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Summary

Mutations in RNA processing enzymes are increasingly linked to human disease. Telomerase RNA
and related noncoding RNAs require 3’-end-processing steps including oligoadenylation.
Germline mutations in poly(A)ribonuclease (PARN) cause accumulation of extended human
telomerase RNA (hTR) species and precipitate dyskeratosis congenita and pulmonary fibrosis.
Here, we develop nascent RNAend-Seq to quantitatively measure processing rates of RNA
precursors. We find that mature hTR derives from extended precursors and with delayed kinetics
compared to related RNAs. In PARN-mutant cells, telomerase levels diminish because hTR
maturation kinetically stalls, leaving unprocessed precursors to be degraded. Loss of
poly(A)polymerase PAPD5 in PARN-mutant cells accelerates hTR maturation and restores normal
hTR processing, indicating that oligoadenylation and deadenylation set the rate of hTR maturation.
These data reveal a feedforward circuit that slows RNA maturation, limits steady-state RNA levels
and buffers transcriptional noise. Similar alterations in RNA processing rates may broadly
contribute to mechanisms of RNA-based human disease.
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Mutations in poly(A)ribonuclease (PARN) cause accumulation of telomerase RNA component
(hTR) precursors and underlie a subset of Dyskeratosis Congenita. Using nascent RNAend-Seq to
measure maturation rates of ncCRNA precursors, Roake et al show that posttranscriptional
oligoadenylation by PAPDS5 and deadenylation by PARN set hTR maturation rate and determine
telomerase levels.

Introduction

Abnormal RNA processing represents an emerging cause of tissue failure, developmental
disorders and neurodegenerative disease (Burghes and Beattie, 2009). Putative defects in
mRNA splicing or small noncoding RNA metabolism have been linked to diverse diseases.
Mutations in telomerase pathway genes cause a stem cell disorder, dyskeratosis congenita
(DC), associated with widespread tissue defects (Kirwan and Dokal, 2008). Telomerase is a
ribonucleoprotein complex whose catalytic core includes telomerase reverse transcriptase
TERT and an RNA component hTR that templates addition of telomeric repeats to
chromosome ends (Pfeiffer and Lingner, 2013). hTR biogenesis occurs through a series of
complex steps and is disrupted in patients with DC or familial idiopathic pulmonary fibrosis
(IPF), a lethal and progressive interstitial lung disease (Stuart et al., 2015; Vulliamy et al.,
2001). For telomerase and small noncoding RNAs more broadly the specific steps in RNA
processing are challenging to reveal /n vivo. Mechanisms governing precise formation of
hTR and related H/ACA RNAs remain unclear; specifically, understanding how transcription
termination occurs, the role of post-transcriptional modifications, and the method of
trimming precursor RNAs to generate precise 3’ ends.

Despite the importance of hTR in scaffolding the telomerase enzyme and supporting
telomerase activity, the biogenesis of this noncoding RNA is incompletely understood.
Closely related vertebrate small Cajal body RNAs (scaRNAs) and small nucleolar RNAs
(snoRNAs) are encoded in introns and liberated from the intron lariat structure before being
trimmed to their mature forms (Matera et al., 2007). As an exception, hTR and a small
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subset of snoRNAs are transcribed by RNA polll from dedicated promoters (Feng et al.,
1995; Lestrade and Weber, 2006). hTR transcripts in mammalian cells show a diversity of 3’
ends at steady state which were revealed by 3* Rapid Amplification of cDNA Ends (3’
RACE) with approximately one-third of h TR molecules possessing genomically templated
tails extending beyond the annotated 451 nt end (Goldfarb and Cech, 2013). A majority of
extended molecules possess short untemplated oligo-A tails. The poly(A)polymerase (PAP)
PAPD5 (TRF4-2) is the major poly(A)polymerase for snoRNAs in vertebrates (Berndt et al.,
2012) and contributes to oligoadenylation and regulation of hTR levels (Nguyen et al., 2015;
Shukla et al., 2016; Tseng et al., 2015).

The one-third of hTR molecules with 3’ ends extending beyond position 451 may either be
precursors to the mature RNA or non-productive transcripts destined for destruction. The
discovery that mutations in the exonuclease poly(A)ribonuclease (PARN) can cause DC and
IPF through improper post-transcriptional processing of hTR supported the former model
and suggested PARN may trim the extended hTR precursor (Moon et al., 2015; Stuart et al.,
2015; Tummala et al., 2015). Knockdown of PARN in cell lines results in under-
accumulation of hTR with a concomitant loss of telomerase activity. In addition, PARN-
mutant iPS cells derived from DC patients show telomere shortening (Moon et al., 2015).
However, PARN enzyme exhibits preferential nuclease activity towards poly(A) substrates /n
vitro, and PARN-mutant cells continue to generate mature hTR (Henriksson et al., 2010;
Shukla et al., 2016; Wu et al., 2005). These observations indicate PARN contributes to
processing, but it remains to be determined whether its action is restricted to oligo-
adenylated residues or extends to trimming genomically encoded tails.

Processing of hTR transcripts is critical because a subset of hTR molecules become targets
for the nuclear RNA surveillance pathway mediated by the RNA exosome. The exosome is
recruited to targets by the human homolog of the yeast TRAMP complex containing PAPD5,
Air2 homolog ZCCHC7, and MTR4 (LaCava et al., 2005). Knockdown of exosome or
exosomal targeting components in human cell lines causes increased hTR levels (Tseng et
al., 2015). Knockdown of exosome components can rescue hTR destabilization associated
with loss of dyskerin binding or with PARN depletion, suggesting the exosome removes
hTR transcripts that are improperly assembled or processed (Shukla et al., 2016). These data
support a model in which processing of hTR competes with degradation.

Vertebrate telomerase RNAs (TERS) belong to a scaRNA family containing a box H/ACA
motif, a two-hairpin structure connected by a single stranded hinge and bordered on the 3’
end by a single stranded tail containing the sequence ACA (Kiss et al., 2006; Mitchell et al.,
1999). H/ACA box-containing scaRNAs and snoRNAs serve as guides for psuedouridylation
of rRNA and small nuclear RNAs (snRNAS), respectively (Matera et al., 2007). The
dyskerin-NOP10- NHP2 complex binds the H/ACA box, stabilizes the RNAs and executes
pseudouridylation on targets of the small RNA guides. Incorporation of the H/ACA
sequence in vertebrate TERs serves an important role in telomerase RNA biogenesis as
mutations in the H/ACA box of hTR or mutations in components of the dyskerin complex
cause hTR loss and DC (Fu and Collins, 2003; Mitchell et al., 1999). A 3 nt sequence in the
terminal loop of the hTR H/ACA domain termed the CAB box binds to TCAB1 which
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regulates both catalytic activity of telomerase and directs trafficking of the enzyme to Cajal
bodies and to telomeres (Chen et al., 2018; Venteicher et al., 2009; Zhong et al., 2011).

Noncoding RNAs (ncRNAs) serve important roles in the cell and recently a number of
diseases have been linked to impaired ncRNA processing. Pontocerebellar hypoplasia (PCH)
is a heterogeneous set of related diseases characterized by neurodevelopment defects (MIM
# PS607596). Many PCH genes are required for RNA processing, including components of
the RNA exosome and the RNA exonuclease TOE1 (Lardelli et al., 2017; Wan et al., 2012).
Mutations in sSnRNA assembly factor SMN cause spinal muscular atrophy (SMA), a
progressive loss of motor neurons accounting for the leading genetic cause of infant deaths
(Burghes and Beattie, 2009). Understanding molecular mechanisms underlying this diverse
set of diseases requires an understanding of how RNA is metabolized in the cell and
consequences of perturbing these processes.

