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Abstract

Localization of a wide variety of RNAs to non-membrane bound cellular compartments
such as nucleoli, Cajal bodies, and stress-granules is critical for their function and
stability. The molecular mechanisms that underly the recruitment and exclusion of specific
RNAs from these phase-separated organelles is poorly understood. Telomerase is a
ribonucleoprotein (RNP), that is composed of the reverse transcriptase protein TERT, the
telomerase RNA (TR), and several auxiliary proteins that associate with TR, including
TCAB1. Here we show that, that in the absence of TCAB1, TR is sequestered in the
nucleolus, while TERT localizes to the nucleoplasm and is excluded from the nucleolus,
which prevents telomerase assembly. Thus, nuclear compartmentalization by the non-
membrane bound nucleolus counteracts telomerase assembly and TCAB1 is required to
exclude the telomerase RNA from the nucleolus. Our work provides general insight into
the mechanism and functional consequences of RNA recruitment to organelles formed
by phase-separation and proposes a new model explaining the critical role of TCAB1 in

telomerase function.
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Introduction

Human cells contain a number of non-membrane bound organelles that carry out critical
cellular functions. For instance, nucleoli and Cajal bodies are phase-separated nuclear
organelles that play important roles in the biogenesis and maturation of many cellular
RNAs (Hyman et al., 2014; Mitrea and Kriwacki, 2016). Nucleoli and Cajal bodies contain
a wide range of small nucleolar and small Cajal body-specific RNAs (snoRNAs and
scaRNAs, respectively). A subset of these snoRNAs and scaRNAs are bound by the
H/ACA complex, which contains NOP10, NHP2, GAR1, and the pseudouridylase
dyskerin, which modifies ribosomal and spliceosomal RNA precursors and other RNAs
(Angrisani et al., 2014). A key difference between snoRNAs and scaRNAs is the presence
of the Cajal-body box (CAB-box) motif in scaRNAs that directly associates with the
telomerase Cajal body protein 1 (TCAB1, also known as WRAP53) (Jady et al., 2004;
Schmidt and Cech, 2015; Venteicher et al., 2009). TCAB1 is required for the recruitment
of scaRNAs to Cajal bodies and in its the absence scaRNAs localize to the nucleolus
(Tycowski et al., 2009). Therefore, TCAB1 controls which phase-separated nuclear
organelle scaRNAs associate with. Importantly, the molecular mechanism by which
TCAB1 drives exclusion of scaRNAs from the nucleolus and facilitates their recruitment
to Cajal bodies is unknown. In addition, it is unclear whether miss-localization of scaRNAs

to the nucleolus has functional consequences.

The telomerase RNA (TR) is a scaRNA and like other scaRNAs its association with
nucleoli and Cajal bodies is controlled by TCAB1 (Schmidt and Cech, 2015). Telomere

maintenance by telomerase is essential for continuous proliferation of stem cell
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populations in the human body and most cancers require telomerase activity for their
survival (Stewart and Weinberg, 2006). To compensate for the incomplete replication of
chromosome ends, telomerase appends TTAGGG repeats to the telomeric single-
stranded overhang (Schmidt and Cech, 2015). Telomerase-mediated telomere
maintenance requires three critical steps: Telomerase assembly, telomerase recruitment
to telomeres, and telomeric repeat synthesis (Schmidt and Cech, 2015). Mutations in
several genes have been identified that cause deficiencies in one of these critical steps
and lead to a variety of diseases known as telomere syndromes, characterized by
premature depletion of stem cell populations (Armanios and Blackburn, 2012). In addition,
telomerase is inappropriately activated in >85% of cancers (Stewart and Weinberg,
2006). While telomerase recruitment to telomeres (Nandakumar and Cech, 2013) and
telomerase catalysis (Wu et al., 2017) have been studied extensively, much less is known
about telomerase assembly. Importantly, telomerase assembly could be targeted to
reduce telomerase activity in cancer cells, or to increase telomerase function in patients
affected by genetically defined telomerase deficiency syndromes (Nagpal et al., 2020;

Shukla et al., 2020).

Telomerase is a complex ribonucleoprotein (RNP). The core components of telomerase
are the telomerase reverse transcriptase (TERT) protein, TR, the H/ACA complex, and
TCAB1 (Schmidt and Cech, 2015). The primary function of the H/ACA complex is to
stabilize TR, by directly binding to its 3’-end, preventing the exonucleolytic degradation of
TR (Stuart et al., 2015; Tummala et al., 2015). The 3’-end formation of TR is tightly

regulated by the competing activities of the poly-(A) polymerase PAPDS and the nuclease
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82 PARN (Shukla et al., 2016; Tseng et al., 2015). Loss of TCAB1 function leads to telomere
83  attrition in a variety of cell lines (Chen et al., 2018; Venteicher et al., 2009; Vogan et al.,
84  2016; Zhong et al., 2011). In addition, multiple mutations in TCAB1 have been identified
85  that cause misfolding of TCAB1 and lead to dyskeratosis congenita, a telomere syndrome
86 (Freund et al., 2014; Zhong et al., 2011). While these observations highlight that TCAB1
87 is necessary for telomere maintenance, the underlying molecular mechanism is unclear.
88 Initially, it was proposed that TCAB1 is required for telomerase recruitment to telomeres
89 (Stern et al., 2012; Venteicher et al., 2009). A more recent study suggested that TCAB1
90 is required for the correct folding of TR, and that its absence causes a reduction in
91 telomerase activity (Chen et al., 2018). Importantly, all previous studies have come to the
92  conclusion that TCAB1 is not required for telomerase assembly.
93
94  Here we analyze telomerase assembly in intact cells and by purification of the telomerase
95 RNP and demonstrate that, contrary to previous findings, TCAB1 promotes telomerase
96 assembly in vivo. Using a combination of genetic perturbations, biochemical analysis of
97 telomerase function, cell biological approaches, and single-molecule live cell imaging, we
98 show that in the absence of TCAB1, TR is sequestered in the nucleolus while TERT is
99 excluded from the nucleolus. The spatial separation of TERT and TR that we observe in
100  our experiments is inconsistent with proper telomerase assembly. Furthermore, we show
101  that the limited amount of telomerase that can assemble in the absence of TCAB1 is fully
102 active and can localize to telomeres, suggesting that TCAB1 is not necessary for the
103  enzymatic function of telomerase or its recruitment to telomeres. We conclude that the

104  sequestration of TR in the nucleolus, when TCAB1 is absent, prevents its association with
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TERT, and that this lack of telomerase assembly is the molecular mechanism underlying
the critical role of TCAB1 in telomere maintenance. Our results also demonstrate that the
nucleolar phase separation constitutes a barrier for telomerase assembly and suggest
that incompletely assembled RNPs are tightly associated with the nucleolus and do not

readily enter the nucleoplasm.
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111  Results

112  Loss of TCAB1 leads to nucleolar accumulation of TR

113 To confirm that TR is sequestered in the nucleolus in the absence of TCAB1, we knocked
114 out TCAB1 in HelLa cells and HelLa cells expressing 3xFLAG-HaloTag-TERT (Halo-
115 TERT) using Cas9 with two guide RNAs to delete exons 2 and 3 from the TCAB1 gene,
116  which removes the coding sequence for residues 144-214 of TCAB1 and results in a
117  frame shift (Figure 1 — figure supplement 1). TCAB1 knock-out was validated by Southern
118 blot, PCR, Western blot, and immunofluorescence imaging (IF, Fig. 1A-C, Figure 1 —
119  figure supplement 1). To assure that no truncated form of TCAB1 was expressed in
120  TCAB1 knock-out cells, we assessed TCAB1 expression using two antibodies, targeting
121  the N-terminus and C-terminus of TACB1, respectively (Figure 1 — figure supplement 1).
122 TCAB1 knock-out cells continuously grew at approximately 60% of the rate of their
123 parental cell lines (Figure 1 — figure supplement 1). Telomeres in cells lacking TCAB1
124  were stable at a shorter length than their parental control, as previously described (Vogan
125 etal., 2016). Fluorescence in situ hybridization (FISH) demonstrated that TR accumulates
126 in the nucleolus in cells that lack TCAB1, as indicated by co-localization of TR and
127  nucleolar dyskerin signals. Importantly, expression of GFP-TCAB1 in TCAB1 knock-out
128 cells rescued TR localization to Cajal bodies (Figure 1 — figure supplement 1), confirming
129 that the miss-localization of TR to nucleoli is caused by absence of TCAB1. These
130  observations demonstrate that TCAB1 is required to prevent TR accumulation in the

131 nucleolus.
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Figure 1. TR is localized to nucleoli in TCAB1 knock-out cells. (A-B) Western blot demonstrating
the absence of TCAB1 protein in TCAB1 knock-out cell lines generated from (A) HeLa and (B) Halo-
TERT parental cell lines (probed with Proteintech TCAB1 antibody). (C) Immuno-fluorescence with
anti-dyskerin and anti-TCAB1 antibodies coupled to fluorescence in-situ hybridization with probes
against TR, demonstrating the absence of TCAB1 and TR localization to nucleoli in TCAB1 knock-out
cells (scale bar =5 um).

Halo-TERT
TCAB1 KO

TERT is excluded from nucleoli

Our previous observations demonstrated that TERT does not enter nucleoli in human
cancer cells (Schmidt et al., 2016). To confirm these results, we performed single-
molecule imaging of 3xFLAG-HaloTag-TERT in living HeLa cells. Consistent with our

previous results, 3xFLAG-HaloTag-TERT was not observed entering or overlapping with
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138 nucleoli, which are discernible as circular shapes in the nucleus under transmitted light

A wT TCAB KO
= s | T .

Figure 2. TERT is excluded from nucleoli in control and
TCAB1 knock-out cells. (A) Maximum intensity projections of
2000 frames of 3xFLAG-HaloTag (JF646) TERT movies
(bottom), demonstrating that the TERT signal does not overlap
with the nucleolus detected as circular shape in the transmitted
light image in control and TCAB1 knock-out cells (top, red
dashed line, scale bar = 2 ym). (B) TERT particle trajectories
from the cells shown in Fig. 2A, demonstrating that TERT
molecules move parallel to or away from the nucleolus when
located at the interface between the nucleolus and nucleoplasm.

