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SUMMARY

Biogenesis of the human telomerase RNA (hTR) in-
volves a complex series of posttranscriptional
modifications, including hypermethylation of the 5
mono-methylguanosine cap to a tri-methylguano-
sine cap (TMG). How the TMG cap affects hTR matu-
ration is unknown. Here, we show that depletion of
trimethylguanosine synthase 1 (TGS1), the enzyme
responsible for cap hypermethylation, increases
levels of hTR and telomerase. Diminished trimethyla-
tion increases hTR association with the cap-binding
complex (CBC) and with Sm chaperone proteins.
Loss of TGS1 causes an increase in accumulation
of mature hTR in both the nucleus and the cytoplasm
compared with controls. In TGS1 mutant cells,
increased hTR assembles with telomerase reverse
transcriptase (TERT) protein to yield elevated active
telomerase complexes and increased telomerase ac-
tivity, resulting in telomere elongation in cultured hu-
man cells. Our results show that TGS1-mediated
hypermethylation of the hTR cap inhibits hTR accu-
mulation, restrains levels of assembled telomerase,
and limits telomere elongation.

INTRODUCTION

Telomere homeostasis is a major determinant for replicative life-
span, cellular senescence, and tumor progression (Blackburn
et al., 2015). Human telomeres consist of arrays of short repeti-
tive sequences at chromosome ends and are shielded from the
DNA repair machinery by specialized capping complexes
(Palm and de Lange, 2008). Telomere repeats are added by telo-
merase, an enzyme whose catalytic core is comprised of the
telomerase reverse transcriptase (TERT) catalytic subunit and
the human telomerase RNA (hTR) template RNA. While hTR is
broadly expressed, the expression of TERT is restricted to
stem cells and progenitor cells (Wright et al., 1996); telomere
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elongation occurs only in cells expressing active telomerase
(Cristofari and Lingner, 2006). Haploinsufficiency of either
TERT or hTR causes pathologic telomere shortening and leads
to the stem cell disease dyskeratosis congenita and other telo-
mere-related diseases (Armanios and Blackburn, 2012; Arma-
nios et al., 2005; Batista et al., 2011; Marrone et al., 2004),
suggesting that not only the TERT level but also the hTR level
is a limiting factor for telomerase activity. Defining the mecha-
nisms that regulate hTR biogenesis and its assembly into
telomerase is critically important for our understanding of telo-
mere-related pathologies and telomerase regulation in cancer
(Rousseau and Autexier, 2015).

Human hTRis a 451 nt RNA synthesized by RNA polymerase I
(Pol ) that acquires a monomethylguanosine (MMG) cap during
the early stages of transcription. This MMG cap is further
methylated to a N2, 2, 7 trimethylguanosine (TMG) cap, by trime-
thylguanosine synthase 1 (TGS1), an evolutionarily conserved
enzyme that modifies several classes of noncoding RNAs,
including small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNas), some viral RNAs, and selenoprotein mRNAs (Mouai-
kel et al., 2002; Pradet-Balade et al., 2011; Wurth et al., 2014; Ye-
davalli and Jeang, 2010). Unlike classical Pol Il transcripts, hTR
lacks a canonical polyadenylation signal and is processed to
generate a defined 3’ end.

The 3’ end of hTR contains an H/ACA motif consisting of two
hairpins and two single-stranded regions, the hinge and the
ACA containing tail (Kiss et al., 2006; Mitchell et al., 1999). The
H/ACA motif, which is found also in small Cajal body RNAs
(scaRNAs) and in some snoRNAs, is bound cotranscriptionally
by the dyskerin (DKC1)-NOP10-NHP2-NAF1 complex that de-
fines the 3’ end of hTR and stabilizes hTR transcripts (Fu and
Collins, 2007; MacNeil et al., 2019; Shukla et al., 2016). Muta-
tions in DKC1, NOP10, or NHP2 lead to dyskeratosis congenita
(DC), by impairing telomerase and causing telomere shortening
(Armanios and Blackburn, 2012).

hTR is initially transcribed as an extended precursor that is
trimmed by 3’-5 RNA exonucleases to generate its mature 451
nt form. hTR transcripts as long as 1,500 nt have been detected,
although it is unclear whether these ultra-long transcripts
are processed to mature hTR or whether they are aberrantly
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terminated transcripts removed by nuclear RNA surveillance
through the RNA exosome (Nguyen et al., 2015; Tseng et al.,
2015, 2018). Many hTR precursors have 8-10 nt genomically en-
coded 3’ extensions and are trimmed to generate mature hTR
(Goldfarb and Cech, 2013; Roake et al., 2019). These precursors
are primarily oligoadenylated by the noncanonical poly(A)poly-
merase PAPD5 (Moon et al., 2015; Tseng et al., 2015). Oligoade-
nylated hTR intermediates can either be degraded by the RNA
exosome or have their A tails removed by the poly(A)ribonu-
clease PARN. Patients with biallelic germline mutations in
PARN develop DC and idiopathic pulmonary fibrosis (IPF),
downstream of telomere shortening (Moon et al., 2015; Stuart
et al., 2015; Tummala et al., 2015). In the absence of PARN, oli-
goadenylated hTR precursors accumulate; the maturation rate of
hTR slows, and stalled hTR precursors are degraded causing an
overall loss of hTR and telomerase. However, in the absence of
both PARN and PAPD5, the maturation of hTR precursors nor-
malizes, indicating that oligoadenylation of hTR precursors gov-
erns the maturation rate of hTR (Roake et al., 2019).

Oligoadenylated hTR precursors that are not processed to
mature hTR are subject to degradation by the exosome, an
RNase complex composed of ten core proteins including the
3'-5' exonuclease Dis3 and the endonuclease Rrp44. The core
exosome also interacts with the 3'-5' exonuclease Rrp6, which
functions similarly to Dis3 (Chlebowski et al., 2013). Exosome
substrates are recruited by the nuclear exosome targeting com-
plex (NEXT) together with the cap binding complex (CBC), which
includes the CBP20, CBP80, and ARS2 subunits (Andersen
et al., 2013; Mitchell, 2014). Loss of CBC, exosome subunits,
or some specific NEXT components, causes an increase in
hTR levels, suggesting that this pathway removes a subset of
maturing hTR transcripts (Gable et al., 2019; Shukla et al.,
2016; Tseng et al., 2015). In addition, the RNA exosome is
involved in degradation of improperly assembled hTR com-
plexes, because exosome knockdown can rescue the hTR loss
caused by dyskerin deficiency or mutations (Boyraz et al,
2016; Fok et al., 2019; Shukla et al., 2016).

Beyond its role in hTR biogenesis and stability, the H/ACA
domain of hTR also contains a 3-nt sequence called the CAB
box that binds additional proteins. TCAB1 binds the CAB box
and directs localization of hTR to Cajal bodies (CBs), nuclear
structures devoted to RNA modification and assembly. TCAB1
binding to the CAB box is required for full catalytic activity of telo-
merase (Chen et al., 2018; Freund et al., 2014; Tycowski et al.,
2009; Zhong et al., 2011) and for telomerase recruitment at telo-
meres during the S phase (Cristofari et al., 2007; Tomlinson et al.,
2006; Venteicher et al., 2009). The CAB box also associates with
a subset of the seven Sm proteins (Fu and Collins, 2006), which
form a heteroheptameric ring that encircles and stabilizes
several coding and noncoding RNA species, and SmB directly
interacts with TGS1 (Mouaikel et al., 2003a, 2003b). In fission
yeast, the Sm proteins bind telomerase RNA and contribute to
its maturation and stability (Tang et al., 2012).

CBs are also the sites in which hypermethylation of hTR by
TGS1 is thought to occur (Fu and Collins, 2006; Girard et al.,
2008; Jady et al., 2004). The role of the cap hypermethylation
step in telomerase biogenesis and/or trafficking is unknown.
Human TGS1 exists as two isoforms, a long (TGS1-LF) and a

short (TGS1-SF) isoform (Girard et al., 2008). The TGS1 LF
C-terminal portion contains a highly conserved methyltransfer-
ase domain and is present both in the cytoplasm and the nu-
clear CBs (Girard et al., 2008). The short isoform consists only
of the C terminus of the protein and it is exclusively enriched
in CBs. The two isoforms have different repertoires of RNA tar-
gets: TGS1 LF is thought to hypermethylate snRNAs, while
TGS1 SF is believed to be specific for snoRNAs. TGS1 LF has
been also implicated in the trafficking of these noncoding
RNAs through its interaction with the nuclear export factor
CRM1 (Boulon et al., 2004; Verheggen and Bertrand, 2012).
The TMG cap synthesized by TGS1 LF and the Sm core proteins
bound to SMN form a bipartite nuclear targeting signal that di-
rects import of snRNAs and SMN (Hamm et al., 1990; Nar-
ayanan et al., 2004). In addition, it has been proposed that
CRM1 modulates the interaction between TGS1 LF and hTR
(Pradet-Balade et al., 2011).