To understand how hTR and snoRNAs are processed in vivo, we developed a means for
quantitatively measuring maturation of RNA precursors using nascent RNA sequencing.
This approach defined the hTR precursor and revealed that defects in hTR maturation
kinetics rather than a block in hTR processing underlie telomerase loss in PARN-mutant DC.

Identification of RNA precursors using nascent RNAend-Seq

All small noncoding RNAs (ncRNASs) require specific mechanisms to ensure proper
formation of 3’ ends. For small ncRNAS, development of 3’ RACE sequencing enabled a
complete description of these extended RNA species in cells at steady-state (Goldfarb and
Cech, 2013). However, determining the relationship between extended species and the
mature RNA, or revealing the dynamics of stepwise conversion of elongated species to
processed RNA has not been possible. Furthermore, extended species are likely a mixture of
transcripts destined to mature and transcripts that will be discarded through RNA
surveillance (Tseng et al., 2015).

We analyzed hTR molecules in steady-state (SS) using 3’ RACE sequencing in a collection
of human cell lines. Sequencing of SS-RNA in HelLa cervical carcinoma cells, human
embryonic stem cells (hES), and UMUC3 bladder carcinoma cells indicated that hTR is a
heterogeneous pool of molecules (Figure 1A), consistent with previous findings (Goldfarb
and Cech, 2013). The majority of transcripts are 451 nts long and a subset have short
genomically templated tails, often with additional untemplated adenosines (Figure 1A). Two
general hypotheses could explain this pattern: (1) extended molecules are degradation
intermediates or (2) extended species are precursors of the mature 451 nt species. To identify
precursor molecules of RNA in an unbiased fashion, we developed a technique for
sequencing nascent RNA ends. Nascent RNAend-Seq combines the nascent RNA labeling
technique applied to mRNAs (Radle et al., 2013) with 3’ RACE (Goldfarb and Cech, 2013)
and analyzed using high throughput sequencing (Figure 1B). Nascent RNA was labeled by
treating cultured cells with nucleotide analogue 4-thiouridine (4SU) (Figure 1B). We
estimated labeling efficiency by streptavidin (SA) dot blot to achieve sufficient labeling of
nascent RNA while minimizing 4SU exposure (Figure S1A). With one-hour 4SU labeling,

Mol Cell. Author manuscript; available in PMC 2020 May 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roake et al.

Page 5

we recovered 1.7% of input RNA as nascent compared to 0.04% in untreated cells,
indicating a very low non-nascent RNA contamination (Figure 1C). To understand how
effectively this protocol discriminates between nascent RNA and SS-RNA, we performed
gRT-PCR for well-known RNA precursors including the 47S rRNA precursor and intron-
containing beta2-microglobulin (B2M) hnRNA. We found these short-lived RNAs
were>1000 fold enriched in nascent RNA compared to SS-RNA (Figure 1D). To determine
whether we could isolate small ncRNA precursors, we analyzed U2 snRNA, which is
transcribed by RNA polll and cleaved near a cis element termed the 3’ box (Hernandez,
1985). The U2 precursor is trimmed to the mature 3° sSnRNA end by exonucleases including
TOEL1 (Lardelli et al., 2017). Analysis of U2 snRNA using nascent RNAend-Seq revealed
enrichment in nascent RNA of a 10 nt extended precursor (Figure 1E). These results show
nascent RNAend-seq enriches for short-lived RNA precursors.

hTR is transcribed as an extended molecule that accumulates in PARN-KO cells

Unlike nearly all vertebrate snoRNAs and scaRNAs, hTR is expressed from its own RNA
Polll-promoter and the mechanism for its transcriptional termination as well as the length of
its transcriptional unit remain undefined (Feng et al., 1995). To gain additional insights into
the nature of the extended oligoadenylated hTR species evident in SS-RNA, we applied
nascent RNAend-Seq to hTR transcripts and to related snoRNAs U17a, U68, U3, and U8
(Figure 2A)(Figure S2B,C). In nascent RNA, extended hTR species represented 75% of
species in HeLa cells labeled for 1 hour and 72% of species in hES labeled for 4 hours, with
a maximum templated tail length of 51 nts (Figure S2A). For U8 snoRNA we were able to
detect abundant transcripts>100 nt in length, suggesting nascent RNAend-Seq can detect
longer precursors (Figure S2A). In addition, many nascent hTR molecules were
oligoadenylated (36% in HelLa, 37% in hES). In contrast, SS hTR molecules from the same
cells were predominately comprised of the 451 nt mature species (extended RNAs Hel a
19%, hES 15%). The abundance of oligoadenylated hTR molecules was reduced in SS
(HeLa 15%, hES 12%), reflecting the elevated representation of extended molecules in the
nascent fraction (Figure S2D). These findings show the hTR locus produces an extended
precursor that is rapidly oligoadenylated.

To ask whether similar precursors exist for other H/ACA RNAs, we sequenced nascent 3’
ends of U17a and U68, two intron-encoded H/ACA snoRNAs. The mature 3’ ends of U17a
and U68 are 556 and 197 nts distant from the nearest 3’ splice site, respectively, defining the
maximum length of their precursors (Figure 2B). For both U17a and U68, a high proportion
of nascent molecules were extended (mean extended 46% U17a, 77% U68). Both Ul7a and
U68 nascent transcripts were oligoadenylated (mean oligo-A 5% U17a, 20% U68) (Figure
2B). We did not capture the full length of the intronic sequences in nascent RNA, suggesting
initial processing may be rapid.

PARN is mutated in telomere diseases and PARN depletion results in an accumulation of
extended oligoadenylated hTR molecules (Boyraz et al., 2016; Moon et al., 2015). To
compare the pattern of hTR species in nascent RNA with those in PARN-deficient cells, we
generated PARN knockout HeLa cells clones using CRISPR/Cas9 and stably expressed
either GFP or PARN in a PARN-KO clone (Figure 2C). Consistent with the role of PARN in
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telomere disease, PARN-KO cells showed a 53% reduction in telomerase activity compared
to WT cells (Figure 2D). Telomerase activity in PARN-KO cells was higher than in TCAB1-
KO cells (83% reduced), in which hTR conformation is perturbed by loss of TCAB1 binding
(Chen et al., 2018) (Figure 2D). PARN-KO cells exhibited a reduced SS level of hTR by
northern blot or by qRT-PCR, and reduced hTR levels were rescued by expression of PARN
cDNA (Figure 2E, Figure S2E). In PARN-KO cells, extended hTR molecules were markedly
increased (42% PARN-KO+GFP vs. 12% in PARN-KO+PARN) and oligoadenylated species
were elevated (36% PARN-KO+GFP vs. 11% in PARN-KO+PARN), consistent with reports
from PARN knockdown cells (Moon et al., 2015; Tseng et al., 2015) (Figure 2F). Therefore,
the SS hTR profile from the PARN-KO cells represents an intermediate case between
nascent hTR molecules and SS hTR molecules in a PARN-WT cell (42% extended in WT
PARN-KO vs. 75% in WT nascent vs. 19% in WT SS) suggesting hTR maturation is
impaired in the absence of PARN.

