79, ATCC), the BRCA2-restored Capan-1 clones (C2-1 and C2-2)47, and 
the SV40 transformed human embryonic kidney cell line HEK-293T 
(CVCL_0063, ATCC) were cultured in DMEM with 10% IFS. To synchro-
nize cells to mitotic phase, the cells were treated with medium contain-
ing 0.1 μg ml–1 nocodazole overnight. A CDK1 inhibitor RO-3306, CPT 
and nocodazole were purchased from Merck. A telomerase inhibi-
tor 6-thio-dG and a CLK1 inhibitor KH-CB19 were purchased from  
Selleck Chemicals.

Antibodies
Anti-hTERT mouse mAbs (clones 10E9-2 and 2E4-2)15,18 and an 
anti-p-hTERT mouse mAb (clone TpMab-3)17 were previously generated, 
and the specificity was evaluated. An anti-p-hTERT mouse monoclonal 
antibody (mAb; clone TpMab-35) was newly generated in this study. 
An anti-hTERT mouse mAb (clone 2E4-2, 1:200), anti-p-hTERT mouse 
mAbs (clones TpMab-3 and TpMab-35, 1:200), an anti-phospho-SR 
proteins mouse mAb (1H4, Merck, MABE50, 1:800), an anti-SF3B1 
mAb (clone 16, MBL, D221-3, 1:1,000), anti-U2AF1 polyclonal antibod-
ies (pAbs; MBL, RN085PW, 1:1,000), anti-histone H2A rabbit pAbs 
(Cell Signaling Technology, 2578S, 1:1,000), an anti-BRCA2 mouse 
mAb (Ab-1, Merck, OP95, 1:250), an anti-dsRNA mouse mAb ( J2, SCI-
CONS, 10010200, 1:200), an anti-RNA–DNA hybrid mouse mAb (S9.6, 
Merck, MABE1095, 1:5,000) and an anti-dsDNA mouse mAb (HYB331-
01, Santa Cruz Biotechnology, sc-58749, 1:5,000) were used for IB. An 
anti-hTERT mAb (clone 10E9-2, MBL, M216-3, 1:100), an anti-p-hTERT 
mouse mAb (clone TpMab-3, 1:50), anti-hTERT sheep pAbs (abx120550, 
Abbexa, 1:50) and an anti-RNA–DNA hybrid mouse mAb (S9.6, Merck, 
MABE1095, 1:100), were used for IP. Anti-p-hTERT mouse mAbs (clones 
TpMab-3 and TpMab-35, 1:100), an anti-SC-35 mAb (against SRRM2) 
(SC-35, Merck, S4045, 1:2,000), an anti-γH2AX rabbit mAb (20E3, Cell 
Signaling Technology, 9718, 1:500), an anti-PML rabbit mAb (EPR16792, 
abcam, ab179466, 1:500) and anti-TRF2 goat pAbs (Novus Biologicals, 
NB100-56694, 1:250) were used for IIF staining.

TpMab-35 was established as described previously17. Briefly, female 
BALB/cAJcl mice (6 weeks old) were purchased from CLEA Japan. They 
were maintained in specific pathogen-free (SPF) rooms at 20 °C, 50% 
humidity and 11 h/13 h light/dark cycle condition. The Animal Care 
and Use Committee of Tohoku University approved all animal experi-
ments. To develop mAbs against p-hTERT, 100 μg of keyhole limpet 
hemocyanin (KLH)-conjugated hTERT phosphopeptide 244CEPERpT-
PVGQG254 (Eurofins Genomics) was immunized intraperitoneally (i.p.) 
with Imject Alum (Thermo Fisher Scientific) into one BALB/c mouse. 
The procedure included three additional immunizations of 100 μg, 
followed by a final booster intraperitoneal injection of 100 μg two 
days before its spleen cells were harvested. The harvested spleen cells 
were subsequently fused with P3U1 cells, using polyethylene glycol 

1500 (PEG1500; Roche Diagnostics). Then, hybridomas were grown 
in an RPMI-1640 medium, supplemented with 10% heat-inactivated 
FBS, 100 units ml–1 penicillin, 100 μg ml–1 streptomycin, 0.25 μg ml–1 
amphotericin B, and hypoxanthine/aminopterin/thymidine (HAT) for 
the selection (Thermo Fisher Scientific). Cultured supernatants were 
finally screened using enzyme-linked immunosorbent assay (ELISA) for 
the detection of hTERT phosphopeptide and nonphosphopeptide16. 
The clone TpMab-35, which is specific for the p-hTERT peptide, was 
finally established.

Indirect immunofluorescence staining
Cells were fixed with 4% formaldehyde in PBS, permeabilized with 0.2% 
TritonX-100 in PBS, and blocked with 2% bovine serum albumin in PBS. 
The cells were incubated with 10 μg ml–1 of anti-phospho-hTERT mouse 
mAbs (clones TpMab-3 and TpMab-35), 10 μg ml–1 of an anti-hTERT 
mouse mAb (clone 2E4-2), 1:2,000 dilution of an anti-SC-35 mAb 
(against SRRM2; SC-35, Merck), 1:200 dilution of an anti-phospho-SR 
proteins mouse mAb (1H4, Merck), 1:500 dilution of an anti-γH2AX 
rabbit mAb (20E3, Cell Signaling Technology), 1:500 dilution of an 
anti-PML rabbit mAb (EPR16792, abcam) and/or 1:250 dilution of 
anti-TRF2 goat pAbs (Novus Biologicals), followed by incubation in 
the presence of Alexa488- or Alexa568-labelled secondary antibody 
(1:1,000; Thermo Fisher Scientific). The nuclei were stained with Hoe-
chst 33342 (NucBlue; Thermo Fisher Scientific).