Here, we investigate the role of TGS1 in regulating hTR
biogenesis, stability, and assembly into functional telomerase.
By introducing frameshift mutations in the TGS7 gene in human
cancer cells using CRISPR/Cas9 genome editing, we create
cells depleted of the TGS1 protein. We use these cells to under-
stand how hTR 5’ cap trimethylation controls hTR biogenesis,
telomerase levels and telomere length.

RESULTS

TGS1 Is Required for Proper CB Organization and hTR
Subcellular Localization

To investigate the role of cap hypermethylation in hTR biosyn-
thesis and telomerase assembly in Hela cells, we used
CRISPR/Cas9 genomic editing to introduce insertions and dele-
tions within both the first and the eighth TGS7 exon, which affect
both TGS7 isoforms. We isolated three clones (TGS7 CRISPR
M1, M2, and M3) displaying strongly reduced expression of
TGS1. Western blotting showed that in these three clones the
TGS1 levels are less than 10% of the level observed in parental
Hela cells (Figure 1A). Stable lentiviral expression of FLAG-
tagged TGS1 restored TGS1 to levels that approximate those
of the endogenous TGS1 protein (M1R, M2R, and M3R corre-
spond to M1, M2 and M3 knockout clones rescued with FLAG-
TGSH1) (Figure 1A).

Because previous studies had shown that TGS1 depletion dis-
rupts CB formation in HelLa cells (Lemm et al., 2006; Roithova
et al., 2018), we first tested our TGS7 CRISPR cells for the pres-
ence and integrity of CBs using immunofluorescence with anti-
bodies against coilin and TCAB1, which co-localize in CBs
(Venteicher et al., 2009) (Figure S1A). While TGS1-proficient
Hela cells showed an average of 2.5 coilin/TCAB1 foci per cell
(n = 473), TGS1-deficient cells exhibited only 1.2 coilin/TCAB1
foci/cell (n = 942). The reduction in the CB number was rescued
by stable expression of FLAG-TGS1 (2 coilin/TCAB1 foci/cell;
n = 1,115) (Figure S1B). In TGS mutant cells, the coilin/TCAB1
signals were more diffuse than in controls and formed aggre-
gates of irregular size and shape. These aggregates colocalized
with nucleoli in 20% of the nuclei, whereas only 4% of control
nuclei displayed nucleolar Coilin/TCAB1 signals (Figures S1A
and S1B). These results show that TGS1 is required for CB
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Figure 1. TGS1 Loss Affects hTR Localization
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(A) Western blot (WB) with an anti-TGS1 antibody on extracts from a TGS 1-proficient HeLa cell line, and three independent CRISPR-derived TGS 1 mutant clones
(M1, M2, and M3) expressing a FLAG-TGS1 rescue construct at a similar level as endogenous TGS1 (endo-TGS1). B-tubulin is a loading control (CTR). See also

Table S1.

(B and C) Examples of TGS7 mutant cells (M7) showing reductions in hTR (B) and scaU93 RNA (C) foci compared to TGS7 M1 cells expressing the FLAG-TGS1
rescue construct (M7R), and accumulation in the nucleoli of hTR and scaU93, which were detected by RNA FISH (red); nucleoli appear as DAPI-dim areas.

(D-G) Average numbers of hTR (D) and U93 (F) foci observed in M (M1, M2, and M3), MR (M1R, M2R, and M3R), and CTR (HeLa parental line) cells. Frequencies of
cells with nucleolar accumulations of hTR (E) and U93 (G) in the same cell samples. Data are the means of 3 mutant clones and 3 CTR cell samples. *p < 0.05;

****p < 0.0001, one-way ANOVA.

integrity, likely reflecting an underlying defect in snRNA biogen-
esis caused by TGS1 loss (Lemm et al., 2006).

We next performed RNA fluorescence in situ hybridization
(FISH) to determine the effects of TGS1 depletion on the subcel-
lular localization of hTR, which is normally strongly enriched in
the CBs of Hela cells. Consistent with previous results (Zhu
et al., 2004), we found that parental HeLa cells exhibit an average
of 2.7 hTR foci/nucleus (n = 142), whereas TGS 1 mutant cells (M1
plus M2; n = 263) contain 1.0 hTR focus per nucleus (Figures 1B
and 1D). However, TGS17-deficient cells displayed prominent
hTR accumulation in nucleoli (Figures 1B, 1E, and S1C). Specif-
ically, while 41% of TGS1 mutant cells showed enrichments of
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hTR in the nucleoli, only 4% and 13% of control and rescued
cells showed similar enrichments, respectively (Figure 1E).
TGS1-deficiency also affected localization of scaRNAs. The
U93 scaRNA was enriched in CBs of both control cells (2.4
foci/cell, n = 118) and TGS1-rescued cells (2.8 foci/cell
n = 344) (Figures 1C and 1F), but showed diminished CB locali-
zation (0.7 foci/cell, n = 363) and nucleolar mislocalization in
TGS1 M1 and M2 cells (Figures 1F and 1G). Disruption of
TGS1 in TGS1 M1 cells led to loss of CB localization of the U2
snRNA (Figure S2A). As expected, normal localization of small
nucleolar RNA (snoRNA) in the nucleoli was not affected by
TGS1 loss (Figure S2B).
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(A) Northern blots (NBs) of total RNA from TGS1-proficient (CTR), TGS1 mutant (M1, M2), and TGS1 M1-rescued (M1R) probed against hTR or U1 snRNA.
Ethidium bromide (EtBr)-stained rDNA is a loading CTR. Bottom panel: quantification of the hTR levels normalized to U1snRNA. The hTR doublet represents
different folding states of mature hTR (Mitchell et al., 1999). Error bars represent standard deviation derived from three independent NBs.

(B) hTR levels determined by qRT-PCR on total RNA prepared from TGS 1 mutant (M1, M2, M3) cells expressing either FLAG-GFP or FLAG-TGS1. Bars represent
means from 3 independent experiments, are relative to parental HeLa cells (set to 1) and are normalized to GAPDH (**p < 0.01; ***p < 0.001; one-way ANOVA).
(C) WB showing the TGS1 abundance in UMUC3 and BJ-HELT cells treated with non-targeting (CTR) or TGS1 siRNA for 6 days. Tubulin is a loading CTR.

(D) Quantification of hTR and TGS1 transcripts by qRT-PCR performed on total RNA prepared from UMUCS or BJ-HELT cells at the indicated days following
siRNA treatment; data are relative to cells treated with CTR siRNA (set to 1); hTR levels are normalized to the GAPDH transcript. (*p < 0.01; **p < 0.001, ns, not

significant; one-way ANOVA, left panel; Student’s t test, right panel.)

TGS1 Regulates the Abundance of hTR Molecules
To determine whether TGS1 loss affects the abundance of hTR
molecules, we analyzed hTR levels by northern blotting using to-
tal RNA isolated from either TGS 7-proficient cells (parental HeLa
cells or TGS1 M1R cells) or TGS1 mutants cells (TGS1 M1, M2).
These analyses revealed that the levels of hTR in TGS7 mutant
cells increase by 2-fold compared to control or rescued cells
(Figure 2A). Similar results were obtained by analyzing hTR levels
using quantitative RT-PCR (gRT-PCR). hTR levels were
increased on average by 1.8-fold in TGS7 mutant clones (M1,
M2, and MS3) expressing FLAG-GFP compared with their
rescued counterparts stably expressing FLAG-TGS1 (Figure 2B).
We also determined whether loss of TGS1 upregulates hTR in
other human cell lines and whether the degree of hTR upregula-
tion depends on the basal hTR level in the cell line before TGS1
inactivation. We performed RNAi-mediated TGS7 knockdown in
the UMUCS3 bladder cancer line and in BJ-HELT cells (BJ fibro-
blasts stably expressing TERT and SV40 large T antigen) (Hahn

et al., 1999; Xu and Blackburn, 2007). TGS1 RNAI efficiently
reduced the levels of both TGST mRNA and TGS1 protein, result-
ing in increased hTR levels in each cellular context (Figures 2C
and 2D). Together, these results indicate that loss of TGS1 in-
creases hTR levels in human cell lines.

TGS1 Catalyzes Formation of the TMG Cap in hTR
Molecules Associated with Telomerase

We next asked whether TGS1 catalyzes formation of the hTR
TMG cap in the hTR molecules that associate with telomerase
and whether loss of this cap affects hTR incorporation into
functional telomerase complexes. To address these questions,
we used a two-step immunopurification procedure (Figure 3A).
We first precipitated endogenous telomerase complexes from
nuclear extracts of either parental cells or TGS7 mutant
clones (M1 and M2) using an anti-TERT antibody (Venteicher
et al., 2009). We then purified hTR from hTR-TERT complexes
using an antibody that specifically recognizes the trimethylated
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Figure 3. Mutations in TGS1 Impair TMG Capping of hTR but Do Not Affect Its Ability to Interact with TERT and Form an Active Telomerase
Both In Vitro and In Vivo

(A) Schematic representation of the experiments. hTR was precipitated from nuclear extracts with an anti-TERT antibody, and purified TERT-hTR complexes
were subjected to IP using an anti-TMG cap antibody.