3xF-HaloTag-TERT  Transmitted Light

Trajectories

3xF-HaloTag-TERT (03]

139

140 illumination (Fig. 2A,B, Figure 2 — figure supplement 1, Movie 1,2). TERT trajectories in
141 close proximity to nucleoli revealed that their movement is biased away from the
142  nucleolus, suggesting that TERT is repelled by the nucleolus (Fig. 2B). To exclude the
143  possibility that nucleolar exclusion is a consequence of the 3xFLAG-HaloTag on the N-
144  terminus of TERT used in our experiments, we transiently expressed the 3xFLAG-
145 HaloTag fused to a nuclear localization sequence (NLS) in HeLa cells. Single-molecule
146 imaging demonstrated that the nuclear 3xFLAG-HaloTag signals overlapped with the
147  nucleolus (Figure 2 — figure supplement 1, Movie 3). Similar to the 3xFLAG-HaloTag
148 alone, 3xFLAG-HaloTag-dyskerin also localized to the nucleolus (Figure 2 — figure
149  supplement 1). These results demonstrate that 3xFLAG-HaloTag-TERT is excluded from
150  the nucleolus and that this exclusion is not caused by the 3xFLAG-HaloTag but instead
151 is an intrinsic property of the TERT protein.

152

153 TERT and TR localize to distinct nuclear compartments in cells lacking TCAB1
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154  Itis well established that telomerase assembly is incomplete in human cancer cells, which
155 leads to substantial pools of TERT and TR that are not assembled into telomerase RNPs
156  (Xiand Cech, 2014). Together with our observation that TERT molecules rarely enter the
157 nucleolus (Schmidt et al., 2016) this suggests that both free TERT and assembled
158 telomerase RNPs do not enter the nucleolus. To test whether, like TR, TERT accumulates
159 in the nucleolus in cells lacking TCAB1, we carried out single-molecule imaging of
160 3xFLAG-HaloTag-TERT in TCAB1 knock-out cells. Strikingly, TERT localization is
161 unchanged in cells lacking TCAB1 (Fig. 2A,B). This suggests that unlike TR, TERT does
162  not accumulate in nucleoli when TCAB1 is absent.

163 The experiments described so far demonstrate that TCAB1 is enriched in nucleoli
164 and TERT is excluded from nucleoli in cells lacking TCAB1, but they do not
165 simultaneously detect TERT and TR in the same cell. To overcome this limitation, we
166  over-expressed mCherry-TERT and TR in TCAB1 knock-out cells. In controls, TERT and
167 TR colocalized with dyskerin at telomeres marked by TRF2 (Fig. 3A). In addition, analysis
168  of the TERT signal across the nucleus and nucleolus revealed that TERT was depleted
169  from the nucleolus (Fig. 3B). Importantly, mCherry-dyskerin localized to the nucleolus,
170  demonstrating that the mCherry-tag does not lead to nucleolar exclusion of its fusion
171  partner (Figure 3 — figure supplement 1). In cells lacking TCAB1, mCherry-TERT was
172 diffusely localized in the nucleoplasm, localized to a subset of telomeres, and was
173 depleted from the nucleolus (Fig. 3A,C). Similar to endogenous TR, overexpressed TR
174  was enriched in the nucleolus in TCAB1 knock-out cells (Fig. 3A). In addition, TR was

175  frequently co-localized with telomeres when mCherry-TERT and TR were overexpressed

10
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Figure 3. TERT and TR localize to distinct nuclear compartments in TCAB1 knock-out cells. (A)
IF-FISH images of control and TCAB1 knock-out HelLa cells (3xFLAG-Halo-TERT, mEOS3.2-TRF2)
overexpressing mCherry-TERT and TR (scale bar = 5 ym). Cells were probed with antibodies against
dyskerin and mCherry, and FISH probes specific to TR. The intrinsic fluorescence of mEOS3.2-TRF2
was used to detect telomeres. TR and TERT are co-localized at telomeres in control cells. In TCAB1
knock-out cells, TR is enriched in nucleoli, while TERT is depleted from nucleoli in both control and
TCAB1 knock-out cells. Both TERT and TR also localize to telomeres in TCAB1 knock-out cells. (B-C)
Line scans of (B) control and (C) TCAB1 knock-out cells along the dashed white lines in Fig. 3A,
demonstrating the enrichment of TR (green) in nucleoli (blue) in TCAB1 knock-out cells and the
depletion of TERT (magenta) from nucleoli in both control and TCAB1 knock-out cells. (D)
Quantification of the fraction of cells showing TR localization exclusively to telomeres, to telomeres
and nucleoli, or only to nucleoli in cells over-expressing mCherry-TERT and TR (3 independent
experiments, >100 cells per experiments, mean + standard deviation).

in cells that lack TCAB1 (Fig. 3A,C-D). Similar TR localization patterns were found when
overexpressing untagged TERT and TR (Figure 3 — figure supplement 1) and untagged
TERT was excluded from nucleoli, confirming that nucleolar exclusion is an intrinsic

property of TERT (Figure 3 — figure supplement 1). Together these results demonstrate

11
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181 that, when overexpressed in TCAB1 knock-out cells, TR is enriched in nucleoli and TERT
182 is depleted from nucleoli, consistent with a failure of nucleolar TR to assemble with TERT.
183  In addition, our observations suggest that overexpression can partially overcome the
184  sequestration of TR in the nucleolus when TCAB1 is absent, allowing a fraction of TR to
185  bind to TERT and localize to telomeres.

186

187 TCAB1 promotes telomerase RNP assembly

188  Previous studies by other laboratories have concluded that telomerase assembly is
189 unaffected by the absence of TCAB1 and whether TCAB1 is required for telomerase
190 activity is controversial (Chen et al., 2018; Venteicher et al., 2009; Vogan et al., 2016).
191 To assess the role of TCAB1 in telomerase assembly, we immuno-purified endogenous
192  telomerase using a well-established anti-TERT antibody (Cohen et al., 2007). The amount
193  of TERT purified from TCAB1 knock-out cells was reduced compared to control cells
194  (Figure 4A), which likely indicates a lower expression level of TERT in cells lacking
195 TCABA1. In contrast, TR levels were not reduced in cells lacking TCAB1 (Figure 4B). To
196 quantify telomerase assembly, we measured TERT levels by Western blot and
197  determined the amount of TR co-purified using Northern blot (Fig. 4A,B). The fraction of
198 TR associated with TERT was reduced to < 20% in TCAB1 knock-out cells compared to
199  parental controls (Fig. 4C). In addition, the ratio of TR relative to TERT, which is a direct
200 measure of telomerase assembly, was reduced to 20-40% in cells lacking TCAB1 relative
201  to controls (Fig. 4D). This excludes the possibility that the lower amount of TR co-purified

202  with TERT from TCAB1 knock-out cells is a consequence of the reduction of total TERT

12
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immuno-precipitated from these cells (Fig. 4A). These observations strongly

Hela Figure 4. Telomerase Assembly is reduced in the
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suggest that telomerase assembly is defective in cells that lack TCAB1. To further test
this hypothesis, we overexpressed TERT and TR in parental and TCAB1 knock-out cells
and immuno-purified TERT with the same TERT antibody (Fig. 4E, Figure 4 - figure

supplement 1). After overexpression of TERT and TR, the fraction of TR associated with
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209 TERT and the ratio of TR relative to TERT were significantly reduced when telomerase
210  was purified from TCAB1 knock-out cells (Fig. 4E-F ,H-I , Figure 4 - figure supplement 1).
211  Furthermore, the increased amount of telomerase purified after over expression allowed
212 usto assess the amount of dyskerin associated with the telomerase RNP (Fig. 4G). Since
213 TR bridges TERT and dyskerin, dyskerin co-purified with TERT directly reports on the
214  presence of TR. Consistent with the reduction in TR, the amount of dyskerin bound to
215  TERT was also reduced when TERT was purified from cells lacking TCAB1 compared to
216 parental controls (Fig. 4G, H, Figure 4 - figure supplement 1). Importantly, we also
217  confirmed that TCAB1 is absent from telomerase purified from TCAB1 knock-out cells
218 (Fig. 4E, Figure 4 - figure supplement 1). Altogether, these results demonstrate that
219 telomerase assembly is significantly reduced (to ~20-40% of control levels) in the
220 absence of TCAB1 and that overexpression of TERT and TR is not sufficient to overcome
221  this defect in telomerase RNP formation.

222

223  TCAB1 is not required for telomerase catalytic activity

224  To assess whether TCAB1 is required for telomerase catalysis, we first analyzed the
225  enzymatic activity of endogenous telomerase purified from TCAB1 knock-out cells using
226 the direct telomerase extension assays (Fig. 5A,B). Consistent with previous results
227  (Chen et al., 2018), telomerase activity was strongly reduced in the absence of TCAB1
228  (Fig. 5C). To address whether this reduction in telomerase activity was a consequence of
229  the defect in telomerase assembly observed in TCAB1 knock-out cells, we determined

230 the specific activity of telomerase by dividing the measured activity by the amount of TR
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231 present in the respective telomerase sample. Due to the very small amount of TR
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233  detected in endogenous telomerase samples (Fig. 4B-C), quantifying differences in the

234 specific activity of endogenous telomerase was challenging. To overcome this limitation,
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235  we determined the specific activity of telomerase purified from cells overexpressing TERT
236 and TR. Similar to endogenous telomerase, activity of over-expressed telomerase purified
237  from HelLa and Halo-TERT cells lacking TCAB1 was significantly reduced to 24% and
238 34% compared to controls, respectively (Fig. 5D-F). The specific activity of over-
239 expressed telomerase purified from HelLa and Halo-TERT cells lacking TCAB1 was
240  slightly reduced (84% and 77% relative to control, respectively), but this reduction was
241 not statistically significant (Fig. 5G). Together these observations demonstrate that
242  cellular telomerase activity is reduced in the absence of TCAB1. Importantly, this
243  reduction in catalytic activity corresponds closely to the reduction of telomerase assembly
244  observed in TCAB1 knock-out cells, suggesting that the limited number of telomerase
245  RNPs that form in the absence of TCAB1 are fully active.