TERRA RNA-FISH
The PNA probe against TERRA RNAs (TelC-FITC probe) was obtained 
from Panagene. Cells were fixed with 4% formaldehyde in PBS and 
permeabilized with 0.5% TritonX-100 in PBS. For a control sample, 
the cells were preincubated with 100 μg ml–1 of RNase A for 20 min 
at 37 °C. After blocking with 2% BSA (Merck) in PBS, the cells were 
incubated with the primary antibody, followed by an incubation in the 
presence of an Alexa568-labelled secondary antibody (1:1,000; Thermo 
Fisher Scientific). The telomeric PNA probe was diluted at 1:100 in 60% 
formamide and boiled for 10 min at 85 °C. Cells were refixed with 4% 
formaldehyde in PBS and then hybridized with a hybridization solution 
containing the FITC-labelled telomeric PNA probe at room temperature 
for 2 h. The nuclei were stained with Hoechst 33342 (NucBlue; Thermo 
Fisher Scientific).

IP-IB of hTERT
Cells were lysed in Lysis Buffer A (0.5% NP-40, 20 mM Tris-HCl (pH 
7.4) and 150 mM NaCl). After sonication for 10 seconds, lysates were 
centrifuged at 21,000g at 4 °C for 15 min and collect the supernatant. 
Lysate from 1 × 107 cells (Fig. 1) or 1 mg of lysate (Figs. 3 and 5) were 
pre-absorbed with 40 μl of Pierce Protein A Plus Agarose (Thermo 
Fisher Scientific) for 30 min at 4 °C. Pre-absorbed lysate was mixed with 
10 μg of an anti-hTERT mAb (clone 10E9-2) and 40 μl of Pierce Protein 
A Plus Agarose, and incubated overnight at 4 °C. Immune complexes 
were washed three times with Lysis Buffer A and eluted in 2× SDS load-
ing buffer (2% β-mercaptoethanol, 20% glycerol, 4% SDS and 100 mM 
Tris-HCl (pH 6.8)) with heating at 95 °C for 5 min, and then subjected 
to SDS-PAGE in 8% polyacrylamide gels. After electrophoresis under 
reducing conditions, bands of protein were transferred to nitrocellu-
lose membranes (Amersham; Cytiva). After blocking with 5% skimmed 
milk prepared in TBS-T (Tween-20, 0.1%) or Immobilon Signal Enhancer 
(Merck), the membrane was incubated with an anti-hTERT mouse 
mAb (clone 2E4-2) or anti-p-hTERT mouse mAbs (clones TpMab-3 and 
TpMab-35), followed by incubation in the presence of Mouse TrueBlot 
ULTRA Anti-Mouse Ig horseradish peroxidase (HRP; Rockland).

IP-RdRP assay
hTERT and p-hTERT proteins were immunoprecipitated from human 
cell lines as described for the IP-IB assay with an anti-hTERT mAb (clone 
10E9-2) and an anti-p-hTERT mAb (clone TpMab-3), respectively. The 
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bead suspension with immune complexes was washed four times 
with 1× acetate buffer (10 mM HEPES-KOH (pH 7.8), 100 mM potas-
sium acetate, and 4 mM MgCl2) containing 10% glycerol, 0.1% Triton-X 
and 0.06× Complete EDTA-free (Roche Diagnostics), and once with 
AGC solution (1× acetate buffer containing 10% glycerol and 0.02% 
CHAPS) containing 2 mM CaCl2. The bead suspension was treated with 
0.25 units per μl Micrococcal Nuclease (MNase; Takara Bio) at 25 °C for 
15 min. Immunoprecipitants were subsequently washed twice with AGC 
solution containing 3 mM EGTA and once with 1× acetate buffer con-
taining 0.02% CHAPS. Reaction mixture (40 μl) was prepared by com-
bining 20 μl of the bead suspension with 6 μl of [α-32P] UTP (3,000 Ci 
per mmol) and 25 ng μl–1 (final concentration) of RNA template, and 
incubated at 32 °C for 2 h. The following RNA templates were used: 
DN3AS (5ʹ-GGGAUCAUGUGGGUCCUAUUACAUUUUAAACCCA-3ʹ, used 
in Figs. 2, 3 and 5 and Extended Data Fig. 4j) and TERRA (5ʹ-(GUUAGG)8-3, 
used in Fig. 4). These RNAs have hydroxyl groups at both the 5ʹ and 
3ʹ ends. The final concentrations of ribonucleotides were 1 mM ATP, 
0.2 mM GTP, 10 μM UTP and 0.2 mM CTP. The resulting products were 
treated with Proteinase K to stop the reaction, purified several times 
with phenol/chloroform until the white interface disappeared and 
precipitated using ethanol. The RdRP products were treated with 
RNase I (2 U, Promega) at 37 °C for 2 h to digest single-stranded RNAs 
completely, followed by Proteinase K treatment, phenol/chloroform 
purification and ethanol precipitation. The products were electro-
phoresed in a 15% polyacrylamide gel containing 7 M urea, and detected 
by autoradiography.