(B) hTR associated with TERT eluates from TGS7 M1 and two TGS1-proficient CTR cells was detected by NB. IgG IP is a CTR for nonspecific binding. EtBr-
stained rRNA is a loading CTR. Note that hTR is more abundant in TGS7 mutant cells than in CTR cells.

(C) RNA IP with an anti-TMG antibody from TERT-hTR complexes. qRT-PCR on eluates indicates that TERT-associated hTR is not hypermethylated. The
monomethylated beta-actin RNA is a negative CTR. Error bars represent standard deviations derived from two independent RNA IP experiements.

(D) Top: telomeric repeat amplification protocol (TRAP) performed in 3% dilutions on extracts from cells of the indicated genotypes. IC, internal CTR. TGS1 M1
and M2 cells exhibit higher telomerase activities than both TGS7-proficient CTR cells and TGS7 M1 rescued cells (M7R). Bottom: quantification of TRAP activity.
Error bars, SEM. a.u., arbitrary units.

(E) Mutations in TGS17 (C1, C2) were generated by CRISPR/Cas9 in the UMUC3 bladder tumor cell line. WB with anti-TGS1 or anti-FLAG antibodies shows
reduced levels of endogenous TGS1 in mutant cells and the expression of the TGST-FLAG rescue construct. See also Table S1.

(F) gRT-PCR showing that TGS1 CRISPR clones stably expressing FLAG-GFP exhibit increased hTR abundance compared to the same clones stably expressing
the rescue construct FLAG-TGS1. Data are from three biological replicates, are normalized to GAPDH and relative to the parental cell line (“p < 0.05; **p < 0.01;
one-way ANOVA).

(G) TGS1 loss induces telomere lengthening in UMUCS3 cells. Telomere restriction fragment (TRF) analysis was performed on genomic DNA extracted from TGS1
mutant (C1, C2) and CTR cell lines kept in culture for the indicated time. PD, population doublings. The growth kinetics were similar for all lines (average doubling

time: 1.8 days).
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guanosine cap (TMG) (Bringmann et al., 1983). Northern blotting
analysis of TERT-IP eluates confirmed that hTR is more abun-
dant in TGS7 mutant cells than in TGS7-proficient control cells
(Figure 3B), indicating that loss of TGS1 increases the abun-
dance of both hTR and hTR-TERT complexes in HeLa cell nuclei.
gRT-PCR of RNA precipitated by the anti-TMG antibody further
showed that hTR molecules are more abundant in control cell
precipitates than in precipitates from TGS7 mutant cells (Fig-
ure 3C), suggesting that in TGS1-deficient cells most hTR mole-
cules do not contain a TMG cap. These results clearly show that
TGS1 catalyzes formation of the hTR TMG cap and that hTR mol-
ecules devoid of this cap can efficiently associate with TERT.

Loss of TGS1 Increases Telomerase Activity and
Telomere Length

To understand whether telomerase complexes containing hTR
molecules with a hypomethylated cap are catalytically active,
we performed a telomeric repeat amplification protocol (TRAP)
assay with nuclear extracts from parental control cells, TGS1
mutant cells (M7 and M2), and TGS7 rescued cells (M1R).
TRAP showed that telomerase activity is 2-fold higher in TGS
mutant cells than in either parental control cells or TGS1T M1R
cells (Figure 3D). These results are consistent with previous
work showing that an increase of the hTR level augments telo-
merase activity in HelLa cells (Cristofari and Lingner, 2006; Pick-
ett et al., 2009; Xi and Cech, 2014; Zhong et al., 2012). Thus, the
presence of a TMG cap is dispensable for the assembly of func-
tional telomerase, and loss of TGS1 increases both the formation
of hTR molecules and active TERT/hTR complexes.

To determine whether loss of TGS1 leads to telomere elonga-
tion in cultured cells, we exploited the UMUCS3 cell line that has a
high TERT level but a low hTR content that limits telomerase
biosynthesis and telomere elongation (Xu and Blackburn,
2007). We used CRISPR/Cas9 mutagenesis to generate two
UMUCS cell clones (C1 and C2) with mutations in TGS7 and
reduced TGS1 expression (Figure 3E). The C1 and C2 lines
exhibit a 2.5- and 1.7-fold increase in the hTR level compared
to the same lines expressing FLAG-TGS1, respectively (Fig-
ure 3F). Telomere restriction fragment (TRF) analysis performed
on genomic DNA of these lines grown in culture for several pop-
ulation doublings showed that telomere length increases with
time in TGS1 mutant cells (C1 and C2 clones) but not in control
cells (Figure 3G). Thus, the increased hTR level and enhanced
telomerase activity of TGS7 mutant cells results in telomere
elongation.

Loss of TGS1 Increases hTR Accumulation but Does Not
Alter hTR Oligoadenylation

Processing of hTR proceeds from genomically templated tran-
scripts that extend up to 10 nt beyond the mature 3’ terminus
at position 451 (hTR-451). These extended precursor RNAs are
processed through steps that include oligoadenylation and
deadenylation by PAPD5 and PARN, respectively (Nguyen
et al., 2015; Roake et al., 2019; Tseng et al., 2015). In addition,
gRT-PCR detected less abundant longer transcripts from the lo-
cus that are degraded by the exosome complex (Nguyen et al.,
2015; Tseng et al., 2015). We asked whether TGS1 loss affects
the formation of these long hTR transcripts. We performed

gRT-PCR with reverse primers positioned at 159 or 445 bp
downstream of position 451 (Figure 4A). We found that hTR
long molecules are increased 2- to 3-fold in all three TGS1
mutant Hela clones compared to the corresponding rescued
cell lines (Figure 4B). A similar increase in long hTR transcripts
was observed in TGS7 small interfering RNA (siRNA)-treated
UMUCS3 cells compared to scrambled dsRNA-treated controls
(Figure 4B). These results may reflect either a defect in transcrip-
tional termination or diminished surveillance of these long tran-
scripts by the RNA exosome.

To understand whether the increase in hTR seen in TGS1
mutant cells occurs because of altered 3’ maturation, we quan-
tified hTR precursors and oligoadenylation patterns using
3’RACE RNA sequencing (RNA-seq) in both TGST mutant lines
and corresponding rescued lines. The previously generated
PAPD5-KO and PARN-KO mutant cell lines (Roake et al., 2019)
were used as controls for reduced and increased oligoadenyla-
tion, respectively. In parental control cells, 20% of hTR mole-
cules were extended precursors, and 17% of hTR precursors
showed an oligo-A tail. The proportion of extended precursors
and their degree of oligoadenylation were unchanged in TGS1
mutant cells (Figures 4C and 4D). Thus, the increase in hTR levels
seen in TGS71 mutants is not caused by altered 3’ processing.
These observations are consistent with the view that trimming
of hTR 3’ ends and exosomal-mediated decay of long hTR tran-
scripts are governed by distinct pathways (Roake et al., 2019).

TGS1 Deficiency Causes Cytoplasmic Accumulation

of hTR

TGS1 has been shown to control the intracellular distribution of
snRNAs and snoRNAs (Roithova et al., 2018; Verheggen and
Bertrand, 2012). To test whether TGS1 plays a similar role in
regulating hTR trafficking, we asked whether loss of TGS1 af-
fects relative hTR accumulation in the nucleus versus the cyto-
plasm. To characterize hTR partitioning, we analyzed both
nuclear and cytoplasmic fractions isolated from three TGS7
mutant clones (TGS1 M1-3), from TGS17-proficient cells (CTR,
TGS1 M1R, CTR-R) and from PAPD5-KO and PARN-KO cell
lines. Northern blotting analysis showed an increased abun-
dance of both cytoplasmic and nuclear hTR in all three TGS1
mutant cell lines compared to PAPD5-KO, PARN-KO, or
TGS1-proficient control cells (Figures 5A and 5B). We quantified
the relative hTR amounts in the cytoplasm and the nucleus by
normalizing the hTR levels with those of U1 and U6 snRNAs. In
TGS1 mutant cells, the relative cytoplasmic enrichment in hTR
molecules (cytoplasm/nucleus + cytoplasm ratio, abbreviated
as C/N+C) was significantly higher (1.6-fold) than in the other
cell lines (lanes 4, 6, 8 versus lines 2, 14, 16 of Figures 5A-5C
and S3A-S3D). gRT-PCR confirmed an overall increase of
the hTR level in TGST mutant cells compared to PAPD5-KO,
PARN-KO, or control cells (Figure 5D).

Cytoplasmic fractions were also obtained with a different frac-
tionation method (Méndez and Stillman, 2000), and the hTR
levels relative to GAPDH or U6 snRNA were determined by
gRT-PCR (Figures 5E and S3E). This independent approach
confirmed a two-fold increase in the cytoplasmic/nuclear
hTR ration in TGS7 mutant cells compared to corresponding
TGS1-rescued cells (Figure 5E). Importantly, we never observed
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Figure 4. Mutations in TGS7 Induce Formation of Extended hTR Molecules but Do Not Affect 3' Processing
(A) Diagram indicating the localization of the primers used to detect the extended hTR species (EXT1 and EXT2) generated by transcription readthrough beyond

the 3’ end of mature transcript (nt 451).