We asked whether disease-linked mutations in PARN were deficient in supporting hTR
maturation. We cloned 3 PARN mutants from families with pulmonary fibrosis (Q177X,
R251Efs*14, K421R) as well as a PARN mutant predicted to have no catalytic activity
(H377A) (Stuart et al., 2015; Wu et al., 2005). Transiently transfected cDNA encoding
PARN-Q177X and PARN-R251Efs*14 generated truncated proteins, whereas PARN-K421R
and PARN-H377A yielded full-length protein (Figure S2F, G). Stable expression of PARN-
mutant cDNAs in PARN-KO cells revealed two full-length mutants (K421R and H377A)
accumulated at levels near to endogenous PARN, while PARN-Q177X did not accumulate
and PARN-R251Efs*14 accumulated at reduced levels (Figure 2G). Expression of WT
PARN in PARN-KO cells, but not expression of 3 patient mutants, rescued hTR levels
(Figure 2H). Interestingly, PARN H377A expression caused partial rescue of hTR levels
(85% of WT levels in PARN-KO+H337A vs. 44% in PARN-KO+GFP) (Figure 2H). To test
whether this mutant could support maturation of extended hTR molecules, we designed a
gRT-PCR strategy that utilizes a reverse primer annealed downstream of the mature hTR 3’
end to specifically amplify extended but not mature hTR transcripts. PARN-KO cells
showed a 3-5 fold increase of extended hTR in this assay (Figure 21). Expression of WT
PARN cDNA suppressed the increase in extended hTR, but expression of either the 3 patient
PARN-mutants or PARN-H377A failed to decrease the levels of extended hTR (Figure 2I).
We conclude that the 3 PARN-mutant proteins are deficient in promoting hTR maturation
and accumulation. The PARN catalytically dead variant is also deficient in promoting hTR
maturation; however, hTR accumulation is partially rescued by PARN-H377A, suggesting
this variant may protect extended hTR from degradation.

Extended nascent hTR molecules convert to the mature species with slow kinetics

Extended hTR species in nascent RNA could represent hTR precursors or unproductive hTR
transcripts targeted by RNA surveillance. Nuclear RNA surveillance acts on hTR and may
destroy some hTR transcripts (Tseng et al., 2015). To distinguish these possibilities, we
designed a pulse-chase experiment where labeled nascent RNA molecules are followed over
time and analyzed using nascent RNAend-Seq (Figure 3A). To characterize RNA maturation
in chased fractions, we assayed total nascent RNA using RNA bioanalyzer. In early RNA
fractions, high molecular weight bands representing hnRNAs and rRNA precursors are
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present but diminish over the 24 hr chase (Figure 3B). Nascent RNAend-Seq showed only
24% of labeled hTR transcripts were mature at t=0 hrs, labeled RNAs became increasingly
mature during the chase (67% t=8 hrs; 96% mature t=24 hrs) (Figure 3C, Table S3).
Analyses of these samples using gel-based 3 RACE gave similar results (Figure S3A).
Concomitant with maturation, the extent of oligoadenylation diminished during the chase.
We repeated these analyses for sSnRNA U2 and snoRNAs U3 and U17a and found similar
patterns of extended molecules evolving into mature molecules (Figure S3B). During this
process, overall levels of hTR were maintained, indicating the extended species primarily
undergo maturation rather than degradation (Figure 3D). These data demonstrate extended
oligoadenylated hTR molecules are precursors for mature hTR-451.

To understand the kinetics of RNA precursor maturation, we plotted percentage of precursor
molecules vs. time. Pulse-chase data for hTR as well as U2 snRNA, U17a H/ACA snoRNA,
U68 H/ACA snoRNA, and U3 C/D snoRNA were analyzed. For each RNA, conversion of
precursor to mature species followed exponential decay kinetics, characterized by
diminishing maturation rates at lower concentrations of substrate (Figure 3E). First order-
kinetics are consistent with processing of the precursor substrates by one or more enzymes.
We extracted half-lives (t1/,) for maturation of each RNA from the fitted curves. Maturation
t1/o for hTR was greater than for U17a H/ACA snoRNA and U3 C/D snoRNA (4.94 hr, 0.92
hr and 0.60 hr), indicating hTR matures more slowly than conventional SnoRNAs.
Maturation ty/, for U2 snRNA was closer to that of hTR (3.19 hr) (Figure 3E, F), reflecting
the multi-step processing of sSnRNA transcripts (Patel and Bellini, 2008). To compare our
hTR kinetic values to similar calculations, we observed maturation ty, is related to decay
t1/2 of mature RNA and to the proportion of precursor in the SS-RNA pool. Using decay
rates from label-free experiments in the literature we calculate maturation t;;, of hTR to be
within 3-8 hrs which encompasses our measured t1/, of 4.94 hours (Figure S3C). These data
reveal extended oligoadenylated species represent precursors of mature hTR-451 and
maturation of extended precursors occurs slowly compared to related small non-coding
RNAs.

RNA processing enzymes PARN and PAPD5 define the rate of hTR precursor maturation

PARN is proposed to both deadenylate oligo-A containing precursors and to trim templated
residues to generate mature hTR-451 (Tseng et al., 2015). However, our results showing
diminished but persistent expression of mature hTR-451 suggest PARN is not essential for
hTR processing. Instead, we hypothesized reduced hTR in PARN-mutant cells could reflect
a reduction in hTR maturation rate. To answer this question, we performed pulse-chase
studies with 4SU in PARN-KO cells and analyzed newly synthesized RNA by nascent
RNAend-Seq. In PARN-KO cells, mature hTR-451 was reduced in nascent RNA compared
with WT cells (6% at t=0 hr; 85% at t=24 hr)(Figure S5A), reflecting a striking delay in
maturation kinetics (t1,= 12.1 hr)(Figure 4D, E). To interrogate the reduced total levels of
hTR in PARN-KO cells, we measured hTR levels in pulse-chase fractions and found that
while PARN-KO cells and WT cells had similar hTR levels at time 0, by time 24 hrs the
PARN-KO cells showed an 84% decrease in levels compared to WT cells (Figure 4F). These
data show PARN-KO cells continue to produce mature hTR, but at a markedly slowed rate.
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PAPDS is proposed to antagonize PARN by adding untemplated adenosine residues to hTR
and other RNAs (Berndt et al., 2012). To understand the role of PAPD5 in hTR processing,
we generated PAPD5-KO and double PARN/PAPD5-KO HelLa cells (DKO) (Figure 4A).
Consistent with the role of PAPD5 in oligoadenylation of hTR, loss of PAPD5 caused an
80% reduction in oligoadenylated hTR reads by sequencing (Figure S4C). Loss of PAPD5
alone led to elevated hTR levels and increased telomerase activity compared with WT cells
(Figure 4A, B, S5D). Stable overexpression of PAPDS5 in HeLa cells or PAPD5 KO Hela
cells suppressed hTR levels (Figure S4A, B). In the absence of PAPD5, mature hTR-451
represented a greater percentage of hTR reads compared with WT cells (PAPD5-KO 95%
vs. WT 81% of reads)(Figure 4C). Pulse-chase analysis revealed that maturation of extended
precursors was accelerated in PAPD5-KO cells (maturation t;/,=2.83 vs. 5.07 hr) (Figure
S5A)(Figure 4D, E). Associated with rapid maturation, oligoadenylation of hTR precursors
was reduced ~5-fold (Figure 4C). PAPDS5 functions to slow hTR maturation by
oligoadenylation of hTR precursors, and in the absence of these modifications hTR
processing proceeds more rapidly leading to a net increase in mature hTR.