Direct telomerase assay
For the direct telomerase assay, we modified the original meth-
ods21,22. TERT protein was immunoprecipitated from human cell lines 
as described for the IP-IB assay with incubation on ice for 30 min 
without sonication. Immune complexes were washed three times 
with Lysis buffer A, and then suspended in 30 μl of TRAP lysis buffer 
(10 mM Tris-HCl (pH 7.5), 1 mM MgCl2, 1 mM EGTA, 0.5% CHAPS, 10% 
glycerol, 100 μM Pefabloc SC, and 0.035% 2-mercaptoethanol). The 
direct telomerase assay was carried out with 10 μl of the suspension 
and 40 μl of reaction mixture (2.5 μl of [α-32P] dGTP (6000 Ci/mmol), 
50 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM MgCl2, 1.25 mM Spermi-
dine, 5 mM 2-mercaptoethanol, 2.5 mM dTTP, 2.5 mM dATP, 25 μM 
dGTP and 2.5 μM a5 primer (5ʹ-TTAGGGTTAGGGTTAGCGTTA-3ʹ)) by 
incubation at 37°C for 2 h. The products were purified with phenol/
chloroform and precipitated using ethanol. The products were electro-
phoresed in a 10% polyacrylamide gel containing 7 M urea and detected 
by autoradiography.

Telomere length measurement
To measure telomere length by Southern blotting analysis, 
hTERT-CRISPR clones were cultured and their population doublings 
were calculated. Genomic DNAs (gDNAs) were isolated with the Gen-
Elute Mammalian genomic DNA miniprep kit (Merck) according to the 
manufacturer’s instructions. The isolated gDNAs were then digested 
with HinfI and AfaI, electrophoresed in a 0.8% agarose gel and hybridized 
with a 32P-labelled telomeric (CCCTAA)3 probe as described previously67.

Semi-quantitative and quantitative reverse transcription PCR
Total RNA was isolated from cells using TRIzol (Thermo Fisher Scien-
tific) and treated with RQ1 DNase (Promega). cDNA was synthesized 
using 500 ng of total RNA with oligo (dT)12-18 primer (Thermo Fisher 
Scientific), random hexamers (Thermo Fisher Scientific) and one of 
reverse transcriptases, PrimeScript reverse transcriptase (Takara Bio), 
Superscript IV reverse transcriptase (Thermo Fisher Scientific) or 
Superscript IV VILO master mix (Thermo Fisher Scientific), followed 
by PCR analyses. Semi-quantitative PCR analysis was performed using 
Ex-Taq DNA polymerase (TaKaRa Bio). qRT-PCR analysis was performed 
using Fast SYBR Green Master Mix (Thermo Fisher Scientific) and 

QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific). All 
data of qRT-PCR analysis were normalized by the data of GAPDH mRNA 
levels. For determination of RNA levels in NSs, the data of qRT-PCR anal-
ysis were normalized by the amount of RNAs (Fig. 3d). The sequences of 
the primers used in this study are described in Supplementary Table 1.

Transfection of siRNA
Cells were transfected with siRNAs using lipofectamine 2000 (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. To 
suppress hTERT expression efficiently, we treated the cells with siRNAs 
specific for hTERT twice for IIF analysis. The sequences of siRNAs were 
as follows: siTERT#1, GUGUCUGUGCCCGGGAGAATT; siTERT#2, GCAU-
UGGAAUCAGACAGCATT. MISSION siRNA Universal Negative Control 
#1 (Merck) was used as a negative control. The following Silencer Select 
siRNAs (Thermo Fisher Scientific) were used: siBRCA1 (s457, s458), 
siBRCA2 (s2083, s2085), siFANCD2 (s4988, 4989), siFANCE (s4992), 
siFANCF (s5015), siPARP1 (s1098, s1099).

Genome editing using CRISPR-Cas9
Recombinant Cas9 protein (TrueCut Cas9 Protein v2; Thermo Fisher 
Scientific) and TERT-specific gRNA (TrueGuide synthetic guide RNA, 
Thermo Fisher Scientific, CRISPR1117444_SGM) were premixed 
and transfected into U2OS cells using lipofectamine CRISPRMAX 
Cas9 transfection reagent (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. After 4 days’ incubation, a single 
cell was cloned. The transfection and clonal selection process were 
repeated once more. Genomic DNA was extracted with the GenEl-
ute Mammalian genomic DNA miniprep kit (Merck) according to the 
manufacturer’s instructions. Presence of mutation in single-cell 
clones was confirmed by PCR amplification and Sanger sequenc-
ing using primers 5′-TTGAATTCGAACCATAGCGTCAGGGAGG-3′ and 
5′-TTGAATTCGAACCATAGCGTCAGGGAGG-3′.