(B) gRT-PCR showing increased expression of EXT1 and EXT2 in TGS7-depleted cells compared to TGS1-expressing cells: TGS1 M versus TGS1 MR, average of
three different mutant clones compared to their rescued counterparts; siRNA for TGS7 (siTGST) or non-targeting CTR (siCTR) in UMUCS cells. Data are
normalized to GAPDH. TGS1 M1 and M2 data are relative to parental cells (set to 1); UMUC3 siTGS1 data are relative to siCTR cells (set to 1). TGS7T M and TGS1
MR bars are means of three clones. UMUCS3 siTGS17 are means of two treatments (*p < 0.05; **p < 0.01; one-way ANOVA).

(C and D) 3'RACE-seq was performed to determine the abundance of hTR precursors terminating 1-10 nt beyond the 3’ end of the hTR mature transcript (>451)
(C) and oligoadenylated hTR molecules (OligoA) (D). No significant differences in these two types of precursors were observed in TGS1 M cells compared to CTR
or TGS1 M1R cells. PAPD5-KO cells display an 80% reduction in OligoA species and a 75% reduction in >451 nt hTR molecules (C), as previously observed
(Roake et al., 2019). In PARN-KO cells there is a 3-fold increase in both OligoA reads and >451 nt hTR reads (D). >35,000 reads per sample were analyzed.

relative increases in the cytoplasmic hTR fraction in PAPD5
mutant cells (Figures 5A, 5C, and S3A-S3D), which also
exhibit an increase in total hTR accumulation (Figure 5D)
(Roake et al., 2019). Thus, the increase in cytoplasmic hTR
observed in TGS1-depleted cells is a specific consequence of
TGS1 deficiency, and is not secondary to increased level of
nuclear hTR.

We also asked whether the nuclear export factor CRM1 has a
role in cytoplasmic accumulation of hTR in TGS7 mutants. Treat-
ing cells with the CRM1 inhibitor leptomycin B (LMB) caused an
increase in the total hTR level in TGS7-proficient but not in TGS1
mutant cells (Figure S3F), suggesting that this increase, which
parallels the increase induced by TGS1 deficiency, is TGS1-
dependent. However, treatment with LMB did not substantially
alter the distribution of hTR between the nucleus and the cyto-
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plasm in either control or mutant cells. In TGS7 mutant cells
neither the nuclear hTR level nor the cytoplasmic hTR level
was significantly changed (Figure S3F). These results suggest
that hTR export to the cytoplasm in TGS7 mutant cells is not
CRM1-dependent. The increased hTR level found in LMB-
treated cells could be related to the role of CRM1 in the intranu-
clear traffic of hTR (Pradet-Balade et al., 2011), but molecular
mechanism remains uncertain.

Finally, RNA immunoprecipitation (RNA-IP) with an anti-TERT
antibody failed to detect an enrichment in hTR molecules in pre-
cipitates from cytoplasmic extracts of TGS1-deficient cells (Fig-
ure 5F), indicating that cytoplasmic hTR is not incorporated into
assembled telomerase complexes. This is consistent with the
notion that telomerase assembly is a process restricted to the
nucleus.
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Figure 5. TGS1 Mutants Have a High Cytoplasmic Level of hTR that Is Not Assembled with Telomerase

(A) NB on nuclear (N) or cytoplasmic (C) RNA, extracted with hypo-osmotic lysis buffer (Chen et al., 2014) from parental HelLa cells (CTR); TGS1 M1, M2, and M3
mutant cells; CTR-R and TGS1 M1R cells expressing the FLAG-TGST1 rescue construct; PAPD5-KO and PARN-KO cells. Membranes were probed for hTR, U1,
and U6 snRNA, and U3 snoRNA. Note that U6 runs as a doublet in TGS1 mutants. EtBr staining is a loading CTR.

(B) Quantification of the blots in (A) by densitometric analysis. The bars represent the nuclear and cytoplasmic abundance of hTR normalized to U1snRNA. The
numbers on the orange bars are the percentages of cytoplasmic hTR over total RNA [C/(N+C]) (see also C and Figures S3A-S3D). TGS1 M1, M2, and M3 cells
show higher hTR cytoplasmic fractions compared to CTR and TGS1 M1R cells; the hTR cytoplasmic fractions in PAPD5-KO cells are comparable to those
observed in TGS1-proficient cells, or in PARN-KO cells.

(C) Bar plot showing the mean percentage of cytoplasmic hTR (indicated as % of cytoplasmic hTR over total hTR) in the indicated cell lines, relative to CTR (set
to 1) (see also A and Figure S3B).The p value shown is relative to CTR, one-way ANOVA.

(D) gRT-PCR quantification of the hTR levels in total RNA from the indicated cell lines, values are normalized to GAPDH and relative to the parental HelLa cells
(CTR). p values are relative to CTR, one-way ANOVA.

(E) qRT-PCR quantification of the hTR levels in cytoplasmic extracts prepared from TGS71 M and TGS7 MR cells according to (Méndez and Stillman, 2000). The
hTR levels are normalized to GAPDH or U6, and are relative to CTR cells (set to 1). Data are from three different TGS 7 mutant clones (M7-M3). p values, Student’s
t test.

(F) Cytoplasmic extracts (S100) from TGS7-proficient (CTR) and TGS1 mutant cells (M1, M2) were precipitated with an anti-TERT antibody; purified RNA was
assayed by NB with an hTR probe. IgGs were used as an IP CTR. Nuclear extracts (NE) from CTR cells were used as positive CTR (as in Figure 3B). Note the
elevated hTR level in the cytoplasm of TGS mutant cells, and TERT-hTR complexes are absent in the cytoplasm of both TGS 7-proficient and TGS 1 mutant cells.
EtBr staining is a loading CTR.

TGS1 Loss Leads to Increased Association of hTR and increased cytoplasmic retention of hTR in TGS7 mutant cells is

the Cap Binding Complex

In both yeast and human cells, the TMG caps of snRNAs are not
recognized by the conserved CBC, which instead binds mono-
methylated caps with high affinity (Schwer et al., 2011). In wild-
type budding yeast, mature snRNAs are TMG-capped and not
associated with CBC, but are monomethylated and ectopically
bound by CBC in Tgs? mutants (Schwer et al., 2011). Because
CBC binding to snRNAs regulates their nuclear/cytoplasm traf-
ficking (Ohno et al., 2000), we tested the possibility that the

a consequence of altered CBC binding affinity toward hypome-
thylated hTR cap.

We first asked whether the methylation status of the hTR cap
affects its affinity for the CBC complex. We isolated RNAs asso-
ciated with the endogenous larger subunit of the CBC complex,
CBP80, using an anti-CBP80 antibody and immunoprecipitation
of both nuclear and cytoplasmic extracts from TGS7 mutant cells
(M1) and TGS7-rescued cells (M1R) (Figure 6A). RNA precipi-
tates were analyzed by northern blotting for hTR, and the U1
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Figure 6. Mutations in TGS7 Increase the Association of hTR with the CBC and the Sm Complexes

(A) NBs on RNA from nuclear (N) or cytoplasmic (C) extracts precipitated with an anti-CBP80 antibody from TGS7 M1 and TGS1 M1R cells. The membranes were
probed for hTR and U1snRNA; EtBr staining is a loading CTR. Note the increase in both U1 and hTR CBC-associated RNAs in nuclear extracts from TGS1 M cells.
(B) gRT-PCR on RNA purified by CBP IP. The uncapped 5.8S RNA was used as negative CTR. Error bars, SEM.

(C) gRT-PCR on RNA purified by SmB IP. The uncapped 5.8S RNA is a negative CTR. TGS1 deficiency significantly increases recovery of hTR but not of U1
snRNA in SmB complexes. p value, one-way ANOVA.

(D) NB on the RNA fractions purified by RNA IP with an anti-FLAG antibody from nuclear or cytoplasmic extracts from TGS17-proficient (CTR) or TGS1 M1 cells
expressing: FLAG-TERT, FLAG-TERT ATRBD (mutated in the hTR binding domain), and FLAG-CBP80. NBs were probed for hTR; EtBr staining is a loading
control. WB with anti-FLAG and anti-CBP20 antibodies on purified proteins verifies the recovery efficiency of the FLAG-tagged proteins and of the entire CBC
complex. Note that CBC complex weakly interacts with telomerase. IgG light chain (IgG L.C.) is an IP CTR.