Given PAPD5 enzyme slows hTR processing, we wondered whether loss of PAPD5 could
correct the kinetic defect in hTR maturation in PARN-mutant cells. In DKO cells, the
percentage of hTR extended precursor molecules was reduced to WT levels (Figure 4C). To
assess kinetics of maturation, we performed pulse-chase studies in DKO cells. Loss of
PAPDS in DKO cells rescued the immature profile of nascent RNA in PARN-KO cells
(Figure S5A) and corrected the kinetic defect in hTR maturation in PARN-KO cells
(maturation ty/, 4.23 vs.12.1 hrs). Maturation of hTR in DKO cells lacking both PAPD5 and
PARN was effectively equivalent to hTR in WT cells (95% CI WT 3.2-7.4 vs. DKO cells
3.5-5.0 hrs)(Figure 4D, E). Loss of PAPD5 in DKO cells rescued all the central defects in
the telomerase pathway, including hTR levels, telomerase activity, and telomere length
(Figure 4A, S4D, S4F). In the presence of TCAB1, hTR localizes to the Cajal body, a
nuclear structure marked by coilin (Zhong et al., 2011). In PARN-KO cells, hTR Cajal body
foci were severely diminished. However, in DKO cells localization of hTR was fully
restored (Figure S4E). These data reveal PAPD5 and PARN act in opposition to define the
rate of hTR precursor maturation. PARN accelerates the maturation rate of the hTR
precursor, while PAPD5 slows this process. In the absence of both enzymes, hTR processing
proceeds at a normal rate enabling effective production of mature hTR-451 and unperturbed
levels and function of telomerase (see Discussion). These data suggest PAPD5 and PARN
set the rate of hTR maturation by oligoadenylating and deadenylating the hTR precursor.

Oligoadenylation marks hTR precursors for delayed processing

Given their biochemical activities, we hypothesized that PAPD5 and PARN compete to
determine the extent of 3’ oligoadenylation of hTR precursor RNAs. Under steady-state
conditions oligoadenylation was elevated in PARN-KO cells, diminished in PAPD5-KO cells
and restored to a level similar to that of WT cells in DKO cells (WT 15%, PARN-KO 36%,
PAPD5-KO 3%, DKO 11%)(Figure 4C). To understand the relationship between the length
of each A tail on extended RNA precursors over time, we labeled RNA with 4SU and
isolated samples after chases of 0, 8 or 24 hours. In WT cells, the earliest nascent RNA
molecules show very short A-tails (mean 1.8 nt). The distribution of A-tails increases in
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length at t=8 hrs and at t=24, as nascent molecules are processed to mature hTR-451 and
become less abundant (Figure 4G). In PARN-KO cells, initial patterns of A-tail length are
comparable, but A-tail lengths elongate at t=8 and t=24 hrs. At later time points elongation
of A-tails is strongly inhibited in PAPD5-KO cells (Figure 4G). In DKO cells, the pattern
and kinetics of oligoadenylation were similar to those of WT cells. In each genetic
background, we note that overall A-tail length is inversely proportional to the rate of
precursor maturation. Consistent with this model, loss of PAPD5 and PARN had no effect on
maturation of sSnRNA U2 that is not subject to adenylation (Figure S5B). For snoRNAs
PARN-KO differentially affected maturation depending upon extent of oligoadenylation.
Maturation of U68 but not U17a was slowed with PARN loss (maturation t/, 3.5 vs. 1.1
hrs), reflecting higher levels of oligoadenylation of U68 precursors compared to U17a (20%
U68 vs. 5% U17a) (Figure S5B, Figure 2B). These data show A-tail length is the critical
molecular determinant that dictates rates of precursor maturation.

Dyskerin and the Box/HACA element confer RNA end-formation and regulation by PARN

Previous studies found hTR biogenesis is not reliant on 3’ cis sequences distal to mature
hTR-451, making it unclear what elements guide 3’ end-formation (Fu and Collins, 2003).
Based on the critical requirement for dyskerin and its binding element, the H/ACA domain,
in stability of H/ACA RNAs (Theimer et al., 2007), we considered that the dyskerin core
complex and the H/ACA element contributed to RNA end formation. Because the H/ACA
domain of hTR is essential for its accumulation, it is difficult to study H/ACA element
deletion. To overcome this limitation, we tested whether the H/ACA domain was sufficient
to confer upon a heterologous RNA the characteristics of an H/ACA RNA end. We studied
U1 snRNA and two chimeric RNAs comprising U1 fused to the hTR H/ACA domain either
at the far 3’ end of the chimera (U1-H/ACA) or slightly internal, leaving a tail of Ul
sequences at the 3’ end (U1-H/ACA+6) (Figure 5A). We expressed these chimeric RNAs in
HelLa cells under control of the U1 promoter together with U1 3’ sequences. To distinguish
between transfected molecules and endogenous U1, we incorporated a 5° RNA affinity
(RAT) tag enabling detection by northern blot (NB) using a RAT tag probe (Hernandez,
1985; Hogg and Collins, 2007; Ishikawa et al., 2014) (Figure 5A). RAT-U1 was detected by
NB as a 230 nt species (Figure 5B lane 1). Addition of the H/ACA element to U1 resulted in
the formation of an elongated RNA, consistent with incorporation of the H/ACA element
into a mature chimeric RNA (Figure 5B lane 2-3). In addition to this RAT-U1-H/ACA RNA
species, a similarly abundant RAT-U1 RNA was detected from the RAT-U1-H/ACA
construct (lane 3). These results indicate addition of the H/ACA element confers formation
of a stable 3’ end, but H/ACA-dependent end-formation competes with U1 termination
mechanisms. Interruption of 3’ U1 terminal sequences in RAT-U1-H/ACA+6 prevented
formation of a stable RAT-U1 species (lane 2) consistent with a requirement for contiguous
3’ elements in U1. The H/ACA element can confer formation of a stable extended 3’
terminus when fused to the U1 snRNA.

To determine whether the H/ACA element is sufficient for yielding extended
oligoadenylated precursors, we performed 3 RACE-Seq on RNAs expressed from the U1-
hTR chimeras. Sequencing revealed the H/ACA domain produced a heterogenous 3’ end
consisting of mature species and extended species, reminiscent of endogenous hTR 3’ ends
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(Figure 1A, Figure 5D). The H/ACA domain caused a 5-fold (RAT-U1-H/ACA+6) or 10-
fold (RAT-U1-H/ACA) increase in oligoadenylation over RAT-U1, indicating the H/ACA
domain is sufficient to confer precursor oligoadenylation (Figure 5B). During hTR
biogenesis, binding of the dyskerin core complex to the H/ACA domain is essential for
retaining hTR RNA. To test whether dyskerin is required for the formation of the chimeric
H/ACA ends, we expressed chimeric constructs along with siCTRL or siDKC1. For both
RAT-U1-H/ACA and RAT-U1-H/ACA+6, knockdown of dyskerin resulted in loss of
chimeric H/ACA species, but retention of RAT-U1 (lanes 4-6, Figure S6A). Sequencing of
residual RAT-U1-H/ACA transcripts in dyskerin knockdown cells showed a decreased
fraction of transcripts terminating precisely at the H/ACA domain end (12% in siDKC1 vs.
44% in siCTRL cells), suggesting dyskerin defines the end of H/ACA RNAs (Figure 5D).
Residual U1-H/ACA transcripts in siDKCL1 cells had reduced oligoadenylation (3% in
siDKC1 vs. 9% in siCTRL cells), suggesting the binding of dyskerin to the H/ACA element
is required for oligoadenylation.