246

247  TCAB1 is required for telomerase assembly in living cells

248  The experiments presented thus far demonstrate that telomerase assembly is reduced in
249  the absence of TCAB1 but were carried out in fixed cells or cell lysates. To analyze
250 telomerase assembly in intact cells, we carried out live cell single-molecule imaging of
251 3xFLAG-HaloTag-TERT and determined the diffusion coefficient of TERT particles (Fig.
252 6A, Movie 4, Figure 6 — figure supplement 1). The diffusion co-efficient is a measure of
253  the rate of movement of a molecule and depends on the size of the complex it is part of
254  and reports on molecular interactions formed with other sub-cellular structures. Analysis
255  of the diffusion coefficients of TERT trajectories in control cells revealed three distinct
256  populations of TERT particles (Fig. 6B-D). A static population (Ds = 0.03 uym?/s, 12%)

257  which likely represents assembled telomerase RNPs bound to telomeres, Cajal bodies or
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258  other cellular structures, a slowly diffusion population (Dr1 = 0.35 ym?/s, 28%) and a
259  rapidly diffusing population (Dr2 = 1.54 ym?/s, 60%). The slowly diffusing population likely
260 includes assembled telomerase RNPs, while the rapidly diffusing particles represents
261  TERT molecules, which are not assembled with TR (Fig. 6B). Importantly, these diffusion
262  coefficients are largely consistent with our previous results using a distinct analytical
263  method to determine their values (Schmidt et al., 2016). In the absence of TCAB1, the
264  diffusion coefficient of the freely diffusing TERT population was increased (Dr2 = 1.78 +
265 0.04 uym?/s, mean = SEM, p = 0.04, Fig. 6C) and the fraction of the TERT populations that
266 includes assembled telomerase RNPs was significantly reduced (Fsiow+statc = 29 + 1%,
267 mean = SEM, p = 0.02, Fig. 6D). This observation is consistent with our model that in the
268 absence of TCAB1, telomerase assembly is defective. To confirm that the differences in
269 TERT diffusion observed in TCAB1 knock-out cells were a consequences of a reduction
270 in telomerase assembly, we knocked out TR, completely abolishing telomerase
271 assembly. TR knock-out was confirmed by PCR and Sanger sequencing, FISH, and
272  gPCR (Figure 6 — figure supplement 1). Similar to control cells and TCAB1 knock-out
273  cells, TERT was also excluded from nucleoli in cells lacking TR (Figure 6 — figure
274  supplement 1). Strikingly, the diffusion coefficients and the fraction of slow and static
275  TERT particles in cells lacking TR closely resembled those of TCAB1 knock-out cells (Fig.
276  6A-D, Figure 6 — figure supplement 1, Movie 4-5). It is important to note that, even in TR
277  knock-out cells, 25-30% of TERT particles are slowly diffusing or static (Fig. 6D). Because
278 TR is absent in these cells, the slowly diffusing and static TERT molecules must be the
279  result of interactions of TERT with cellular structures other than Cajal bodies or telomeres.

280 Due to this caveat, we don'’t believe it is appropriate to use these results to precisely
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281 quantify the degree to which telomerase assembly is affected. The key observation in
282  these experiments is that the changes in TERT diffusion observed in TCAB1 knock-out
283  cells are identical to those observed in TR knock-out cells, which is consistent with a
284  reduction in telomerase assembly when TCAB1 is absent.

285 To analyze the interaction of TERT with telomeres, we filtered out TERT
286  trajectories that came into proximity with telomeres marked by mEOS3.2-TRF2, as
287  previously described (Schmidt et al.,, 2016). To assess the interaction of TERT with
288 telomeres, we plotted the step-size vs. the distance from the closest telomere for each
289  step of these trajectories (Figure 6 — figure supplement 2). In control cells, we observed
290 an enrichment of smaller step sizes and particles in close proximity to telomeres,
291 consistent with TERT interactions with the telomere (Figure 6 — figure supplement 2). In
292  contrast, TERT trajectories from TCAB1 knock-out cells lacked this enrichment, and the
293  step size vs. distance from the closest telomere plots were identical to those from TR
294  knock-out cells (Figure 6 — figure supplement 2). In addition, diffusion analysis using
295  SpotOn revealed that the fraction of static TERT particles at telomeres was reduced from
296 12% in control cells to 4-5% in TCAB1 and TR knock-out cells (Figure 6 — figure
297  supplement 2). These observations indicate that in the absence of either TCAB1 or TR,
298 stable interactions of telomerase with telomeres occur at a lower frequency because they
299  require base pairing of TR with the chromosome end (Schmidt et al., 2018). Together
300 these single-molecule imaging experiments demonstrate that in living cells telomerase

301 assembly is strongly reduced in the absence of TCAB1.
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Figure 6. Telomerase assembly is reduced in TCAB1 knock-out cells. (A) TERT particle
trajectories from control, TCAB1 knock-out, and TR knock-out cells expressing 3xFLAG-HaloTag
TERT (JF646, scale bar = 2 um). (B) Diagram of distinct populations of TERT particles detected in
control cells. (C) Diffusion coefficient of the rapidly diffusing TERT population in control, TCAB1 knock-
out, and TR knock-out cells (3 independent experiments, >15 cells per experiment per cell line, mean *
standard deviation, T-Test, complete data in Fig. S6D). (D) Fraction of slow plus static TERT particles
in control, TCAB1 knock-out, and TR knock-out cells expressing 3xFLAG-HaloTag TERT (3
independent experiments, >15 cells per experiment per cell line, mean + standard deviation, T-Test,
complete data in Figure 6 — figure supplement 1).
303

304 Analysis of nucleolar snoRNP dynamics

305 The results presented thus far have demonstrated that TR accumulates in nucleoli in the
306 absence of TCAB1 but did not provide any insight into the dynamics of TR association
307  with the nucleolus. Since TR is targeted to nucleoli by dyskerin and other HHACA RNP
308 components, we used dyskerin as a surrogate for TR and H/ACA snoRNPs in general.

309  We transiently expressed HaloTagged dyskerin in parental HeLa and TCAB1 knock-out
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310 cells and analyzed dyskerin binding to the nucleolus using fluorescence recovery after
311 photobleaching (FRAP). We identified cells with two clearly visible nucleoli, completely
312 photo-bleached the dyskerin signal in one of the nucleoli and quantified the recovery of
313  the fluorescence signal (Fig. 7A, Movies 6-7). The dyskerin signal recovered rapidly (ti;2
314 =28 s) but only ~65% of the signal was recovered after > 4 minutes (Fig. 7B-D, Movies
315 6-7). This indicates that there are at least two distinct populations of dyskerin molecules
316 in the nucleolus, a rapidly exchanging population and a static population that does not
317 dissociate from the nucleolus over the time course of this experiment (Fig. 7D). The
318 presence of a mobile dyskerin population was confirmed by analysis of the unbleached
319  nucleolus, which lost fluorescence signal with similar kinetics (Fig. 7A, Figure 7 — figure
320 supplement 1). Importantly, no significant difference in dyskerin dynamics were observed
321 in TCAB1 knock-out cells compared to parental controls (Fig. 7A-D, Figure 7 — figure
322  supplement 1). To further analyze the interaction of dyskerin with the nucleolus, we co-
323 transfected cells with plasmids encoding HaloTagged dyskerin and GFP-NPM1 to mark
324  nucleoli and carried out single-molecule live cell imaging (Fig. 7E, Movie 8). We observed
325 both dynamic and highly static dyskerin molecules in the nucleolus (Fig. 7F, Movie 8).
326 The step size distribution for all tracks was best fit with a three-state model (Figure 7 —
327 figure supplement 1). Like TERT, these three states likely represent free dyskerin,
328 dyskerin that is part of an H/ACA RNP, and dyskerin that is bound to nucleoli or Cajal
329  bodies as part of an H/ACA RNP. To analyze dyskerin binding to the nucleolus we filtered
330 out single-particle trajectories that overlapped with the GFP-NPM1 (Fig. 7F, Figure 7 —

331 figure supplement 1). Consistent with the FRAP analysis, approximately on third of the
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332  dyskerin molecules were statically associated with the nucleolus (Fig. 7F-G, Figure 7 —
333 figure supplement 1). We also confirmed that dyskerin molecules can be associated
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Figure 7. Dyskerin exhibits dynamic and highly static binding to the nucleolus. (A) Images of
control and TCAB1 knock-out cells expressing 3xFLAG-HaloTag-dyskerin before and after
photobleaching of nucleolar dyskerin (JFX650, scale bar = 5 ym). (B) Fluorescence recovery curves of
nucleolar dyskerin in control and TCAB1 knock-out cells. Data was fit with a single exponential
function. (C) Quantification of half-life of fluorescence recovery, calculated from the rate constant of the
single exponential fit of the data shown in Fig. 7B (n = 6 and 9, mean). (D) Quantification of the mobile
fraction of nucleolar dyskerin based on the single exponential fit of the data shown in Fig. 7B (n =6
and 9, mean). (E) Fluorescence images of single 3xFLAG-HaloTag-dyskerin particles, nucleoli marked
by GFP-NPM1, and a widefield image of the imaged cell (scale bar = 5 ym). (F) Kymographs of
nucleolar 3xFLAG-HaloTag-dyskerin particles over time, demonstrating the presence of both static
(straight lines) and mobile dyskerin molecules in control and TCAB1 knock-out cells. (G) Quantification
of the fraction of fast diffusing, slow diffusing, and static 3xFLAG-HaloTag-dyskerin particles in the
whole cell (All), nucleoplasm (Nuc.), and nucleolus (Nucleo.), based on Spot-On analysis (data
histograms can be found in Figure 8 - figure supplement 1).
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335  with the nucleolus for extended periods of time by reducing the imaging rate to 1 frame
336  per second to avoid photobleaching (Figure 7 — figure supplement 1, Movie 9). Similar to
337 the FRAP analysis, no significant difference in dyskerin dynamics were observed in
338 TCAB1 knock-out cells compared to parental controls (Fig. 7E-G, Figure 7 — figure
339 supplement 1). In total, this analysis demonstrates that approximately a third of the
340 dyskerin containing H/ACA RNPs are tightly bound to the nucleolus and do not rapidly
341 exchange with the nucleoplasm.