(E) gRT-PCR on RNA co-precipitating with the indicated FLAG-tagged proteins. Error bars, SEM.
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snRNA was used for comparison. U1 snRNA copurified with
CBC more efficiently from nuclear extracts of TGS7 mutant cells
compared to TGS7-rescued cells (Figure 6A, lanes 1 and 3). No
significant difference in U1 abundance was observed in CBC-im-
munopurified RNA from cytoplasmic extracts of mutant and
rescued cells (Figure 6A, lanes 2 and 4). The amount of hTR
recovered by CBP80 IP in cytoplasmic extracts of both TGS1
mutant and TGS7-rescued cells was below the detection level
by northern blotting (Figure 6A, lanes 2 and 4). However, northern
blotting detected hTR in nuclear extracts from TGS7 mutants
(Figure 6A, lane 3), showing that TGS1 depletion increases the
amount of nuclear hTR associated with CBP80. Consistent
with northern blotting results, hTR was significantly enriched in
CBC complexes from the nuclei of TGS7 mutant cells compared
with those of their rescued counterparts, as shown by gRT-PCR
performed on RNA recovered by CBP IP on nuclear extracts (Fig-
ure 6B). For comparison, the 5.8S ribosomal RNA, that lacks a 5’
cap structure, did not copurify with CBP80 under either TGS1
mutant or TGS17-proficient conditions (Figure 6B).

To consolidate this result, we studied association between
hTR and FLAG-CBP80 by generating TGS1-proficient and
TGS1-deficient cells stably expressing FLAG-CBP80 using len-
tiviral transduction. As positive controls we used cell lines
expressing FLAG-tagged wild-type TERT (FLAG-TERT) or
FLAG-tagged TCAB1; a FLAG-tagged TERT, carrying a dele-
tion in the T motif of the telomerase RNA binding domain
(FLAG-TERT ATRBD), was used as negative control. FLAG IP
was carried out on nuclear extracts, and RNA and protein pre-
cipitates were analyzed by northern and western blotting (Fig-
ure 6D). As expected, FLAG-TERT and FLAG-TCAB1, but not
FLAG-TERT ATRBD, efficiently precipitated hTR from extracts
of both TGS71 mutant and TGS7-proficient cells (Figure 6D,
lanes 1-4). Whereas hTR was undetectable by northern blotting
in FLAG-CBP80 complexes from control cells, hTR was identi-
fied in FLAG-CBP80 complexes from TGS1-deficient cells
(compare lanes 5 and 6 of Figure 6D). Using qRT-PCR on the
RNAs co-immunoprecipitated with FLAG-CBP80, we found
that hTR association with FLAG-CBP80 was increased by
more than 2-fold in TGS7 mutant cells compared to controls
(Figure 6E). U1 snRNA showed a greater than 5-fold increased
association with FLAG-CBP80 in TGS7 mutant cells compared
to controls (Figure S4A). Western blotting for CBP80 and
CBP20 revealed that both subunits of the CBC complex are
recovered in immunoprecipitates with TERT and that this inter-
action is weakened by mutations in the TERT RNA binding
domain (Figure S4B, left panel). Furthermore, the TERT/CBC
interaction was disrupted by treatment with RNase (Figure S4B,
right panel), suggesting that a fraction of CBC bound-hTR is
associated with assembled telomerase. These results indicate
hypomethylated hTR molecules bind the CBC complex, which
in TGS1 mutant cells is enriched in hTR, compared to TGS7-
proficient cells.

TGS1-Deficiency Promotes Increased Association
between hTR and the SmB Protein

In both yeast and human cells, telomerase RNA associates with
the Sm protein complex during its processing into a mature form
(Franke et al., 2008; Fu and Collins, 2006; Tang et al., 2012). To

test whether TGS17 affects the binding of the Sm complex to
hTR in human cells, we used an antibody directed against
the SmB component of the Sm complex to perform RNA IP on
cytoplasmic and nuclear extracts from TGS7 mutant or TGS7-
rescued cells, and quantified the precipitated RNAs by gRT-
PCR (Figures 6C and S4C). In these experiments, we used U1
snRNA for comparison and 5.8S ribosomal RNA as a negative
control. While U1 association with SmB was unaffected by
TGS1 deficiency, there was a 2-fold enrichment of hTR in SmB
immunoprecipitates from nuclear extracts, of TGS7 mutant cells.
However, this enrichment was not found in cytoplasmic extracts
(Figures 6C and S4C). Thus, the interaction of hTR with the SmB
protein in the nucleus is regulated by TGS1-mediated cap
hypermethylation.

DISCUSSION

Cap hypermethylation has been implicated in nuclear import for
snRNAs, but the role of cap hypermethylation for hTR had re-
mained unknown. To understand the role of 5’ cap trimethylation
in telomerase function, we generated cancer cell clones
depleted of TGS1 through genome editing. Our data indicate
that after hTR is transcribed and capped at the 5’ end, TGS1 hy-
permethylates the cap in a process that likely occurs in CBs (Fig-
ure 7). Surprisingly, hypermethylation of the hTR cap serves to
suppress levels of hTR and to contain hTR in the nucleus and
in CBs. In cells lacking TGS1, levels of hTR and levels of assem-
bled active telomerase enzyme both increase, resulting in telo-
mere elongation in vivo. Loss of trimethylation leads to increased
association between hTR and CBP, which may facilitate inap-
propriate export to the cytoplasm. With CBs disrupted, hTR
accumulates in nucleoli and escapes from the nucleus to the
cytoplasm, where it gains increased association with the Sm
complex. Thus, formation of a TMG cap on hTR is critical for
limiting telomerase accumulation and facilitating nuclear reten-
tion (Figure 7).

TGS1 Controls Levels of hTR and Telomerase

Several classes of small noncoding RNAs are hypermethylated
by TGS1. This post-transcriptional modification of the 5-CAP
may represent a means of regulating subsequent downstream
steps, altering the interaction with other RNA binding proteins
and determining the composition of the RNP. Each class of non-
coding RNA may be altered by CAP hypermethylation in a
distinct manner. In the case of hTR, CAP trimethylation sup-
presses hTR accumulation and alters association with specific
RNA binding proteins. One means of controlling hTR levels in-
volves the rate of 3’ processing and maturation of precursor tran-
scripts (Nguyen et al., 2015; Roake et al., 2019; Shukla et al.,
2016; Tseng et al., 2015, 2018). Extended hTR precursors con-
taining a few genomically templated nucleotides beyond the an-
notated 451-nt end are converted into the mature hTR form
either directly by exonucleolytic processing or following an alter-
nate pathway in which they are first oligoadenylated by PAPD5
followed by subsequent trimming by PARN (Roake et al,
2019). We found that TGS1 deficiency does not affect the fre-
quency of the extended hTR precursors carrying short genomi-
cally templated tails, suggesting that the hTR increase observed
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Figure 7. Model lllustrating the Possible Role of TGS1 in hTR Biogenesis

In TGS1-proficient cells (TGS7*), TGS1 restricts hTR interaction with the CBC and Sm complexes. hTR is enriched in CBs and excluded from nucleoli. In TGS
mutant cells (TGS77), hTR is monomethylated and acquires higher affinity for the CBC and Sm complexes, it is no longer enriched in CBs, relocates to nucleoli,
and a fraction is exported into the cytoplasm. Total hTR levels increase, possibly because mislocalization sequesters hTR from the RNA degradation machinery,
including the RNA exosome. A fraction of hTR may be reimported back into the nucleus, as it occurs for shRNAs and may be incorporated into telomerase. In the
absence of TGS1, hTR is incorporated into functional telomerase complexes and telomerase activity is increased, proportional to hTR increase.

in TGS1 mutant cells is not due to variations in the level of these
precursors.

Previous studies have shown that PARN deficiency results in
accumulation of oligoadenylated hTR precursors and reduction
in mature hTR (Boyraz et al., 2016; Moon et al., 2015; Roake
etal., 2019; Shukla et al., 2016; Tummala et al., 2015). Oligoade-
nylated precursors also accumulate in cells depleted of the TOE1
exonuclease, which acts redundantly to PARN to promote hTR
maturation (Deng et al., 2019; Son et al., 2018). A subset of
oligo-adenylated transcripts are degraded by the exosome
(Tseng et al., 2015), and depletion of the exosome components
leads to an increase in mature hTR (Nguyen et al., 2015; Tseng
et al., 2015). Our finding that in TGS7-deficient cells the fraction
of oligoadenylated species is comparable to that found in TGS7-
proficient cells suggests that the increase in mature hTR is not
mediated by variations in the maturation kinetics of hTR short
precursors.

We found that TGS1 depletion leads to an increased abun-
dance of hTR transcripts with very long tails, which are usually
degraded by the exosome (Tseng et al., 2015). These long mol-
ecules may accumulate due to defective transcription termina-
tion, defective clearance by the exosome, or a combination of
both. Depletion of exosome components leads to increases in
both long hTR transcripts and mature hTR transcripts. However,
longer transcripts are largely degraded, suggesting that they are
not the primary hTR precursors (Tseng et al., 2015). Moreover
hTR molecules with short genomic tails (12 nt) have been shown
to comprise the bulk of nascent hTR molecules, and no enrich-
ment of hTR molecules carrying extended tail sequences longer
than 12 nt has been observed by nascent RNA sequencing
(Roake et al., 2019). Furthermore, we showed that in TGS1
mutant cells the bulk of hTR molecules assembled with TERT
are mature forms. Collectively, these results suggest that neither
abnormally processed RNA precursors, nor ultra-long hTR tran-
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scripts substantially contribute to the increase in mature hTR in
TGS1 mutant cells.