To understand if the U1-H/ACA chimeras are under control of PARN, we repeated
experiments in PARN-KO cells. Loss of PARN caused a 70% reduction in the accumulation
of chimeric U1-H/ACA RNAs but not of co-transfected luciferase cDNA transcripts,
consistent with a role for PARN in regulating maturation of H/ACA RNAs (Figure 5C,

S6B). Loss of PARN caused increases in extended transcripts (43% in PARN KO vs. 34% in
WT cells) (Figure 5D). Although PARN-KO did cause an increase in mean A-tail length (6.3
in PARN-KO vs. 5.2 nts in WT cells) PARN-KO did not cause a large increase in proportion
of oligo-A transcripts (10% PARN-KO vs. 9% WT cells) (Figure 5C, D). Instead, PARN-KO
caused an increase in the proportion of longer oligo-A tails on U1-H/ACA compared to WT
cells, with PARN-KO cells having more transcripts with oligo-A tails longer than 6 nts
(Figure 5E).

These data show the end-formation and processing characteristics of hTR are conferred by
the 3’ H/ACA cis element and mediated by the dyskerin core complex that recognizes this
RNA domain in trans. Together, this modular ribonucleoprotein subcomplex dictates RNA
end-formation, including formation of oligoadenylated and extended RNA precursor
intermediates, and subsequent regulation by PARN.

Discussion

A feed-forward pathway regulates maturation kinetics of human telomerase RNA

Defects in RNA metabolism are increasingly being linked to human diseases, including
developmental disorders, tissue failure, neurodegeneration and cancer. In most cases, the
precise disease-causing defect is not understood. We developed nascent RNA sequencing
technology to determine the mechanisms underlying RNA maturation. This approach allows
the identification of RNA precursors, their relationship with the mature RNA and a
quantitative assessment of maturation kinetics.

Our nascent RNAend-Seq data show hTR is processed through a non-linear pathway,
whereby extended precursors are both directly processed to mature hTR and indirectly
processed to mature hTR after a cycle of oligoadenylation by PAPD5 and deadenylation by
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PARN (Figure 6A, WT cells). This pathway represents feed-forward regulation where an
input (transcription of hTR) feeds into two processes (maturation and oligoadenylation) that
both contribute to formation of mature hTR species. This type of circuit is commonly found
in transcriptional networks, where a transcription factor X activates a second transcription
factor Y, and both jointly regulate a gene Z (Mangan et al., 2003). Compared to direct
regulation of gene Z by X (or direct production of mature hTR from extended hTR) feed-
forward regulation is inherently time-delayed and buffered against noisy transcriptional
inputs (Mangan et al., 2003).

An important junction in this pathway is gated by disease associated poly(A)ribonuclease
PARN which deadenylates extended hTR precursors to prevent their destruction and return
them to the maturing hTR pool (Figure 6A, PARN-KO). In the absence of PARN, one arm of
the circuit is broken and adenylated precursors accumulate before being degraded by the
RNA exosome. Our data support a role for PARN in deadenylation of adenylated precursors
but are inconsistent with a direct role for PARN in trimming templated extensions from hTR
precursors. These data are consistent with biochemical studies showing a 10-100 fold greater
activity of PARN on oligo-A substrates compared to other RNA sequences (Henriksson et
al., 2010). However, a recent study found recombinant PARN could digest genomically
encoded 3’ sequences in vitro (Tseng et al., 2018). In our studies in living cells, maturation
of hTR persists in the absence of PARN albeit at a reduced rate. Furthermore, maturation of
hTR is fully normalized in cells lacking both PARN and PAPDS5, indicating that PARN is
dispensable for trimming 3’ genomically encoded tails. Rather than trimming these 3’
genomic sequences, PARN removes oligo-A residues from these intermediates thereby
allowing adenylated intermediates to be completely processed to the mature hTR species.
Based on these observations, we propose that extended precursors mature through the action
of an as yet undefined 3’-5’ exonuclease.

The poly(A)polymerase PAPD5 oligoadenylates hTR precursors, preventing them from
immediate maturation and causing them to enter into the pool of oligoadenylated precursors
that is susceptible to destruction (Figure 6A, PAPD5-KO cells). Loss of PAPD5 impairs the
cycle of adenylation/deadenylation, favoring direct maturation of hTR precursors rather than
degradation (Figure 6A, PAPD5 KO cells). This direct pathway of maturation occurs more
rapidly than in cells with PAPD5 present and results in greater accumulation of hTR
transcripts. Because the oligo-A mark inhibits maturation, removal of PAPD5 causes
complete rescue in PARN KO cells either by CRISPR-KO or shRNA mediated knockdown
(unpublished data). Therefore, PARN and PAPDD5 set the rate of hTR precursor maturation
by gating the oligoadenylation and deadenylation steps in an hTR processing circuit.

Limiting and controlling levels of mature telomerase through RNA processing

Why does the maturation pathway of hTR include a regulatory cycle of adenylation and
deadenylation? In human development and adult homeostasis, telomere lengths are tightly
controlled to ensure sufficient regenerative potential during life while preventing the
development of cancer. This balancing act is accomplished in part through regulation of
telomerase, including transcriptional control of TERT, regulation of enzyme activity, and
recruitment to telomeres. In addition to these steps, controlling hTR levels is critical for
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maintaining telomeres in an appropriate range. Modest germline reductions in hTR levels
cause telomere syndromes (Vulliamy et al., 2001) and somatic amplification of hTR is
common in human cancers (www.chioportal.org). Transcriptional noise represents another
challenge to maintaining consistent expression of RNAs over time and from cell-to-cell.
This feed-forward circuit both limits the steady-state concentration of hTR while buffering
against perturbations in transcription.

Remarkably, these varied characteristics of hTR processing are mediated simply by the
presence of the H/ACA cis sequences encoded within hTR. Adding the H/ACA element
from hTR to a heterologous sSnRNA conferred each of the properties associated with hTR
maturation, including formation of a defined 3’ end to the mature chimeric RNA,
recruitment of polyA polymerase activity and sensitivity to PARN (Figure 6B). The H/ACA
element acts by recruiting the dyskerin core complex, which promotes transcriptional
termination downstream of the H/ACA element. In steps that remain to be understood, the
dyskerin-bound RNP helps to recruit polyA polymerases, PARN and additional 3’-5’
exonuclease activities to complete processing. It is notable that telomerase RNAs from
single cell eukaryotes lack an H/ACA element and that telomerase RNA acquired an H/ACA
element during evolution to complex invertebrates and vertebrates. The need for fine-tuned
regulation of telomerase in complex multicellular organisms may explain the incorporation
of the H/ACA element into telomerase RNA during evolution.