RNA-seq and data analysis
RNA sequence library preparation, sequencing, mapping, gene expres-
sion and GO enrichment analysis were performed by DNAFORM. Quali-
ties of total RNA were assessed by Bioanalyzer (Agilent) to ensure that 
RIN (RNA integrity number) is over 7.0. Sequencing cDNA libraries 
(RNA-seq libraries) were prepared using SMARTer stranded Total RNA 
Sample Prep Kit-HI Mammalian (Takara Bio) according to the manufac-
turer’s instruction. RNA-seq libraries were sequenced using paired end 
reads on a NextSeq 500 instrument (Illumina). Obtained raw reads were 
trimmed and quality-filtered using the Trim Galore! (version 0.6.4_dev), 
Trimmomatic (version 0.39) and cutadapt (version 2.10) software. 
Trimmed reads were then mapped to the human GRCh38 genome 
using STAR (version 2.7.9a)68. Reads on annotated genes were counted 
using featureCounts (version 2.0.1)69. FPKM values were calculated 
from mapped reads by normalizing to total counts and transcript. Dif-
ferentially expressed genes were detected using the DESeq2 package 
(version 1.20.0). The list of differentially expressed genes was used for 
clustering analysis with MBCluster.Seq package70 and GO enrichment 
analysis with clusterProfiler package71.

Recombinant human hTERT
rhTERT and AS variant proteins were produced by Fujifilm Wako Pure 
Chemical using a baculovirus expression system. The TERT and AS 
variant genes were synthesized and inserted into a transfer vector. 
The transfer vector was cotransfected with baculovirus DNA into Sf9 
cells. After incubation, the supernatant containing the recombinant 
baculovirus was harvested and then infected into expressSf+ cells for 
larger scale expression of recombinant proteins. The cell pellet was 
harvested and lysed in lysis buffer (0.5% NP-40, 20 mM Tris-HCl (pH 
7.4), and 150 mM NaCl). After sonication for 10 seconds, lysates were 
centrifuged at 21,000g at 4 °C for 15 min and collect the supernatant. 
The recombinant hTERT and AS variant proteins were purified with an 
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anti-hTERT mAb (clone 10E9-2) and Pierce Protein A Plus Agarose from 
the supernatant and used for the IP-IB and IP-RdRP assays.

Generation of stable cell lines
Lentiviruses were created using the lentiviral vectors pLV-puro, 
pLV-puro-hTERT or pLV-puro-T249A, constructed by Vectorbuilder. 
T249A mutant, in which the threonine 249 of hTERT is replaced with 
alanine, are not phosphorylated and thus lack the RdRP activity16. After 
infection, polyclonal cell populations were purified by selection with 
puromycin (2 µg ml–1) for 2 days.

Genome-wide CRISPR screening
Human Brunello CRISPR knockout pooled library lentiviral prep was 
obtained from Addgene (73179-LV)42. U2OS cells or the hTERT-CRISPR 
clone #2 (108 cells) were infected with the pooled lentivirus library at a 
multiplicity of infection of ∼0.4 and >500-fold coverage of the library. 
Forty-eight hours postinfection, cells were selected with puromycin 
(2 μg ml–1). After 48 h selection, 4 × 107 cells were collected as a con-
trol sample (day 0 timepoint), and the others were seeded to start the 
screen. Every 3 days, 4 × 107 cells were passaged (~500-fold coverage 
of the library). After 21 days of culture, 4 × 107 cells were harvested, 
and gDNAs were isolated from the cell pellets using the Blood and Cell 
Culture DNA Maxi Kit (Qiagen). sgRNA sequences were amplified from 
200 μg of gDNA by 20 parallel PCR reactions (10 μg of gDNA per tube) 
using Q5 High-Fidelity DNA Polymerase (New England Biolabs). The 
resulting amplicons were mixed and purified by gel extraction using 
Wizard SV Gel and PCR Clean-Up System (Promega). Purified PCR 
products were subjected to high-throughput sequencing analysis with 
Illumina HiSeq 2500 platform (Illumina). The sequences of the primers 
used in this study are described in Supplementary Table 1. Sequencing 
data were analysed to obtain the read counts for each sgRNA and to 
generate a maximum-likelihood estimation (MLE) of gene essentiality 
score (β score) for each gene using the MAGeCK algorithm43. Genes with 
a β score < −0.5 in hTERT-CRISPR groups, but with β score > −0.3 in U2OS 
groups were picked up as potential synthetic lethal genes. To predict 
the biological functions and pathways associated with the putative 
genes, GO analysis and KEGG pathway analysis were performed using 
the DAVID online tool (https://david.ncifcrf.gov/).

Cell viability assay
For the colony formation assay, cells were seeded into 6-well plates 
at a density of 500 cells per well and subjected to transfection with 
the indicated siRNAs, treatment with chemical reagents or IR. After 
approximately 12 days, the cells were fixed with 4% formaldehyde 
in PBS, washed with PBS, and stained with 0.2% crystal violet in 20% 
methanol for 15 min at room temperature. After cells were washed with 
PBS twice, colony numbers were counted.

For MTT assay, cells were seeded into 96-well plates at a density 
of 10,000 cells per well and treated with chemical reagents. After 72 h 
incubation, cell viabilities were determined using Cell Proliferation Kit 
I MTT (Merck) according to the manufacturer’s instructions.