Trimethylation Suppresses Cytoplasmic hTR
Localization

One relevant difference between control and TGS1-depleted
cells is in the proteins that associate with hTR and in the cyto-
plasmic enrichment in hTR. TGS1-deficient cells exhibit an
increased concentration of hTR molecules in the cytoplasm
compared to control cells. We found that cytoplasmic hTR is
not increased in PAPD5-depleted cells that also exhibit an in-
crease in the nuclear hTR abundance (Shukla et al., 2016). This
suggests that the cytoplasmic enrichment of hTR in TGS7
mutant cells is not a mere outcome of the increased abundance
of nuclear hTR but is instead a specific consequence of TGS1
deficiency. It has been hypothesized that DKC1 might play a
role in counteracting ectopic accumulation of hTR in the cyto-
plasm (Shukla et al., 2016). In TGS7 mutant cells, cytoplasmic
hTR molecules are not bound by TERT. However, it is likely
that these mature hTR molecules are associated with DKCH1,
which binds hTR cotranscriptionally (Darzacq et al., 2006).
DKC1 might favor hTR reimport into the nucleus and assembly
with TERT (Shukla et al., 2016).

Consistent with the high CBC affinity for monomethylated 5’
caps, we found that in the nuclei of TGS1-deficient cells there
is an increase in CBC-bound hTR molecules. We also observed
an increase in hTR molecules associated with the SmB protein.
In S. pombe, immature telomerase RNA (TER) associates with
the Sm protein complex, that favors its processing into mature
form; the Sm complex is then replaced by the Lsm complex,
following TER hypermethylation by Tgs71. The Sm/Lsm switch
is defective in S. pombe Tgs1 mutants, in which the association
between Sm proteins and hTR is more stable than in wild-type
(Tang et al., 2012). Although in S. pombe, loss of Tgs1 ultimately



leads to a reduction in the telomerase level, it is conceivable that
in human cells the fraction of hTR molecules bound to Sm is
more stable and possibly more resistant to exosome-mediated
degradation (see model in Figure 7).

Trimethylation Controls Trafficking

We found that loss of TGS1 disrupts CB organization and favors
hTR accumulation in the nucleoli. Subnuclear localization of hTR
has been implicated in telomerase biogenesis and recruitment at
telomeres (Bizarro et al., 2019; Jady et al., 2006; Schmidt et al.,
2016; Tomlinson et al., 2006; Venteicher et al., 2009; Xi et al.,
2015). However, CB integrity is not required for telomerase as-
sembly (Chen et al., 2015, 2018) and hTR accumulation in the
nucleoli does occur also when the CBs are not disrupted and
the overall hTR level is normal (Freund et al., 2014; Venteicher
et al., 2009). Studies conducted in different mutant backgrounds
did not reveal any obvious relationships between the status of
the CB, hTR subnuclear localization, and its steady-state level
(Table S2). However, our findings that in TGS7 mutant cells
both hTR and the scaRNA U93 aberrantly accumulate in the
nucleolus, and previous work showing that TGS1 negatively reg-
ulates nucleolar localization of snoRNAs (Verheggen and Ber-
trand, 2012), suggest the possibility that TGS1 may have a
master regulatory role in directing the intranuclear trafficking of
small RNAs, including hTR, scaRNAs, and snoRNAs.

TGS1 has different RNA targets that differ in cellular localiza-
tion and trafficking. For example, human snoRNAs are TMG cap-
ped in the nucleus and directly associate with TGS1, which is
thought to prevent their transit to the nucleolus until it is dis-
placed by the CRM1 nuclear export factor (Pradet-Balade
et al., 2011; Verheggen and Bertrand, 2012). The hypothesis
that TGS1 prevents transit to nucleoli is consistent with the
observation that the U93 scaRNA is ectopically redirected to
nucleoli in the absence of TGS1. snRNAs bind CBC in the nu-
cleus and are exported to the cytoplasm through an interaction
between CBC and the CRM1 and PHAX export factors (Ohno
et al., 2000). Once in the cytoplasm, snRNAs bind the Sm com-
plex that physically associates with TGS1. Following TMG cap
formation and dissociation of the CBC complex, the snRNAs
are reimported into the nucleus. We propose that hTR binding
by CBC favors its export to the cytoplasm. It is possible that a
fraction of this cytoplasmic hTR is reimported into the nucleus,
contributing to the increased hTR abundance seen in TGS1
mutant cells. The change in the hTR subcellular localization
induced by TGS1 deficiency might also protect a fraction of
the hTR transcripts from degradation (a model illustrating these
hypotheses is shown in Figure 7).

TGS1 deficiency leads to an increase in mature hTR, increased
telomerase activity and telomere elongation. In TGS1-deficient
cells, hTR is hypomethylated compared to controls, and yet
associates with TERT resulting in a functional telomerase,
providing direct evidence that formation of a TMG cap on human
hTR is dispensable for telomerase activity. Previous studies
showed that mutations in Tgs7 lead to an increase in telomere
length in S. cerevisiae, although this increase has not been linked
to augmented hTR abundance (Franke et al., 2008). In contrast,
loss of Tgs1 induces reduction of telomerase RNA in S. pombe,
possibly due to its different biogenesis mechanism of telomeric

RNA (Tang et al., 2012). Thus, while the structure and the hyper-
methylase function of TGS1 are evolutionarily conserved (Haus-
mann et al., 2008), its role in telomerase regulation appears to be
species-specific.

In conclusion, we would like to note that TGS1 deficiency is
one of the few conditions that increase hTR abundance and telo-
merase activity, resulting in telomere extension. Recently, it has
been shown that PAPDS inhibition leads to an increase of hTR
and telomerase activity (Roake et al., 2019), rescuing telomere
length in dyskeratosis congenita embryonic stem cells (Fok
et al., 2019). TGS1 downregulation might be exploited to devise
additional therapeutic approaches for telomerase insufficiency
in telomere syndromes caused by critical reductions in hTR
and in disorders associated with human aging.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Coilin mouse monoclonal antibody Abcam Cat# ab11822, RRID: AB_2081428

TCAB1 rabbit polyclonal antibody

TERT (T421) rabbit polyclonal antibody

TMG cap specific (R1131) polyclonal antibody
SmB mouse monoclonal antibody
CBP20/NCBP2 rabbit antibody
CBP80/NCBP1 rabbit polyclonal antibody
Actinin (clone AT6/172) mouse monoclonal antibody
Tubulin mouse monoclonal antibody

Lamin B (M21) antibody

pimt/TGS1 rabbit polyclonal antibody

FLAG (clone M2) mouse monoclonal antibody
DKC1

Venteicher et al., 2009
Venteicher et al., 2009
Synaptic Systems

A gift from Livio Pellizzoni
Bethyl Laboratories
Bethyl Laboratories
Millipore

Santa Cruz

Santa Cruz

Bethyl Laboratories
Sigma

A gift from Philip J. Mason

N/A

N/A

Cat# 201 002

Carissimi et al., 2006

Cat# A302-553A; RRID: AB_2034872
Cat# A301-793A; RRID: AB_1211224
Cat# MAB1682; RRID: AB_94325
Cat# SC-5274; RRID: AB_2288090
Cat# sc-6217; RRID: AB_648158
Cat#A300-814A (lot 1)

Cat# F1804; RRID: AB_262044
Mochizuki et al., 2004

Rabbit Anti-Fibrillarin antibody - (ab5821) abcam Abcam Cat#ab5821; RRID:AB_2105785
Chemicals, Peptides, and Recombinant Proteins
InSolution Leptomycin B, Streptomyces sp. - CAS Millipore Cat# 431050
87081-35-4
Critical Commercial Assays
Kapa Hyperprep DNA Library Prep Kit Kapa Cat# KK8502
Kapa Single-Indexed adapters Kapa Cat# KK8700
Deposited Data
RNAend-Seq data This study https://www.ncbi.nlm.nih.gov/sra/
PRJNA594795
Experimental Models: Cell Lines
Hela ATCC Cat# CCL-2.2
HEK293 ATCC Cat# CRL-11268
UMUC3 Xu and Blackburn, 2007 N/A
BJ-HELT Hahn et al., 1999 N/A
Oligonucleotides
Sequence Description Oligo Name
AGAGAAACATTTCCGCCACG CRISPR guide RNA sgTGS1-1
TGTCAGAGCGTATCTTCAGC CRISPR guide RNA sgTGS1-2
ATGCAGTCGAGTTTCCCACAT NB probe U1 Probe
GGCCATGCTAAATGTTGTTCTTCTCTGTATCGTTCCAATT NB probe U6 probe
CGTGTAGAGCACCGAAAACC NB probe U3 probe
CGCTGTTTTTCTCGCTGACT gRTPCR primer hTR F
GCTCTAGAATGAACGGTGGAA qRTPCR primer hTR R
AGCCACATCGCTCAGACAC qRTPCR primer GAPDH F
GCCCAATACGACCAAATCC qRTPCR primer GAPDH R
TCAAGATCATTGCTCCTCCTGAG qRTPCR primer actin BF
ACATCTGCTGGAAGGTGGACA qRTPCR primer actin BR
GGCTATTACATCAGAGACAGTG qRTPCR primer TGS1F
GAATCAAGTTCACTTTCATCCA qRTPCR primer TGS1R