Altered RNA maturation kinetics: an emerging disease mechanism

Precursor accumulation is observed in other human diseases involving small non-coding
RNAs, suggesting that kinetic defects in RNA maturation represents an emerging disease
mechanism. Defects in RNA maturation may contribute to disease by: (1) causing
degradation of stalled precursors and decreased amounts of steady state RNA, (2)
accumulation of precursor RNA with impaired function, or (3) both of the above.
Investigation of these processes using similar nascent RNA isolation approaches as the ones
introduced here may lead to both better understanding of the regulatory circuits that dictate
processing of ncRNASs and strategies for treating diseases by correcting kinetic defects in
RNA processing. In this study, we show that perturbing the relative activities of two
enzymes, PARN and PAPDS5, can accelerate or decelerate hTR maturation in a predictable,
tunable way. Manipulating levels of hTR in this manner has important therapeutic
implications for treating telomere syndromes and pulmonary fibrosis.

STAR Methods

Cell Culture, RNAI, Viral Transductions and CRISPR knockout generation

HelLa S3 and 293T cells were cultured in DMEM containing 10% fetal bovine serum at 37
deg C, 5% CO2. Lipofectamine 2000 (ThermoFisher 11668019) was used for all cDNA
transfection experiments. All siRNAs were sSiGENOME pools purchased from Dharmacon/
Thermo and used at 50 nM. Cells were assayed 48 hr after transfection. Passage 29 human
WAO1 H1 hESC were grown in mTeSR1 (Stem Cell 05850) feeder free system on matrigel
(Corning 356230) coated plates. CRISPR KO cells were generated by transfection of HeLa
cells with px458 plasmid with Cas9 T2A GFP and containing guide RNAs to the indicated
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locus. Sequences of guide RNAs can be found in Table S1. GFP positive cells were single
cell cloned in 96 well plates and clones were screened for gene KO by western blot. For
transduction of Flag-PARN and Flag-GFP, 293T cells were transfected with pCDH T2A
GFP and packaging constructs; 48 hours later, viral supernatant was collected. Target HeLa
cells were transduced in the presence of 5 ug/ml polybrene and FACS sorted for GFP
expression. For western blotting, cells were lysed in NP40 buffer (25 mM HEPE-KOH, 150
mM KCI, 1.5 mM MgCI2, 0.5% NP40, 10% Glycerol) supplemented with protease
inhibitors (Sigma 11836153001). PARN antibody is a rabbit polyclonal from Bethyl
Laboratories (A303-562A). PAPDS5 antibody is a rabbit polyclonal from Atlas antibodies
(HPA042968).

Nascent RNAend-Seq and steady-state 3° RACE-Seq

gRT-PCR

Cells were pulsed with 1 hr 4SU 250 uM or 4 hr 4SU 50 uM. For chase experiments, 4SU
was removed, the cells were washed in PBS, and 2.5 mM uridine containing media was
added. Cells were harvested and cell pellets resuspended in Trizol. RNA was extracted using
standard Trizol protocol. 100 ug RNA was biotinylated with Biotin-HPDP (Pierce 21341) at
0.5 mg/mL in 40% DMF and 10 mM Tris pH 7.4, 1 mM EDTA, for 1.5 hours at room
temperature. /nn vitrotranscribed luciferase RNA transcribed in the presence of 4SU was
spiked into the biotinylation mixture for a final concentration of .01 ng/uL. RNA was
extracted using isopropanol/ethanol precipitation. Biotinylated RNA was
immunoprecipitated from total RNA using pMacs Streptavidin Kit (Miltenyi 130-074-101).
The depleted fraction was recovered using isopropanol/ethanol precipitation. Biotinylated
RNA was released from beads using 100 mM DTT and cleaned using RNeasy MinElute Kit
(Qiagen 74204). Half of eluted RNA or 600 ng of depleted RNA was ligated to 5 uM of 5’
adenylated, 3’ blocked adapter (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 uL 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 I11 (ThermoFisher
18080093). Amplification was carried out with Phusion (New England Biosystems M0530)
and primer sets universal/TERCR1. PCR products were directly run on an 8% PAGE gel and
visualized with SYBR Gold (ThermoFisher S-11494), or subject 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 (usegalaxy.org). Reads were binned into the various forms of
hTR using custom python scripts (cmroake.people.stanford.edu/links-python-scripts) and the
number of reads in each bin was normalized to total hTR reads. Primer sequences can be
found in Table S1.

RNA was extracted by Trizol. ~100ng of RNA was used for gqRT-PCR using Brilliant 1
SYBR Green QRT-PCR 1-Step Master Mix (Stratagene, 600825). Primers used for gPCR
are shown in Table S1.
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Telomere Repeat Amplification Protocol and Telomere Restriction Fragment Analysis

To measure telomerase activity, a two-step TRAP procedure was performed according to
(Kim and Wu, 1997). Briefly, cell extracts were incubated with telomeric primers (Table S1)
for a 30 min initial extension step at 30°C in a PCR machine , followed by 5 min of
inactivation at 72°C.1 ul of the extended reaction was subjected to PCR amplification (24
cycle of 30 s at 94°C, followed by 30 s at 59°C) in presence of 32P end-la beled 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, and
the gel was exposed to a phosphor-imager and scanned by a Typhoon scanner. To measure
telomere lengths by telomere restriction fragment analysis, cells were harvested and digested
with Proteinase K at 6 ug/mL overnight. DNA was extracted by the phenol-chloroform
method and digested overnight with Hinfl and Rsal before electrophoresis and southern
blotting with end labelled (CCCTAA), oligonucleotide probe (Table S1).

Northern Blotting

Indicated U1 chimera was cloned with a RAT tag as described in Hogg et al. RNA 2007.
Sequences of oligos for NB probes can be found in Table S1. Whole cell total RNA was
extracted using Trizol reagent, and quantified using nanodrop. ~4 pug of total RNA was
mixed 1:1 (v/v) with formamide-EDTA loading buffer (95% deionized formamide, 0.025%
[w/v] of Bromophenol blue and Xylene Cyanol FF, 5mM of EDTA pH8.0), boiled at 95 °C
for 5 min, and immediately chilled on ice. The RNA sample was then resolved by 6% Urea-
polyacrylamide gel (6% 19:1 acrylamide:bis, 7M Urea, 0.6x TBE) at room temperature
under constant 60V, and transfer to Hybond-XL (GE healthcare, RPN2020S) in cold room
under 400A. The post-transferring gel was stained by ethidium bromide to visualize the
residual ribosomal RNA signal for loading control. The membrane is air-dried, UV
crosslinked, and blocked in a hybridization tube containing Ultrahyb (Ambion, AM8670) at
42°C for 1 hour. The oligonucleotide probes were end-labeled by 32p-gamma ATP using T4
polynucleotide kinase, and purified through a G-50 column. Labeled probes with a minimum
of ~2 million CPM were boiled, snap-chilled, combined with the Ultrahyb blocking buffer,
and hybridize overnight at 42°C. The membrane was then washed twice by 2x SSC/0.1%
SDS, once each with 1x SSC/0.1% SDS, and 0.1X SSC/0.1% SDS, before proceeding to
autoradiography using a phosphor imager, which was scanned by a Typhoon imager after
overnight exposure.