342

343 TR s tightly associated with the nucleolus in absence of TCAB1

344  Our observations demonstrate that dyskerin containing snoRNPs can be either tightly
345 bound to the nucleolus or rapidly exchange with the nucleoplasm. To address whether
346 TR is tightly bound to the nucleolus in the absence of TCAB1 we carried out cellular
347 fractions to isolate nucleoli (Fig. 8, Figure 8 — figure supplement 1). Nucleoli were purified
348 by rupturing isolated nuclei using sonication, followed by centrifugation through a high-
349  density sucrose cushion (Figure 8 — figure supplement 1) (Lam and Lamond, 2006). If TR
350 rapidly dissociated from the nucleolus (t12 = 28 s), we would expect it to be lost from the
351 nucleolar fraction during centrifugation through the sucrose cushion (10 min). In contrast,
352 if TR was tightly bound to the nucleolus, it should be recovered in the nucleolar fraction.
353 Isolated nucleoli were enriched with the nucleolar protein fribrillarin and the U3 snoRNA,
354  while being depleted of lamin B1 and the 7SK RNA (Fig. 8A,B), which serve as
355 nucleoplasmic markers, demonstrating that we successfully purified nucleoli using this
356 approach. To determine the amount of TR found in the nucleolus and the nucleoplasm,

357 we quantified the level of TR relative to that of the U3 or the 7SK RNA, respectively. In
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358 control cells, the majority of TR was found in the nucleoplasmic fraction, and a small
359 amount of TR was detected in nucleoli (Fig. 8B), consistent with previous work that
360 analyzed TR localization by live cell imaging (Laprade et al., 2020). In contrast, in TCAB1
361  knock-out cells TR was depleted from the nucleoplasm and enriched in the nucleolus (Fig.
362 8B,C). To assess the impact that salt has on nucleolar integrity, we supplemented
363  ruptured nuclei with potassium chloride, prior to isolating nucleoli by centrifugation. After
364 exposure to a high salt concentration, fibrillarin and TR were found in the nucleoplasmic
365 fraction instead of the nucleolar pellet (Figure 8 — figure supplement 1), demonstrating
366 that nucleoli are disrupted and TR is released under these conditions. These observations
367 confirm that TR is sequestered in the nucleolus in the absence of TCAB1 and strongly
368 suggest that TR is tightly associated with the nucleolus under these circumstances,

369 preventing it from entering the nucleoplasm to allow telomerase assembly.
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Figure 8. The telomerase RNA is enriched in and tightly bound to the nucleolus. (A) Western
blots of samples of cellular fractionation experiments (Input, Cytoplasm, Nucleus, Nucleoplasm,
Nucleolus, left to right) from control and TCAB1 knock-out cells. Blots were probed with antibodies
against dyskerin, fibrillarin (nucleolar marker), and lamin B1 (nucleoplasmic marker). (B) Northern blots
of samples of cellular fractionation experiments (Input, Cytoplasm, Nucleus, Nucleoplasm, Nucleolus,
left to right) from control and TCAB1 knock-out cells. Blots were first probed with radiolabeled DNA
oligonucleotides complementary to TR, followed by probes complementary to the 7SK RNA
(nucleoplasmic marker) and the U3 snoRNA (nucleolar marker). (C) Quantification of the
nucleoplasmic and nucleolar abundance of TR in TCAB1 knock-out cells relative to control cells.
Nucleoplasmic TR signal was normalized to the 7SK RNA signal and nucleolar TR signal was
normalized to the U3 RNA signal (n = 3, mean, T-Test). (D) Model for the regulation of telomerase
assembly by TCAB1. In the absence of TCAB1, TR is sequestered in the dense fibrillar component

(DFC) of the nucleolus, which is separated from the nucleoplasm by the granular component (GC) of
the nucleolus.
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372  Discussion

373  The experiments described in this study demonstrate that TCAB1 promotes telomerase
374 assembly. In the absence of TCAB1 the telomerase RNA is targeted to the nucleolus via
375 its association with dyskerin and other components of the H/ACA complex. In contrast to
376 TR, TERT cannot enter the nucleolus, preventing its association with TR in cells that lack
377 TCABA1. This demonstrates that nuclear compartmentalization, which is a consequence
378 of nucleolar phase separation, counteracts telomerase assembly. In addition, we
379 demonstrate that sequestration of TR in the phase-separated nucleolus in the absence
380 of TCAB1 can be partially overcome by telomerase overexpression, leading to telomerase
381 assembly and localization to telomeres. This suggests that the nucleolus has a limited
382  capacity to accommodate cellular RNAs and that TCAB1 is not necessary for telomerase
383  recruitment to telomeres. Our analysis of dyskerin bound snoRNP dynamics in nucleoli
384 revealed that a third of these snoRNPs are tightly associated with the nucleolus and that
385 TR is likely included in this fraction. Finally, we demonstrate that while telomerase
386 assembly is limited the specific activity of telomerase is unchanged in the absence of
387 TCAB1, which excludes a role of TCAB1 in telomerase catalytic function. Altogether our
388  work completely reshapes our understanding of the role of TCAB1 in telomerase function
389 in human cells and provides insight into the role phase-separated organelles play in RNP
390 assembly and function.

391

392 TCAB1 promotes telomerase assembly

393  The importance of TCAB1 for telomere maintenance is undisputed (Chen et al., 2018;

394  Venteicher et al., 2009). Knock-out or depletion of TCAB1 results in telomere shortening
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395 (Chen et al., 2018; Venteicher et al., 2009; Vogan et al., 2016). All previous work also
396 concluded that TR is enriched in the nucleolus in the absence of TCAB1 (Chen et al.,
397 2018; Stern et al., 2012; Vogan et al., 2016; Zhong et al., 2011). Finally, all prior studies
398 propose that TCAB1 is not required for telomerase assembly but instead plays a role
399 telomerase trafficking to Cajal bodies and telomeres or is required for telomerase
400 catalysis (Chen et al., 2018; Stern et al., 2012; Venteicher et al., 2009; Vogan et al., 2016;
401 Zhong et al., 2011). In contrast, our results demonstrate that in the absence of TCAB1,
402 TERT and TR are localized to the distinct sub-cellular compartments, the nucleoplasm
403 and the nucleolus, respectively. This spatial separation strongly reduces telomerase
404 assembly, which leads to reduced number of telomerase RNPs per cell and in turn
405 telomere shortening. Importantly, in the absence of TCAB1, telomerase assembly is
406 reduced but not completely abolished. It is likely that TR bound by the H/ACA complex is
407  in an equilibrium between localizing to nucleoplasm and the nucleolus. In the presence
408 of TCAB1, this equilibrium is shifted towards the nucleoplasm because TCAB1 prevents
409 the entry of TR into the nucleolus (Fig. 8D). In contrast, in the absence of TCAB1, the
410 majority of TR is trapped in the nucleolus effectively reducing the amount of TR that is
411 available for assembly with TERT.

412 The sub-cellular location and order in which telomerase RNP components
413  associate with TR in human cells are largely unknown (Fig. 8D). Our results exclude the
414  possibility that TERT assembles with TR in the nucleolus, and results by others have
415 demonstrated that eliminating Cajal bodies does not impact telomerase activity or
416 telomere maintenance, suggesting that Cajal bodies are not necessary for telomerase

417 assembly (Chen et al., 2018; Vogan et al., 2016). Our single-molecule live cell imaging of
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418 TERT has demonstrated that TERT is almost exclusively localized to the nucleus, it is
419 therefore likely that human telomerase assembles in the nucleoplasm. But it cannot be
420 ruled out that in human cells TR is transiently exported to the cytoplasm to assemble with
421 nascent TERT protein, as is the case in S. cerevisiae (Gallardo et al., 2008). Interestingly,
422  our results suggest that TERT levels are reduced in the absence of TCAB1. It is possible
423  that TERT protein which fails to assemble with TR is degraded, which could be an
424  important mechanism controlling telomerase abundance.

425 Altogether, our observations support our model that TCAB1 promotes telomerase
426 assembly by counteracting TR accumulation in the nucleolus to facilitate its assembly
427  with TERT. Our model is further supported by work from Vogan et al., which demonstrated
428 that truncated TR (hTRmin) that lacks the H/ACA region and therefore cannot bind
429  dyskerin, accumulates in the nucleoplasm and is excluded from nucleoli (Vogan et al.,
430 2016). Importantly, in cells that express hTRmin, TCAB1 is not required for telomere
431 maintenance (Vogan et al.,, 2016), consistent with TCAB1 promoting telomerase
432  assembly by preventing TR accumulation in the nucleolus.

433

434  TCAB1 is not required for telomerase catalysis

435  Previous work by others has reported conflicting results regarding the role of TCAB1 in
436 telomerase catalysis, ranging from full enzymatic activity in initial reports to substantial
437  activity defects in the most recent study (Chen et al., 2018; Venteicher et al., 2009; Vogan
438 etal., 2016). Importantly, both our work and the only other study that analyzed the role of
439  TCAB1 in telomerase activity using the “gold-standard” direct telomerase extension assay

440 concluded that telomerase activity is significantly reduced in the absence of TCAB1.
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441  While both studies concur on the degree to which telomerase activity is reduced in the
442  absence of TCAB1, the proposed underlying molecular mechanisms differ. Chen et al.
443  propose that TCAB1 is required for proper folding of the CR4/CRS region of the
444  telomerase RNA, which directly associates with TERT, without affecting telomerase
445 assembly (Chen et al., 2018). Recent structural analysis of the telomerase RNP from
446  human cells revealed that TCAB1 is located far away from the CR4/CRS5 region of TR
447  (Figure 8 — figure supplement 1) (Ghanim et al., 2021). Although it is possible that
448 telomerase can adopt additional conformations, based on the currently available
449  structural information it is difficult to rationalize a molecular mechanism by which TCAB1
450 could specifically promote CR4/CR5 folding. In addition, due to the miss-folding of TR
451 telomerase was proposed to adopt a low activity state in the absence of TCAB1.
452  Experimentally such a low activity state would manifest itself as a reduction in the specific
453  activity of telomerase (telomerase activity per assembled telomerase RNP). Our
454  experiments strongly suggest that, while telomerase assembly is reduced in the absence
455 of TCAB1, the limited amount of telomerase that can assemble is close to fully active (i.e.
456  does not have reduced specific activity). One possible explanation for the discrepancies
457  between the work by Chen et al. and our study is the methodology used to generate cell
458 lysates. Our results demonstrate that the high salt concentration used by Chen et al. to
459  generate nucleolar extracts dissolves nucleoli and releases TR. Consistent with this
460 observation, salt concentrations > 250 mM have been shown to disrupt the phase
461 separation phenomena underlying the formation of the nucleolus (Feric et al., 2016).
462  Solubilization of the nucleolus and release of TR would override the localization of TR

463 and TERT to distinct sub-cellular compartments, and could allow telomerase to assemble
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464 in the nuclear extract, while it is limited in cells or cell lysates in which nucleoli remain
465 intact. Altogether, our enzymatic analysis, and the positioning of TCAB1 within the
466 telomerase RNP do not support a role of TCAB1 in TR folding and telomerase catalysis
467  but are fully consistent with TCAB1 promoting telomerase assembly.