Purification of nuclear speckles
To separate cells into cytoplasmic fraction and nuclear pellet, ~80–90% 
confluent cells in 150 mm dishes were lysed with 4 ml of HLB/NP40 
buffer (10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 0.5% NP40 and 2.5 mM 
MgCl2) and incubated for 5 min on ice. After the incubation, 1 ml of 
HLB/NP40/Sucrose buffer (10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 0.5% 
NP40, 2.5 mM MgCl2 and 10% sucrose) was added under the lysate 
layer, followed isolation of nuclear pellet by centrifugation at 400g at 
4 °C for 5 min. Isolated nuclear pellet was treated with 1% Triton X-100 
in TM5 buffer (10 mM Tris–HCl (pH 7.4) and 5 mM MgCl2) for 5 min on 
ice and the supernatant was removed by centrifugation at 700g at 
4 °C for 5 min. The pellet was treated with 50 units of MNase (Takara 
Bio) at 4 °C for 30 min. The pellet was washed twice with TM5 buffer 

containing 3 mM EGTA to inactivate MNase activity and 500 mM NaCl 
to remove nucleoplasmic extracts and chromatin. After centrifugation 
at 800g for 5 min, the pellet was treated with 500 mM NaCl as above. 
The final pellet was lysed in 800 μl of Lysis Buffer A. After sonication 
for 10 seconds, lysates were centrifuged at 21,000g at 4 °C for 15 min 
and the supernatant was collected as an NS-enriched fraction.

R-loop analysis by dot blot
HeLa cells were transfected with siRNAs. After 72 h incubation, gDNAs 
were isolated from the cells using the Blood and Cell Culture DNA 
Midi Kit (Qiagen). gDNA (2 μg) was dotted onto a Hybond N+ (Amer-
sham) using a Bio-Dot Apparatus (Bio-Rad). The membrane was then 
cross-linked with ultraviolet (UV; 240 mJ cm–2). After blocking with 5% 
skimmed milk prepared in TBS-T (Tween-20, 0.1%) and subsequently 
with SuperBlock buffer (Thermo Fisher Scientific), the membrane was 
incubated with an anti-RNA–DNA hybrid mouse mAb (S9.6, Merck) at 
0.2 μg ml–1 in SuperBlock buffer (Thermo Fisher Scientific) overnight at 
4 °C, followed by incubation in the presence of HRP-labelled anti-mouse 
IgG secondary antibody ( Jackson Immunoresearch Laboratories).

Dot blot analysis of hTERT IP products
hTERT protein was immunoprecipitated from 1 mg of NS-enriched 
fraction as described for the IP-IB assay with an anti-hTERT mAb (clone 
10E9-2) or an anti-p-hTERT mAb (clone TpMab-3). The bead suspension 
with immune complexes was washed four times with Lysis Buffer A 
and RNA co-immunoprecipitated with the p-hTERT immune complex 
was isolated using TRIzol (Thermo Fisher Scientific). The isolated 
RNA was treated with RQ1 RNase-Free DNase (Promega) and dotted 
onto a Hybond N+ (Amersham) using a Bio-Dot Apparatus (Bio-Rad). 
The membrane was then cross-linked with UV (120 mJ cm–2) and then 
probed with 32P-labelled synthetic oligonucleotides that were comple-
mentary to the sequence of TERRA RNA or ARRET RNA (TERRA RNA: 
5′-(CCCTAA)4-3′; ARRET RNA: 5′-(TTAGGG)4-3′).

For detection of dsRNAs, RNA co-immunoprecipitated with hTERT 
or p-hTERT was treated with DNase (Promega) and dotted onto the 
membrane as above. The membrane was then cross-linked with UV 
(240 mJ cm–2). After blocking with 5% skimmed milk prepared in TBS-T 
(Tween-20, 0.1%) and subsequently with SuperBlock buffer (Thermo 
Fisher Scientific), the membrane was incubated with anti-dsRNA 
mouse mAb ( J2, SCICONS) in SuperBlock buffer (Thermo Fisher Sci-
entific) overnight at 4 °C, followed by incubation in the presence of 
HRP-labelled anti-mouse IgG secondary antibody ( Jackson Immu-
noresearch Laboratories). For prepare a control sample treated with 
dsRNA-specific RNase III, RNA was preincubated with 1 unit of RNase 
III (Thermo Fisher Scientific Inc.) for 2 h at 37 °C.

R-loop degradation assay
TERRA RNA oligonucleotide (5′-(GUUAGG)8-3′) and the complemen-
tary oligonucleotide DNA (5′-(CCTAAC)8-3′) were synthesized by Inte-
grated DNA Technologies. To prepare TERRA RNA:DNA oligo duplex, 
5′-32P-labelled TERRA RNA and the complementary oligonucleotide 
DNA were annealed in annealing buffer (10 mM Tris-HCl (pH 7.5), 50 mM 
NaCl and 1 mM EDTA) at 80 °C for 5 min and slowly cooled to room 
temperature. hTERT immune complex was immunoprecipitated from 
1 mg of NS-enriched fraction as described for the IP-IB assay with an 
anti-hTERT mAb (clone 10E9-2) or an anti-p-hTERT mAb (clone TpMab-
3). The hTERT immune complex was washed three times and incubated 
with TERRA RNA:DNA hybrids in a buffer containing 50 mM NaCl, 
10 mM Tris-HCl (pH 7.9), 10 mM MgCl2, 1 mM DTT, 1 mM ATP, 0.2 mM 
GTP, 0.2 mM UTP, and 0.2 mM CTP, and RNasin plus inhibitor for 2 h 
at 37 °C. The reaction samples were treated with Proteinase K to stop 
the reaction. After phenol/chloroform purification and ethanol pre-
cipitation, the reaction products were treated with 1 unit of RNase III 
(Thermo Fisher Scientific) at 37 °C for 1 h to digest dsRNAs generated by 
p-hTERT immune complex. The reaction products were subsequently 
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electrophoresed in a 10% polyacrylamide gel containing 7 M urea, and 
detected by autoradiography.