Immunofluorescence and RNA FISH

All immunofluorescence was carried out on cells seeded on coverslips. Cells were fixed with
10% formalin and permeabilized with 0.1% Triton X-100 in PBS. Coverslips were incubated
with primary antibody to coilin (Santa Cruz SC-32860) in 1% BSA for 1 hr at room
temperature. Coverslips were washed 3x with PBS and incubated with secondary Alexa
Flour conjugated antibodies (Jackson Immunoresearch) in 1% BSA for 45 minutes at room
temperature. Coverslips were washed 3x in PBS and then dehydrated for 10 min in 70%
ethanol in preparation for RNA FISH. RNA FISH was done using labeled oligonucleotide
probes (Biosearch, Table S1). Ethanol was removed and RNA FISH probes (Quasar 570
conjugated, 75 nM working concentration) in RNA FISH hybridization buffer (2x SSC, 10%
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Formamide, and 10% dextran sulfate) was immediately added. Coverslips were incubated at
37°C overnight, then washed twice with 2x SSC, 10% Formamide at 37°C for 30 min each.
Coverslips were mounted in 2x SSC. For each genotype > 50 nuclei were scored for the
number of hTR foci at Cajal bodies.

Quantification and Statistical Analysis

Error bars presented represent S.E.M; p values were calculated by Student’s t test; p < 0.05
was defined as significant. Error bars, S.E.M, and significance of the IF data were calculated
by GraphPad Prism Software. Statistical details can be found in figures, and in the Results
section.

Data and Software Availability

The nascent RNAend-Seq data have been deposited in NCBI’s Gene Expression Omnibus
and are accessible through GEO Series accession number GEO: GSE117054 For Raw data
used to construct the Figures, please refer to data depository hosted by Mendeley via the
following URL: https://doi:10.17632/f7ckbdfrgf.1

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Nascent RNAend-Seq reveals that mature hTR derives from a 3’ extended
precursor

PAPD5 and PARN control rates of hTR maturation by oligoadenylation/
deadenylation

The H/ACA domain determines RNA processing pathway choice

Defects in hTR maturation rate cause telomerase loss in PARN-mutant cells
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Figure 1: Identification of RNA precursors using nascent RNAend-Seq
A. 3’ RACE-Seq of hTR in human embryonic stem (hES), HeLa, and UMUC3 cells. hTR

transcripts either end at the annotated end of 451 nts or shorter (brown), are >451 nts with
genomically templated tails (grey), or are >451 nts with untemplated oligo-A tails (blue).
hTR Reads=200k

B. Nascent RNAend-Seq to enrich nascent RNA tails. 4SU labeled RNA from pulsed cells is
conjugated to biotin (Biotin-HPDP, B). Biotin-conjugated nascent RNA is captured with
streptavidin (SA) beads and separated from steady state (SS) RNA. Nascent RNA is eluted
with DTT, ligated with a 3° sSDNA adapter, reverse transcribed (RT) and amplified with a
gene-specific primer (GSP)

C. RNA bhioanalyzer shows 1.7% of 4SU labeled input RNA is recovered vs. 0.04% of 4SU-
unlabeled RNA.

D. gRT-PCR for RNA precursors including 47S rRNA and beta-2-microglobulin (B2M) in
nascent RNA (blue) and steady state RNA (black). 47S rRNA primers span 5’ externally
transcribed spacer (ETS) and B2M primers span an intron-exon junction. Data normalized to
exonic GAPDH primers. Error bars represent S.E.M.

E. Sequencing of nascent U2 3’ end with the proportion of reads having a given tail length.
Height of the line at templated tail length=0 indicates the proportion of reads with no tail;
height of the line at templated tail length=10 indicated the proportion of reads with a tail<10
nucleotides. Structure of the U2 snRNA transcription unit shown with annotated U2 3’ end
graphed at 0 nts and 3’ box at 17 nts. Nascent RNAend-Seq results for U2 nascent (blue
line) and steady state (black line) RNA.
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Figure 2: hTR is transcribed as an extended molecule that accumulates in PARN-KO cells
A. Nascent RNAend-Seq of hTR in HeLa and hES cells with tail profiles for nascent (N) and

steady-state (SS) transcripts. Cells are pulsed for 1 hour (1H) or 4 hours (4H). Grey shading
indicates 95% CI intervals from 2 biologic replicates. Percent of hTR reads composed of
oligo-A transcripts plotted for nascent (N) and steady state (SS) HeLa and hES hTR

transcripts. Error bars are S.E.M. hTR Reads=12k.

B. Nascent RNAend-Seq of H/ACA snoRNAs U17a and U68 with tail profiles for nascent
and steady-state transcripts. Gray shading indicates 95% CI derived from 2 biologic
replicates. Diagram of U17a and U68 intronic loci shows distance to nearest exon. Percent
of snoRNA reads composed of oligo-A transcripts is plotted for nascent (N) and steady state
(SS) U68 and U17a transcripts. U68 reads=5k, U17a reads=7k
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C. Western blot (WB) of PARN CRISPR-KO clones and rescued cells. Parental (WT) cells
and PARN-KO clones (4,2,6) and PARN-KO clone 4 transduced with lentiviral Flag-GFP
(FL-GFP) or Flag-PARN (FL-PARN).

D. Telomere Repeat Amplification Protocol (TRAP) in parental (WT) and PARN-KO
(clones 2,4,6) HelL a extract as well as TCAB1-KO extract. Each sample has 1x and 4x
dilutions. Buffer indicates no extract, +RNAse indicates RNAse A added to WT extract.
Presence of internal control (1.C) indicates successful PCR. TRAP activity relative to WT is
quantified (right) and represents the results of 3 experiments. Error bars are S.E.M.

E. gRT-PCR of hTR relative to parental (WT) and normalized to GAPDH in PARN-KO cells
(clones 2,4,6) and clone 4 with either GFP or PARN expressed. Error bars are S.E.M.

F. 3" RACE-Seq of hTR in parental (black), PARN-KO+GFP (green), PARN-KO+PARN
cells (grey). Percent of oligo-A hTR reads are plotted. hTR Reads=160k

G. W.B. of HeLa or PARN-KO clone 4 HeLa cells stably transduced with FL-GFP or FL-
PARN cDNA.

H. qRT-PCR of hTR relative to parental (WT+GFP) and normalized to GAPDH in PARN-
KO cells with GFP, PARN WT or PARN-mutant cDNA stably expressed.

I. gRT-PCR of extended hTR relative to parental (WT+GFP) and normalized to total hTR in
PARN-KO cells with GFP, PARN-WT or PARN-mutant cDNA stably expressed. Position of
reverse primers is shown
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Figure 3: Extended nascent hTR molecules convert to the mature species with slow kinetics
A. HeLa cells are pulsed for 1 hr with 4SU and chased with uridine-containing media for 0,

5,8, 12 or 24 hrs.

B. RNA bioanalyzer gel of total nascent RNA isolated from (A). Sizes of 28S rRNA, 18S
rRNA are marked

C. Nascent RNAend-Seq of hTR in pulse-chase RNA. Data is derived from=2 independent
sequencing experiments. Gray shading is 95% CI derived from 2 biologic replicates. Percent
of oligo-A reads from the same cohorts are graphed. hTR Reads=15k

D. gRT-PCR of hTR in chased RNA fractions normalized to a spike-in IVT luciferase RNA
to control for immunoprecipitation efficiency and to either U1 or U3. Error bars represent
S.EEM.