468

469 TCABH1 is not necessary for telomerase recruitment to telomeres

470  TCABH1 is necessary for the localization of scaRNAs to Cajal bodies and previous work
471  suggested that it is also required for telomerase recruitment to telomeres (Stern et al.,
472  2012; Venteicher et al., 2009). Our observations demonstrate that when TERT and TR
473  are overexpressed in TCAB1 knock-out cells a fraction of TERT can assemble with TR
474  anlocalize to telomeres. Telomerase recruitment to telomeres requires a direct interaction
475  between TERT and TPP1 (Nandakumar et al., 2012; Schmidt et al., 2014; Zhong et al.,
476  2012), therefore TR that localizes to telomeres must be assembled with TERT. These
477  results are fully consistent with our model that the spatial separation of TR and TERT in
478  the absence of TCAB1 prevents telomerase assembly. When TR is overexpressed the
479  capacity of the nucleolus to sequester TR may be saturated and excess TR can assemble
480 with TERT and localize to telomeres. In addition, our observations suggests that TCAB1
481 is not necessary for telomerase localization to telomeres. Because telomerase was
482  overexpressed in these experiments, we cannot exclude the possibility that TCAB1
483  contributes to telomerase recruitment to telomeres at endogenous expression levels. But
484  the maintenance of telomeres at a short length in TCAB1 knock-out cells suggests that
485  telomerase recruitment to telomeres can occur in the absence of TCAB1.

486
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487 Regulation of RNP assembly by nucleolar phase-separation

488 In addition to the mechanistic insight into the role of TCAB1 in telomerase function, our
489 results also demonstrate that nucleolar phase separation can effectively regulate
490 telomerase RNP assembly in the nucleus of human cells. How RNA molecules are
491  specifically recruited into, excluded from, or expelled from non-membrane bound
492  organelles is a key unanswered question. One model suggests that gradual replacement
493  of non-specific, multivalent interactions of pre-ribosomal RNAs with nucleolar proteins
494 such as NPM1 and fibrillarin, with specific, high-affinity interactions with ribosomal
495  proteins leads to the ejection of mature ribosomal subunits from the nucleolus (Riback et
496 al., 2020). In this model a key driving force for the retention of RNA in the nucleolus is
497  regions of RNA not yet bound by ribosomal proteins, that are available to interact with
498 nucleolar proteins (Riback et al., 2020). By analogy, this model would explain why TR
499  bound by the H/ACA complex but not associated with TERT would be sequestered in the
500 nucleolus. In addition to the interactions formed by the H/ACA complex with nucleolar
501 proteins and RNA, the regions of TR that are bound by TERT in the context of telomerase
502 (i.e. the pseudoknot, template, and CR4/CRS5) would be available to form non-specific,
503  multivalent interactions with nucleolar proteins to strengthen the association of TR with
504 the nucleolus and prevent its release.

505 TR is a unique among the scaRNAs because it contains the additional domains
506 that associate with TERT. Most other box H/ACA scaRNAs are substantially shorter (<150
507 nucleotides) than TR (451 nucleotides), and do not contain large regions that are not
508 bound by proteins and could form non-specific interactions with nucleolar proteins. It is

509 therefore possible, that in cells lacking TCAB1, TR is strongly retained in the nucleolus
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510  while other scaRNAs are less tightly bound, because they lack additional interaction sites
511  with nucleolar proteins. Consistent with this hypothesis, we observe multiple populations
512 of dyskerin with distinct binding dynamics in nucleoli. The weakly bound population could
513 include dyskerin bound to scaRNAs, that are not retained in the nucleolus because their
514 RNA targets, which would provide an additional interaction site, are not present in
515 nucleoli. In contrast, dyskerin bound to snoRNAs would strongly associate with the
516 nuceolus because they also bind to their target RNAs. This provides a potential
517 explanation for the phenotypes observed in patients with TCAB1 mutations that suffer
518 from dyskeratosis congenita. The patients have a clear deficiency in telomerase function
519 (Zhong et al., 2011), but no defects in splicing have been reported, which would be the
520 consequence of complete loss of scaRNA function and their critical role in spliceosome
521  maturation.

522 How TCAB1 binding leads to the exclusion of TR and other scaRNA from the
523  nucleolus remains a key unanswered question. TCAB1 interacts with a very short
524  sequence motifin TR, which is far removed from the TR regions that associate with TERT
525  (Fig. 8 — Figure supplement 1) (Ghanim et al., 2021). It is therefore unlikely that TCAB1
526  binding leads to expulsion of TR from the nucleolus by reducing the number of non-
527  specific, multivalent interactions TR can form with nucleolar proteins. As outlined above,
528 we believe that TCAB1 prevents localization of scaRNAs to the nucleolus, rather than
529 extracting scaRNAs that are already localized to the DFC. One potential explanation is
530 that TCAB1 counteracts scaRNA recruitment to the nucleolus by inhibiting the nucleolar
531 localization signals within dyskerin (Heiss et al., 1999). Dissecting the molecular

532 mechanism by which TCAB1 leads to exclusion of TR from the nucleolus in future studies
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533  will undoubtably shed light on the fundamental principles RNP recruitment to non-

534  membrane bound organelles and its physiological role in cell biology.

535

32


https://doi.org/10.1101/2021.05.27.445986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445986; this version posted December 21, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

536 Acknowledgements

537  We would like to thank members of the Schmidt lab and J. Nandakumar for discussions
538 and critical reading of the manuscript and Luke Lavis (HHMI Janelia Research Campus)
539 for providing HaloTag dyes. This work was supported by grants from the NIH (ROO
540 GM120386, R01GM141354) to J.C.S.. J.C.S. was a Damon Runyon Dale F. Frey
541  Scientist supported (in part) by the Damon Runyon Cancer Research Foundation (DFS-
542  24-17). S.B.C. acknowledges sustained support from the Ernest & Piroska Major
543  Foundation.

544

545  Author contributions

546 B.S.A-M. carried out IF-FISH experiments, telomerase purifications, cellular
547 fractionations, analyzed telomerase assembly, generated mCherry- and 3xFLAG-
548 HaloTag-dyskerin plasmids, determined their sub-cellular localization, and edited the
549  manuscript. G.I.P. maintained cell lines, established TCAB1 and TR knock-out cell lines
550 and carried out IF-FISH experiments. K.A.-B. assisted in establishing the TR knock-out
551 cell line and carried out characterization of the TR knock-out cells. S.B.C. purified and
552 characterized the anti-TERT sheep antibody. L.H. and K.Y. characterized TCAB1 knock-
553  out clones using Southern blots. J.C.S. carried out all other experiments, designed the
554  research, analyzed data, and wrote the manuscript.

555

556 Competing interests

557  The authors declare no competing interests.

33


https://doi.org/10.1101/2021.05.27.445986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445986; this version posted December 21, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

558 Materials and Methods

559  Cell Lines and Tissue Culture

560  All cell lines were based on HeLa-EM2-11ht (Weidenfeld et al., 2009) and were cultured
561 in Dulbecco’s Modified Eagle Medium including L-glutamine (Gibco) supplemented with
562  10% fetal bovine serum, 100 units/ml penicillin and 100 pg/ml streptomycin at 37°C with
563 5% CO.. Live cell imaging was carried out using CO> independent media supplemented
564  with 2 mM GlutaMAX (Life Technologies), 10% fetal bovine serum, 100 units/ml penicillin
565 and 100 ug/ml streptomycin at 37°C with 5% CO.. For single-molecule imaging of
566 HaloTag-TERT cell were cultured in homemade imaging dishes made by gluing 22x22
567  mm Nexterion coverslips (170 £ 5 uym, Schott) onto the bottom of plastic 3.5 x 1.0 cm cell
568 culture dishes with a hole in the middle using an epoxy adhesive. Prior to chamber
569 assembly the coverslips were washed with 1 M KOH and 100% for 30 min each in a
570  sonicating water bath. To enrich for cells in S-phase for live cell imaging experiments,
571  cultures we treated with complete media including 2 mM thymidine for a minimum of 16
572 hours. Cells were released 2 hours prior to imaging by replacing the thymidine containing
573 media with fresh media without thymidine. Puromycin selection was carried out at a
574  concentration of 1 pg/mil.

575

576  Plasmid Construction and Genome Editing

577  All plasmids were generated by Gibson assembly (NEB) using standard protocols or by
578 inverse PCR. All plasmids will be made available on Addgene. All Cas9 and sgRNA
579  expression plasmids were based on pX330 (Cong et al.,, 2013). The homologous

580 recombination donor for the TR knock-out was generated by assembling the genomic
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581 sequences immediately upstream and downstream (~500 bp each) of the TR sequence
582 flanking a puromycin resistance cassette into Hpal linearized pFastBac. The 3xFLAG-
583 HaloTag-NLS plasmids was generated by adding a 3xFLAG-tag to a previously described
584 HaloTag-NLS plasmid (a kind gift from X. Darzacq and A. Hansen) (Hansen et al., 2018).
585 The 3xFLAG-HaloTag-dyskerin plasmid was generated by replacing TERT in our
586  previously described 3xFLAG-HaloTag-TERT expression plasmid with the dyskerin
587 coding sequence (Schmidt et al., 2016). The mCherry-dyskerin plasmid was generated
588 by replacing TERT in our previously described mCherry-TERT expression plasmid with
589 the dyskerin coding sequence (Schmidt et al., 2014). Unless otherwise stated
590 transfections were carried out using Lipfectamine 2000 (Invitrogen) using the
591  manufacturer’'s instructions. For FRAP analysis of dyskerin 1x10® Hela cells were
592  transfected with 1 pg of 3xFLAG-HaloTag-dyskerin plasmid using the Lonza 4D-
593  Nucleofector with the SE Cell Line 4D-Nucleofector X kit (Cat. V4XC-1012) and program
594 CN-114. For single-molecule imaging of dyskerin 1 ug of a GFP-NPM1 plasmid was
595 included in addition to the 1 pg of 3xFLAG-HaloTag-dyskerin plasmid. GFP-NPM1 WT
596 was a qift from Xin Wang (Addgene plasmid #17578; http://n2t.net/addgene:17578;
597 RRID:Addgene_17578) (Wang et al., 2005). TCAB1 was knocked-out using a single
598 sgRNA or two separate sgRNA and Cas9 encoding plasmids that were transfected
599 alongside a GFP-expression plasmid. 24 hours after transfection single-cell clones were
600 sorted using the GFP signal. TCAB1 knock-out clones were screened by PCR and
601 confirmed by western blot, Southern Blotting of the TCAB71 locus and
602 immunofluorescence imaging. TR was knocked out by transfecting two sgRNA plasmids

603 and a homologous recombination donor plasmid. 48 hours after transfection puromycin
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604  selection was initiated and 1 week after the initiation of selection single-cell clones were
605 generated by dilution into 96-well plates. TR knock-out was confirmed using PCR and
606  Sanger sequencing, fluorescence in situ hybridization, and RT-gPCR.