DNA–RNA hybrid immunoprecipitation (DRIP)
HeLa cells were transfected with siRNAs. After 72 h incubation, gDNAs 
were isolated from the cells using the Blood and Cell Culture DNA Midi 
Kit (Qiagen). gDNA (20 μg) were sonicated using Bioruptor (CosmoBio) 
at high power with 20 cycles (30 s on and 50 s off) in sonication buffer 
containing 10 mM Tris-HCl (pH 8.5) and 300 mM NaCl. The sonicated 
gDNAs were mixed with 5 μg of an anti-RNA–DNA hybrid mouse mAb 
(S9.6, Merck) and 40 μl of Pierce Protein A Plus Agarose and incubated 
overnight at 4 °C in DRIP buffer containing 50 mM Tris-HCl (pH 7.4), 
150 mM NaCl, 5 mM EDTA and 1% NP-40. Immune complexes were 
washed with DRIP buffer, DRIP high buffer (50 mM Tris-HCl, pH 7.4, 
500 mM NaCl, 5 mM EDTA, 1% NP-40), DRIP Li buffer (50 mM Tris-HCl, 
pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40), and DRIP TE buffer 
(100 mM Tris-HCl pH 8.0, 10 mM EDTA), and then eluted in elution 
buffer containing Proteinase K (Takara Bio), 10 mM EDTA and 0.5% SDS 
by shaking at 37 °C for 30 min. After phenol/chloroform purification 
and ethanol precipitation, the DRIP products were treated with RQ1 
DNase (Promega) to purify the RNA strand and subjected to qRT-PCR 
analysis with strand-specific primers. The sequences of the primers 
used in this study are described in Supplementary Table 1.

Xenotransplantation
Six-week-old male NOD/SCID mice (NOD/NCrCRL-Prkdcscid) were pur-
chased from Charles River Laboratories and used as recipients for 
xenotransplantation. They were maintained in SPF rooms at 20 °C, 
50% humidity, and 12 h/12 h light/dark cycle condition. 1 × 105 cells 
were suspended in a mixture of serum-free medium and Matrigel (BD 
Biosciences; 1:1 volume). The mixture was injected subcutaneously 
through a 26-gauge needle into the right dorsal areas of anaesthetized 
NOD/SCID mice. We monitored tumour formation and tumour size 
every two or three days, and dissected out the tumours 10 weeks later. 
The study protocol was approved by the Kanazawa University Animal 
Care and Use Committee, and all procedures were performed in accord-
ance with the guidelines and regulations of Kanazawa University.

Statistical analysis
Statistical significance was determined using two-tailed unpaired 
t-test or one-way ANOVA method with Dunnett correction for multiple 
comparisons. Data are presented as the mean ± s.d. or s.e.m.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All sequencing datasets have been deposited at the Gene Expression 
Omnibus with accession codes GSE226966 and GSE226994. All the data 
supporting the findings of this study are available within the article and 
from the corresponding author upon reasonable request. Source data 
are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Detection of phosphorylated hTERT proteins and 
hTERT mRNAs in ALT cells. a, IIF imaging of p-hTERT. Telomerase-positive cell 
lines (293T, HeLa, and Huh-7 cells) and ALT cell lines (U2OS, VA-13, and Saos-2 
cells) were immunostained with an anti-p-hTERT mouse mAb (TpMab-35). Scale 
bar, 10 μm. b, c, IIF imaging of p-hTERT (TpMab-35) in HeLa and U2OS cells after 
treatment with hTERT siRNAs (b) and a CDK1 inhibitor (RO-3306) (c). Scale bar, 10 
μm. d, e, Comparison between reverse transcriptases for RT-PCR analysis  
(n = 4 independent experiments per group). cDNA was synthesized from total 
RNAs with PrimeScript (PS), Superscript IV (SSIV), or Superscript IV VILO.  

The relative expressions are noted below the panel (for b). f, Schematic diagram 
of hTERT mRNA. Arrows depict locations of primers used for quantitative  
RT-PCR analysis. g, Determination of hTERT mRNA levels by quantitative RT-PCR 
analysis using LT5/6 primer pairs or new primer pairs targeting the exon 15 and 16 
junction of hTERT mRNA (n = 3 independent experiments per group).  
h, i, Detection of p-hTERT (TpMab-35) in U2OS and HeLa cells synchronized in 
mitosis with nocodazole. Data are presented as mean ± SD (for e, g). Experiments 
were repeated three times (for a, c) and twice (for b, d, h, i) with similar results. 
Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 2 | Telomerase and RdRP activity in ALT cells. a, Detection 
of endogenous hTERT immunoprecipitated from the indicated cells with 
nocodazole treatment. b, Direct telomerase assay using hTERT proteins 
immunoprecipitated with an anti-hTERT mouse mAb (10E9-2) from the indicated 
mitotic cells treated with nocodazole. 293T cells are positive controls.  
c, quantitative RT-PCR analysis for hTERC associated with hTERT and p-hTERT 

isolated with the 10E9-2 and the TpMab-3 antibodies from HeLa, U2OS, VA-13, 
and Saos-2 cells (n = 3 independent experiments per group). Data are presented 
as mean ± SD. d, RdRP activity of endogenous hTERT immunoprecipitated 
from HeLa cells and a recombinant hTERT (rhTERT) protein. Experiments were 
repeated three times (for a, b, d) with similar results. Source numerical data and 
unprocessed blots are available in source data.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | RdRP activity of hTERT alternative splicing variants. 
a, Schematic diagram of hTERT alternative splicing (AS) variants. Arrows depict 
locations of primers used for quantitative RT-PCR analysis. b, Determination 
of hTERT AS variant levels by quantitative RT-PCR analysis (n = 3 independent 
experiments per group). Data are presented as mean ± SD. N.D., not detected. 