E. ncRNA molecules greater than annotated length are defined as precursors, those equal to
or shorter than annotated length are defined as mature, and precursor fraction

Precursor
Precursor + Mature

t12= 13 hr, t24=25 hr). For each time point, at least two biologic replicates are plotted. 3
time points plotted for U17a, U3, and U68 while 5 time points plotted for U2 and hTR.
Precursor percentage at time of transcription is assumed to be 100% and the fraction is
assumed to approach 0%. Exponential decay curves are fitted to the data using the equation
Precursor(time)=Precursor(initial)e K(time) or P(t) = P(0)e k.,

is plotted vs. time since pulse induction in hours (t0=1 hr, t5=6 hr, t8=9 hr,

Mol Cell. Author manuscript; available in PMC 2020 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roake et al.

Page 23

F. Half-lives of precursors are calculated from curves fitted in (E) following the equation
/2= @ Ind=independent locus. Precursor % at steady state represents the percent that

the precursor comprises in steady-state RNA.

Mol Cell. Author manuscript; available in PMC 2020 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Roake et al.

Page 24

B 2. p<0.0001 p<0.0001
A Lo— Lo— M Parental
PAPDS/ 2 I PARN-KO
PARN KO PAPD5 KO PARN KO w I PAPD5-KO
© I DKO
4 3 1.
« e IB:PAPDS 2
=
< 1.
-, 1B: PARN =

e

[oor o TR T OB 2w B NPV

e

Annotated 3'
C ?nd D 1 - ~e— Parental Cells
10 C A G U UC G C U UWU po -=- PARN-KO cells
& —l_'—_J_‘_r='7 - PAPDS KO cells
Sos . DKO cells
g - 30 s
o 06 ° ¥ o5
Qo
2 I Parental 220 =g
F04 B PARN-KO | O ~
= mm PAPDS.KO | X o
Eo2 B DKO 10
o N un
00 o [ -
2 4 6 8 10 Y
Templated Tail Length RSN 04.0 o 10 20 30
qfqo" Time (Hrs)
E F X F I PARN-KO
31 p=0.002 [ PAPD5-KO
r - " [ DKO
k(hr') Std.Error Half- R’ —p0s
life 2 2d -
(hrs) 3
WT 14 0.019 5.07 .94 K T s
PARN .06 0.008 12.1 .94 £y
PAPD5 .24  0.022 2.83 .99 2
DKO .16 0.011 4.23 .99 ms
Time 0 Time 8 Time 24
Time 0 Time 8 Time 24
30 mm Parental 20 mm Parental 2.5 W Parental
I PARN-KO [ PARN-KO [ PARN-KO
[ PAPD5-KO I PAPDS-KO 20 [ PAPD5-KO
8 204 [ DKO 15 [ DKO B DKO
§ | 15
P_: 10 0
< 10 ’
ES | 5

0.5

0.0

'\'b":bt‘)‘b'\%QqQ '\'L’bh‘)h'\‘b%,fb \'y%h‘:ﬁ'\%‘bq‘b
Atail length Atail length A tail length

Figure 4: RNA processing enzymes PARN and PAPDS5 define the rate of hTR precursor
maturation

A. Western blot for PARN and PAPDS5 showing CRISPR-Cas9 KO of PAPD5, PARN, or
PAPD5 and PARN (DKO). Unused KO clones are omitted. Asterisk (*) indicates
background band

B. qRT-PCR of hTR relative to parental cells in parental, PARN-KO, PAPD5-KO, and DKO
cells normalized to GAPDH. Error bars represent S.E.M.

C. 3" RACE-Seq of steady-state hTR in indicated genotypes. Proportion of oligo-A
molecules at steady-state for the indicated genotypes. hTR Reads=20k

D. Exponential decay curves are fitted to the pulse chase data as in Figure 3F. For each time
point, two biologic replicates are plotted. hTR Reads per time point=13k.

E. Half-life measurements for maturation rate are calculated from curves in (D) using
method from Figure 3G.
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F. gRT-PCR of hTR relative to parental cells at indicated time points normalized to IVT
luciferase spike-in.

G. Percent of hTR transcripts with the indicated oligo-A tail length is plotted for indicated
genotypes for molecules at t0, t8, and t24. Error bars represent the S.E.M. from two biologic
replicates. hTR Oligo-A reads: Parental=1k, PARN-KO=2.4k, PAPD5-K0=0.3k,
DKO=1.3k.
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Figure 5: Dyskerin and the Box/HACA element confer RNA end formation and regulation by
PARN

A. hTR H/ACA is grafted to the 3’ end of U1 snRNA with U1 distal sequence elements
(DSE), proximal sequence elements (PSE) and the U1 3’ box. H/ACA is added at the 3’ end
(U1-H/ACA) or internal (U1-H/ACA+6 nt). A RAT tag recognized by a northern blot (N.B.)
probe is added in the U1 5’ region. Expected sizes indicated.

B. N.B. of chimeric RNA constructs transfected into HelLa cells. RAT-U1 indicates the band
formed by termination at the U1 3’ end. U1-H/ACA indicates the band formed by
termination at the chimeric U1-H/ACA end. Per lane, % of chimeric reads with untemplated
A or U nucleotides (% Oligo-A, % Oligo-U) from total reads>80k. Relative U1-H/ACA
levels are normalized to U4 and quantified from 2 biologic replicates. Error bars represent
S.E.M.

C. N.B. of chimeric RNA constructs transiently transfected into HeLa or PARN-KO cells.
Relative U1-H/ACA levels are normalized to U4 and quantified from 4 biologic replicates.
D. 3’ RACE-Seq of RAT-U1-H/ACA in cells treated with siCTRL (black), treated with
siDKC1 (red), or PARN-KO cells with siCTRL (blue), with total reads>80k. The 3’
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downstream sequence of the U1-H/ACA chimera is indicated on the x-axis. Gray shading is
95% CI derived from 2 sequencing replicates.

E. Percent of Oligo-A tails with the indicated lengths. Total Oligo-A reads>2.5k. Error bars
represent S.E.M. Blue asterisks indicate oligoA tails with significantly more reads in PARN-
KO cell lines (**p<0.01, * p<0.05). Black asterisks indicate oligoA tails with significantly
more reads in parental cell lines.
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Figure 6: A feed-forward pathway regulating hTR maturation is determined by the H/ACA

domain

A. A feed-forward pathway governs maturation of human telomerase RNA (Wild-type
cells): hTR extended precursors mature directly or are fed into a side pathway and
oligoadenylated by PAPD5. Oligoadenylated precursors may be deadenylated by PARN to
form mature hTR, or destroyed by the RNA exosome. Final trimming of hTR precursor is

achieved through a 3’-5” RNA exonuclease.

(PARN-KO cells): In the absence of PARN, oligoadenylated intermediates cannot robustly
convert to mature hTR. There is a relative increase in oligoadenylated hTR precursors, and a

loss of mature hTR.

(PAPD5-KO cells): In the absence of PAPDS5, fewer hTR precursors are fed into the cycle of
adenylation and deadenylation, leading to rapid maturation of hTR molecules.

B. The hTR H/ACA domain and dyskerin constitute a 3’ end formation module. The H/ACA
domain in the presence of dyskerin promotes transcriptional termination and

oligoadenylation of an extended precursor.
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