607

608 Immunofluorescence and Fluorescence In Situ Hybridization Imaging

609  Fixed cellimmunofluorescence imaging and fluorescence in situ hybridization was carried
610 out as previously described (Schmidt et al., 2014). Briefly, cells grown on coverslips were
611 fixed in PBS supplemented with 4% formaldehyde. When using the HaloTag for
612  fluorescence detection cells were incubated with 100 nM of JF646 HaloTag-ligand for 30
613  min prior to fixation. Unincorporated ligand was removed by 3 washes with complete
614 media followed by placing the cells back in the incubator for 10 min to let additional dye
615 leak out of the cells. mEOS3.2-TRF2 was detected using the intrinsic fluorescence of
616 green form of mEOS3.2. After removing the fixation solution using 2 PBS washes,
617  coverslips were transferred into aluminum foil covered humidity chambers with a parafilm
618 layer and rinsed with 1 ml of PBS with 0.2% Triton X-100. Cells were than incubated in
619  blocking buffer (PBS, 0.2% Triton X-100, 3% BSA) for 30 minutes, followed by incubation
620  with primary antibodies diluted in blocking buffer for 1 hour. All primary antibodies were
621 used at a concentration of 1 ug/ml. After three washes with PBS + 0.2% Triton X-100,
622  coverslips were incubated with secondary antibodies diluted in PBS + 0.2% Triton X-100
623  for 1 hour. All secondary antibodies were used at a concentration of 4 ug/ml. Cells were
624  washed three times PBS + 0.2% Triton X-100 prior to a second fixation with PBS + 4%
625 formaldehyde. In cases where nuclear staining was used the first of the three washing

626  steps also included 0.1 ug/ml HOECHST. After the second fixation steps coverslips were
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627 dehydrates in three steps with ethanol (70%, 95%, 100%), re-hydrated in 2xSSC + 50%
628 formamide, blocked for 1 hour in hybridization buffer (100 mg/ml dextran sulfate, 0.125
629 mg/ml E. coli tRNA, 1 mg/ml nuclease free BSA, 0.5 mg/ml salmon sperm DNA, 1 mM
630 vanadyl ribonucleoside complexes, 50% formamide, 2xSSC) at 37°C, before incubating
631 the coverslips in hybridization buffer supplemented with three TR probes (30 ng per

632 coverslip,

633 /5Cy5/GCTGACATTTTTTGTTTGCTCTAGAATGAACGGTGGAAGGCGGCAGGCCGA
634 GGCTT,

635 /5Cy5/CTCCGTTCCTCTTCCTGCGGCCTGAAAGGCCTGAACCTCGCCCTCGCCCCC
636 GAGAG,

637 /5Cy5/ATGTGTGAGCCGAGTCCTGGGTGCACGTCCCACAGCTCAGGGAATCGCGC
638 CGCGCGC) over night at 37°C. Probe sequences were previously described (Tomlinson
639 etal., 2006). After hybridization coverslips were washes twice for 30 minutes in 2xSSC +
640  50% formamide and then mounted on slides using ProLong Antifade Diamond mounting
641 media (Life Technologies). Microscopy was carried out using a DeltaVision Elite
642  microscope using a 60x PlanApo objective (1.42 NA) and a pco.edge sCMOS camera.
643 We acquired 20 Z-sections spaced by 0.2 um, followed by image deconvolution and
644  maximum intensity projection of the sections using the DeltaVision Softworx software.
645

646  Single-Molecule Live Cell Imaging

647  Live cell single-molecule imaging was carried out on a Olympus IX83 inverted microscope
648  equipped with a 4-line cellTIRF illuminator (405 nm, 488 nm, 561 nm, 640 nm lasers), an

649  Excelitas X-Cite TURBO LED light source, a Olympus UAPO 100x TIRF objective (1.49
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650 NA), a CAIRN TwinCam beamsplitter, 2 Andor iXon 897 Ultra EMCCD cameras, a
651 cellFRAP with a 100 mW 405 nm laser, and a blacked-out environmental control
652 enclosure. The microscope was operated using the Olympus cellSense software.
653 3xFLAG-HaloTag-TERT was labeled for 2 min in complete media supplemented with 100
654 nM JF646-HaloTag ligand (Grimm et al., 2015). After removing the HaloTag-ligand with
655 three washes in complete media, cells were placed back in the incubator for 10 min to
656 allow unincorporated dye to leak out of the cells. Cells were then transferred into CO»
657 independent media and put on the microscope which was heated to 37°C. Single-
658 molecule imaging was carried out at 50 or 100 frames per second using highly inclined
659 laminated optical sheet illumination (Tokunaga et al., 2008). Movies were typically 20
660 seconds in length (2000 frames) and were followed by a transmitted light acquisition to
661  visualize overall cell morphology.

662  For single-molecule imaging of 3xFLAG-HaloTag-Dyskerin, cells were labeled with 100
663 pM of JFX650-HaloTag Ligand (Grimm et al., 2020) for 1 min. Imaging was carried out at
664 100 frames per second and images of GFP-NPM1 were taken before and after single-
665 molecule movies of dyskerin to assure the position of the nucleolus had not shifted.

666

667 RT-qPCR

668 RNA samples for RT-gPCR analysis were generated by using RNeasy Mini kits (Qiagen)
669 using ~2 million cells as starting material. Reverse transcription was carried out using
670 random hexamer primers and SuperScript lll reverse transcriptase (Invitrogen) according
671  to the manufacturer’s instructions. gPCR was carried out using the Maxima SYBR Green

672 gPCR master mix (Thermo Scientific) using primers for GAPDH and TR according to the
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673  manufacturer’s instructions. All gPCR reactions were carried out in triplicates and three
674 independent biological replicates were analyzed.

675

676  Southern Blotting

677  Southern blotting was carried out using standard protocols (Southern, 2006). Briefly,
678 genomic DNA generated by phenol-chloroform extraction after cell lysis using TE
679  supplemented with 0.5% SDS and 0.1 mg/ml Proteinase K, was digested with BamHI
680 (generating a 1394 bp fragment spanning exons 1-3 of the TCAB1 locus) and separated
681 ona 0.8% agarose gel. The DNA was then transferred on a Hybond-N+ nylon membrane
682 using capillary transfer. The TCAB1 locus was detected using radioactive probes (alpha-
683  3°P-dCTP) generated by randomly primed DNA synthesis using an 800 bp PCR product
684  overlapping with the 1394 bp restriction fragment as a template and Klenow polymerase
685 (NEB). Telomeric restriction fragment analysis was carried out as previously described
686  (Nandakumar et al., 2012).

687

688 Western Blotting

689  Mini-PROTEAN TGX stain-free gels (Bio-Rad) were used for SDS-PAGE. Total protein
690 was detected using a ChemiDoc MP (Bio-Rad) after a 45 second UV activation. Western
691 transfer was carried out using the Trans-Blot Turbo transfer system (Bio-Rad) according
692 to the manufacturer’s instructions using the mixed molecular weight transfer setting.
693 Immuno-blotting was carried out using standard protocols. The C-terminal TCAB1
694 antibody (Proteintech, 14761-1-AP) was used at a 1:2000 dilution, the N-terminal TCAB1

695 antibody (Novus Biologicals, NB100-68252) was used at a 1:1000 dilution, the TERT
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696 antibody (Abcam, ab32020) was used at a 1:4000 dilution, the dyskerin antibody (Santa
697  Cruz Biotech, sc-373956) was used at a 1:200 dilution, the fibrillarin antibody was used
698 ata 1:2000 dilution (Novus Biologicals, NB300-269), and the lamin B1 antibody was used
699 a 1:2000 dilution. Secondary antibodies were used at a 1:5000 dilution.

700

701  Northen Blotting

702  RNA was extracted from cell lysates, cellular fractions, and purified telomerase samples
703  using the RNeasy Mini kit (Qiagen) and eluted in 30 ul of RNase free water. Purified
704  telomerase samples were supplemented with 10 ng of a loading and recovery control
705  prior to RNA extraction (in vitro transcribed TR 34-328). 15 ul of eluted RNA was mixed
706  with 15 ul of 2x formamide loading buffer (0.1XTBE, 25 mM EDTA, 0.1% bromophenol
707  blue, 0.1% xylene cyanol, 93% formamide) and heated to 60 °C for 5 min. Samples were
708 separated on a 6% TBE, 7M Urea, polyacrylamide gel (Life Technologies), and
709 transferred to a Hybond N+ membrane (Cytiva) using a wet-blotting apparatus in 1x TBE
710  for 2 hours at 0.5 A of constant current in the cold room. After transfer, membranes were

711  UV-crosslinked, and pre-hybridized in Church buffer for 2 hours at 50 °C. Three DNA

712 oligos complementary to TR (GACTCGCTCCGTTCCTCTTC,
713  GCTCTAGAATGAACGGTGGAA, CCTGAAAGGCCTGAACCTC,
714 CGCCTACGCCCTTCTCAGT, ATGTGTGAGCCGAGTCCTG), 7SL
715 (GCGGACACCCGATCGGCATAGC), u3

716 (GCCGGCTTCACGCTCAGGAGAAAACGCTACCTCTCTTCCTCGTGG), and 7SK
717 (GTGTCTGGAGTCTTGGAAGC) were radioactively labeled using T4 PNK (NEB) and

718  ~10x108 cpm of each probe were added to the membrane. Hybridization was carried out
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719  at 50 °C overnight. Membranes were washed three times with 2xSSC, 0.1% SDS prior to
720  exposure to a storage phosphorescence screen (Cytiva) which was then imaged on an
721  Amersham Typhoon IP phosphoimager (Cytiva).