c, Detection of recombinant proteins of AS variants purified by a baculovirus 
expression system. * indicates migration of full-length hTERT or AS variants. d, IP-
RdRP assay using recombinant AS variant proteins. Experiments were repeated 
three times (for c, d) with similar results. Source numerical data and unprocessed 
blots are available in source data.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | hTERT undergoing liquid-liquid phase separation in 
ALT cells. a, IIF imaging of hTERT (2E4-2) and p-hTERT (TpMab-3) in HeLa and 
U2OS cells. Scale bar, 10 μm. b, c, Multicolor immunofluorescence imaging 
of p-hTERT and PML (b) or TRF2 (c) in U2OS cells. TEN, telomerase essential 
N-terminal domain; RBD, RNA-binding domain; RT, reverse transcriptase 
domain; CTE, C-terminal extension. Scale bar, 10 μm. d-g, Prediction of disorder 
regions on hTERT protein using the IUPred2A web interface (d) and the PONDR 
predictor VL-XT (e), VL3-BS (f), or VSL2 (g). The bold lines show putative disorder 

regions. h, IIF imaging of p-hTERT in HeLa, Huh-7, and U2OS cells disrupting LLPS 
with 10% 1,6-HD for 5 min. Scale bar, 10 μm. i, j, Detection of endogenous hTERT 
proteins (i) and RdRP activity (j) in the cells inhibiting LLPS with 1,6-HD. The 10E9-
2 and 2E4-2 clones are antibodies for immunoprecipitation and immunoblotting 
of hTERT, respectively. k, Detection of endogenous hTERT protein under 
conditions for inhibiting LLPS (1,6-HD treatment and lysis with 150 or 1000 mM 
NaCl). Experiments were repeated three times (for a, h-k) and twice (for b, c) with 
similar results. Source unprocessed blots are available in source data.
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Extended Data Fig. 5 | Specificity of an anti-p-hTERT antibody (TpMab-3). a, b, IIF imaging of p-hTERT (TpMab-3) and phospho-SR proteins (1H4) in HeLa cells 
treated with siRNAs specific for hTERT (a) and a CLK1 inhibitor (KH-CB19) (b). Experiments were repeated twice with similar results. Scale bar, 10 μm.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01427-6

Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Association between hTERT and TERRA RNAs and 
RdRP activity of p-hTERT against TERRA RNAs. a, Scheme of hTERT RIP-seq, 
which analyzed RNAs co-immunoprecipitated with hTERT using an anti-hTERT 
antibody (10E9-2) from nuclear speckle (NS)-enriched fraction. b, RIP-seq 
data of hTERT purified from nuclear speckles. Arrows show reads mapped to 
subtelomeric regions. c, Quantitative RT-PCR analysis of TERRA RNAs from 
different subtelomeric regions in hTERT knockdown HeLa and U2OS cells (n = 4 
independent experiments per group). Data are presented as mean ± SD. One-way 
ANOVA method with Dunnett correction for multiple comparisons between 
control (siCtrl) and other groups. d, RdRP activity of hTERT purified from nuclear 

speckles against a synthetic TERRA RNA template. e, IP-RdRP assay using hTERT 
proteins immunoprecipitated with an anti-hTERT antibody (10E9-2) from the 
HeLa cells. A mixture of two RNA templates, control DN3AS and 5ʹ-(CCUAAC)8-
3ʹ for TERRA, was used for the IP-RdRP assay. f, g, In vitro R-loop degradation 
assay using hTERT (f) and p-hTERT (g) complex immunoprecipitated from the 
NS-enriched fraction and 5′-32P-labeled TERRA RNA:DNA hybrids. RNase H is a 
positive control to digest RNA:DNA hybrids. Experiments were repeated three 
times (for d, f) and twice (for e, g) with similar results. Source numerical data and 
unprocessed blots are available in source data.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Establishment of hTERT-CRISPR clones. a, b, Sanger 
sequencing for the hTERT-CRISPR clones #1 (a) and #2 (b). Black lines and red 
arrowheads indicate the gRNA sequence and deletion regions, respectively.  
c, Determination of hTERT mRNA levels in hTERT-CRISPR clones by quantitative 
RT-PCR analysis (n = 3 independent experiments per group). Data are presented 

as mean ± SD. One-way ANOVA method with Dunnett correction for multiple 
comparisons between control (U2OS) and other groups. d, Clustering and GO 
analyses of genes differentially expressed in hTERT-CRISPR clones. The p-values 
were calculated by MBCluster.Seq package. Source numerical data are available 
in source data.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Effects of FANC/BRCA knockdown and PARP1 
inhibition in hTERT-CRISPR clones. a, Knockdown efficiencies of siRNAs 
specific for FANC/BRCA genes in hTERT-CRISPR clones (n = 3 independent 
experiments per group). b, The representative images of colony formation 
assay using hTERT-CRISPR clones transfected with siRNAs specific for FANC/
BRCA genes. c, The MLE beta essentiality scores for FANC/BRCA and PARP1 genes 
generated from MAGeCK algorithm. d, e, The representative images (d) and 
colony counting (e) of colony formation assay using hTERT-CRISPR clones with 