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
CCATGATCACGAAGGTGGTTT qRTPCR primer U1F
ATGCAGTCGAGTTTCCCACAT gRTPCR primer U1 R
GGTGGATCACTCGGCTCGT qRTPCR primer 5.8S F
GCAAGTGCGTTCGAAGTGTC gRTPCR primer 5.8S R
AGTTCGCTTTCCTGTTGGTG qRTPCR primer hTR ext 1F
ATTCATTTTGGCCGACTTTG qRTPCR primer hTR ext 1R
GGGTGTGGGAGAACAGTCAT qRTPCR primer; Tseng et al., 2015 hTR ext 2F
ACCTCTGGCATAAACCGATG qRTPCR primer; Tseng et al., 2015 hTR ext 2R
CTACGTAACGATTGATGGTGCCTACAG 3’ RACE primer Univ RT
CACCGCGAAGAGTTGGGCTCTG 3’ RACE primer TERC R1
CCCTAACCCTAACCCTAA 32P End labeled oligonucleotide TRF primer
probe for TRF
AATCCGTCGAGCAGAGTT 32P End labeled TS primer for TS* primer
TRAP

ATTGTCCTCGGATAGAGGAC RNA FISH U2 snRNA FISH-1
ATACCAGGTCGATGCGTGGA RNA FISH U2 snRNA FISH-2
CACCGTTCCTGGAGGTACTG RNA FISH U2 snRNA FISH-3
GCACATCTCACACAAGCGTA RNA FISH U13 snoRNA FISH-1
GTCGTAACAAGGTTCAAGGG RNA FISH U13 snoRNA FISH-2
GTCAGACGGGTAATGTGCCC RNA FISH U13 snoRNA FISH-3
GCCCTTCTCAGTTAGGGTTA RNA FISH hTR FISH-1
AAGTCAGCGAGAAAAACAGC RNA FISH hTR FISH-2
TCTAGAATGAACGGTGGAAG RNA FISH hTR FISH-3
CCAGCAGCTGACATTTTTTG RNA FISH hTR FISH-4
GCTGACAGAGCCCAACTCTT RNA FISH hTR FISH-5
GTCCCACAGCTCAGGGAATC RNA FISH hTR FISH-6
CATGTGTGAGCCGAGTCCTG RNA FISH hTR FISH-7
cggctccaagactacagatt RNA FISH U93 scaRNA FISH-1
aacagctggctctcgagcag RNA FISH U93 scaRNA FISH-2
atcagaggaaaattgcacat RNA FISH U93 scaRNA FISH-3
gtggcaacagtgaccagaaa RNA FISH U93 scaRNA FISH-4
aatgacatagcccagtcatt RNA FISH U93 scaRNA FISH-5
ctcttactgttggcggatag RNA FISH U93 scaRNA FISH-6
caatatctcgactgcaaagc RNA FISH U93 scaRNA FISH-7
cttgtggcagtacttagtgt RNA FISH U93 scaRNA FISH-8
Recombinant DNA
pSpCas9-2A-GFP (PX458) N/A RRID:Addgene_48138
pCDH-CMV-PURO-3xFLAG-TGS1 This study N/A
pCDH-CMV-PURO-3xFLAG-GFP This study N/A
pCDH-CMV-PURO-3xFLAG-TERT Chen et al., 2018 N/A
pCDH-CMV-PURO-3xFLAG-TERT-TRBD Chen et al., 2018 N/A
pCDH-CMV-PURO-3xFLAG-CBP80 This study N/A
Software and Algorithms
NGS tools fastg-join and FastQC Galaxy https://usegalaxy.org/
Custom python scripts for 3'-RACE This study https://cmroake.people.stanford.edu/

links-python-scripts
GraphPad Prism Software Graphpad GraphPad Prism, RRID:SCR_002798
Adobe Photoshop Adobe Adobe Photoshop, RRID:SCR_014199

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

SMART pool: ON-TARGETplus TGS1 siRNA Dharmacon-Horizon Discovery Cat#:L-017151-00-0005
ON-TARGETplus Non-targeting Control Pool Dharmacon-Horizon Discovery Cat#:D-001810-10-05

LEAD CONTACT AND MATERIALS AVAILABILITY

Further requests for information should be directed to the Lead Contact, Grazia Daniela Raffa, at graziadaniela.raffa@uniromar.it. All
unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Hela, HEK293 and BJ-HELT cells were cultured in DMEM supplemented with 10% fetal bovine serum and Penicillin-Streptomycin at
37°C, in 5% CO2. UMUC 3 cells were cultured in EMEM EBSS supplemented with 2mM Glutamine, 0.1mM Non Essential Amino
Acids, 10% fetal bovine serum, 1.5g/L sodium bicarbonate, 1mM sodium pyruvate.

METHOD DETAILS

Cell Culture, Transfections, Generation of TGS1-CRISPR HelLa Cell Lines, and Transductions

Lipofectamine 2000 (Life Technologies) was used for all cDNA transfection experiments. TGS1-CRISPR cells were generated by
transfection of Hela cells with pSpCas9-2A-GFP (PX458) plasmid (Ran et al., 2013) encoding 3x FLAG Cas9-T2A-GFP and guide
RNAs to the TGS7 locus. Sequences of guide RNAs are: TGS7-7: AGAGAAACATTTCCGCCACG; TGS1-2: TGTCAGAGCGTATCTT
CAGC. GFP-positive cells were single-cell sorted into 96 well plates by FACS, and clones carrying mutations affecting TGS1 expres-
sion were screened by immunoblotting using anti TGS1 polyclonal antibody (see below).

To generate TGS1 mutants cells stably expressing FLAG-TGS1 (TGS1 rescued cells), we transfected 293T cells with the pCDH-
CMV-PURO-3xFLAG-TGS1 construct (FLAG-TGS1) and packaging constructs; 48 hours later, viral supernatant was collected and
concentrated using Retro-X (Clontech). HeLa TGS1 mutant clones were transduced in the presence of 5 ug/ml polybrene and
selected in 2 pg/mL puromycin. erated TGS1 mutant cells expressing FLAG-GFP, were generated in a similar way using a pCDH-
CMV-PURO-3xFLAG-GFP construct.

For TGS 1 knockdown, UMUC 3 cells (Xu and Blackburn, 2007) or (BJ-HELT) fibroblasts (expressing hTERT and SV40 early region)
(Hahn et al., 1999) were treated for up to 10 days (every 72 hr) with 50 nM SMARTpool: sSiGENOME TGS1 siRNA or ON-TARGET plus
Non-targeting siRNA using Dharmafect | (Dharmacon, Horizon). The PARN KO and PAPD5 KO cell lines are described in Roake et al.
(2019)

Immunofluorescence Staining (IF) and RNA Fluorescence In Situ Hybridization (FISH)

IF experiments were carried out on cells grown on coverslips. Cells were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton X-100 in PBS. Coverslips were incubated with primary antibodies in 3%BSA for 1 hr at room temperature: anti-Coilin
(Abcam, AB11822, 25ng/mL); anti- TCAB1 (Venteicher et al., 2009, 25 ng/mL). Coverslips were washed 3x with PBS and incubated
with secondary Alexa Fluor conjugated antibodies (Jackson Immunoresearch). Coverslips were washed 3x in PBS, counterstained in
a 300 nM DAPI solution and mounted in ProLong Gold Anti-fade Mountant.

RNA FISH experiments to detect hTR, U93scaRNA, U2 snRNA or U13 snoRNA were performed with Custom Stellaris® FISH
Probes (SMF-1000 Series; Quasar 570 conjugated, 75 nM working concentration) from Biosearch Technologies, following the man-
ufacturer’s protocol. Probe sequences are listed in the Key Resources Table. Coverslips were mounted in 2x SSC for analysis. Im-
ages were captured on a Leica wide-field fluorescence microscope and processed using Leica LAS AF and Photoshop. Error bars,
S.E.M, and significance were calculated by one-way ANOVA with GraphPad Prism.

Northern Blotting

RNA was extracted with TRIzol (Life Technologies,15596-026), separated by electrophoresis on a 5% urea TBE gel, transferred onto
Hybond-N membrane (GE Healthcare, RPN303N), and hybridized with ULTRAhyb (Ambion, AM8670). hTR probe was generated by
random oligo-labeling of DNA encoding full-length hTR (1-451) with Prime-It Il Random Primer Labeling Kit (Agilent, 300385). U1, U6
and U3 probes were generated by end labeling antisense oligos (listed in Key Resources Table) using T4 polynucleotide kinase.