722

723  Telomerase Expression and Purification

724  Cell lines were transfected in 15 cm tissue culture plates at ~90% confluency (~25-30x10°
725  cells) using 7.5 ug of TERT plasmid, 30 ug of TR plasmid and 75 pl of Lipofectamine 2000
726  in 1875 ul of Opti-MEM (Cristofari and Lingner, 2006). Transfected cells were split to three
727 15 cm dishes 24 hours after transfection. 48 hours after transfection cells were counted,
728  harvested, and snap frozen in liquid nitrogen. Cells were lysed in 1 ml of CHAPS lysis
729  buffer supplemented with 5 ul of RiboLock RNase inhibitor (10 mM TRIS pH 7.5, 1 mM
730  MgClz, 1 mM EGTA pH 8.0, 0.5% CHAPS, 10% glycerol) per 100x10° cells and rotated
731 at 4 °C for 30 min. Lysates were cleared in a table-top centrifuge at 21,000xg for 15 min
732  at 4 °C. Identical cell equivalents were used for all samples. 45 ug of anti-TERT antibody
733  was added per ml of cleared lysate and samples were rotated for 1 hour at 4 °C. Lysates
734 were then added to 100 pl of protein G agarose and rotated for 1 hour at 4 °C. The resin
735  was spun down at 1000xg and washed four times with 1 ml of Buffer W (20 mM HEPES
736  pH7.9,300 mM KCI, 2 mM MgClz, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.1% Triton X-
737 100, 10% glycerol). TERT was eluted in 100 ul of Buffer W supplemented with 5 pl of 1
738 mM TERT peptide by rotating for 30 min at room temperature.

739

740 Telomerase Activity Assays
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741  Telomerase assays were carried out in 20 pl of reaction buffer (50 mM TRIS pH 8.0, 150
742 mMKCI, 1 mMMgCI2,2 mM DTT, 100 nM TTAGGGTTAGGGTTAGG oligo, 10 uM dATP,
743 10 yM dGTP, 10 yM dTTP, 0.165 pM dGTP [a-32P] 3000 Ci/mmol) including 2 pl of
744  purified telomerase for 1 hour at 30 °C. Telomerase was incubated with the substrate
745  oligo for 15 min at room temperature, prior to initiating the reaction by addition of dNTPs.
746  Reactions were stopped by adding 100 ul of 3.6 M of ammonium acetate supplemented
747 with 20 pg of glycogen and 32P 5-end labeled loading control oligos
748 (TTAGGGTTAGGGTTAGGG, TTAGGGTTAGGGTTAG). Reaction products were
749  precipitated using 500 pl of ice-cold ethanol and stored at -20 °C over-night. Reaction
750  products were spun down in a table-top centrifuge at max speed for 30 min at 4 °C,
751  washed with 500 ul of 70% ethanol, and spun down again speed for 30 min at 4 °C. The
752  70% ethanol was decanted, and the reaction products were dried in an Eppendorf
753  vacuum concentrator at 45 °C. Reaction products were resuspended in 20 pl of loading
754 buffer (0.05XTBE, 25 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol, 46.5%
755  formamide) and incubated at 95 °C for 5 min. 10 ul of each sample was separated on a
756  12% polyacrylamide, 7 M urea sequencing gel pre-run for 45 min at 90W. Gels were dried
757 and exposed to a storage phosphorescence screen (Cytiva) and imaged on an
758  Amersham Typhoon IP phosphoimager (Cytiva).

759

760  Nucleolar Isolation

761  Cellular fractionation was carried out using a as previously described (Lam and Lamond,
762  2006). All procedures were carried out on ice and centrifugations at 4 °C. Approximately

763  1x10°% million cells were harvested by trypsinization, washed with PBS, followed
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764 by incubation in a hypotonic buffer (10 mM HEPES pH 7.9, 10 mM KCI, 1.5 mM MgCla,
765 0.5 mM DTT) to swell the cells. A small fraction of the swollen cells was collected as input
766  sample. Swollen cells were then ruptured using pre-cooled dounce homogenizer and the
767  tight pestle (VWR Cat. 62400-595). The ruptured cells were centrifuged at 218xg for 5
768  min to pellet nuclei. Nuclei where then resuspended in buffer S1 (0.25 M sucrose, 10 mM
769  MgCl»), layered on top of buffer S2 (0.35 M sucrose, 0.5 mM MgCl,) in a 15 ml conical
770  tube, and centrifuged at 1430xg in a swinging bucket rotor for 5 min to further purify nuclei.
771  Nuclei were resuspended in buffer S2 and sonicated on ice for 10 seconds at 30% power
772  (Fisherbrand Model 505, 500W). The sonicated nuclei were then layered on top of buffer
773  S3(0.88 M sucrose, 0.5 mM MgCl2) and centrifuged at 3000xg in a swinging bucket rotor
774  for 5 min to further purify nucleoli. The nucleolar pellet was suspended in buffer S2 and
775  centrifuged a final time at 1430xg to yield a highly purified nucleolar pellet, which was
776  resuspended in buffer S2. Equal fractions of input, cytoplasm, nuclei, nucleoplasm, and
777  nucleoli samples were collected and analyzed by western and northern blots. To test the
778  impact of salt concentration on the integrity of nucleoli, nuclei ruptured by sonication were
779  mixed 1:1 with buffer S2 containing 40 mM HEPES pH7.9 with and without 715 mM KCl,
780  prior layering the solution on top of buffer S3.

781

782  Single-Particle Tracking

783  Single-particle tracking was carried out in MATLAB 2019a using a batch parallel-
784  processing version of SLIMfast modified to allow the input of TIFF files (kindly provided
785 by Xavier Darzacq and Anders Hansen) (Hansen et al., 2018), an implementation of the

786  Multiple-Target-Tracing algorithm (Sergé et al.,, 2008), with the following settings:
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787  Exposure Time = 10 ms, NA = 1.49, Pixel Size = 0.16 um, Emission Wavelength = 664
788  nm, Dmax = 5 um?/s, Number of gaps allowed = 2, Localization Error = 105, Deflation
789  Loops = 0. Diffusion coefficients and the fraction of molecules in each distinct particle
790  population were determined using the MATLAB version of the Spot-On tool (kindly
791  provided by Xavier Darzacq and Anders Hansen) (Hansen et al., 2018) with the following
792  settings: TimeGap = 10 ms or 20 ms, dZ = 0.700 um, GapsAllowed = 2, TimePoints = 8,
793  JumpsToConsider = 4, BinWidth = 0.01 ym, PDF-fitting, D_Free1_3State = [1 25],
794 D _Free2 3State =[0.1 1], D_Bound_3State =[0.0001 0.1]. For all experiments we carried
795 out 3 independent biological replicates with at least 15 cells for each cell line. The
796  statistical significance of differences in particle fractions and diffusion coefficients were
797  assessed using a two-tailed T-Test.

798  For the analysis of dyskerin trajectories a mask of the nucleolus was generated manually
799  using the threshold function in FIJI. Dyskerin trajectories whose coordinates overlapped
800  with the nucleolar mask for a single frame were designated as nucleolar trajectories. The
801 remaining trajectories were designated nuclear trajectories. All data sets were then
802 analyzed using Spot-On as described above.

803

804 Fluorescence recovery after photobleaching

805 Fluorescence recovery experiments (FRAP) we carried out using the same Olympus
806  microscope used for single-molecule imaging. Cells were stained for 10 min with 100 nM
807 JFX650-HaloTag ligand in complete media. After removing the HaloTag-ligand with three
808 washes in complete media, cells were placed back in the incubator for 10 min to allow

809 unincorporated dye to leak out of the cells. Cells were then transferred into CO>
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810 independent media and put on the microscope which was heated to 37°C. We identified
811  cells with two clearly visible nucleoli and bleached one of them by placing three diffraction
812 limited bleach spots within the nucleolar 3xFLAG-HaloTag-dyskerin signal. Each spot was
813  bleached for 100 ms at 50% laser power, which lead to complete loss of the fluorescence
814  within the nucleolus. Cells were imaged prior to and after bleaching at 1 frame per second
815 using the Excelitas X-cite TURBO LED light source and the 100x objective.
816 Photobleaching due to LED exposure was negligible. To quantify FRAP we first drift
817  corrected the movie using Nanod (Laine et al., 2019), we then placed a region of interest
818  (ROI) within the nucleolus and quantified mean intensity within the ROI over time.
819  Background signal was determined in an area of the field of view that was not covered by
820  acell and subtracted from the nucleolar ROI. In addition, the mean fluorescence after the
821 bleaching pulse was divided by the fraction of total cellular fluorescence remaining after
822 the bleaching pulse. Because the laser pulse bleaches a significant amount of total
823  cellular fluorescence (typically 20-40%), this normalization is critical to determine the
824  maximal amount of fluorescence recovery possible. For example, if 30% of total cellular
825 fluorescence is lost due to the bleaching pulse, the maximal fraction of pre-bleach
826  fluorescence than can theoretically be recovered is 70%. The recovery data was then fit
827  using a single exponential function (1-A*e™*+C), where k corresponds to the rate constant
828 and C to the fraction of the initial signal that is not recovered (i.e. the static fraction).

829

830  Quantification of Fixed Cell Imaging

831  For the quantification of cellular TR distribution in control and TCAB1 knock-out cells we

832  assigned cells into one of three categories: Cells with TR only at telomeres, Cells with TR
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833  only in nucleoli, Cells with TR at telomeres and in nucleoli. We carried out 3 independent
834  biological replicates and counted a minimum of 100 cells for control and TCAB1 knock-
835 outcells.

836

837 Quantification of RT-qPCR data

838 RT-gPCR experiments were carried out in triplicate and the TR Ct value was normalized
839 to the GAPDG Ct value. The mean ACt (Ct of TR — Ct of GAPDH) value from three
840 independent experiments and the corresponding standard deviation were plotted.

841

842  Quantification of Western Blots, Northern Blots, and Telomerase Activity Assays
843  Gel images from Western Blots, Northern Blots, and Telomerase Activity Assays were
844  analyzed using ImageQuant TL 8.2. To quantify TR levels in Northern blots the TR band
845 intensity was normalized to the loading and recovery control signal added to the RNA
846  sample prior to RNA purification. To quantify telomerase activity the whole lane intensity
847  starting at repeat 1 was determined and divided by the sum of the loading control signals.
848 Telomerase processivity was calculated by dividing product intensity > 7 repeats by the
849 total signal in the respective lane. The statistical significance of the observed differences
850 was calculated using a two-tailed T-test using a minimum of three biological replicates.
851 Each biological replicate (independent telomerase expression and purification) was
852  analyzed in technical triplicate.