FANC/BRCA and PARP1 knockdowns (n = 3 independent experiments per group). 
f, g, Detection of hTERT proteins (f) and the representative images of colony 
formation assay (g) using hTERT-CRISPR clones overexpressing a wild-type 
hTERT or a T249A mutant. Data are presented as mean ± SD (for a, e). One-way 
ANOVA method with Dunnett correction for multiple comparisons between 
control and other groups (e). Experiments were repeated twice with similar 
results (for f). Source numerical data and unprocessed blots are available in 
source data.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Effects of hTERT knockdown in cells lacking FANC/
BRCA genes. a, Knockdown efficiencies of siRNAs specific for hTERT in Capan-1 
and TOV-21G cell clones corrected for BRCA2 and FANCF deficiencies (n = 4 
independent experiments per group). b, Direct telomerase assay using hTERT 
proteins immunoprecipitated from the indicated cells. c-g, The representative 
images of colony formation assay using these revertant clones. h, Schematic 
diagram of a strand-specific RT-PCR. DRIP RNAs were subjected to quantitative 

RT-PCR (qRT-PCR) analysis with strand-specific primers with a tag sequence. 
i, qRT-PCR analysis of DRIP RNAs using tagged primers specific for sense or 
antisense strand TERRA RNAs (n = 3 independent experiments per group). 
Strand-specific qPCR primers only recognize each strand-specific cDNA. Data are 
presented as mean ± SD (for a, i). Experiments were repeated twice with similar 
results (for b). Source numerical data and unprocessed blots are available in 
source data.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Maintenance of R-loop structures by p-hTERT 
and FANC/BRCA proteins. a, Immunoblotting for BRCA2 in proteins co-
immunoprecipitated with hTERT from the indicated biochemical fractions. 
Experiments were repeated three times with similar results. b, Model of 
maintenance of R-loop structures by p-hTERT and FANC/BRCA proteins. c, Model 
of different roles of hTERT in regulation of genome stability. hTERT elongates 
telomeres as the catalytic enzyme of telomerase. The 3′ telomeric overhangs 
invades into the telomere duplex and forms a small loop at the chromosome 

ends, called T-loop structure, which protects the end of linear chromosomes 
from degradation, fusion, and recombination. On the other hand, hTERT binds to 
TERRA sequences of the nascent RNA transcripts and synthesizes antisense RNAs 
through RdRP activity. The RdRP reaction converts RNA:DNA hybrids of R-loops 
to dsRNAs, preventing R-loop formation. hTERT guarantees genome stability  
by the two enzymatic activities. Source unprocessed blots are available in  
source data.

http://www.nature.com/naturecellbiology









	Maintenance of R-loop structures by phosphorylated hTERT preserves genome integrity

	Results

	ALT cells express a phosphorylated form of hTERT

	p-hTERT in ALT cells exhibits RdRP activity

	p-hTERT localizes in nuclear speckles in ALT cells

	RdRP regulates R-loop structure on TERRA sequences

	TERT gene editing impairs the proliferation of ALT cells

	Synthetic lethality between inhibition of RdRP and FANC/BRCA

	Inhibition of RdRP and FANC/BRCA accumulates R-loops


	Discussion

	Expression and activity of p-hTERT in ALT cells

	Detection of endogenous hTERT proteins

	Regulation of R-loop formation by p-hTERT

	Gene dependency of ALT cells

	Inhibition of RdRP activity and FANC/BRCA pathway

	Inclusion and ethics statement


	Online content

	Fig. 1 Expression of phosphorylated hTERT proteins in ALT cells.
	Fig. 2 Enzymatic activity of hTERT in ALT cells.
	Fig. 3 p-hTERT localizes in NSs in ALT cells.
	Fig. 4 Involvement of RdRP in R-loop resolution on TERRA sequences.
	Fig. 5 CRISPR-Cas9 editing of TERT gene locus in U2OS cells.
	Fig. 6 Synthetic lethality between inhibition of RdRP and Fanconi anaemia/BRCA.
	Fig. 7 Genome instability triggered by suppression of hTERT.
	Extended Data Fig. 1 Detection of phosphorylated hTERT proteins and hTERT mRNAs in ALT cells.
	Extended Data Fig. 2 Telomerase and RdRP activity in ALT cells.
	Extended Data Fig. 3 RdRP activity of hTERT alternative splicing variants.
	Extended Data Fig. 4 hTERT undergoing liquid-liquid phase separation in ALT cells.
	Extended Data Fig. 5 Specificity of an anti-p-hTERT antibody (TpMab-3).
	Extended Data Fig. 6 Association between hTERT and TERRA RNAs and RdRP activity of p-hTERT against TERRA RNAs.
	Extended Data Fig. 7 Establishment of hTERT-CRISPR clones.
	Extended Data Fig. 8 Effects of FANC/BRCA knockdown and PARP1 inhibition in hTERT-CRISPR clones.
	Extended Data Fig. 9 Effects of hTERT knockdown in cells lacking FANC/BRCA genes.
	Extended Data Fig. 10 Maintenance of R-loop structures by p-hTERT and FANC/BRCA proteins.