RNA immunoprecipitation and Immunopurification of Endogenous Telomerase RNPs and TMG Capped RNA

Nuclear and cytoplasmic extracts were prepared according to Chen et al. (2014). Endogenous telomerase RNPs were purified
by incubating nuclear or cytoplasmic extract with 30 ug Rabbit polyclonal anti-TERT antibody (T421) (Venteicher et al., 2009).
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Immunocomplexes were precipitated by addition of protein A-agarose Fast Flow (P3476 Sigma) and washed extensively with Lys450
(20 mM HEPES-NaOH pH7.9, 450 mM NaCl, 0.5% Triton X-100, 10 mM KClI, 4 mM MgCI2, 0.2mM EDTA, 10% Glycerol, freshly add
1 mM DTT, 200 uM PMSF, and Protease Inhibitor Cocktail [P8340 Sigma]). One half of the sample was subjected to Northern blot
analysis, while the other half was incubated with Trizol reagent for RNA extraction. Purified RNA was then subjected to IP with the
R1131 anti-TMG cap specific antibody (Bringmann et al., 1983) (Synaptic Systems) . One tenth of the sample was saved as input
RNA. For RNA immunoprecipitation of naked RNA, 50 ul protein G beads were washed with PBS and blocked with 20 pg tRNA
and 20 pg BSA, then washed with NT2 buffer (50mM Tris/HCI pH 7.5; 150mM NaCl; 1mM MgCI2; 0.05% NP40; 1mM DTT;
100U/mL RNasin ; 400uM VRC, Vanadyl ribonucleoside complexes) and coupled O/N to either 20 pL of anti-TMG cap antibody or
1 ug 1gG in 250 puL NT2 buffer. Beads were then briefly washed with NT2 buffer and incubated with Trizol-purified RNA in 250 pL
NT2 buffer for 2 hr at 4°C, while rotating. Beads were then washed 6 times for 2’ while rotating with NT2 buffer and precipitated
RNA was Trizol-extracted. Both TMG-immunopurified and input RNAs were then treated with DNase and subjected to reverse tran-
scription and gRT PCR. Forimmunopurification of SmB or CBC- interacting RNAs, extracts prepared as above were precipitated with
the following antibodies: monoclonal mouse anti-SmB (a gift from Livio Pellizzoni, Columbia University) (Carissimi et al., 2006); Rabbit
anti-CBP80/NCBP1 (Cat# A301-793A) and anti-CBP20/NCBP2 (Cat# A302-553A) both obtained from Bethyl Laboratories, INC.

For Immunopurification of RNAs interacting with FLAG-tagged proteins, lysates were prepared as described above from HelLa
cells expressing either of the following FLAG-tagged proteins (from pCDH-CMV-3xFLAG lentiviral vectors): FLAG TERT, FLAG
TERT-TRBD (hTERT mutant containing deletion of aa 542-593, the conserved Moitif T); FLAG CBP80. 40 pl of anti-FLAG M2 affinity
gel (Sigma, A2220) was washed 3x with PBS then added to Hel a lysates (2-4 mg) diluted in 500 ul NP40 buffer (see above), and incu-
bated for 1 hr at 4°C with rotation. Resin was pelleted (5,000 xg, 30 s) and washed 4x with 1 mL NP-40 lysis buffer, for 10 min at 4°C
while rotating. The final pellet was divided into two fractions for protein and RNA analyses. For protein analysis, pellet was eluted in
30 pl 2x SDS-PAGE sample buffer and subjected to western blot. For RNA analyses, pellet was extracted with TRIzol, and RNA was
recovered in 20 pl RNase-free water. A recovery control (0.2 ng of in vitro transcribed TERC fragment, bases 1-170) was added to
each RNA sample before beginning TRIzol extraction. 10 ul were subjected to Northern Blot analysis, the remaining RNA was
reverse-transcribed and used for qRTPCR.

Preparation of Cell Extracts and Telomere Repeats Amplification Protocol (TRAP)

Cells were lysed in NP40 buffer (25 mM HEPES-KOH ([pH 7.5]), 150 mM KClI, 1.5 mMMgCI2, 0.5% NP40, 10% Glycerol supple-
mented with protease inhibitors (ROCHE, 04693159001) for 20 min on ice. Lysate was clarified by centrifugation at 16,000 g for
10 min and quantified with the Bio-Rad Protein Assay Kit (Bio-Rad, 5000002). For TRAP assay, Telomerase activity was assayed
with a two-step TRAP procedure, according to Kim and Wu (1997). Cell extracts prepared as above were incubated with telomeric
primers for extension reaction in a thermocycler for 30 min at 30°C, and 5 min at 72°C. 1 uL of the reaction was subjected to PCR
amplification (24 cycles of 30 s at 94°C, followed by 30 s at 59°C) in the presence of 32P end-labeled telomeric primers (purified using
a micro-spin G-25 column; GE healthcare, 27-5325-01). The PCR reactions were resolved by 9% polyacrylamide gel electrophoresis
at room temperature. The gel was exposed to a phosphor-imager and digital images of autoradiography were acquired with a
Typhoon scanner (GE Healthcare). The scanned images were quantitated using the TotalLab Quant software. Multiple biological rep-
licates (from independently derived cell clones) and technical replicates were included in each assay.

Telomere Restriction Fragment Analysis

To measure telomere lengths by telomere restriction fragment analysis, cells were harvested and digested with Proteinase K at
6 ng/mL overnight. DNA was extracted by the phenol-chloroform method and digested overnight with Hinfl and Rsal before electro-
phoresis and Southern blotting with end labeled (CCCTAA)4 oligonucleotide probe.

Cell Fractionation and Western Blotting

Nuclear and cytoplasmic extracts were obtained according to Chen et al. (2014). Alternatively, cells were lysed according to Méndez
and Stillman (2000) in 10 mM HEPES, [pH 7.9], 10 mM KClI, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.1 mM phenyl-
methylsulfonyl fluoride. Triton X-100 (0.1%) was added, and the cells were incubated for 5 min on ice. The cytoplasmic fraction was
collected by centrifugation at 1300g for 4 min. After washing with the buffer above, the pellet (containing nuclei) was suspended in
3 mM, EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and protease inhibitors, and incubated for 30 min. RNA was Trizol extracted from
both fractions. For western blotting, 10-50 ug were separated by SDS-PAGE, transferred onto PVDF membrane (GE Healthcare,
RPN3O03F), and blotted according to standard procedures. 5% milk in PBST (0.1% Tween) was used for all blocking and antibody
incubation steps; PBST (0.1% Tween) was used for all washes. Commercially available antibodies used for WB are listed in the
Key Resources Table. The anti-DKC1 antibody is a Gift from Philip J. Mason (Mochizuki et al., 2004)

Quantitative Real Time PCR (qRTPCR)

Total RNA was extracted with Trizol reagent (Ambion), treated with Ambion DNase | (RNase-free) extracted with phenol/chloroform.
The integrity of RNA samples was evaluated by gel electrophoresis. 1 pug of intact RNA (with a 28S:18S rRNA ratio = 2:1) was reverse
transcribed with the RevertAid H Minus Reverse Transcriptase kit (Thermo Scientific, EP0451). Real-time PCR reactions were per-
formed with the Birilliant 1| SYBR® Green QPCR Master Mix (Agilent, 600828)
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The relative quantification in gene expression was carried out using the 2- AACt method (Livak and Schmittgen, 2001). Using this
method, we obtained the fold changes in gene expression normalized to the GAPDH or the indicated reference genes (the amplifi-
cation efficiencies were not significantly different for target and reference among all samples). A total of 3 experiments were per-
formed for three biological replicates and the significance was assessed by either the Student’s t tests or the one-way ANOVA:
For gRTPCR of immunoprecipitated RNA, samples were processed as above; Fold change was calculated by normalizing each
RIP sample to the relative input.

3’ RACE-Sequencing

600 ng of RNA was ligated to 5 uM of 5’ adenylated, 3’ blocked adaptor (Universal miRNA cloning linker, NEB S1315S) with 250 units
of T4 RNA ligase truncated KQ (NEB M0373S), 25% PEG 8000, and 1 uL RnaseOUT (ThermoFisher 10777019) in a 20 pL reaction at
25 degrees for 16 hours. Ligated RNA was cleaned up with RNA clean and concentrator columns (Clontech 740955.50) and DNase
treatment, cDNA was synthesized with universal primer and SuperScript lll (ThermoFisher 18080093). Amplification was carried out
with Phusion (New England Biosystems M0530) and primer sets universal/TERCR1 (listed in the Key Resources Table). PCR products
were directly run on an 8% PAGE gel and visualized with SYBR Gold (ThermoFisher S-11494), or subjected to AMPure XP beads
(Beckman Coulter A63881) for PCR cleanup and library preparation. Libraries were prepped using Kapa Hyperprep Kit (Kapa
KK8504), quantified with Qubit and bioanalyzer, and run on lllumina miSeq at the Stanford Functional Genomics Facility. Reads
were paired using fastg-join tool at Galaxy (http://usegalaxy.org). Reads were binned into the various forms of hTR using custom py-
thon scripts (https://cmroake.people.stanford.edu/links-python-scripts) and the number of reads in each bin was normalized to total
hTR reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism Software. Error bars presented represent S.E.M; p < 0.05 was defined as
significant. Statistical details can be found in Figure legends and in the Results section.

DATA AND CODE AVAILABILITY

The RNAend-Seq data have been deposited in Sequence Read Archive (BioProject accession number: PRUINA594795).
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