853

854
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1007  Figure 1 — Figure Supplement 1. (A) Strategy to knock-out TCAB1 using Cas9 and two sgRNAs
1008 targeting introns 1 and 3. (B) Southern blot of genomic DNA digested with BamHI from parental cells and
1009  TCABH1 knock-out clones using a probes generated from a PCR product of the TCAB1 gene indicated in
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(A) demonstrating the expected truncation of the TCAB71 gene in Halo-TERT TCAB1 KO 2. HeLa TCAB1
KO 2 carries larger deletions completely removing exons 1 and 2 from the TCAB7 gene. (C) PCR using
primers indicated in (A) of genomic DNA from parental cells and TCAB1 knock-out clones confirming the
deletion of critical regions of the TCAB1 gene show in (B). (D) Western blots demonstrating the absence
of TCAB1 protein in TCAB1 knock-out cell lines generated in HeLa and Halo-TERT cells lines using two
antibodies targeting the N-terminus and C-terminus of TCAB1. (E) Growth rate of parental and TCAB1
knock-out cell lines. (F) Telomere length analysis by Southern blot of telomeric restriction fragments,
indicating that telomeres in TCAB1 knock-out cells are short but stable in length. (G) Immuno-
fluorescence with anti-dyskerin and anti-TCAB1 antibodies coupled to fluorescence in-situ hybridization
with probes against TR, demonstrating that expression of GFP-TCAB1 in TCAB1 knock-out cells rescues
TR localization to Cajal bodies (scale bar = 5 ym).
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Figure 2 — Figure Supplement 1. (A) Images of HelLa cells transiently expressing GFP-nucleolin to mark
nucleoli. The GFP-nucleolin signal overlaps with circular shapes visible under transmitted light illumination
(scale bar = 2 um). (B) Images of HelLa cells transiently expressing GFP-nucleolin and 3xFLAG-HaloTag-
NLS labeled with JF646. The 3xFLAG-HaloTag-NLS signal (maximum intensity projection of 1000 frames
of a single-molecule imaging movie) clearly overlaps with the GFP-nucleolin signal (red dashed outline),
demonstrating that 3xFLAG-HaloTag-NLS can enter the nucleolus (scale bar = 2 ym). (C) Images of HeLa
cells transiently expressing 3xFLAG-HaloTag-dyskerin labeled with JF646 and probed with an antibody
against dyskerin, demonstrating that 3xFLAG-HaloTag-dyskerin localizes to the nucleolus (scale bar = 5

pm).
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Figure 3 — Figure Supplement 1. (A) Images of HelLa cells transiently expressing mCherry-dyskerin
probed with antibodies agains mCherry and dyskerin, demonstrating that mCherry dyskerin localizes to the
nucleolus (scale bar =5 um). (B) Images of control and TCAB1 knock-out HelLa cells (3xFLAG-Halo-TERT,
mEOS3.2-TRF2) overexpressing untagged TERT and TR. TR was detected using FISH and TRF2 was
visualized using the fluorescence signal from mEOS3.2-TRF2. In control cells TR co-localizes with
telomeres, while it is enriched in nucleoli and localized to telomeres in TCAB1 KO cells (scale bar = 5 ym).
(C) Quantification of the fraction of cells showing TR localization exclusively to telomeres, to telomeres and
nucleoli, or only to nucleoli (2 independent experiments, >100 cells per experiments, mean * standard
deviation). (D) Images of HelLa cells and TCAB1 knock-out cells transiently expressing untagged TERT and
TR, probed with TERT (Abcam) and dyskerin antibodies and FISH for TR demonstrating that untagged
TERT is excluded from nucleoli marked by dyskerin in parental and TCAB1 knock-out cells.
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1045  Figure 4 — Figure Supplement 1. (A) Western blots analyzing TERT immuno-purification (using a sheep
1046  anti-TERT antibody) from Halo-TERT cells overexpressing TERT and TR probed with a rabbit anti-TERT
1047  antibody (Abcam) and a TCAB1 antibody. (B) Northern blot of RNA extracted from input and purified TERT
1048  samples from Halo-TERT cells overexpressing TERT and TR probed with radiolabeled DNA
1049  oligonucleotides complementary to TR. Standards are in vitro transcribed full-length TR and truncated TRs.
1050 TRswas added to samples prior to RNA extraction as loading and recovery control. (C) Western blots to
1051  analyze immuno-purified telomerase RNP composition from Halo-TERT cells. A single membrane was cut
1052  into two pieces that were probed with TERT and dyskerin antibodies, respectively. (D-E) Quantification of
1053  the amount of (D) the ratio of TR to TERT (n = 4), and (E) dyskerin (n = 4) in TERT purifications from Halo-
1054  TERT TCAB1 knock-out cells overexpressing TERT and TR compared to parental controls (mean, T-Test).
1055  The dashed lines indicate the level in telomerase purified from wild-type TCAB1 control cells which was
1056  normalized to 1.0.
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Figure 6 — Figure Supplement 1. (A) PCR analysis of the TR locus in parental and TR knock-out clones.
Both TR knock-out clones show PCR products with reduced length that were confirmed to be knock-outs
by Sanger sequencing. (B) Images of control and TR knock-out cells probed with an antibody against
coilin and FISH probes specific for TR, demonstrating the lack of TR signal in TR knock-out cells (scale
bar = 5 uym). (C) Determination of TR levels in control, TCAB1 knock-out, and TR knock-out cells, using
RT-gPCR with primers specific to TR normalized to GAPDH (3 independent biological replicates, 3
technical replicates for each biological replicate, mean * standard deviation). (D) Maximum intensity
projection of 2000 frames of a 3xFLAG-HaloTag (JF646) TERT movie (bottom), demonstrating that the
TERT signal does not overlap with the nucleolus detected as circular shape in the transmitted light image
(top, red dashed line). (E) Fitting of single-particle tracking data of TERT from control, TCAB1 knock-out,
and TR knock-out cells expressing 3xFLAG-HaloTag-TERT using the Spot-On tool.
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Figure 6 — Figure Supplement 2. (A) Analysis if the step size of telomeric TERT particles relative to the
distance of the particle to the closest telomere (pooled results from 3 independent biological replicates with
19-30 cells analyzed per replicate). TERT molecules bound to the telomere are expected to have small
step sizes and a short distance to the closest telomere, which is apparent in the enrichment of events in
the lower quadrants in the WT control. This enrichment is not observed in TCAB1 and TR knock-out cells.
(B) Spot-On analysis of telomeric TERT particles (pooled results from 3 independent biological replicates
with 19-30 cells analyzed per replicate). The fraction of bound TERT particles in TCAB1 and TR knock-out
cells is 4-5%, compared to 12% in the WT control cells.
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Figure 7 — Figure Supplement 1. (A) Fluorescence recovery curves of nucleolar dyskerin in the inbleached
nucleolus of control and TCAB1 knock-out cells. Data was fit with a single exponential function. (B)
Quantification of half-life of fluorescence recovery, calculated from the rate constant of the single
exponential fit of the data shown in (A) (n = 8 and 7, mean). (C) Trajectories of all (top), nucleolar (middle),
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1091  and nucleoplasmic dyskerin particles. (D) Spot-On analysis of dyskerin diffusion of all (top), nucleolar
1092  (middle), and nucleoplasmic dyskerin particles. (E) Fluorescence images of single 3xFLAG-HaloTag-
1093  dyskerin particles, and nucleoli marked by GFP-NPM1 in a cell imaged at 1 frame per second (scale bar =
1094 5 um). (F) Kymographs of nucleolar 3xFLAG-HaloTag-dyskerin particles imaged at 1 frame per second.

1095
A - KClI + KCI
Inp. Cyt. Nuc. Nucp. Nucl. Nucp. Nucl.
Fibrillarin | esss — -—
B -KCI + KCI
Inp. Blank Cyt. Nuc. Nucp. Nucl. Nucp. Nucl.
TR| S o o
1096
1097

1098  Figure 8 — Figure Supplement 1. (A) Western blot and (B) Northern blot of cellular fractions from TCAB1
1099  knock-out cells probed with an antibody against fibrillarin and probes for TR, respectively. Ruptured nuclei
1100  were either maintained at a low salt concentration or exposed to 357.5 mM KCI. The results demonstrate
1101 that nucleoli are dissolved in the presence of a high salt concentration, releasing fibrillarin and TR into the
1102  nucleoplasmic fraction.

1105
1106  Figure 8 — Figure Supplement 2. (A) Structure of the telomerase RNP showing the distance between

1107  TCAB1 and CR4/CRS5 (13.4 nm). TR in blue, CR4/CR5 in red, and TCAB1 in green (Ghanim et al., 2021).
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1109
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1110 Movie Legends

1111

1112  Movie 1. Single-particle tracking of 3xFLAG-HaloTag-TERT labeled with JF646 in a
1113 control cell acquired at 100 frames per second. Trajectories with a minimum of 5
1114  localizations are displayed. 150x150 pixels with a pixel size of 0.16 ym.

1115

1116  Movie 2. Single-particle tracking of 3xFLAG-HaloTag-TERT labeled with JF646 in a
1117  TCAB1 knock-out cell acquired at 100 frames per second. Trajectories with a minimum
1118  of 5 localizations are displayed. 150x150 pixels with a pixel size of 0.16 pm.

1119

1120  Movie 3. Movie of cell expressing GFP-nucleolin (red) and 3xFLAG-HaloTag-NLS (green)
1121  labeled with JF646 acquired at 100 frames per second, showing overlap of 3xFLAG-
1122 HaloTag-NLS with nucleoli. 140x140 pixels with a pixel size of 0.16 pm.

1123

1124  Movie 4. Movie of 3xFLAG-HaloTag-TERT labeled with JF646 in a control (left), TCAB1
1125  knock-out (middle), and TR knock-out (right) cell acquired at 100 frames per second.
1126  Each panel is 150x150 pixels in size with a pixel size of 0.16 pm.

1127

1128  Movie 5. Single-particle tracking of 3xFLAG-HaloTag-TERT labeled with JF646 in a TR
1129  knock-out cells acquired at 100 frames per second. Trajectories with a minimum of 5
1130 localizations are displayed. 150x150 pixels with a pixel size of 0.16 ym.

1131

1132  Movie 6. Fluorescence recovery after photobleaching of HaloTag-dyskerin labeled with
1133  JFX650 HaloTag-ligand expressed in control cells acquired at 1 frame per second.

1134

1135 Movie 7. Fluorescence recovery after photobleaching of HaloTag-dyskerin labeled with
1136  JFX650 HaloTag-ligand expressed in TCAB1 knock-out cells cells acquired at 1 frame
1137  per second.

1138

1139 Movie 8. Movie of cells expressing GFP-nucleolin (magenta) and HaloTag-dyskerin
1140 labeled with JFX650 (green) in control cells acquired at 100 frames per second.

1141

1142  Movie 9. Movie of cells expressing GFP-nucleolin (magenta) and HaloTag-dyskerin
1143 labeled with JFX650 (green) in control cells acquired at 1 frame per second.

1144

1145

1146

62


https://doi.org/10.1101/2021.05.27.445986
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Manuscript(NoSup)
	Supplement(small)

